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Plan

« Part 0: Cookies and juice. Sadly already over (at least for me!).

 Part1:
— What is Supersymmetry (SUSY) ?
* A new symmetry
 The predictions
» The motivations behind introducing SUSY

« Part 2:
— Looking for SUSY at the LHC
« LHC/ATLAS
» What do we expect?
* What are the backgrounds?

» Some search examples
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PART 1:
WHAT IS SUSY
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Syminetries

« The Pointcaré group is full symmetry of special relativity ;
relativistic invariance is given by invariance under :
- translations in space and time
- rotations in space

- boosts

o In particle physics, one also has internal symmetries (symmetries
in an abstract space), which relate similar types of particles

An example : the weak interaction is invariant under a rotation in
the 'weak isospin' space. Such a rotation would for example
convert an electron into its associated neutrino.
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A bit of history

Can we add as many new symmetries as we want ?

- In the 60's, many attempts to combine internal
symmetries with spacetime symmetries

- But it was proven to be impossible in 1967 by
Coleman and Mandula : any such combination would
overconstrain the physics

« In a theory with non-trivial scattering in more than 1+1 dimensions, the only
possible conserved quantities that transform as tensors under the Lorentz group are
the energy-momentum P, Lorentz transformations M, and scalar quantum

numbers (electric charge, lepton numbers,...). »

Another no-go with a loophole

But there was one loophole:
the no-go theorem assumed that the new charges should have integer spin

What about a spinorial charge Q ? This would not only be a way out, but the
only possible extension of the Poincaré group
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The simplest SUSY model

We are thus allowed to introduce supersymmetry, a new symmetry which relates
bosons and fermions through a spinorial operator, such that each known Standard
Model particle gets associated to a new superparticle (or sparticle for short), denoted
by a ~ above the particle symbol

fermion )
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The simplest SUSY model

We are thus allowed to introduce supersymmetry, a new symmetry which relates
bosons and fermions through a spinorial operator, such that each known Standard
Model particle gets associated to a new superparticle (or sparticle for short), denoted
by a ~ above the particle symbol

Q|fermion )

Q itself has a spin 5
Somehow here, the phone booth analogy fails

TELERjoNE
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The simplest SUSY model

We are thus allowed to introduce supersymmetry, a new symmetry which relates
bosons and fermions through a spinorial operator, such that each known Standard
Model particle gets associated to a new superparticle (or sparticle for short), denoted
by a ~ above the particle symbol

Q|fermion )=|boson )

Q itself has a spin 5
Somehow here, the phone booth analogy fails

TELERjoNE
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The simplest SUSY model

* We are thus allowed to introduce supersymmetry, a new symmetry which relates
bosons and fermions through a spinorial operator, such that each known Standard
Model particle gets associated to a new superparticle (or sparticle for short), denoted
by a ~ above the particle symbol

Q |fermion )=|boson )
Q |boson )=| fermion )

Q itself has a spin 5
Somehow here, the phone booth analogy fails

TELERjoNE
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The simplest SUSY model

A SUSY

[Q a’ Qb } — ZYZb P# transformation is

the 'square root' of a
spacetime

[Pp’ Qa] = () translation !

Consequences:

* Each state has a spartner with spin difference + %

* Q commutes with P* and with the gauge transformation
generators. The particle and its spartner therefore have:

— The same mass «—— viable??? We will come back to this later
— The same electric charge

In other words, the same interactions

— The sdame Weak iSOSpiH > as their SM partner...

— The same colour degrees of freedom
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We form a superfield !

LT

Supermultiplets

The particles are then grouped in supermultiplets:
- The chiral ones which contain a fermion (spin 1/2) and a boson (spin 0)

- The vectorial ones which contain a vector (spin 1) and a fermion (spin 1/2)
And, in a framework which includes gravity:

- The gravitational one which contains a Rarita-Schwinger particle, the
gravitino (spin 3/2) and the graviton (spin 2).

For each : equal number of fermionic and bosonic degrees of freedom

So we double the Well, there is
number of particles: is a bit more to
that all? Say...
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The culture corner

This is not a paid placement

Who wrote the first action invariant under

. supersymmetry, which contained only kinetic
terms (massless, interactionless) for the scalar
and fermion fields in 1974?

A la Chaux-de-Fonds

it
L1

suil

Louis XTIV
Ok, but we may

want a more
complete model...
hopefully done since !

wia

Dans une boite a
chaussures

Julius Wess and
Bruno Zumino

M

A Lucerne
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In supersymmetry, each
Standard Model particle has a
supersymmetric partner,
generically called a sparticle

Nomenclature :

- The spartner of a standard model
fermion is a sfermion

- The spartner of a standard model
boson is a bosino
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Spin 0

squarks

sleptons)

Spin 0 Here, things are a bit

Higgs more complicated...
boson
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1 (v,2+v,?)*~246 GeV tanf3 =—
(H 2> =v,#0 Vi
* Before the symmetry breaking:
Two complex Higgs doublets = 8 degrees of freedom
* 3d.o.f are ‘used’ to give mass to W*, W-and Z

