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We believe that, despite its enormous success the Standard Model of strong, weak

and electromagnetic interactions has many problems. These are of two kinds

0 Experimental evidence

[1 Neutrino masses and oscillations
[0 Dark Matter
[0 Dark Energy

O Theoretical questions
Here are a few:
0 Why the fermions have those strange hypercharge assignments that
ensure, by accident, the cancellation of anomalies?
[0 Why these gauge groups. Why they have so different strengths?
[0 Why the replication to have 3 families?

[0 Why is the electroweak scale much lower that the Planck scale
(hierarchy problem)?
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Historically, many problems were solved by going to smaller distances. Here is a
couple of examples

0 Gases

[0 Ideal gases < Free point like molecules
[0 Deviation from ideal gas < size of molecules = Van der Waals
equation of state

0 Mendeleev Periodic Table

[0 Table explained by bound electrons + spin + Pauli principle

[0 Existence of nuclides explained by looking inside the nucleus at protons
and neutrons =- smaller distances

-
|dea: New Physics should appear below the typical scale of the SM
—1/2 h
v (VEGr) = 246GeV, d=-1 ~0.8x10"cm
N ve Y
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0 In classical electromagnetism we have electrons (charges) plus fields £, B

0 We can calculate the Coulomb self-energy of the electron. It diverges as 1/r
so we have to apply a cutoff, the “size” of the electron r,

1 €2

4mey T

AECoulomb —

0 Therefore the mass of the electron receives a contribution
2 L 2 AE
(mec )observed — (mec )bare + Coulomb

0 We know experimentally that 7. < 107'7 cm which implies AE > 10 GeV

0.511 MeV = (—9999.489 + 10000.000) MeV

0 To avoid this fine tuned cancellation we would have to say that classical
electromagnetism does not hold for distances below d¢jassical Such that
5 1 e

MeC” — = dejassical =~ 2.8 X 10713 cm ~ size of nucleus
dmeg d
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vacuum polarization
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0 Vacuum fluctuations are allowed if they occur for
LEP Results

LHC Results At ~ h/AE ~ h/(ZmGCQ)

Implications

0 This introduces a new scale

dqep ~ cAt ~ hc/(2mec®) ~ 200 x 1071 cm

0 Therefore classical electromagnetism should indeed break much before what
we got previously, that is

dQED > dclassical
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0 With the vacuum fluctuations one should also consider a process where one
electron sitting in the vacuum annihilates with the positron produced by the
vacuum fluctuations, remaining the other electron.

0 This gives an additional contribution calculated by Weisskopf which exactly
cancels the Coulomb self-energy

1 e 3 h
AEpair = ¢ + &meCQ In ( )

dmeg re 4w

MeCTe
So
3 h
AE = AE1(301110rr1b + AEpair = —04772662 In ( )
41 MeCTe
and
(meCQ)observed — (meCQ)bare 1+ 1n h
MeCTe
C )

0 Proportional to (m.c?)pare

0 Small because of the logarithm. Even for . = mplanck = 1.6 x 10733
cm we only get a 9% correction

- J
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0 The fact that the correction is proportional to m, is a consequence of a new
(broken) symmetry with the anti-particle, chiral symmetry.

O In the limit of exact symmetry we have m, = 0 and the symmetry protects
the electron from getting a mass from self-energy corrections

0 Doubling the degrees of freedom, and adding a new symmetry leads to the
cancellation of divergences. We obtain a good theory for the electron down
to very short distances.

~
This is the paradigm for one of the motivations for supersymmetry as

we will now explain in a simple example. We do this before introducing
the full structure of supersymmetry
- J/
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O In the Standard Model the Higgs potential is

V = |HI? + A H|*
The spontaneous breaking of the symmetry occurs when

2
2 _o(Hy? =
ot =2 () = 1

Because unitarity requires A < 1 we must have —pu? = O((246 GeV)?)
0 However from the top loop

— (246 GeV)?

H H vz R?
---------- =  Ap?=-6-1
- 472 c2r?,

where 7 is the “size” of the Higgs.

