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iy 1sT Motivation

Summary ] - ] ]

Although there is not yet direct experimental evidence for

o Naturalness supersymmetry (SUSY), there are many theoretical arguments indicating
SUSY Algebra that SUSY might be of relevance for physics around the 1 TeV scale.
MSSM

LEP Results

The most commonly invoked theoretical arguments for SUSY are:
LHC Results

Conclusions

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

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

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

0 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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iy 1sT The Naturalness Problem: |

ST 0 As the SM is not asymptotically free, at some energy scale A, the inter-
ess actions must become strong indicating the existence of new physics. Can-
SUSY Algebre didates for this scale: My ~ O(10'% GeV) in GUT's or the Planck scale
MSSM MP ~ O(lOlgGeV)

LEP Results

0 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.

LHC Results

Conclusions

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

than < HY >~ G;l/Q ~ 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.

0 The one loop radiative corrections to the Higgs boson mass

5m§1:0( A’ ) A2 4 ...

1672

would be too large if A is identified with AquT or Aplanck.
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iy 1sT The Naturalness Problem: |l

2ummary 0 SUSY cures this problem in the following way. If SUSY were exact, radiative
corrections to the scalar masses squared would be absent because the
SUSY Algebra contribution of fermion loops exactly cancels against the boson loops.
EAESPSZeSU.tS 0 Therefore if SUSY is broken, as it must, we should have
LHC Results
Conclusions A

m3; = O (&) (m%—m%)lnm—B + -

0 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.

Jorge C. Romao Introduction to SUSY — 6



iy 1sT The Poincare Algebra

Summary The Poincaré group is made up of the Lorentz group plus the translations. We
Z':;Y;lb denote by J,,,, the generators of the Lorentz group and by P, the generators of the
translations. The algebra is defined by,

e SUSY algebra

e Simple Results r . . L
e Multipletos .J/U/7 JPU] — 1 (ngJLLU Juvo J,up g,UJpJI/O' + guo Jl/p)
e Superfields _ .

MSSM .POH J/ﬂ/] =1 (g,uaPI/ — guapu)

LEP Results 'P’u, Py] — O

LHC Results )

Condusions One can show that

[P27JW] — [PQvPM] =0
[WQvJW} — [WQ,PM] - [W27P2] =0
where

1 v o
WM = _58/“/90' J'P P

is the Pauli-Lubanski vector operator.
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iy 1sT SUSY Algebra

Summary

The SUSY generators carry Spin 1/2 and obey the following algebra

Motivation

SUSY Algebra

e Poincare algebra

{Qa,Qs}

e Simple Results

|
-

e Multipletos

e Superfields {@d’ @6 } _ O

MSSM

LEP Results

LHC Results {Qa,aﬂ'} — 2<0"u)a5' P,u

Conclusions

where

ot =(1,0") ; o =(1,-0")

and a, B, &, 8 = 1,2 (Weyl 2-component spinor notation).
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iy 1sT SUSY Algebra and the Poincaré Group

Summary The commutation relations with the generators of the Poincaré group
Motivation
SUSY Algebra .
e Poincare algebra [PM7 QO{] — O [JIL“/7 QOL] — —1 (O-ILLV)O( B QIB
e Simple Results . . . . . /
S kgl One can easily derive that the two invariants of the Poincaré group,
e Superfields
MSSM
pP?=PpP, P> W2=W,W* W,=—1€u,,J""P°
LEP Results
LHC Results P? Im, s) = m? Im, s) W2 Im, s) = —m28<8 + 1) |m, s)
Conclusions

where WH is the Pauli—-Lubanski vector operator, are no longer invariants of the
Super Poincaré group:

[QaaPQ] =0 [Qaawz] # 0

Irreducible multiplets will have particles of the
same mass but different spin.
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ST

Simple Results from the Algebra

Summary

Motivation

SUSY Algebra
e Poincare algebra
e SUSY algebra

e Simple Results

e Multipletos

e Superfields
MSSM

LEP Results

LHC Results

Conclusions

| Number of Bosons = Number of Fermionsl

Qa|B >=[F >
QolF' >=|B >

(—1)NF|B >=|B >
(—1)NF|F >= —|F >

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

Qa<_1)NF

_<_1)NF Qa

Using this relation we can show that

Tr [(‘DNF {Qa,@a}}

Tr [(-1)""QuQq + (-1)"" Q4 Qa]
Tr [~Qa(-1)M" Q4 + Qu(-1)N7Q,] =0

But we also have

Tr [(-1)" {Qa, Qs }]
=Tr |[(-1)Nr20! . P,]