* 5d.o.f. remain, which are the physical states:
— Two charged Higgses, H*
— One neutral pseudoscalar Higgs, A
— Two neutral scalar Higgses, h et H (definition: m, < m,,)
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The Higgs masses

One can compute relations between the different masses:

M,<M .
M,<M,

0<M,<M |cos2p| M) M, <M, ?!? BUT LEP:
M,<M,<M, S

M, =91.1876 + 0.0021 GeV

Radiative corrections:

i

> 3M;
M:=M"(tree )+ In <130 GeV

h 2 2 . 2
i m v sin 8

M) h is light

t
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Spin 0

squarks

sleptong

Spin 0
el ) ) )
bosons

Marie-Helene Genest

The Higgs sector is larger and h
should be rather light
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Spin 0

squarks

sleptons

Here, things are a bit
more complicated...

Spin 0

- | DDB
bosons
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Mass eigenstates

* The spartners of the Higgses (Higgsinos) and of
the electroweak gauge bosons (gauginos) can
actually mix and give the following mass
eigenstates :

— Charged higgsinos + charged gauginos : charginos

— Neutral higgsinos + neutral gauginos : neutralinos
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Breaking supersymm

€L
* No sparticle has ever been observedl.:.].] yet
Their masses must be different from the ones of
their SM partner!
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Breaking supersymm

€L
* No sparticle has ever been observedl.y yet
Their masses must be different from the ones of
their SM partner!
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Breaking supersy

nNm
Leave it free : etfy

Introduction of ad-hoc terms explicitely breaking SUSY in the
Lagrangian (manifestation of a more fundamental unknown theory)

-> generic, but very many free parameters...

Or think of some scenarios in which SUSY is broken (in a gravity-
mediated way : SUGRA, through virtual gauge boson messengers :
GMSB, ..)

-> less free parameters, but not a 'generic' SUSY anymore...
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cMSSM (constrained)

124 independant parameters - 18 from the SM
106 new parameters!

Hypotheses on the number of independant parameters at the
GUT scale:

o) Gaugino mass m,,
0] Scalar mass m ,
0] Scalar tri-linear coupling A4, -(%aBQHH —da QH, —gangd)-

Which leaves also:
0  The Higgs mixing parameter, tan [3
o) The Higgs mass parameter sign: sign(|t)

For simplicity, results shown today are shown in this scenario,
but it's not the only one and LHC results in other SUSY scenarios
are of course available e



R parity
| L = leptonic number
B= baryonic number
| J=spin

Define: R:(_1)<L+3B+2J) where

R = -1 for sparticles
R = +1 for SM particles

If R parity is conserved:
— SUSY particles always produced in pair

— The decay of SUSY particles always contain an odd number of SUSY
particles

— The lightest sparticle (LSP) is thus stable
— The lightest neutralino is the LSP in many models

In some models, R parity is violated by adding terms which violate leptonic or baryonic
number conservation, but I will disregard this option here.
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Why is SUSY considered attractive?

And it's all physical motivations
As we have seen, SUSY was introduced as the only way

spacetime and internal symmetries can be consistently combined

It turned out it had many other interesting features which made
its popularity grow, for example :

1- It can solve the mass hierarchy problem
2- It offers the possibility of gauge coupling unification
3- It predicts credible candidates to the dark matter
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1- The hierarchy problem

Say the SM is valid up to the Planck scale (where gravity kicks in)

A=) o ~10" GV

But, the Higgs mass is given by a tree term m, _°’+ some radiative corrections :

f
; ; The sum of both terms should
--- --  omp~—A give O(100 GeV)?!
f

SM solution: postulate m,,  _* to be very nearly equal and opposite to the correction. This can mathematically be done:
Something like m *= (100000000000000000100)* — (100000000000000000000)° ... But this seems awfully fine-tuned.

In SUSY, add new loop correction with spartner: no divergence!

SN Exact SUSY: omj~|(A%+m}|—(A?+mi||=0
\

I

To avoid fine-tuning: |m§3 F|1/2< O(l TeV




2- Gauge coupling unification
- Renormalisation Group Equations describe the running of

the coupling constants with energy, with the slope depending
on the number and masses of the particles in the model

- As an example: =~ 4m 2
X, = —— Byp=11—=n,
B,In(Q°/ A7) 3

60 60

Without SUSY:

With SUSY:

lcation !

15F

R
-
o
-
N
R
a
b

10 1 1 1 1 1 1 0 1 1 1 1 1 1
10° 10° 107 10° 10" 10" 10" 10" 10° 10° 10’ 10° 10" 10" 10" 10"
Energy (GeV) Energy (GeV)
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3- Dark matter candidate

Without SUSY: With SUSY:

Atoms 4% ? Atoms 4%
Neutralinos...

