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Although there is not yet direct experimental evidence for
supersymmetry (SUSY), there are many theoretical arguments indicating
that SUSY might be of relevance for physics around the 1 TeV scale.

The most commonly invoked theoretical arguments for SUSY are:

❐ Interrelates matter fields (leptons and quarks) with force fields (gauge and/or
Higgs bosons).

❐ As local SUSY implies gravity (supergravity) it could provide a way to unify
gravity with the other interactions.

❐ As SUSY and supergravity have fewer divergences than conventional field
theories, the hope is that it could provide a consistent (finite) quantum gravity
theory.

❐ SUSY can help to understand the mass problem, in particular solve the nat-
uralness problem (and in some models even the hierarchy problem) if SUSY
particles have masses ≤ O(1TeV).
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❐ As the SM is not asymptotically free, at some energy scale Λ, the inter-
actions must become strong indicating the existence of new physics. Can-
didates for this scale: MX ≃ O(1016 GeV) in GUT’s or the Planck scale
MP ≃ O(1019GeV).

❐ The only consistent way to give masses to the gauge bosons and fermions is
through the Higgs mechanism involving at least one spin zero Higgs boson.

❐ Although the Higgs boson mass is not fixed by the theory, a value much bigger

than < H0 >≃ G
−1/2
F ≃ 250 GeV would imply that the Higgs sector would

be strongly coupled making it difficult to understand why we are seeing an
apparently successful perturbation theory at low energies.

❐ The one loop radiative corrections to the Higgs boson mass

δm2
H = O

(
λ2

16π2

)
Λ2 + · · ·

would be too large if Λ is identified with ΛGUT or ΛPlanck.
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❐ SUSY cures this problem in the following way. If SUSY were exact, radiative
corrections to the scalar masses squared would be absent because the
contribution of fermion loops exactly cancels against the boson loops.

❐ Therefore if SUSY is broken, as it must, we should have

δm2
H = O

(
λ

16π2

)
(m2

F −m2
B) ln

Λ

mB
+ · · ·

❐ We conclude that

SUSY provides a solution for the the naturalness problem if the masses
of the superpartners are around O(1 TeV). This is the main reason

behind all the phenomenological interest in SUSY.
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The Poincaré group is made up of the Lorentz group plus the translations. We
denote by Jµν the generators of the Lorentz group and by Pµ the generators of the
translations. The algebra is defined by,

[Jµν , Jρσ] = i (gνρJµσ − gνσJµρ − gµρJνσ + gµσJνρ)

[Pα, Jµν ] = i (gµαPν − gναPµ)

[Pµ, Pν ] = 0

One can show that
[
P 2, Jµν

]
=
[
P 2, Pµ

]
= 0

[
W 2, Jµν

]
=
[
W 2, Pµ

]
=
[
W 2, P 2

]
= 0

where

Wµ = −1

2
εµνρσ J

νρ P σ

is the Pauli-Lubanski vector operator.
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The SUSY generators carry Spin 1/2 and obey the following algebra

{Qα, Qβ} = 0
{
Qα̇, Qβ̇

}
= 0

{
Qα, Qβ̇

}
= 2 (σµ)αβ̇ Pµ

where

σµ ≡ (1, σi) ; σµ ≡ (1,−σi)

and α, β, α̇, β̇ = 1, 2 (Weyl 2–component spinor notation).
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The commutation relations with the generators of the Poincaré group

[Pµ, Qα] = 0 [Jµν , Qα] = −i (σµν)α
β Qβ

One can easily derive that the two invariants of the Poincaré group,

P 2 = PαP
α W 2 =WαW

α Wµ = − 1
2ǫµνρσJ

νρP σ

P 2 |m, s〉 = m2 |m, s〉 W 2 |m, s〉 = −m2s(s+ 1) |m, s〉

where Wµ is the Pauli–Lubanski vector operator, are no longer invariants of the
Super Poincaré group:

[Qα, P
2] = 0 [Qα,W

2] 6= 0

Irreducible multiplets will have particles of the
same mass but different spin.
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Number of Bosons = Number of Fermions