»

Tr [(—=1)"*| = #Bosons — #Fermions = 0

Jorge C. Romao
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ST

SUSY Representations: Massive case

Summary

Motivation

SUSY Algebra

e Poincare algebra
e SUSY algebra

e Simple Results

e Multipletos

e Superfields

MSSM

LEP Results

LHC Results

Conclusions

In the rest frame

{Qa,@a} = 2m daq

This algebra is similar to the algebra of the spin 1/2 creation and annihilation
operators. Choose [€2) such that

Then we have 4 states

Q1 |Q> :Q2|Q> =0

|Q> ; @1 |Q> ; @2|Q> ; @1§2|Q>

If J5|2) = j3[€2)
State J3 Eigenvalue
) J3
4 €2) J3 +
Q3 |) J3 —
Q1@ |2) J3

NN | =

Two bosons and two fermions
states separated by
one half unit of spin.

Jorge C. Romao
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iy I1ST

SUSY Representations: Massless case

Summary

Motivation

SUSY Algebra

e Poincare algebra
e SUSY algebra

e Simple Results

e Multipletos

e Superfields

MSSM

LEP Results

LHC Results

Conclusions

If m = 0 then we can choose P* = (F,0,0, FE). In this frame

{QO&)@@} — Mad

where the matrix M takes the form

Then {QQ,GQ} = 4F

0 0
M‘(o 4E>

all others vanish.

|Q> ; @2|Q>

We have then just two states
If J5|Q) =X\ |Q)
State | J3 Eigenvalue
) A
> |Q> A— %

Two states, one fermion
one boson separated by
one half unit of spin.

Jorge C. Romao
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ST

Superfields for Massless Particles

Summary

Motivation

SUSY Algebra

e Poincare algebra
e SUSY algebra

e Simple Results

e Multipletos

e Superfields

MSSM

LEP Results

LHC Results

Conclusions

0 Chiral Superfields: [ Spin 0 + Spin %

— ¢ Complex Scalar: 2d.o.f
> = 0 Xu) » X1, Chiral Fermion: 2d.o.f (on-shell)

O Vector Superfields: | Spin % + Spin 1

V= V(L WH) - A Chiral Fermion: 2d.o.f

WH Massless Vector: 2d.o.f (on-shell)

¢ | ™ superpartner of the fermion: sfermion

® superpartner of gauge field: gaugino

Jorge C. Romao
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IST Particle Content: Gauge Fields

2ummary 0 Gauge Fields
Motivation
SUSY Algebra We want to have gauge fields for the gauge group
MSSM G =5U.3)®SUL(2) ® Uy (1). Therefore we will need three vector
superfields (or vector supermultiplets) V; with the following components:
- e
e Higgs S / I
LEP Results 1 = <)‘ 7W1 ) — UY(l)
LHC Results ~ a
Conclusions 2 = <)\a7 WQM ) —> SUL(2) 9 a = 17 27 3
Vs= (@ WY — SU.(3) , b=1,...,8

where W are the gauge fields and X', X and g are the Uy (1) and SUL(2)
gauginos and the gluino, respectively.
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iy 1sT Particle Content: Leptons

Summary 0 Leptons
Motivation
U Al As each chiral multiplet only describes one helicity state, we will need two
MSSM chiral multiplets for each charged lepton (We will assume that the neutrinos
Content do not have mass).
e Gauge
® Quarks :
e Higgs Supermultiplet SUC(B) 024 SUL(Q) & Uy(l)
LEP Results Quantum Numbers
LHC Results - N

_ _ 1
Conclusions LzL = (L, L)zL (1, 27 _§>

Ri — (éRaéi)z (17171)

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

Particle Content: Quarks

Summary

Motivation

SUSY Algebra

MSSM

Content

e Gauge
® Leptons

e Higgs

LEP Results

LHC Results

Conclusions

0 Quarks

The quark supermultiplets are given in the Table. The supermultiplet @Z IS
also a doublet of SU(2), that is

Supermultiplet | SU.(3) ® SUL(2) ® Uy (1)
Quantum Numbers
D; = (dg,d$); (3,1,3)
(72' = (ﬂR,U%)z (37 17 _%>
~ aLz UL
Qz — ~ 9 Q’L — ( dL' )
sz L2

Jorge C. Romao
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IST Particle Content: Higgs Bosons

2ummary 0 Higgs Bosons

Motivation

SUSY Algebra Finally the Higgs sector. In the MSSM we need at least two Higgs doublets.
MSSM This is in contrast with the SM where only one Higgs doublet is enough to
Content give masses to all the particles. The reason can be explained in two ways.
:fptgo 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

LEP Results opposite hypercharges to give masses to the up and down type of quarks.