Cold Dark Matter
239

0

If R parity is conserved, SUSY can provide weakly interacting
massive particles which are stable...
Ideal Cold Dark Matter candidate!
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* SUSY is a symmetry which has many interesting
features even if it must be broken

* It predicts new particles yet to be discovered

Does it have anything to do with the real world ?
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Looking for SUSY

* There are many ways to look for SUSY :

— Indirectly through precision measurement of quantities
which could be affected by the presence of sparticles

— Indirectly, if SUSY is the solution to dark matter, by
looking for the presence of products of co-annihilation of
neutralinos in the universe

— Directly, if SUSY is the solution to dark matter, by
searching for rare interactions of neutralinos from the
galactic halo with detector material

— Directly, by producing sparticles in colliders

p.31/57



PART 2:
LOOKING FOR SUSY with the ATLAS detector at the LHC
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ATLAS and the LHC

The CERN Large Hadron Collider Muon Detectors Tile Calorimeter LiquidArg/onCulorimeter
Proudly colliding protons* since 2009 '

Collaboration

i

'''

s proﬂin—pron collisions
e Circumference: 27 km W o
* Center of mass energy (2010-2011): 7 TeV protons

protons

*may contain some heavy ions 33/57
p.



Data accumulated in 2011
* Excellent LHC performance

— . = T I I 3
a 7— ATLAS Onllne Lum|n05|ty Vs= 7TeV —: r;n 45 ATLAS Onllne Luminosity Vs =7 Tev =
> o [ LHC Delivered ] 5 4L ° LHCStable Bear;s E
‘@ - ] 3 E  Peak Lumi: 3.65x 10% cm? 5™ 3
g B [ ] ATLAS Recorded o 355 .': E
E 55 Total Delivered: 5.61 " . = 35 .F ‘v 1
;‘ F  Total Recorded: 5.25 fb" ] i E s} E
a 4 - 3 25— . =
g . . ~ 5 13 ]
g 3 = 7 e E
= F : g 155 =
s 2F - € B v E
i) B ] 3 1= r\’" . . =
1? = § 05— 'j ' . =
EL T o E'.lmd\:.‘\.“L:.‘\..‘l.-.u_.‘z
28/02 30/04 30/06 30/08 3110 28/02 02/04 05/05 08/06 11/07 14/08 16/09 20/10 22/11
Day in 2011 Day in 2011
[ ] [ )
*V d detector eff :
ery good detector efficiency:

Inner Tracking
Detectors

Calorimeters Muon Detectors Magnets

Pixel SCT TRT tﬁ; HLQFD FE:,B Tile MDT RPC CSC TGC Solenoid Toroid

99.8 99.6 99.2 975 99.2 995 992 994 1988 994 991 99.8 99.3

Luminosity weighted relative detector uptime and good quality data delivery during 2011 stable beams in pp collisions at Vs=7 TeV between
March 13* and October 30 (in %), after the summer 2011 reprocessing campaign
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@ (proton - proton)

SUSY production

Fermilabh SSC
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For example, with o, ,=1 pb for

5000 pbt (=5 fb?) of integrated
luminosity = 5000 events
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ATLAS

Simplified Detector Transverse View
Muon Spectrometer
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How could we find SUSY ?

Typical SUSY signature

— -

* Pair of gluinos/squarks produced by strong interactions
» Their decays give high-p, jets and charginos/neutralinos
* Charginos/neutralinos decays can give leptons and the decay chain stops when

the LSP is produced (R-parity conserving scenarios)

* The pair of stable LSP produced escapes the detector
undetected leading to high transverse missing momentum

multi-Jets + n leptons + E;™ss

i

BUT: Standard Model backgrounds can also mimic this signature...
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Possible backgrounds...

« SUSY's nightmare : top pair production
Possible lepton(s)
O Missing energy

Jets...

« Boson production : e.g. W+jets
« A generic worry : QCD

— The biggest production at the LHC is just jets. It must be considered
because jets can be misidentified as leptons or mismeasured (leading to
fake leptons, fake missing momentum).
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Searches

Compare the expected background to the data: is there an excess?

- Trigger on the events; make sure the interesting physics
you're after is recorded !

< \ - Define signal regions; define selections which will enhance
reood .- ’ the signal with respect to the background ('cuts on variables' :
o " e.g. asking for at least one lepton in the event, at least one jet

, with PT>1OO GeV, )

— | - Define control regions ; cross check your background
expectations in regions orthogonal to your signal regions

- Look at the results ; Compare the background expectations
in the signal region to the number of observed events : is there
an excess?