0 An argument along the previous lines would tell us that the SM would not
hold for distances below

63/t2 5 —18
< ~ 10 cm
e \/ 4722 ?
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0 Enlarge the number of degrees of freedom (particles)

0 Enlarge the symmetry, possibly a broken one.

Suppose that we have a scalar field, call it stop, ¢, that couples to the Higgs in a
manner related, because of some symmetry, to the coupling of the Higgs to the
top. With this appropriate coupling we obtain from the diagram

t
/’)\\
_____ _( ‘______
\\\’V(’//
t
2 2 2 2
2 y; h Yt 2 2 h
Altsiop = +0 472 1%, c? B 647‘('2 <m£ B mt) n (r?{m% 62>
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The Higgs and Supersymmetry - --
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Therefore we now have

2

2
2 Yt 2 2 h
Ap® = —GR (mg — mt) In (—T%{m% c2>

Comments:

[

QFT tell us that loops of fermions and scalars have a relative minus sign, so
the new particles to be partners of the top (fermion) should be bosons

The symmetry must be responsible for the needed relation between the
couplings Htt and Ht*t

Like in the positron analogue, in the limit of exact symmetry, Au? = 0

Unlike the positron analogue we do not know m;. For the argument to hold
one must have

m; < Few TeV

[ Such a symmetry exists, it is called Supersymmetry (SUSY)]
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Historically supersymmetry appeared (around 1970) due to a different type of
arguments. The most commonly invoked theoretical arguments for SUSY are:

-~

[]

It evades the Coleman-Mandula theorem, showing that is it possible to enlarge\
the Poincaré group in a non trivial manner.

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(FewTeV). )
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The Poincaré group (PG) is made up of the Lorentz group plus the translations.
We denote by J,,,, the generators of the Lorentz group and by P, the generators of
the translations. The algebra is defined by,

S Jpo] = i (gupdue — Gvodup = Gupdve + Guodup)
:Pom J,UJ/] =) (g,uozPu — guaP,u)
:P,u? PV] =0

One can show that

P2, Ju] = [P*, P,] =0 (0 P2, W?2 are the Casimir
[WQ,JW} _ [WQqu] _ [WQ,PQ] ~0 operators of PG

where _ O Irreducible reps = |m, s)

1

W, = —5Euwpo JvP p° Rest frame:

WH = (0,mS) = W2 = —m2s(s + 1)

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

-

|
-

{Qa,Qgs}
{@a:@g’} = 0
{Qa,ag} = 2(0") s Pu

.

~

where

[0“5(1707‘) . ot =(1,—0)

and a, B, &, 8 = 1,2 (Weyl 2-component spinor notation).
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Summary The commutation relations with the generators of the Poincaré group
Motivation
SUSY Algebra .
e Poincare algebra [ [PM7 QO{] — O [JILLV7 QOL] = —1 (O-ILLV)O( B Q,B ]
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)

Implications

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

[ [QaaPQ]:O [QOMW2]7£O]

Irreducible multiplets will have particles of the
same mass but different spin.
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| 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(_l)NF —

_(_1)NF Qa

Using this relation we can show that

Tr [(‘DNF {Qa,@a}} =

Tr [(_1)NFQOAQ(5¢ + (_1)NF@o'4Qoz}
= Tr [_Qa(_l)NFéd + Qa(_l)NF@d] =0

But we also have

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

» [ Tr [(—=1)"*| = #Bosons — #Fermions = 0 ]
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In the rest frame {Qa, Qs } = 2m dus

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

Q1 |Q> :Q2|Q> =0

Then we have 4 states Q) 5 Q1) ;5 Q, Q) ; Q,Q4|)
If J3 [$2) = Jjs [€2)

State J3 Eigenvalue
Q2) Js3 Two bosons and two fermions

@1 \Q> 73 + 1 states separated by
Q- |9 jg — 1 one half unit of spin
%2 2
Q10 Q) J3
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If m = 0 then we can choose P* = (F,0,0, FE). In this frame

where the matrix M takes the form

{Qa?@d} :Mao'é
0 0
M= ( 0 4E

)

all others vanish.

|Q> ; @2|Q>

Then {QQ,@Q} =4F
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
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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
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MSSM Particle Content: Gauge Fields
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0 Gauge Fields

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

superfields (or vector supermultiplets) V; with the following components:

/\1 — <)\,, Wiu)
A2 = <)\a’ qua)
‘73 = (gbv W?I:Lb)

— Uy(l)
— SUL(Q)
—  SU.(3)

)

Y

a=1,2,3

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.

Jorge C. Romao

Hide & Seek SUSY - 20



TECNICO .
W LISBOA | Particle Content: Leptons

2ummary 0 Leptons
Motivation
SUSY Algebra 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<2> & Uy<1>
LEP Results Quantum Numbers
LHC Results - N
_ 1

Implications L’L = (L, L)’L (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)

_ VLi |
Li=1| - ; L; = ( ZLZ )
Cri L
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0 Quarks

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

Supermultiplet

SUC<3> X SUL<2> 024 Uy(l)
Quantum Numbers

D; = (dg, ds); (3,1, 3)

(72' = (ﬂR,U%)z (37 17 _%>
~ aLz UL
sz L1

Jorge C. Romao

Hide & Seek SUSY - 22



TECNICO
LISBOA

Particle Content: Higgs Bosons
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LEP Results
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0 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 | SU.(3) ® SUL(2) @ Uy (1)
Quantum Numbers

)
)

I/‘jl — (Hl,ﬁl) (
I/‘jg — (Hg,ﬁg) (

1727_
1,2, +

N |— N~
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Summary
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Building MSSM- . -
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e Self Matter Int

e Soft breaking

e CMSSM

LEP Results
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Implications

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 ).