Qα|B >= |F > (−1)NF |B >= |B >

Qα|F >= |B > (−1)NF |F >= −|F >

where (−1)NF is the fermion number of a given state. Then we obtain

Qα(−1)NF = −(−1)NFQα

Using this relation we can show that

Tr
[
(−1)NF

{
Qα, Qα̇

}]
= Tr

[
(−1)NFQαQα̇ + (−1)NFQα̇Qα

]

= Tr
[
−Qα(−1)NFQα̇ +Qα(−1)NFQα̇

]
= 0

But we also have

Tr
[
(−1)NF

{
Qα, Qα̇

}]

= Tr
[
(−1)NF 2σµ

αα̇Pµ

] Tr
[
(−1)NF

]
= #Bosons−#Fermions = 0
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In the rest frame
{
Qα, Qα̇

}
= 2m δαα̇

This algebra is similar to the algebra of the spin 1/2 creation and annihilation
operators. Choose |Ω〉 such that

Q1 |Ω〉 = Q2 |Ω〉 = 0

Then we have 4 states |Ω〉 ; Q1 |Ω〉 ; Q2 |Ω〉 ; Q1Q2 |Ω〉
If J3 |Ω〉 = j3 |Ω〉

State J3 Eigenvalue

|Ω〉 j3
Q1 |Ω〉 j3 +

1
2

Q2 |Ω〉 j3 − 1
2

Q1Q2 |Ω〉 j3

Two bosons and two fermions
states separated by
one half unit of spin.
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If m = 0 then we can choose Pµ = (E, 0, 0, E). In this frame
{
Qα, Qα̇

}
=Mαα̇

where the matrix M takes the form

M =

(
0 0
0 4E

)

Then
{
Q2, Q2

}
= 4E all others vanish.

We have then just two states |Ω〉 ; Q2 |Ω〉

If J3 |Ω〉 = λ |Ω〉

State J3 Eigenvalue

|Ω〉 λ
Q2 |Ω〉 λ− 1

2

Two states, one fermion
one boson separated by
one half unit of spin.
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❐ Chiral Superfields: Spin 0 + Spin 1
2

Φ = Φ(φ, χL)
φ Complex Scalar: 2 d.o.f
χ
L Chiral Fermion: 2 d.o.f (on-shell)

❐ Vector Superfields: Spin 1
2 + Spin 1

V = V (λ,Wµ)
λ Chiral Fermion: 2 d.o.f
Wµ Massless Vector: 2 d.o.f (on-shell)

φ superpartner of the fermion: sfermion

λ superpartner of gauge field: gaugino
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❐ Gauge Fields

We want to have gauge fields for the gauge group
G = SUc(3)⊗ SUL(2)⊗ UY (1). Therefore we will need three vector

superfields (or vector supermultiplets) V̂i with the following components:

V̂1 ≡ (λ′,Wµ
1 ) → UY (1)

V̂2 ≡ (λa,Wµa
2 ) → SUL(2) , a = 1, 2, 3

V̂3 ≡ (g̃b,Wµb
3 ) → SUc(3) , b = 1, . . . , 8

where Wµ
i are the gauge fields and λ′, λ and g̃ are the UY (1) and SUL(2)

gauginos and the gluino, respectively.
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❐ Leptons

As each chiral multiplet only describes one helicity state, we will need two
chiral multiplets for each charged lepton (We will assume that the neutrinos
do not have mass).

Supermultiplet SUc(3)⊗ SUL(2)⊗ UY (1)
Quantum Numbers

L̂i ≡ (L̃, L)i (1, 2,− 1
2 )

R̂i ≡ (ℓ̃R, ℓ
c
L)i (1, 1, 1)

Each helicity state corresponds to a complex scalar and we have that L̂i is a
doublet of SUL(2)

L̃i =

(
ν̃Li

ℓ̃Li

)
; Li =

(
νLi

ℓLi

)
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❐ Quarks

The quark supermultiplets are given in the Table. The supermultiplet Q̂i is
also a doublet of SUL(2), that is