- If no excess is seen : what does it exclude in terms of

possible models ?
p.39/57



The trlg ger system

What to keep and what not

vy, CartoonStock.com

Interaction rate : ~1 GHz g

The trigger has to reduce
it to ~200-400 Hz

Three-level trigger to
decide what to keep

Compromise:

— low trigger thresholds
(maximal coverage)

— high thresholds
(keep rate down)

You were right: There's a needle in this haystack...
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Signal regions : some useful

Ag(jets,E ™)

Cutting on A@ eliminates events in which E_ ™

is closely related to one of the leading jets (QCD)

Effective mass m_;

variables

Scalar sum of jets & leptons p.. and E_™; it peaks at a value which

is strongly correlated with the mass of the pair of SUSY particles
produced in the pp interaction

Transverse mass m,

o
mh = 2ipf | B — 2p} - B

Useful to remove BG in which a W decays in a lepton and a

neutrino
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An example : the 0-lepton channel

Select events with jets, missing transverse momentum and no lepton (veto e/Li)

arXiV:1109.6572
submitted to PLB
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Defining the signal regions

Signal Region | > 2-jet [ > 3-jet > 4-jet | High mass
Friss > 130 | > 130 > 130 > 130
Leadingjetpr | > 130 | > 130 > 130 > 130
Second jet pr >40 | > 40 > 40 > 80
Third jet pr — > 40 > 40 > 80
Fourth jet pr — — > 40 > 80
Ap(et, PF)n | > 0.4 | > 0.4 > 0.4 > 0.4
E™SS [ meg >0.3 | >0.25 > 0.25 > 0.2
Mgy > 1000 > 1000 | > 500/1000| > 1100
q

L- ~ \

~ q

= X1




Defining the signal regions

Signal Region | > 2-jet | > 3-jet| > 4-jet | High mass
ET |

Leading jet pr

Second jet pr >40 | > 40 > 40 > 80
Third jet pr — > 40 > 40 > 80
Fourth jet pr - - > 40 > 80
Ap(et, P25l > 0.4 | > 0.4 > 0.4 > 0.4
E25S [ meg >0.3 | >0.25 > (.25 > (.2
Meast > 1000 > 1000] > 500/10001 > 1100

Optimize for SUSY
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Main backgrounds

- Z+jets: Z decays to vwv
- W+jets: W decays to TV or W->ev or pv but the lepton is missed
- . t->Wb with W as above

- . mismeasured jet leading to missing energy or
heavy flavour decay
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/+jets BG : a control region
_example.

® Data 2011 (\s = 7 TeV)
A — SM Total E
JL dt=1.04f"  50cD mutet

& ! 3
10° = Three Jet Channel =Z+J]fft: E

1045—

[t and single top ]
----- SM + SU(660,240,0,10)

ATLAS

Entries / 100 GeV

102§

Data vs b
expectation

10'15—

QO 25E

Data / UG § ;§+~*++++++g\ ;

m, [GeV]

Uncertainty on the expectation

- Take Z( - ll)+jets events (orthogonal to the signal region where a
veto is made on the leptons)

- To mimic the Z( - vv)+jets BG in the signal region, remove the
leptons from the event and add them as missing energy instead
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=
O
=

Entries / 100 GeV

DATA/MC

Other control regions

Top CR QCD CR

e aenae > QT T T T > 10 T T
E = E Data 2011 (\s = 7 TeV) 3 F ® Data 2011 (\s = 7 TeV) 3

E ® Data 2011 (s = 7 TeV) 3 O E ° E O]
g 4 —SMTotal 1 9 4L |Ldt=1.04f" ~ —SMTotal 1 o 1% |Lgt=1.04ap"' SMTotal E
105 Ldt=1.04fb [CJQCD mulet =4 © 10°¢ ] QCD multijet E S E [1QCD multijet 3
E . 3 g E . 0 W+jets 3 - 5L [ W+jets -
10tk Four Jet High Mass =;\:Jeet;s N 2 10tk Four Jet High Mass g7 i/ ] @ 10 = Three Jet Channel g7 oo E
E  Channel [t and single top 3 k=] E  Channel [t and single top 3 E ¢ [t and single top -
108 e SM + SU(660,240,0,10) ] T SM + SU(660,240,0,10) ] 0 E e SM + SU(660,240,0,10) 3
E 3 E 3 sl -
oF ATLAS E F ATLAS 3 10°E ATLAS
10 E_ _§ 1025_ = 2: 3
E 3 E 3 10°g =
10F E L N : -
- ] 10F fﬁ%m 10E .
g 3 C . ] F .
: E e fH : E g t 2
107" E F ! . £ 3
S 10'g .s....l‘.u. E 107E, by o
= " : ) =
! e RN
156 . > 15E + + I 15 oo i
................................................. _ < B 1E- PP g T SR G ) (N R N S R
0.51 N— + ++++ ............ g 0;;— ; g 0.5F B e + ........... =
% 500 1000 1500 2000 2500 _ 3000 % 500 1 ooo 1500 2000 2500 3000 % 500 1000 1500 2000 2500 3000
m,, [GeV] m,, [GeV] My [GeV]

- Select 1-lepton events with 30 < m_ < 100 GeV (enriched in W Reverse and tighten the cut:
and top, where a W decays to a lepton and a neutrino) Ag(jet, E.m) . < 0.2

- Split the top from W by asking for no b-tagged jet (W) or at least
one b-tagged jet (top)