LHC Results

Conclusions

Supermultiplet | SU.(3) ® SUL(2) @ Uy (1)
Quantum Numbers

AN

H1 = (Hlaﬁl) (1,2,—%)
Hy = (H,, H) (1,2, +3)
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iy I1ST

R-Parity

Summary

Motivation

SUSY Algebra

MSSM

Building MSSM- . -

e Kinetic Terms

e Self Gauge Int

e Gauge & Matter
e Self Matter Int
e Superpotential

e Soft breaking

e CMSSM

LEP Results

LHC Results

Conclusions

Most discussions of SUSY phenomenology assume R-Parity conservation where,

Rp = (_1)2J—|—3B—|—L

This is the case of the MSSM. It implies:

0 SUSY particles are pair produced.

0 Every SUSY particle decays into another SUSY particle.

0 There is a LSP that it is stable ( £ 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.

Jorge C. Romao
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iy I1ST

Kinetic Terms

Summary

Motivation

SUSY Algebra

MSSM

Building MSSM- . -
e R-Parity

e Self Gauge Int

e Gauge & Matter
e Self Matter Int

e Superpotential

e Soft breaking
e CMSSM

LEP Results

LHC Results

Conclusions

Like in any gauge theory we have

Liin = —2F% F 4 iXegh D, \® + (D,¢)" D*¢ + iXa" D, X

where the field strength F, is given by

F$, = 0,W —0,Wi —gf ™™ WW;

and f?¢ are the structure constants of the gauge group G. The covariant

derivative is

D, =0, +igW;T*

One should note that X and A are left handed chiral spinors.

Jorge C. Romao
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iy I1ST

Self Interactions of the Gauge Multiplet

Summary

Motivation

SUSY Algebra

MSSM

Building MSSM- . -
e R-Parity

e Kinetic Terms

e Gauge & Matter
e Self Matter Int
e Superpotential

e Soft breaking

e CMSSM

LEP Results

LHC Results

Conclusions

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

Low = igfabc )\GO"U“Xb W/j + h.c.

where f,5. are the structure constants of the gauge group G and the matrices o*
are the equivalent of the v matrices in two component language.

Jorge C. Romao
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iy I1ST

Interactions of the Gauge and Matter Multiplets

Summary

Motivation

SUSY Algebra

MSSM

Building MSSM- . -
e R-Parity

e Kinetic Terms

e Self Gauge Int
e Self Matter Int
e Superpotential
e Soft breaking
e CMSSM

LEP Results

LHC Results

Conclusions

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,

. <>
Low = —gTew® (xiﬁ“xj +z‘¢2‘8u¢j)+92 (TT°),; Wi 676,

+7;9\f2T¢C;' (Aaxj or — XX, ¢j)

where the new interactions of the gauginos with the fermions and scalars are given
in the last term.

Jorge C. Romao
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iy I1ST

Self Interactions of the Matter Multiplet

Summary

Motivation

SUSY Algebra

MSSM

Building MSSM- . -
e R-Parity

e Kinetic Terms

e Self Gauge Int

e Gauge & Matter
e Superpotential

e Soft breaking

e CMSSM

LEP Results

LHC Results

Conclusions

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 . This must be a gauge invariant polynomial function of the
scalar components of the chiral multiplet ®;, that is ¢;. It does not depend on ¢ .
In order to have renormalizable theories the degree of the polynomial must be at
most three.

The Yukawa interactions are

82 82‘17 * -
_ 1 4 XX — X; X5
Ly vwkawa 5 lﬁgbi@gbj i+ (0@3%) Z j}

and the scalar potential is

Vscalar — %DaDa + Fze*

where

Jorge C. Romao
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iy I1ST

The Superpotential and SUSY Breaking Lagrangian

Summary

Motivation

SUSY Algebra

MSSM

Building MSSM- . -
e R-Parity

e Kinetic Terms

e Self Gauge Int

e Gauge & Matter
e Self Matter Int
e Soft breaking

e CMSSM

LEP Results

LHC Results

Conclusions

The MSSM Lagrangian is specified by the R—parity conserving superpotential W

W = e [h}}@gﬁjﬁg + W QP D; HY + KLY R, HY — uﬁfﬁg}

where 7,7 = 1,2, 3 are generation indices, a,b = 1,2 are SU(2) indices, and ¢ is a
completely antisymmetric 2 X 2 matrix, with €15 = 1. The coupling matrices

hir, hp and hg 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.