Supermultiplet SUc(3)⊗ SUL(2)⊗ UY (1)
Quantum Numbers

Q̂i ≡ (Q̃,Q)i (3, 2, 16 )

D̂i ≡ (d̃R, d
c
L)i (3, 1, 13 )

Ûi ≡ (ũR, u
c
L)i (3, 1,− 2

3 )

Q̃i =

(
ũLi

d̃Li

)
; Qi =

(
uLi

dLi

)
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❐ Higgs Bosons

Finally the Higgs sector. In the MSSM we need at least two Higgs doublets.
This is in contrast with the SM where only one Higgs doublet is enough to
give masses to all the particles. The reason can be explained in two ways.
Either the need to cancel the anomalies, or the fact that, due to the
analyticity of the superpotential, we have to have two Higgs doublets of
opposite hypercharges to give masses to the up and down type of quarks.

Supermultiplet SUc(3)⊗ SUL(2)⊗ UY (1)
Quantum Numbers

Ĥ1 ≡ (H1, H̃1) (1, 2,− 1
2 )

Ĥ2 ≡ (H2, H̃2) (1, 2,+ 1
2 )
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Most discussions of SUSY phenomenology assume R-Parity conservation where,

RP = (−1)2J+3B+L

This is the case of the MSSM. It implies:

❐ SUSY particles are pair produced.

❐ Every SUSY particle decays into another SUSY particle.

❐ There is a LSP that it is stable ( E/ signature ).

But this is just an ad hoc assumption without a deep
justification. We will see later what are the

consequences of non conservation of R-Parity.
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Like in any gauge theory we have

Lkin = − 1
4F

a
µνF

aµν + iλaσµDµλ
a + (Dµφ)

†Dµφ+ iχσµDµ
χ

where the field strength F a
µν is given by

F a
µν = ∂µW

a
ν − ∂νW

a
µ − gfabcW b

µW
c
ν

and fabc are the structure constants of the gauge group G. The covariant
derivative is

Dµ = ∂µ + igW a
µT

a

One should note that χ and λ are left handed chiral spinors.



IST Self Interactions of the Gauge Multiplet

Summary

Motivation

SUSY Algebra

MSSM

Building MSSM· · ·

•R-Parity

•Kinetic Terms

• Self Gauge Int

•Gauge & Matter

• Self Matter Int

• Superpotential

• Soft breaking

•CMSSM

LEP Results

LHC Results

Conclusions

Jorge C. Romão Introduction to SUSY – 20

For a non Abelian gauge group G we have the usual self–interactions, (cubic and
quartic), of the gauge bosons with themselves. But we have a new interaction of
the gauge bosons with the gauginos. In two component spinor notation it reads

LλλW = igfabc λ
aσµλ

b
W c

µ + h.c.

where fabc are the structure constants of the gauge group G and the matrices σµ

are the equivalent of the γ matrices in two component language.
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In the usual non Abelian gauge theories we have the interactions of the gauge
bosons with the fermions and scalars of the theory. In the supersymmetric case we
also have interactions of the gauginos with the fermions and scalars of the chiral
matter multiplet. The general form, in two component spinor notation is,

LΦW = −gT a
ijW

a
µ

(
χ
iσ

µχ
j + iφ∗i ∂

↔
µφj

)
+ g2

(
T aT b

)
ij
W a

µW
µb φ∗iφj

+ig
√
2T a

ij

(
λaχjφ

∗
i − λ

aχ
iφj

)

where the new interactions of the gauginos with the fermions and scalars are given
in the last term.
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These correspond in non supersymmetric gauge theories both to the Yukawa
interactions and to the scalar potential. In supersymmetric gauge theories we have
less freedom to construct these terms. The first step is to construct the
superpotential W . This must be a gauge invariant polynomial function of the
scalar components of the chiral multiplet Φi, that is φi. It does not depend on φ∗i .
In order to have renormalizable theories the degree of the polynomial must be at
most three.
The Yukawa interactions are