- Treat the lepton as a jet (for further processing)

p.47/57



Results

> e B L N B > g T T g
8 106; ® Data2011 (1s=7TeV) 8 E ® Data 2011 (1s =7 TeV) E
% b DietChannel — P 3 3 [ FourdJetHighMass P
'g 104;_ [t and single top - = 103§— Channel [Jitt and single top =
i T S SM + SU(660,240,0,10) 3 ] E e SM + SU(660,240,0,10) 3
10°k ATLAS 107 en.... ATLAS 4
102k 10k .
10; 1L 3
1% L L A | N =
g 2'2 3 § % ?g 3
= 15F N = < WF S G SO A
% PO e~ *;‘*}';‘" N '<D‘c 0aE oo E
% 500 1000 1500 2000 2500 3000 % 500 1000 1500 2000 2500 3000
’ m,, [GeV] Mgy [GeV\
Signal Region
Process - -
i o > 4-jet, > 4-jet, .
> 2-jet > 3-jet ) High mass
mier > 500 GeV e > 1000 GeV
Z|y+jets 323+ 26+ 69 255+ 26+ 49 209+ 9+ 38 162+ 22+ 3.7 33+ 1.0x 1.3
W+jets 264+ 4.0+ 6.7 226+ 35+ 5.6 349 +30 = 122 13.0+ 22+ 4.7 21+ 08+ 1.1
t1+ single top 34+ 16+ 16 50+ 20+ 22 425+39+ 84 40+ 13+ 2.0 5.7« 18+ 1.9
QCD multi-jet | 0.22 +£0.06 + 0.24 0.92+0.12 +0.46 34+ 2+ 29 1 073+£0.14+050 | 2.10+0.37 +0.82
Total / 624+ 44+ 93 \ 549+ 39+ 7.1 | 101541144 | 339+ 29+ 62 | 131+ 19+ 25
Data N\ 58 J 59 1118 40 18

95% CL limits on cross section -+ acceptance - efficiency:
22 b, 25 fb, 429 fb, 27 fb and 17 fb
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Exclusion plot

MSUGRA/CMSSM: tanf = 10, A = 0, u>0

s (A, .  Tolmwe..,.| -pamametersatGUTscale
=600 | T LEP2 1 T g medin awpecied it 1. Unified gaugino(scalar) mass m_.(m_)
ey -
Bl Theo?egca||yﬁexc|5ded —— 2010 data PCL 95% C.L. limit 3 Ratio of H-I-' H: VEWVS tEI‘TE
500~ ‘\\;\ i B | “\ \1‘ . 4. Trilinear coupling A_
\ \\ %3 [ W e T 5. Higgs mass term sgn(p)

400

T S \ \
\-'4,,\ \ \ \ 1 !
DN O . . . .

2 ", c e \ i

300 Y& = equal mass squarks and gluinos

are excluded below 950 GeV

200

.................

| I R
IIIIIIIIIIIIII|II

500 1000 1500 2000 2500 3000 3500
m, [GeV]

There are also searches in many other channels !
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The 1-lepton channel

Select events with jets, missing transverse momentum and exactly one lepton (e/|l)

arXiV:1109.6606
Submitted to PRD
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Defining the signal region

- Exactly one lepton (e/H) with pT>20 GeV
Again different jet multiplicity requirements

:

:

Event Selection in SRs 3JL 3JT 4JL 43T
Leading jet p_[GeV] 60 80 60 60

Subsequent jets p_[GeV] |25 25 25 40

MT [GeV] 100 100 100 100
ETmiSS [GeV] 125 240 140 200
ETmiSS /Meﬁ 0.25 0.15 0.30 0.15
M., [GeV] 500 600 300 500

A (jet, E™) >0.2

Suppresses W+jets and tt
Reduce the QCD BG further

Optimize for SUSY

|

Again, various cuts to reduce the BG
Based on the variables introduced before
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Main backgrounds: W+jets and tt

W control region: no b—]et

Eme ATLAS . Data 2011 N's= 7TeV) .
g — Standard Model o
E 10° JLdt= 1.04 " E{,nvilltgtests (data estimate) ©
0 -Z+Jets E%
10 Electron Channel -smgletop 2
Lﬁ . -leosons g
—_— . MSUGRA m =500 m, ,=330 3
> 18_"‘|"“'|""""‘ T T T T T 10° - 3J Wajets Control Region s
q’ - ] |
g 16: { 107
%_ 1402— XR Top dilep SR é 10
120 - 1
. n 10 e . oo
100— XRW XR Top . = 2f
80F - s A S = = s i
¢GOTXRWTOP< mwg?}l;rg{_iet high M é 00 200 a0 00 800 1000 1200 14'()?“ 1[éonV]
40F - -
OF ] Top control reglon 1 b-]et
20— QR XR QCD(1) XR QCD — S . S
- - 0 aTLAS . Data 2011 §s=7TeV)
07‘ T : R G T e N T . — 3105 1 EIEﬁ?lde?;gd(ya?ge;stlmate) é
0 20 40 60 80 100 120 140 160 180 BIVE Jra-roar =§vj,e:s :
‘ . i _‘g 4 +Jels §
E?ISS[GGV] 510 Electron Channel =E'E,|§Jg§ ;
10° MSUGRA m =500 m, ,=330 5
3J Top Control Regiol S
102
10
Again, a control region for each 1
A
o 10"
background, to cross check the expectations ;" F="rrtietii w3
% 15__'+__*1:MH—++ __________l _________ et [ ._f
e F . ) , Sas E
% 200 400 600 800 7000 1200 1400
mg, [GeV]
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Again, good agreement between data and expected background