Jorge C. Romao
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iy I1sT

SUSY Soft Breaking

Summary

Motivation

SUSY Algebra

MSSM

Building MSSM- . -
e R-Parity

e Kinetic Terms

e Self Gauge Int
e Gauge & Matter
e Self Matter Int
e Superpotential

e Soft breaking

e CMSSM

LEP Results

LHC Results

Conclusions

The most general SUSY soft breaking is

—Lsp =

MF?Q* Q4 + MJPU;U; + M3?D;D} + MP?L¢*L? + M{’R;R;
1 1 1
+m3 H*HY +my, Hy Hy — [2Ms)\s>\s + 5 MM + 5M’XX + h.c.]

+eab | ARG QiU HE + AZh QYD HY + AJRI LR HY — BMHfHS]

Parameter Counting I

Theory Gauge Fermion Higgs
Sector Sector Sector
SM e,g,0s | hy,hp,hg u?, A
MSSM e,g,as | hy,hp,hg 14
Broken MSSM | e,9,as | hy,hp, hg w, My, My, M3, Ay, Ap, Ag, B
mly, 2y md,md,md, md, ml,

Jorge C. Romao
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iy I1ST

The Constrained MSSM

Summary

Motivation

SUSY Algebra

MSSM

Building MSSM- . -
e R-Parity

e Kinetic Terms

e Self Gauge Int

e Gauge & Matter
e Self Matter Int
e Superpotential

e Soft breaking

e CMSSM
LEP Results

LHC Results

Conclusions

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).

Ar=Ap=A, = A,

2 2 2 _ 2 _ 2 2 _ 2 _ 2 2
m2, =m3, = M} = M3 =m2, M3 = M3 = M3 =m3,

M3z = My = My = My /o

| Parameter Counting I

Parameters Conditions Free Parameters
ht, hy, by, v1, v2 | mw, myg, My, My tan f = vy /11
A, B, mg, My o, p t;=0,1=1,2 A, mg, My s, sign(u)
Total = 10 Total = 6 Total = 44"1"

It is remarkable that with so few parameters we can get the correct
values for the parameters, in particular m%b < 0. For this to happen
the top Yukawa coupling has to be large which we know to be true.

Jorge C. Romao
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iy 1sT The Chargino Mass Matrices

2ummary The charged gauginos mix with the charged higgsinos giving the so—called
—— charginos. In a basis where 7 = (—iA*, Hy ) and v=T = (—i\—, Hy ), the
SUSY Algebra . . .

- chargino mass terms in the Lagrangian are
MSSM
Mass Matrices T o
0 M

. (T =T C
@ neutralino E SS _ —|_ h.C.
e Scalar Higgs m 2 <¢ ’ ¢ ) ( MC 0 w
e SM Higgs Mass
e Higgs Mass RC ] . . .
® Spectra where the chargino mass matrix is given by
LEP Results 1
LHC Results My 29Y2
Conclusions MC — 1

29l1 H

and M, is the SU(2) gaugino soft mass. We can write this as
Mo V2mw sin 3

v2m cos 3 o

Mq =
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IST

The Neutralino Mass Matrix

Summary

Motivation

SUSY Algebra

MSSM

Mass Matrices

e chargino

e Scalar Higgs

e SM Higgs Mass
e Higgs Mass RC
® Spectra

LEP Results

LHC Results

Conclusions

The neutral gauginos mix with the neutral higgsinos giving the so—called
neutralinos. In the basis %1 = (—i)\, —i\3, H{, H2) the neutral fermions mass

terms in the Lagrangian are given by

L, = —%<¢O)TMN¢O + h.c.
where the neutralino mass matrix is
M 0 —39'v1  3g'vo ]
My — 0 Moy Tgu1 —2gvs
—39'v1 9u1 0 —
i %9/02 —%gvg — 0 |

and M, M> are the gaugino soft mass.

Jorge C. Romao
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iy 1sT Neutral Higgs Mass Matrices

Summary

Motivation tan 5 - ]. COt /6 - ]_
M 2 — B w+
SUSY Algebra S . 1 Cot 5 . 1 tan /6

m?, sin?