-

o

0 This is just an ad hoc assumption without a deepjustification\

O However, if it is required we have a candidate for dark matter,

the LSP that is stable

0 This has been a big motivation for the MSSM

J
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The Superpotential and SUSY Breaking Lagrangian
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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.
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Summary
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e CMSSM

LEP Results
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Implications

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

0°W

O?*W *
XX 7)Y XX
T (0@0%) ' j}

0¢;00;

and the scalar potential is

1
Ly ukawa = ) [

[Vtscalar — %DGD& + F%Fz* ] 4 2| 4|4
0 In Viiges We have A|g|* = ¢7|d|

where . :
0 The Higgs mass is not completely free!

D* =g ¢:T{;¢j]
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Summary The most general SUSY soft breaking is
g g
Motivation
SUSY Algebra
:?Z“_” — —Lsp = MZ*Q¥ Q% + MJ*U;U; + M*D; D} + MP?L¢* L% + Myj*R; R}
uilding -
e R-Pari 1 1 1
: Suatential +m3, HE* HY + myy, HY HS — [2Ms)\s>\s + o MM+ S MINN + h.c.]
o Self Matter Int
ij i3 a7 b ij i ALY . e igpii 7o pra _ a grb
LEP Results
LHC Results
Implications Parameter Counting I
Theory Gauge Fermion Higgs
Sector Sector Sector
SM €,9, 05 hUahDahE :u23>\
MSSM €, 9,05 hUahDahE M
Broken MSSM €, 9, Qs hUahDahE M7M17M27M37AU7AD7AEaB
m3,, m3y,  m2, mdy, md, mi, mk
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The Constrained MSSM
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o CMSSM
LEP Results

LHC Results

Implications

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
yt, ho, hr, v1, 02 | mw, My, M, My tan 8 = vy /vy
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.
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Summary
Motivation 2 tan 5 _]. COt /6 —]_ 1 5 . 9
SUSY Algebra MSO — B,LL —|_ §mZ S111 /8
—1 cotp —1 tanp
MSSM
Mass Matrices
with masses
° iggs Mass
e Higgs Mass RC
u 2 _ 1 2 2 2 2\2 __ 2 2
LEP Results mh,H_ 5 {mA+mZ:F\/(mA+mZ) 4mAmZCOSQB}
LHC Results
Implications
tans —1 B
2 .
Mpo = By | with mass | m% = H
—1  cotf sin 23

| Sum Rule I

2 200 2 2
my +my = my +my

mp < ma < mg

mp <myz < Mgy
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Summary In the Standard Model
Motivation
SUSY Algebra
MSSM \ ’02 2
Mass Matrices £Higgs — (DM¢)T DM@ . @T@ -
e Scalar Higgs 4 2
e Higgs Mass RC h
LEP Results where
LHC Results (70+
Implications @ L
 \ v+H+ipy
V2
Therefore

p A0
['Higgs:aMHa H—TH 4+ ...

or

Mg = \/gv - v = 246 GeV fixed but \ free. » My free.
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) As the top mass is very large there are important radiative corrections to the Higgs
ummary .
— boson mass. The most important are:
SUSY Algebra 2 4 ~9 ~9
MSSM 2 _ . (0)2 39 LTI Y L
mp, = my "~ + 2.3 2oL 1
Mass Matrices 167T mW S11l ﬁ mt
e Scalar Higgs
e SM Higgs Mass
tanf =2 tanB =10 s, with RC
LEP Results 1000: T T T T E 1000: T T T T E E T T T T T E
LHC Results n ] - ] - ]
- H B C ]
Implications : //E : H //: 140 £ n
/ / - tan 8 = 10 //E
100 £ 7 | 100 ——— - = \ / .
s F s f\ 1 S10f A -
¢ | ] ¢ | h ] ¢ ¢t E
i / h 1T 8T A T :
S 10 . S 10 . = 100 f //:
| N N A
! ] ! ] g0f .
C rtan B = 2 .
i : o : = :
: 5 : E 60— f
0 | 100 | 200 | 300 | 400 0 | 100 | 200 | 300 | 400 0_ | 200 | 400 | 600 I 800 I 1(_)00
mH+ (GeV) mH+ (GeV) ﬁ’btl ,t2 (GeV)