Results

o
S

TT IIIIIII

Events / 100 GeV

o

T Illlllll

T IlHIIll

IIIII

—
C ATLAS

IL dt =1.04 b Wajots

T T T T
o Data 2011 (\'s=7 TeV)
— Standard Model
[ multijets (data estimate)

L 11

Wl Z+jets

11 llllllI

Data/MC overflow = 0/0.5

O
Muon Channel &3 single top
@ Dibosons
-+ MSUGRA m =500 m, ,=330

3J Tight Signal Region before m__ cut

1 Illlllll

Illll

L1

-HIII

Data/ SM

e

PR

200

400 600 800 1000 1200 1400
mg, [GeV]

Electron channel

3JL Signal region

3JT Signal region 4JL Signal region

4JT Signal region

Observed events 71 14 41 9
Fitted top events 56 + 20 (51) 7.6 £3.0 (6.8) 38 £ 15 (34) 45+£26 (4.1)
Fitted W/Z events 35+ 20 (34) 10.5 £ 6.5 (10.1) 95+£7.5(9.2) 3.54+2.2 (3.4)
Fitted multijet events 6.07%3 0.467037 0.9079-54 0.0075:52
Fitted sum of background events 97 + 30 185474 48 + 18 8.0+3.7

Muon channel

3JL Signal region

3JT Signal region 4JL Signal region

4JT Signal region

Observed events 58 < 11 50 7

Fitted top events 47 £ 16 (38) 89+32(7 39 + 13 (36) 47422 (4.3)

Fitted W/Z events 16.6 +9.4 (20.1) 5.0+3.2 (6/1) 14.1 £ 85 (14.2) 1.4+1.1 (1.4)
. . +0.0 0.6

: - eve ) i +0.0 +0.6

Fitted multijet events 0.0, 0.0 o 0.07.% 0.07,5

Fitted sum of background events 64+ 19 ‘ 13.9+4.3 534 16 6.0+27
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Exclusion plot

MSUGRA/CMSSM: tanf = 10, A0= 0, u>0

L 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 I I 1 1 I ]
- ATLAS L™ =1.04fb", \'s=7 TeV  —— Observed CLq 95% CL N
- 1 lepton, combination - - . Expected CL -
| s |
. ~._§@ogGev) Expected CLS 1o —
T g(900 GeV) 7]
R \‘\“ [ ey -
_':'--—-_- “““““ T ‘.., § (800 GeV - _TE
- \“__7 ..,§ (600 Ge ) D DO §, &, tanp=3, u<0, 2.1 fb
" SR, ~ o ~ . ™
“_“:'f_ el N - CDF §, §, tanp=5, u<0, 2 fo™=]
- 7‘\\— "ﬁ;‘:—-_,\,\___ri —
T SO N NSO e T
— ~ NN NN e, —
S S e N S g(eooeev')' ------- —
T §(500Gev) - N T = e ]
- N \ \\ —— .
L '_:"*'-:"‘ =N JN N . § (500 GeV) -
—_— . N N N A — _\,,_ T o
- q(400 GeV) e NI \ \ \ ' N
A - . : : \ -
: " \ /.7 §(400Gev) ]
. - v rd =
L 1 I\\ I 1 \\jl I 1 1 1 I 1 1 | I—
200 400 600 800 1000 1200 1400
m, [GeV]

Exclude m =M < 875 GeV

gluino squark

Again, exclude some SUSY models
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Summary and outlook

* Way more results than I could show today!

ATLAS SUSY Searches* - 95% CL Lower Limits (Status: BSM-LHC 2011)

MSUGRA/CMSSM : O-lep +j's + E §=gmass ATLAS

Preliminary

T miss

MSUGRA/CMSSM : 1-lep +j's + E §=gmass

T miss

MSUGRA/CMSSM : multijets + E

T miss

Gmass (for m(§) = 2m(3)) JLdI = (0.034 - 1.34) it

Simpl. mod. (light i‘:) 0-lep+is+E; .. §=§mass Vs=7TeV
Simpl. mod. (light i?) 0-lep+is+E; . §mass
Simpl. mod. (light i:]) 0-lep+is+E; . §mass

Simpl. mod. (light f?) :Q0-lep + b-jets +j's + E g mass (for m(E) < 6800 GeV)

T miss

T miss

Simpl. mod. (’g-ﬂfﬁ?} :1-lep + b-jets +j's + E § mass (for m(f?) < 80 GeV)

Pheno-MSSM (light )Tg:]): 2-lep SS + E; e g mass

|
Pheno-MSSM (light 11) 1 2-lep OSSF +Eq ies g mass

SUSY

Simpl. mod. (§— qT% ) : 1ep +j's + £ 7 mass (for m(@) < 600 GeV, (m(z") - m(x" ) £ (m(@ - m(z) > 112)