N~

MSSM

Mass Matrices

e chargino with masses

e neutralino

e Scalar Higgs

e SM Higgs Mass 2 . l 2 2 2 2\2 2 2
e Higgs Mass RC mh’H ) |:mA+mZ:F\/(mA+mZ) 4mAmZC082/B:|

® Spectra

LEP Results

LHC Re.sults ) tan 5 _1 . , BILL
Conclusions MPO o B,LL W|th mass mA p—

| Sum Rule I

2 200 2 2
my +my = my +my

mp < ma < mg

mp <myz < Mgy

Jorge C. Romao Introduction to SUSY — 28



iy 1sT Higgs Boson Mass: Standard Model

Summary In the Standard Model

Motivation

SUSY Algebra

MSSM \ ’02 2
e Lriiggs = (Du@)' D*® — 7 (‘DT@ ) _)
@ neutralino

e Scalar Higgs

where

e Higgs Mass RC

® Spectra (70_|_

LEP Results @ -

LHC Results U-l-f{/-ljtpz
2

Conclusions

Therefore

\ 2
Litiges = 0, HOMH — %HQ

or

Mg = \/gv - v = 246 GeV fixed but \ free. » My free.
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jiy 1sT Higgs Boson Mass: Radiative corrections
) As the top mass is very large there are important radiative corrections to the Higgs
ummary .
" boson mass. The most important are:
Motivation
SUSY Algebra 2 4 ~9 ~9
MSSM 2 _ . (0)2 39 me Ul M
mp, = my "~ + 2.3 2oL 1
Mass Matrices 167T mW S11l ﬁ mt
e chargino
@ neutralino
@ Scalar Higgs tan 8 = 2 tan 8 = 10 myp, with RC
® SM Higgs Mass 1000 — T T | p— 1000 — T T | — T T T T .
5 5 5 5 - :
® Spectra B H /: C /_ - .
LEP Results I =" 1 I : ] 1 140 F .
T HanB &= 10 ]
LHC Results ool / | ol \ yd E N T 3
Conclusions - / . - /\ . E / E
S - ST - S120 d .
s L / ] ¢ | h ] ¢ ¢k ]
i / h 1T 8T A T :
= 10F . S 10} - = 100F —
g E g E - i
| S N A
i i i § 80 F .
- rtan ﬂ =2 T
i : o : = :
: 5 : E 60— f
0 | 100 | 200 | 300 | 400 0 | 100 | 200 | 300 | 400 (; | 200 | 400 | 600 I 800 I 1(_)00
mH+ (GeV) mH+ (GeV) ’ﬁ’btl ,t2 (GeV)
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¥ IST

Example of Spectra

Summary

Motivation

SUSY Algebra

MSSM

Mass Matrices

e chargino

@ neutralino

e Scalar Higgs

e SM Higgs Mass
e Higgs Mass RC

LEP Results

LHC Results

Conclusions

800

m [GeV]

700

600

500

400

300

200

100

| SPSlaI

W

7

In ;

i Xi
—

i i

X —

mo = 100GeV, my ;o = 250GeV

Ap = —100GeV, tan 8 =10, u > 0

1000

m [GeV]

900

800

700

600

500

400

300

200

100

7
dL -
7,c
i dr 2b
- b
t
H°, A" —— H* i "
X4 )Zg Xz
Ir- T
" Ur o+
L X2 X1
ir
i i
X3
R

mo = 200GeV, my /o = 400GeV
Ap=0, tanpf =30, u >0
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ST

Couplings in the MSSM

Summary

Motivation

SUSY Algebra

MSSM

Couplings

@ New vertices

e Unification

LEP Results

LHC Results

Conclusions

Name

4-Point
Coupling

Goldstone-Higgs
Interaction

Name Type
Gauge VVV
Self-Interaction VVVV
3-Point Gauge VIf
Coupling fo
Vixx
VHH
VGH
VGG
3-Point Higgs Hff
Coupling Hff
Hxx
HVV
3-Point Goldstone | Gff
Coupling fo
GXX
GVV
Other 3-Point ffx

Ghost

Jorge C. Romao

Introduction to SUSY — 32




jiy 1sT Examples of New Couplings: Conserving R-Parity

Summary

Motivation

‘l 7_|_
SUSY Algebra

_|_

Xt W+ X

MSSM
0 0

Couplings f)/ » X X fy
e couplings
e Unification

W= X~ X

LEP Results |/|/ —

LHC Results

Conclusions

e~ , €7 e , €
/7 /7
0 /// ///
Y X s XV Y ,
ANNNNNXK
\\ \\
\ \
\ \
\\ \\

‘ Rule: Change any two lines into the superpartners. I
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ST

Gauge Couplings Unification

Summary

Motivation

SUSY Algebra

MSSM

Couplings

e couplings
e New vertices

LEP Results

LHC Results

Conclusions

| Standard Modell

60

‘ Supersymmetry I

10
OO
2
g;
o, = —
’ A7t

10 15
Log(Q/GeV)

g1

92 »

gs

/

10 15 20
Log(Q/GeV)

Electroweak Theory

Uy (1)

SU.(3
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Proton-Proton (2835 x 2835 bunches)
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Crossing rate 40 MHz
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Higgs to 2 photons (M , < 140 GeV)
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Higgs to 4 leptons (140 <M <700 GeV)

In the M, range 130 - 700 GeV the most
promising channel is H® - ZZ*_, 2¢* 2¢-
or H® - ZZ - 2¢* 2¢-. The detection
relies on the excellent performance of the
muon chambers, the tracker and the
electromagnetic calorimeter.