Jorge C. Romao Hide & Seek SUSY - 31



TECNICO
W LISBOA

Example of Spectra: M, ,=my=1 TeV (Mss = 10'* GeV)
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e Scalar Higgs
e SM Higgs Mass

e Higgs Mass RC

LEP Results

LHC Results

Implications
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2000

[
o)
o
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1000

Masses (GeV)

500

mSugra Type-I Type-Il Type-lll
LHC LHC LHC LHC o
mo = 1 TeV, M1/2 =1 TeV, tanﬂ = 10, AO =0 GeV, 9! > 0
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Couplings in the MSSM
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Couplings

@ New vertices

e Unification

LEP Results

LHC Results
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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
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Examples of New Couplings: Conserving R-Parity
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Couplings

e couplings
® New vertices

e Unification

LEP Results
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W+ X+ W+
VM{-) H_{X“ H_<><° Jm<
W= W= X~ a

e

e~ , € e” ,
O /// O ///
?/A/\/\/\< » X ’ —>—<X ! ’
——< . fvvvvvv\<\
eT et vet S et

[ Rule: Change any two lines into the superpartners. ]
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Summary
Votivation | Standard Modell ‘ Supersymmetryl

SUSY Algebra ' 60 .
MSSM B I |
Couplings _
e couplings ]
° NeV\F/) v:tices | 40 B N
a ol i 1
LEP Results i ;
LHC Results — 20 —
Implications 10 __ __ i |
O i ] | ] | ] | ] ] O ] | ] | ] | ]
0 5 10 15 20 0 5 10 15 20
Log(Q/GeV) Log(Q/GeV)
Electroweak Theory‘
2 g1 ‘ ‘
o; = g—z 92 4 )
Y A » Quantum
93 Chromodynamics
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LEP Limits on Charginos, Sneutrinos & Sleptons
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e Neutralinos
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ADLO
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] 40
y 20 |
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J

LEP Limits

on Neutralinos
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Motivation

SUSY Algebra

MSSM

LEP Results
e Charginos ...

LHC Results

Implications

. 2 — 2
ADLO preliminary Any A, m<1TeV/c", Moo= 175 GeV/c

=

- Exeluded A 9506 Cibis s
7\ L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ it L

20

10

i 07O, M= 175 GV
,,,,,,, AG=0.M = 180 GeV/c

- Exelget A 950 Gl
7\ L L L ‘ L L L L L L

ANARANRRNANRRRN AR RN
10 20

m,, (Gev/c*
w
3

250
200
150
100

50

ADLO preliminary

Excluded any A

tanf3 = 30, ©>0
M 4,=175 GeV/c?

A= -1 TeV/d?

200

800 1000
m, (GeV/c?)

400 600

[ Limits on x > 50 GeV. More model dependent. ]
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Neutralino Dark Matter
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In mSugra only four (three) very specific regions can explain the WMAP data (30)

[ 0.081 < Qh* < 0.129 ] tanB=10, A=0 (GeV)

1750

0 (The bulk region) 1500

1250

0 The co-annihilation line
1000

my (GeV)

0 The “focus point” line
750

0 The “higgs funnel” region 500
(large tan ()

250
0 i
0 200 400 600 800 1000
My, (GeV)
Pre-LHC Plot
mp, = 125GeV outside plot!
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LHC Overview

Summary
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MSSM

LEP Results

LHC Results

e Signatures

@ First Results 2011
@ 2012 Results

Implications

The Large Hadron Collider (LHC)

ATLAS

LHC-B

Compact Muon Solenoid

ALICE

Superconducting
magnets o A

Beams Energy
LEP e+ e- 200 GeV

P p 14  TeV
LHC

Pb Pb 1312 TeV

Luminosity
10%2cm?s
1034

1027

Jorge C. Romao

Hide & Seek SUSY - 39



TECNICO
LISBOA

Results from the LHC (LP2011)

Summary

Motivation

SUSY Algebra

MSSM

LEP Results

LHC Results

e LHC Overview

@ First Results 2011
@ 2012 Results

Implications

A very long list of models x signatures

Many extensions of the SM have bee
developed over the past S:

Supersymmetry

Extra-Dimensions
Technicolor(s
Little Higgs_ .«
No Higgs “&
GUT
Hidden Valleyg,
Leptoquarks
Compositeness
4" generation (t', b')
LRSM, heavy neutrino P/
etc...