LY ukawa = − 1
2

[
∂2W

∂φi∂φj
χ
i
χ
j +

(
∂2W

∂φi∂φj

)∗
χ
i
χ
j

]

and the scalar potential is

Vscalar = 1
2D

aDa + FiF
∗
i

where

Fi =
∂W

∂φi
, Da = g φ∗iT

a
ijφj
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The MSSM Lagrangian is specified by the R–parity conserving superpotential W

W = εab

[
hijU Q̂

a
i ÛjĤ

b
2 + hijDQ̂

b
iD̂jĤ

a
1 + hijE L̂

b
i R̂jĤ

a
1 − µĤa

1 Ĥ
b
2

]

where i, j = 1, 2, 3 are generation indices, a, b = 1, 2 are SU(2) indices, and ε is a
completely antisymmetric 2× 2 matrix, with ε12 = 1. The coupling matrices
hU , hD and hE will give rise to the usual Yukawa interactions needed to give
masses to the leptons and quarks.

If it were not for the need to break SUSY
the number of parameters involved

would be less than in the SM.
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The most general SUSY soft breaking is

− LSB = M ij2
Q Q̃a∗

i Q̃
a
j +M ij2

U ŨiŨ
∗
j +M ij2

D D̃iD̃
∗
j +M ij2

L L̃a∗
i L̃

a
j +M ij2

R R̃iR̃
∗
j

+m2
H1
Ha∗

1 Ha
1 +m2

H2
Ha∗

2 Ha
2 −

[
1

2
Msλsλs +

1

2
Mλλ+

1

2
M ′λ′λ′ + h.c.

]

+εab

[
Aij

Uh
ij
U Q̃

a
i ŨjH

b
2 +Aij

Dh
ij
DQ̃

b
iD̃jH

a
1 +Aij

Eh
ij
E L̃

b
i R̃jH

a
1 −BµHa

1H
b
2

]

Parameter Counting

Theory Gauge Fermion Higgs
Sector Sector Sector

SM e, g, αs hU , hD, hE µ2, λ
MSSM e, g, αs hU , hD, hE µ

Broken MSSM e, g, αs hU , hD, hE µ,M1,M2,M3, AU , AD, AE , B
m2

H2
,m2

H1
,m2

Q,m
2
U ,m

2
D,m

2
L,m

2
R
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The number of independent parameters can be reduced if we impose some further
constraints. The most popular is the MSSM coupled to N = 1 Supergravity
(mSUGRA).

At = Ab = Aτ ≡ A ,

m2
H1

= m2
H2

=M2
L =M2

R = m2
0 ,M

2
Q =M2

U =M2
D = m2

0 ,

M3 =M2 =M1 =M1/2

Parameter Counting

Parameters Conditions Free Parameters

ht, hb, hτ , v1, v2 mW , mt, mb, mτ tanβ = v2/v1
A, B, m0, M1/2, µ ti = 0, i = 1, 2 A, m0, M1/2, sign(µ)

Total = 10 Total = 6 Total = 4+”1”

It is remarkable that with so few parameters we can get the correct
values for the parameters, in particular m2

H2
< 0. For this to happen

the top Yukawa coupling has to be large which we know to be true.
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The charged gauginos mix with the charged higgsinos giving the so–called
charginos. In a basis where ψ+T = (−iλ+, H̃+

2 ) and ψ−T = (−iλ−, H̃−
1 ), the

chargino mass terms in the Lagrangian are

Lm = − 1
2 (ψ

+T , ψ−T )

(
000 MMMT

C

MMMC 000

)(
ψ+

ψ−

)
+ h.c.

where the chargino mass matrix is given by

MMMC =




M2
1√
2
gv2

1√
2
gv1 µ




and M2 is the SU(2) gaugino soft mass. We can write this as

MMMC =




M2

√
2mW sin β

√
2mW cosβ µ



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The neutral gauginos mix with the neutral higgsinos giving the so–called
neutralinos. In the basis ψ0T = (−iλ′,−iλ3, H̃1

1 , H̃
2
2 ) the neutral fermions mass

terms in the Lagrangian are given by

Lm = − 1
2 (ψ

0)TMMMNψ
0 + h.c.