For M, <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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Sparticles: discovery ranges

Domains of mMSUGRA parameter space (m,,my,)
where various sparticles can be identified

1000

800

400 |,

20007

— T T T Gluinos and squarks can be
anp=2,A)=0,u<0 10°b™* searched for in various
channels with leptons + E™
+ 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<Q h?2<0.4 —
where LSP would be the
Cold Dark Matter particle —
is contained well within the
explorable region

...

400 800 1200 1600 2000
mg GeV

Sparticles cannot escape discovery at the LHC
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Results from the LHC (LP2011)
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(for illustration only)
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Long-lived particles
Top-antitop production
Lepton-Jets
Microscopic blackholes
Dijet resonance

etc...

e H: 2photons i -
o 4ieptO:S [ | TeChn|C0|Or(S Diphoton + MET standpo.nt
o SUSY at LHC m Little Higgs .« Multileptons makes a lot of
) & Lepton-jet resonance ]
o First Results 2011 = No Higgs Lepton-photon resonance ~ S€NSE:
2012 Results s GUT Gamma-jet resonance - Practical
Conclusions Hidden Va”ey g-lkbh(;;(')[‘n resonance N LeSS model
Leptoquarks W/Z+Gamma resonance
. dependent
Compositeness Top-antitop resonance

- |Important to
cover every
possible
signature

Henri Bachacou, Irfu CEA-Saclay

Lepton-Photon 2011

9

Jorge C. Romao

Introduction to SUSY — 44



First Results from the LHC in 2011

Summary

Motivation

SUSY Algebra

MSSM

LEP Results

LHC Results
e LHC Overview
@ Basic Physics

e H: 2photons
e H: 4Leptons
e SUSY at LHC
e Signatures

@ First Results 2011
@ 2012 Results

Conclusions

1. SUSY: Jets + Missing E
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Results from the LHC in 2012
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Situation in early 2012

80.5

March 2012

T I T T T
L (O LEPEWWG (2011) 68% CL (excluding MW, mtop & direct Higgs exclusion)

I T T 7T I T T 7T I T T 7T I T T 7T I 1T T 7T l L

. — @ 68% CL (by area) M, (2012), m_ N E

Very precise measurement of 50.45 ’ GC A

M,, = 80.390 + 0.016 GeV, r & :

driven mainly by the Tevatron.g\\ o ]

o 804 -

S) N .

= . ]

| = 5035 o

Much of the SM Higgs . or ]

range had been ruled out § & ]

by 2011 LHC running. 5031 B
155

Excess of events in the
low mass region seen in
ATLAS and CMS

160 165 170 175 180 185 190 195

My, (GEV)

Exclusions of M,;:

- LEP <114 GeV (arXiv:0602042v1)

— Tevatron [156,177] GeV ( arXiv:1107.5518)

- LHC [~127, 600] GeV arXiv:1202.1408 (ATLAS)

arXiv:1202.1488 (CMS)

DISCRETE 2012, CMS overview, J. Varela
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Results from the LHC in 2012: Higgs
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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

Combination of 5 channels: b0, T, WW, ZZ, vy

CMS Preliminary {s=7TeV,L<5.1fb' {s=8TeV,.L<12.2f" CMS Preliminary fs=7TeV,L<51f" {s=8TeV,L<12.2f"
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u ‘.‘\/ 7o Lon E
10"13 :— —— Combined obs. |*, —: o §
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| == H— 1 . —
A7 [ | =—H— " - = =]
10 . —H—>Ew ., _ 10 - ]
| | —H—2ZZ | | R X | ] : ]
R T [ Ll M P11 Looou 4 P9 g v by g wawinoslyngaireiddiy on o d e baayibegis brnialian
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Significance 6.90 versus 7.80 expected.
DISCRETE 2012, CMS overview, J. Varela 37
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Results from the LHC in 2012

CMS Experiment at the LHC, CERN

S Data recorded: 2012-May-13 20:08:14.621490 GMT
ummar / ,
sl & Run/Event: 194108 / 564224000 . H 9 Y Y
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ey 4. Implications for pMSSM: mass
Motivation 140

SUSY Algebra ﬁnain results: S mf_

LY e Large Mg values needed: = 1o

tiz F::SU'IZ — Mg ~ 1 TeV: only maximal mixing 125

o LHC Overview — Mg ~ 3 TeV: only typical mixing. :f:

:Eazhﬁff e Large tan( values favored

oo aeeens but tan3 ~ 3 possible if Mg~ 3TeV

e How light sparticles can be with ™,
the constraint M}, = 126 GeV?

conclusions e 1s/2s gen. q should be heavy... 10000

But not main player here: the stops:
= my, < 500 GeV still possible!