(for illustration only)

1jet+ MET

jets + MET

1 lepton + MET
Same-sign di-lepton
Dilepton resonance
Diphoton resonance
Diphoton + MET
Multileptons

Lepton-jet resonance
Lepton-photon resonance
Gamma-jet resonance
Diboson resonance
Z+MET

W/Z+Gamma resonance
Top-antitop resonance
Slow-moving particles
Long-lived particles
Top-antitop production
Lepton-Jets
Microscopic blackholes
Dijet resonance

etc...

A complex 2D
problem

Experimentally,
a signature
standpoint
makes a lot of
sense:

- Practical

- Less model-
dependent

- |Important to
cover every
possible
signature

Henri Bachacou, Irfu CEA-Saclay

Lepton-Photon 2011

9
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1. SUSY: Jets + Missing E;

SUSY Algebra

MSSM

LEP Results

LHC Results
e LHC Overview

e Signatures

® First Results 2011
@ 2012 Results

Implications

®m Exclude up to~ 1 TeV for m(squark) =

Squark-gluino-neutralino model (m

- 0 GeV)

m(gluino)

;‘2000 _I LI L |‘ I | I‘I LI || ' I I‘l I IATLAS Prellmlnary
8 C : ; .| i0lepton 2011 combined
= 1750 & ! \\ { s CL, Observed 95% C.L. limit
§ C } Lo CL, median expected limit CMS-SUS-11-003
E 1500 - exp. limit 68%, 99% CL CMS preliminary o det = 1 Afb? \s=7TeV
= = i 2010 data PCL 95% C.L. limit o T T L
S £ 1 N i % L sl Htr:terved Limit (NLO), CL o tanfi=5, u<0|
o L i v L= —— — Observed Limit (NLO), PL" D0 3,37, tanp=3,u<0
@ 1950 = 2] [ Median Expected Limit+10,PL  [] LEP2 7' 1
C E ‘I o — == Observed Limit (NLO), FC, ::15p|::|'1 T Lep2 7;
1075 Bt S s & o0 e
1 C g g LN e, e T — = i
= .E,- o ‘ Tg ...... ; -
- 2 LN Y YT £ .". - -
750 —_ﬁ 8 \‘\ ------------- h"““'ﬂé_h'_,‘w;.“‘\ - 1anB = 10, AU = D, > D ]
L \ 400 —eLM6 \
r \ g .
500 = N : . s,
C R oy = = °L M4
- applies to %] — \\ ........
250 (= < ; — -
- m, o< 2 \"} - 200~ e
E 0 LSP: 00 Ge LEP2 § 1 - ~ ST
‘ I\\ Wy i I ! | 1 1 | | 1 {F 1 ]
: 500 1000 1500 2000
0 250 500 750 1000: 1250 1500 1750 2000 m (GGV)
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Henri Bachacou, Irfu CEA-Saclay Lepton-Photon 2011 13
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1 | 1
. S Sidil
—_— <
Situation in early 2012 ===l
Motivation
SUSY Algebra March 2012
MSSM 80.5 T g
LEP Results . : (.)I(;BE;ECWLV(\L? ﬁz;;),\zf?;g;;eﬁ::dmg MW, mtop&direct Higgs exclusiongé :
LHC Reeulte Very precise measurement of - @ -
80.45 |- p i
® LHC Overview M,y = 80.390 £ 0.016 GeV, - SR i
e Signatures . . . »\'\6 |
R driven mainly by the Tevatron. < \ ]
® 804 .
S B ’
Implications = - ]
_ = g0.35- g
Much of the SM Higgs - i
- R i
range had been ruled out s0al O -

by 2011 LHC running.

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

DISCRETE 2012, CMS overview, J. Varela

o, || A | |,
160 165 170 175 180 185 190 195
mtop(GeV)

—
(6]
(&)

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)

12
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S 2. The 4th of July and after

SUSY Algebra

MSSM

LEP Results

LHC Results

e LHC Overview

e Signatures

@ First Results 2011

® 2012 Results

Implications

the Higgs is discovered at LHC on the 4th of July: nggstorlcal day!