where the neutralino mass matrix is

MMMN =




M1 0 − 1
2g

′v1
1
2g

′v2
0 M2

1
2gv1 − 1

2gv2
− 1

2g
′v1

1
2gv1 0 −µ

1
2g

′v2 − 1
2gv2 −µ 0




and M1,M2 are the gaugino soft mass.
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MMM2
S0 =

(
tanβ −1

−1 cot β

)
Bµ+

(
cotβ −1

−1 tanβ

)
1
2m

2
Z sin2 β

with masses

m2
h,H = 1

2

[
m2

A +m2
Z ∓

√
(m2

A +m2
Z)

2 − 4m2
Am

2
Z cos 2β

]

MMM2
P 0 =

(
tanβ −1

−1 cotβ

)
Bµ with mass m2

A =
Bµ

sin 2β

Sum Rule

m2
h +m2

H = m2
A +m2

Z

mh < mA < mH

mh < mZ < mH



IST Higgs Boson Mass: Standard Model

Summary

Motivation

SUSY Algebra

MSSM

Mass Matrices

• chargino

• neutralino

• Scalar Higgs

• SM Higgs Mass

•Higgs Mass RC

• Spectra

LEP Results

LHC Results

Conclusions

Jorge C. Romão Introduction to SUSY – 29

In the Standard Model

LHiggs = (DµΦ)
†
DµΦ− λ

4

(
Φ†Φ− v2

2

)2

where

Φ =

(
ϕ+

v+H+iϕZ√
2

)

Therefore

LHiggs = ∂µH∂
µH − λv2

4
H2

or

MH =

√
λ

2
v v = 246 GeV fixed but λ free. MH free.
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As the top mass is very large there are important radiative corrections to the Higgs
boson mass. The most important are:
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Name Type

Gauge VVV
Self-Interaction VVVV
3-Point Gauge V ff

Coupling V f̃ f̃
V χ̃χ̃
V HH
V GH
VGG

3-Point Higgs Hff

Coupling Hf̃f̃
Hχ̃χ̃
HV V

3-Point Goldstone Gff

Coupling Gf̃f̃
Gχ̃χ̃
GV V

Other 3-Point f̃f χ̃

Name Type

4-Point V V ff
Coupling HHV V

HGV V
GGV V

f̃ f̃HH

f̃f̃GH

f̃f̃GG

f̃ f̃ f̃ f̃
Goldstone-Higgs HHG
Interaction HGG

HHHG
HHGG
HGGG
GGGG

Ghost ωω V
ωω H
ωω G
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γγ χ0χ0

W+W+

W−W−

χ+
χ+

χ−χ−

γγ χ0χ0

e+e+

e−e−

ẽ+ẽ+

ẽ−ẽ−

Rule: Change any two lines into the superpartners.
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Standard Model Supersymmetry
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Superconducting
magnets

SPS

PS

CMS
Compact Muon Solenoid

Beams       Energy Luminosity

e+ e-   200 GeV 1032 cm-2s-1

p p 14 TeV 1034

Pb Pb 1312 TeV 1027

LEP

LHC

The Large Hadron Collider (LHC)

ATLAS

LHC-B

ALICE

From LEP  to LHC
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Crossing rate 40 MHz

Collisions ≈ 107 - 109 Hz

SUSY.....

Higgs
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Parton
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H0 → γγ  is the most promising channel 
if M

H
 is in the range 80 – 140 GeV.  

The high performance PbWO
4
 crystal 

electromagnetic calorimeter in CMS 
has been optimized for this search.
The γγ  mass resolution at  Mγγ ~ 100 
GeV is better than 1%, resulting in a 
S/B of ≈1/20
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Higgs to 4 leptons (140 < M
H
< 700 GeV) 

p pH

µ+

µ-

µ+

µ-

Z

Z

In the M
H
 range 130 - 700 GeV the most 

promising channel is H0 → ZZ*→ 2,+ 2,–

or H0 → ZZ → 2,+ 2,– . The detection 
relies on the excellent performance of the 
muon chambers, the tracker and the 
electromagnetic calorimeter.  
For  M