5000

s
oM, M3 and ;. unconstrained, S 0
e non-univ. mz: decouple ¢ from q
-5000
EW sparticles can be still very light
but watch out the new limits.. ) P S S 'h;?st'%fz;v,
Discrete—Lisbon, 03/12/2012 Implicatons of Higgs discovery — A. Djouadi — p.15/23
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CMSSM interpretation

CMS Preliminary L _ =4.98 fb",Ns=7 TeV
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IST Results from the LHC in 2012: SUSY

ATLAS SUSY Searches* - 95% CL Lower Limits (Status: Dec 2012)

.......................................... T T T T T 1711 T T ||||||L_ T T T T TIIrIT] T T T 1
Summary MSUGRA/CMSSM : O lep + j's +E; o |55 1™ 8TeV [ATLAS-CONF-2012-1b9] 1507ev| g =g mass
MSUGRA/CMSSM : 1lep +j's +E; s [L=581b" 8TeV [ATLAS-CONF-2012-104] 1.24Tev| =g mass
Motivation " Pheno model : O lep +j's +E+ ;s |L=581b" 8TeV [ATLAS-CONF-2012-109] 118TeV.| gMass (m(@) <2 TeV, light )%’1’) ATLAS
2 Pheno model : O lep +j's +E; s |L=581b" 8TeV [ATLAS-CONF-2012-109] 1.38TeV. QMass (m(g) <2 TeV, light )?1’) Preliminary
o . ~ - - ' = _
SUSY Algebra s Gluino med;% (gaqq?) tllep+s+E; o g mass (m&f)< 200 GeV,m(%):%(m(xED)J,m(g))
3 GMSB (INLSP) : 2 lep (OS) +['s +E, .. gmass (ang < 15)
MSSM ©  GMSB (TNLSP):1-21+0-1lep + s + ET’miss g mass “E’E‘p > 20)
@ GGM (bino NLSP) : yy +E gmass m) > 50 Gev) Ldt = -1
. i -0 t=(2.1-13.0)fb
E GGM (wino NLSP) :y + lep +E "™ g mass : ( )
LEP Results = GGM (higgsino-bino NLSP) :y + b + E/ "™ gmass @) > 220 Gev) (S=7 8Tev
. . . M ~ -~ ’
GGM (higgsino NLSP) : Z + jets +E, .. |L=581b™ 8TeV [ATLAS-CONF-2012-152] 690 GeV mass (m(H) > 200 GeV)
LHC R |t e " T,miss 9/2 x
L Gravitino LSP : ‘'monojet’ +E, ... [L=1051b" 8 TeV [ATLAS-CONF-2012-147] 64a5Gev| F °scale  (m(G)>10"ev)
e LHC Overview o5  g-bbg (vitualb):0lep + 3 b-j's +E; ., [L=128%" 8TeV ATLAS-CONF-2012-145] 12476V gMass (mx)) <200 Gev)
. . 2 g- i (virtualt) : 2 lep (SS) + j's +Eq .. [L=581" 8TeV [ATLAS-CONF-2012-105] 850GeV. g Mass (m(x) <300 GeV)
® Basic Physics g o g~ | (virtualt) : 3lep +j's + Eq miss |L=13.01" 8TeV [ATLAS-CONF-2012-151] 860GEV| gmass (m(x,) < 300 GeV) 8 TeV results
e H: 2photons o3 g ttx (virtialt): O lep + multi-'s +E; ; [L=581b" 8TeV[ATLAS-CONF-2012:103] 1007eV. gMass (m(x) <300 Gev) _
Lo g1 (virtualt) : 0 lep + 3 b-'s +Eq . [F51287™ 8 TeV [ATLAS-CONF-2012-145] 115TeV! g Mass (m(x,) <200 GeV)
o H: 4Leptons bb,1 bl_.p :0lep + 2-b-jets +E; o |L7128 fb™, 8 TeV [ATLAS-CONF-2012-165] 620GeV. b mass (m&”) <120 GeV)
@ SUSY at LHC 2 5 _ _ 1Ht§‘t :3lep+js+ ET’miss L=13.0b™, 8 TeV [ATLAS-CONF-2012-151] _ 405Gev b mass (m()%) =2m()
. g5 tt (light), t~ bx' 1/2'ep (+ b-jet) +E, . (Eareizoausosiizszioaencell t mass () =55 GeV)