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

Local p

ATLAS 2011 2012

(s=7TeV: [Ldt=4.6-4.8 1"
Vs=8TeV: [Ldt=5.8-5.9 1"

60

110

115 120 125 130

135

140

(7] [ | T T =

» 10 CMS Prelnmmary —— Observed i

g Vs=7TeV.L=5.115" | EE Expected (68%) |

8_ 1L¥s=8TeV,L=531b" o Expected (95%) |
0o =z i
1o » E 95%
20 (@)] H199%
30 2 3

L 199.9%
40 = 10 E

@ _
50 H5 g

145 150
m,, [GeV]

100
110 115 120 125 130 135 140 145
Higgs boson mass (GeV)

Discrete—Lisbon, 03/12/2012

Implicatons of Higgs discovery — A. Djouadi — p.7/23
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Summary

Higgs combined results

Motivation

SUSY Algebra

Combination of 5 channels: b, tr, WW, ZZ, vy

MSSM
LEP Results ’ CMS Preliminary ys—-7TeV,L<51f"' {s=8TeV,L<12.2fb" CMS Preliminary {s—7TeV,L<51f5" {s=8TeV,L<122f"
] : T 1 T 7T S S S S ——— - e B BRS B A A BB RRE R AR e s s s s E s s s s s s i
LHC Results % 101 2 — - l__ é% % E r ] ' —=— Observed
e LHC Overview C_;E 36 -.g ¥ Expected (68%)
@ Signatures . AW 10k ----- Expected (95%)
o First Results 2011 o . / _N4o § :
g 107k \ v 1. = f
U - ..-..- __50 E .
Implications S — ”‘.. \ / = = -
oF ‘.‘ = e z
10° y \/ 1 ©
i “\ E \9 1 |- 5
2 J7o o :
10’13 —| === Combined obs. |* — o = =
| === Exp. for SMH “‘ — i 4
| H— bb b —8c 2 =
—| == H—1r . —
A7 L |—H-—yy * _| A l
10 || — H—ww s _ L 3 .
T s | | R A | = - ]
Cov o T Ty L1 IR W L1 b i A W RTY CETTTTTTY| IS W AT N ST cn
110 115 120 125 130 135 140 145 100 200 300 400 600 1000
my (GeV) my (GeV)

Significance 6.90 versus 7.80 expected.

DISCRETE 2012, CMS overview, J. Varela 37
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CMS Experiment at the LHC, CERN
Data recorded; 2012-May-13 20:08:14.621490 GMT

Summary & EEEES ‘
e — B Rur/Event: 194108 / 564224000 | —
Motivation

SUSY Algebra

e L candigate

LEP Results

LHC Results

e LHC Overview

e Signatures

@ First Results 2011

® 2012 Results

Implications
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2ummary 0 Results from direct searches in good agreement width indirect evidence
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SUSY Algebra

MSSM
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LHC Results
e LHC Overview

e Signatures
e First Results 2011
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0 The Higgs boson is light!

March 2012

My = 152 G(.eV

6 _
AOLhad -

— 0.027504+0.00033

-- 0.02749+0.00010

<+« incl. low Q° data

{LEP LHC
excluded w4 excluded
' — T ]
40 100
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200

805 B T T T T | T T T T | T T T T | T T . T | T T T ",P | T T T T ]
— [ 68% and 95% CL fit contours i | myin Tevatron average [] -
~ w/o M,, and mmeasurements : g ]

80.45 [~  68% and 95% CL fit contours ]
_ w/o M, m, and M, measurements _|
- M,, world average [] 1] %

80.4 b
80.35 |— -
80.3 -
80.25 |— : ,—
- ¢ e fitter|suf
_'i’ 1 1 1 1 1 1 1 ’1" 1 1 1 P)‘ll 1 1 1 | 1 1 1 1 | 1 1 1 1 B
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Motivation
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MSSM p— ] ] ] l I ] I I | I I ] I l|ntl ] 1 I l I I I I | 1 I I i
LEP Results % 70y . 3 1 tan(B)=10 "
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£ 600 =~
Implications I:I LEP2 1" Al
500 F-, Wer2z; |
400 -
300 - =
200:_ m(g) = 500 _ _':
b Multi-Lept N NSP ]
uiti-Lepion | : _ON 4
1007500 1000 1500 2000 2500 3000
m, [GeV

DISCRETE 2012, CMS overview, J. Varela
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Results from the LHC in 2012:SUSY
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® 2012 Results
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v x" exclusion limits

7 TeV result

CMS Preliminary \s=7 TeV, Lint =4.98 fb™

S‘ 800_IIII|IIII|IIII|IIII|IIII|IIII|IIII||_III|IIII|IIII
O LEP2 slepton limit
(O] 700 I LEP2 chargino limit
R iss
- — 3+E7™* (7 , BF(3D=0.5)
éx .......... 3/+ET" (1, , BF¢*ID=1)
600~ «ivininins 31+M+M; & 21(SS) (T, , BF(3D=0.5)
memimemms Bl4M+M, & 2(89) (T, , BFU*ID=1)
500 w 212] & 31+M,+M, (no 7, BF(W2)=1)
400