T miss

GMSB (GGM) + Simpl. model : yy + E g mass (for m(bino) > 50 GeV)

T miss
GMSE : stable T

Stable massive particles : R-hadrons g mass

Stable massive particles : R-hadrons b mass

Stable massive particles : R-hadrons Tmass

Hypercolour scalar gluons : 4 jets, m; = m,, sgluon mass (excl:m., < 100 GeV, m,, = 140 3 GeV)

RPV (4.,,=0.10, A,.,=0.05} : high-mass ep

A * a2z V. mass

Bilinear RPV {ct o, < 15 mm) : 1-lep +]'s + E §=3gmass

T miss

107 1 10
Mass scale [TeV]

*Only a selection of the available results leading to mass limits shown

Marie-Helene Genest
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Is SUSY almost dead ?

 The searches so far have concentrated mostly on strongly interacting
sparticles because they are expected to be produced copiously if
massive enough

 Furthermore, the searches so far do not cover all possibilities in terms
of spectra, decays, ... more search channels under way...

. With more data, we will be able to probe more effectively direct

neutralino/chargino production (with greater impact on what we can
say about DM...)

So, no, not yet.
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The quest continues

To the SM completion...

and beyond!
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Mass eigenstates

Charged Higgsinos + winos 1 and 2 = charginos
éf =COoS @, W™ —sin 0 H
Cy=sing, W*+cosg, H*

mé~1’2=%(M§+p2+Zm%‘,)i\/4(M§+u2+2m%‘,)2—(yM2—m€Vsin2B)2

Neutral Higgsinos + bino + neutral wino = neutralinos

~/

In the basis |b,w>,h},h)] -

M, 0 —M,cosfsinf, M,sinfsinf,

_ 0 M, M ,cosBcosB, —M,sinfcosO,,
% | =M ,cos BsinB, M ,cospsiné, 0 h
M ,sin Bsin@,, —M,sinfcosf,, U 0

Matrix diagonalization = neutralino masses (m,<m,...)
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R parity violation

* The R parity can be violated by adding terms which violate
leptonic or baryonic number conservation to the Lagrangian,
while being invariant under SU(3)xSU(2)xU(1) :

AW =2150,d, d,+27Q,L,~d,+ A" L,L, " e+, L:h,
- Different phenomenology expected if one takes as non zero A (the

baryonic number violating coupling) or one of the other leptonic-
number violating couplings...

*  However: one can’t pick and mix any violation terms at will: this
could lead to rapid proton decay!
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More reasons to like SUSY

Radiative electroweak symmetry breaking :

The renormalization-group evolution of the soft supersymmetry-breaking parameters in the MSSM

8O0

400 —

200

Running Mass (GeV)

_~»<0at~1TeV

—200
U 5 10 15
Log,,(Q/GeV)

“It is also needed in string theory to go from a 26d world containing
tachyons to a 11d world without them”
- A string theorist p.60/57



Heavier sparticles?

Is there any reason to believe that the sparticles should be more
massive or are we only trying to match the experimental facts
and ‘denaturalizing’ the theory???

All the SM particles would be massless without electroweak
symmetry breaking

W= 70 leptons and quarks all obtain their mass after the EWSB —
photons and gluons remain massless due to the strong and EM
gauge invariance

All the sparticles can have a mass term without EWSB

Squarks, sleptons and Higgs are allowed to have mass terms of the
form m?|@|?

Higgsinos and gauginos can also have masses because their left
and right components can have the same interactions
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B —up

Very rare process in SM: S = 5 CDF: AKIVY
i i ' CMs /LHCD: Ms—PAS
B(B? — F—I+}-‘_)SM = {32 iDQ} » IG-D wt i B?H-—ﬂ-—ﬂ‘tq
b 1y
In MSSM, the process can be enhanced with the contribution of new diagrams:
b MSSM o
Newest result from CDF:

HO/A®

BR(Bs — ptp™) o tan® 8/m¥ IR : _

A1 A Newest result from LHCb and CMS
g combination:

:
B(B'— y*p™) < 1.08x 107 at 05% CL,

B(B = utp~) < 0.90x 1078 at 00% CL.

7 B = LI =

New results constrain 1:-c10‘g 2 .. ol ¢ G T Faen
some MSSM o BRI e ome 1 51077 B h et e T

< % = s o s e g - o f# ‘;.!"‘ ey
scenarios (without  +3" 2x 1078 o, o | 2x10-8fas SESRIER
further assumptions 1 1x1p-8k.........0.0 S ! 1x1078k
rather. than fiac 1079 F- - — — s ! s5c10-9t 8
experimental bounds) =

P Bl ® : 1 2x107
D. Hooper, C. Kelso, 13109k . - U sty : —a L A . : ;
ArXiv: hep-ph/107.3858 O 10 20 30 40 5 60 7o X0 1000 2000 3000 4000
tang my (GeV)