e Si gnatures Z S tt (med.i.‘!m):t—’ b% i1 lep + b-jet + ET miss |L=130 1™, 8 TeV [ATLAS-CONF-2012-166] 160-350 GeV.| t mass (m&‘l’) =0 GeV, m()%) =150 GeV)
~ Bl [Beslis 2ol 5 tt (medium), t—bx" : 2lep + E; ' o [L=1301" 8Tev [ATLAS-CONF-2012:167) 160%40GeV| t MAsS () =0 GeV, m{H-m(x’) = 10 GeV)
© g o Jtotx i llep + b-jet +E; s |L=1807 8Tev [ATLAS-CONF-2012-166] 230560 GeV. tmass (m(x,)=0)
® 2012 Results 3 5 .t t-tx :0/1/2 lep (+ b-jets) + ET’miSS L=4.71b™, 7 TeV [1208.1447,1208.2590,12090.4186]  J30°465/GEVA t Mass (m&‘;) =0)
____________ tt (natural GMSB) : Z(—~ I + b-jet +E ' " |EsiiievizasaeSi0Gavl  mass (115 <m(;) <230 Gev)
Conclusions T 2lep + Bl a7 7Tevinzos ey MISSHESGEW | mass @()=0) -
ks . ! _ 1 ~_1
= @ EQ{L, Q—Q\Ii(%»l : 2lep +Eq g [L=47 _,17 TeV [1208.2884] | 110-340GeV L mass, m(x,) <10 Ga/'m(l’\%m;?(mt%(l) +me)
= Qig S LVIIv), | ng :3lep + ET e |LF1307 8 TeV ATLAS-CONF-2012-154] 580GeV. X, Mass (m(x,) =m(x,) m(x,) =0, m(V) as above)
__________________ S W RZ9% 3 lep + Eye: [L=130m* aTev ptLas conr2012159  140%8EGEY! X, Mass  (m(x) =m(). ) =0, Septons decouplec)
- Direct B pair prod. (%MSE) : long-lived x> mass (1<1(XE'§)< 10ns)
[N = .
> o Stable g R-hadrons : low (3, By (full detector g mass
‘5E  Stablet R-hadrons : low 3, py (full detecto% . t mass
S8 P GMSB : stable Mass (s < tanp < 20) i
......... ~.qau (RPV) : p + heayy displaced vertex qMass (0.3¢19° <X,,, <15x10°, 1mm < ot < 1 m,g decoupled)
1
LFV : pp= T+ﬁ' . — e+l resonance cmass (A;,=0.10, A ,,=0.05)
LFV : pp - v +X, V; - e(l)+T resonance V. LMass  (1,,70.10, 4,,...=0.05)
> Bilinear RPV CMSSM :11ep + 7 ]'s +Ey IgeVl ] =g mass (cr,g, <1mm)
o Q; Q 1:W X, —eev euv 14 lep + B i |-=13017 8TeV [ATLAS-CONF-2012-153] 700Gev| X, mass (m&’z) >300 GeV,A ,, or A, > 0)
Ao -1 X ee\)wep\}e ‘4lep + ET:miSS L=13.0fb™, 8 TeV [ATLAS-CONF-2012-153] 430Gev | mass_ (m&'l)) > 100 GeV, m(le)=m(l)=m(k), A, OF A ,, > 0)
....................... g ~.0qq.: 3-jet resonance pair . g mass
) . Scalar %I_uon : 2-jet resonance pair |L=4.61", 7 TeV [1210.4826] NiG62E7EeV sgluon mass (incl. limit from 1110.2693)
WIMP interaction (D5, Dirac x) :'monojet’ +E_  |i=ios b &7eV [ATLAS-CONF-2012:47] 704 Gevi| M* fcale (my < 80 GeV, limit of < 687 GeV for ITS)
""""""""""""""""""""""""""" sl ) [ I A 1 L1111 ] L1111 ] L1
-1
10 1 10
*Only a selection of the available mass limits on new states or phenomena shown. Mass scale [TeV]

All limits quoted are observed minus 1o theoretical signal cross section uncertainty.
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v x" exclusion limits

7 TeV result
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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

Jorge C. Romao
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