300

200

100

III|IlllIIIIlIlllIlIIllllllI‘lllllllIII

00 150 200 250 300 350 400 450 500 550 600

m, = 0.5m... + 0.5m., mf = rTsz [GeV]
X %, 2 1

1

SUS-12-006

DISCRETE 2012, CMS overview, J. Varela

New 8 TeV result

CMS Preliminary 1s=8TeV,L_ =9.2fb"

[ SR S R 1 ¥ 5k 1 | S SN BN | | A 1 B L | SN B ] L

i LEP2 slepton limit ]
| | LEP2 chargino limit
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i ----- o7, x (Tq BF(I"1)=1) A ]
600} = pp > XX, (noT, BRWZ)=1) " -
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900 200 300 400 500 600 700
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Results from the LHC in 2012: SUSY
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LHC Results

e LHC Overview
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® 2012 Results

Implications

o MSUGRA/CMSSM'"()'léb'+']'s"+'E"'."'

MSUGRA/CMSSM : 1 lep +j's + E

Pheno model : 0 lep +j's + E

Pheno model : 0 lep +j's + E

Gluino med. %" (§—qdt") : 1 lep + js+E

GMSB (INLSP) : 2 le gOS) +]s +E
GMSB (TNLSP) : 1-21 + lep +J's

GGM (bino NLSP) :

GGM (wino NLSP) :

T,miss
T,miss
T,miss
T,miss

T miss

Inclusive searches

GGM (higgsino NLSP) : Z + jets +E

........... P .,T,mlss
g~—>bb (V|rtual b):0lep +3b-js+E
g—>tt)§L (wrtgalt) 2lep (SS) +js+E
—>ttx1 (virtualt) : 3 lep + j’s +E
g—>ttx vmualt) 0 lep + multi- j 'S+E

T,miss

T,miss
T.,miss
T,miss
T,miss
------------- T miss -
0 Iep+2 bjets+E
b,b— x :3lep+js+E

tt (light), t—>bx 1/2' Iep (+ b-jet) +
it (medium), t—>bx 1 Iep +b-jet + E
tt (medlum) t—>bx 2lep+E
. IB t—ty, o1 Iep+bjet+E
LTIt 072 lep (+ brjets) + E
ft (natural GMSBl Z(>l) +bjet + E

................ ‘miss -

N ILIL, I—>Ix 2lep + ET miss

x1 )L —>Iv(|v)—>lvx 2lep+ E
alt vI JVv), )Ivl I‘vv :3lep +E

W*x

bbb—>b0

T,miss
T miss
T miss
T,miss
T,miss
T,miss

T,miss

~+-.0 Tmlss
XX,

Stable § R-hadrons : IowB By (fuII detector)
Stable t R-hadrons : low B, By (full detector)
GMSB : stable T
LRV 'p'p';iv';')i' V,—€+|L resonance
LFV : pp—V_+X, V. —>e(u)+r resonance

2 Bilinear RPV CMéSM 1ep +70'S + Ep s
T XA, gg1—>Wx xm—>eev euv_:4lep+ ET’miss
ILIL’ |L—>|X 1, —eev, euv t4lep + Eq i,

....................... —> qqq 3- ]eI resonance palr_
alar %uon 2-jet resonance pair
WIMP interaction (D5, Dirac %) : 'monojet’ + E

................................................... T.miss

ATLAS SUSY Searches* -

95% CL Lower Limits (Status: Dec 2012)

T T T T T T 17T T T 1
L=5.8 fb”, 8 TeV [ATLAS-CONF-2012-109]

L=5.8 fb", 8 TeV [ATLAS-CONF-2012-104]
L=5.8 fb", 8 TeV [ATLAS-CONF-2012-109]
L=5.8 fb", 8 TeV [ATLAS-CONF-2012-109]

L=5.8 fb”, 8 TeV [ATLAS-CONF-2012-152]
L=10.5fb™, 8 TeV [ATLAS-CONF-2012-147]
L=12.8 fb™, 8 TeV [ATLAS-CONF-2012-145]
L=5.8 fb", 8 TeV [ATLAS-CONF-2012-105]
L=13.0 fb™, 8 TeV [ATLAS-CONF-2012-151]
L=5.8 fb", 8 TeV [ATLAS-CONF-2012-103]
L=12.8 tb™, 8 TeV [ATLAS-CONF-2012-145]
L=12.8 fb™, 8 TeV [ATLAS-CONF-2012-165]

L=13.01b™", 8 TeV [ATLAS-CONF-2012-153]
L=13.0 fb™, 8 TeV [ATLAS-CONF-2012-153] 430 GeV
L=4.6 b, 7 TeV [1210.4826]