H
≤ 170 GeV a mass resolution of 

~1 GeV should be achieved with the 
combination of the 4 Tesla magnetic field 
and the high resolution of the crystal 
calorimeter
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Domains of mSUGRA parameter space (m0,m1/2)
where various sparticles can be identified

1000
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q (2000)

~

g (2000)~

tan β = 2, A0 = 0, µ < 0

(4
0

0
)

Ω h2= 0.4

Ω h2= 0.15

~

L

105pb-1

g,q → n  + X~~

Sparticles cannot escape discovery at the LHC

Gluinos and squarks can be 
searched for in various 
channels with leptons + E

t
miss

+ jets and discovered for 
masses up to ~ 2.2 TeV.
Sleptons can be discovered 
for masses up to ~ 350 GeV. 
The region of parameter 
space 0.15 < Ω h2 < 0.4 — 
where LSP would be the 
Cold Dark Matter particle — 
is contained well within the 
explorable region

Sparticles: discovery ranges
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Situation in early 2012 

Exclusions of MH: 
− LEP < 114 GeV   (arXiv:0602042v1) 

− Tevatron [156,177] GeV ( arXiv:1107.5518) 
− LHC [~127, 600] GeV arXiv:1202.1408 (ATLAS) 

   arXiv:1202.1488 (CMS) 

Very precise measurement of  

MW = 80.390 ± 0.016 GeV, 

driven mainly by the Tevatron. . 

Much of the SM Higgs 

range had been ruled out 

by 2011 LHC running. 

Excess of events in the 
low mass region seen in 

ATLAS and CMS 

DISCRETE 2012, CMS overview, J. Varela  12 



IST Results from the LHC in 2012: Higgs

Summary

Motivation

SUSY Algebra

MSSM

LEP Results

LHC Results

• LHC Overview

•Basic Physics

•H: 2photons

•H: 4Leptons

• SUSY at LHC

• Signatures

•First Results 2011

• 2012 Results

Conclusions

Jorge C. Romão Introduction to SUSY – 47

2. The 4th of July and after

After 48 years of postulat, 30 years of search (and a few heart attacks),

the Higgs is discovered at LHC on the 4th of July: Higgstorical day!
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Higgs combined results 

Significance 6.9σ versus 7.8σ expected. 

Combination of 5 channels: bb, ττ, WW, ZZ, γγ 

DISCRETE 2012, CMS overview, J. Varela  37 



IST Results from the LHC in 2012

Summary

Motivation

SUSY Algebra

MSSM

LEP Results

LHC Results

• LHC Overview

•Basic Physics

•H: 2photons

•H: 4Leptons

• SUSY at LHC

• Signatures

•First Results 2011

• 2012 Results

Conclusions

Jorge C. Romão Introduction to SUSY – 49

DISCRETE 2012, CMS overview, J. Varela  16 
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4. Implications for pMSSM: mass

Main results:

• LargeMS values needed:

–MS ≈ 1 TeV: only maximal mixing

–MS ≈ 3 TeV: only typical mixing.

• Large tanβ values favored

but tanβ≈3 possible ifMS≈3TeV

How light sparticles can be with

the constraintMh = 126 GeV?

• 1s/2s gen. q̃ should be heavy...

But not main player here: the stops:

⇒ m
t̃1

<
∼

500 GeV still possible!

•M1,M2 and µ unconstrained,

• non-univ. m
f̃
: decouple ℓ̃ from q̃

EW sparticles can be still very light

but watch out the new limits..

Discrete–Lisbon, 03/12/2012 Implicatons of Higgs discovery – A. Djouadi – p.15/23
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CMSSM interpretation 

DISCRETE 2012, CMS overview, J. Varela  44 
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 χ+χ0 exclusion limits 

 7 TeV result New 8 TeV result 

SUS-12-022 SUS-12-006 

DISCRETE 2012, CMS overview, J. Varela  51 
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Although there is not yet direct experimental evidence for
supersymmetry (SUSY), there are many theoretical arguments indicating
that SUSY might be of relevance for physics around the 1 TeV scale.

We will be waiting for the LHC verdict!

Lots of things to be done by Experimentalists and Theoreticians
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