645Gev. F  scale

T mass

II”.lson;v q-=

g mass

1.24 TeV q g mass

118TeV g Mass (m@ <2TeV, light 1) ATLAS
1.38 TeV qmass (m(@) <2 TeV, Ilghtx) Preliminary

2@ +m@)

g ma§s (m(x )< 200 GeV, m((" ) 5

9 mass (tanf < 15)
1 gmass tanﬂ > 20)
gmass (mz) >50GeV) _[Ldt =(2.1-13.0) fb"

Is=7,8TeV

g mass
g mass (m(i:’) > 220 GeV)
690 GeV g mass (m(H) > 200 GeV)
(m(G) > 10 &)
1.24 Tev g mass (m (&)) < 200 GeV)
850 GeV g mass (m(r’) <300 GeV)
860GeV| gmass (m(x) <300 GeV)
100TeV. g mass (m(x %) <300 GeV)
115TeV. g mass (m " ) <200 GeV)

8 TeV results

620GeV. b mass (m (x)<120 GeV)

L=13.01b™, 8 TeV [ATLAS-CONF-2012-151] . 405Gev. b mass m@ ) 2m(x %)

| A eviz0ans0s i200 2102167.GeVl t Mass (m(;)) = 55 GeV)

L=13.0 fb™', 8 TeV [ATLAS-CONF-2012-166] 160-350 GeV . t mass (m(x‘) 0 GeV, m(x ") = 150 GeV)

L=13.0 fb™', 8 TeV [ATLAS-CONF-2012-167] 160-440 GeV mass (m(x?) 0 GeV, m(t) m(x ) =10 GeV)

L=13.0 fb™, 8 TeV [ATLAS-CONF-2012-166] 230-560 GeV, t mass (m (X?) 0)

L=471b",7 TeV [1208.1447,1208.2590,1209.4186]  230°465/GeVl t mass (x1) =0)

tmass (115 <m(;’) < 230 GeV)

L=4.7 b, 7 TeV [1208.2884] [8stesGevl | mass (m(i?) =0) 1

L=4.7 fb”, 7 TeV [1208.2884] . 110-340GeV X, mass (m(x )< 10 GeV, m(~\7)0:§(m(x )+mix, )

L=13.0 fb™, 8 TeV [ATLAS-CONF-2012-154] ~§80 GeV x1 mass ~0(m( L)0 m(y, 2) m(x )=0, m(Iv) as above)
|L=13010° !, 8 TeV [ATLAS-CONF-2012-154] [140-295 Gg\i X1 mass (m(x) (xz), (x )=0, septons decoupled)

X, mass (1 <ty )< 10 ns)
g mass

t mass

(5< tanﬁ < 20)

qmass (o. 3><10 <Az11< 1.5x10°, 1 mm < ct < 1 m, g decoupled)
maSS (24,1=0.10, 1,,,=0.05)

3N
A mass (43,=0.10, 2, 5,,,=0.05)

1(2)33
q g mass (ct gp <1 mm)
700 GeV X1 maSS (m(y ?) >~300 geV AypOr A
I mass_ (m(x1) > 100 GeV, m(le):mu,,):mu,),x121

g mass

122> 0)
ork,,,>0)

[60587GeV sgluon mass (incl. limit from 1110.2693)

L=10.5fb™, 8 TeV [ATLAS-CONF-2012147]
: 1 1

704Gev. M*

fcale (m,, < 80 GeV, limit of < 687 GeV for TS
L1111 ] ]

10

1 10

Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena shown.
All limits quoted are observed minus 1c theoretical signal cross section uncertainty.

Jorge C. Romao Hide & Seek SUSY — 49



TECNICO - e
W LISB0A | Implications for SUSY: 1
0 From the experimental evidence
Summary
Motivation

SUSY Algebra

MSSM

LEP Results

LHC Results

Implications

O From internal consistency of SUSY

[Spectra is Heavy O(few TeV) ]

Type | : M_=10" GeV ,A=-5TeV, u>0

50 T T I T T
/ / Tl 10"
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Two possible views:
0 The Pessimist

[1 Spectra is too heavy
[0 Too much fine tuning

O Even if true, LHC will not see it. It will be hiding forever!

0 The Optimist
[0 After all, the Higgs boson is light in agreement with indirect searches

and with the SUSY predictions

[0 Given the Higgs mass around 125 GeV, the spectra is where it should
be!

0 With a bit of luck LHC will see it and the seeking will be successful

Conclusion: While SUSY s still hiding we
should continue seeking for it at LHC
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