PIC 2011, 31-08-11 SUSY searches ar the Tevarron and the LHC Xavier Portell 4 4
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Muon Spectrometer (|n]|<2.7) : air-core toroids with gas-based muon chambers
Muon trigger and measurement with momentum resolution < 10% up to EP ~ 1 TeV

Hadronic calorimetry (|n|<3): segmentation 0.1 x 0.1
Fe/scintillator Tiles (central), Cu/W-LAr (fwd)
E-resolution: o/E ~ 50%/vE ® 0.03

Forward calorimetry:-W/LAr o/E ~ 90%/vE & 0.07

3-level trigger
reducing the
rate to ~200 Hz

Length : - 46 m

Radius : ~ 12 m

Weight : ~ 7000 tons

| ~1082 electronic channels
3000 km of cables

Inner Detector (|n|<2.5, B=2T):
- = Precise tracking and vertexing,
Electromagnetic calorimeter: Pb-Liquid Argon o/p; ~ 3.8x10* p;(GeV) & 0.015

Accordion

efy trigger, identification and measurement
E-resolution: o/E ~ 10%/VvE @ 0.007
granularity :.025 x .025 @ strips
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Object identification

Jets (anti-Kt, R=0.4): p.>20 GeV, |n|<2.8 AR = (An)* + (A)’
¢: azimuthal angle around
— Reject events compatible with noise or cosmics the beam pipe
— Remove if AR(jet,electron)<0.2 N=-In tan(8/2) where 8 is

the polar angle
Electrons: p,>20 GeV, |n|<2.47

— Remove if AR(jet,electron)<0.4
Muons: p,>10 GeV, |n|<2.4

— Remove if AR(jet,muon)<0.4

Missing transverse momentum (ETmiSS):

— sum over the transverse momentum of all jets (up to |n|<4.9), electrons,
muons and all calorimeter clusters not associated to such objects
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QCD BG

Evaluated using the 'matrix method' which plays on the difference in isolation
between the leptons in QCD events with respect to signal leptons

- Loose control sample with isolation criteria relaxed with respect to
the tight SUSY selections

- Define two categories: QCD leptons (Q) and non-QCD leptons (Q)
— € IS the probabilitv that a}c\)f%je lenton is also tight

b.
Nf(j;r;ﬁ tigh, N
Nk = (1/eg — 1) N% ,,+(1/cq — 1) N

]()()%E not tight ~—

tight
1ght

The quantities in red are measured: solve the equations and extract the
number of QCD events
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Electron channel {ea)25, (]
3JL 50
3JT 14
4JL 33
4J7T 10
Muon channel {(0)2;,% (D]
3JL 36
3JT 10
4JL 31
4]JT 9

1-lepton exclusion

m, gp [GeV]

300

800 [ T T I T T T T I T T T T | T T T T I T T T T I
= 1-Step Decay, x=1/2 ATLAS )
700~  §5-qqqaWWE %,
— |
— Combination
600~  L"_1.04 1" Ns=7 TeV
500 - — Observed 95% CL
[ --- Expected
I Expected +16 |
400—

200

100

TTT I1.II T

0

..,
.
..,

----------

-

500

600

Limits also provided for simplified models:

1-step gluino (squark) decay and x= 14, ¥4, %
where X=(mxi—mxo)/ (m
Color coding: Cross section limit,

Full line: Obs. Excl. limit for 100% BR to assumed decay mode

squark,gluino

XO)

700

mgluino

800
[GeV]

10°

Cross Section Excluded at 95% CL [pb]
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Exclusion plot

~0

Squark-gluino-neutralino model, m(x1) =0GeV

L " L ‘l T
i Aras
:: “ 0 lepton 2011 combined
§od | wemmm CL, Observed 95% C.L. lim
I

\
| ===« CL, median expected limit
\
\\ - Expected limit +16
“—— 2010 data PCL 95% C.L. li

250 500 750 1000 1250 1500 1750 2000
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N
\\ 5 [Ldt=1.04f" vs=7 Tev ]
. .

“a, S&
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g, - 1
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o~

it

mit]

V]

- gluino and squark
masses below 700 GeV
and 875 GeV are excluded
(for squark or gluino
masses below 2 TeV)

- |limit at 1075 GeV for
equal mass squarks and
gluinos
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Quickly, more summer results

—1'— Data 2011 (\.s = 7 Te‘d’)
L Neled]
I Woevijets, W—ev+y, tt—sev+X
Z—vv+yy, W—vyy
- GGM rnéf m. = 800/ 400 GeV
——  SPS8 A=140TeV
- UED 1/R = 1200 GeV

I»Il'ﬂ.:f!IS Preliminary ILdt =1.07 fb”

Di—photon searches

Preliminary results
Signal region: 10
-= 2 photons with E_> 25 GeV 1
- E.m> 125 GeV 18

Events / 5 GeV

‘_. IIIII.I.lI.| I|||I|II| IIIIILIJI IIIIIlI.I] IIIII|.|.l|_|_

_ _ ET™® [GeV]
Gluino for production

Bino-like neutralino as NLSP minimal GMSB / SPS8 slope
GGM: bino-like neutralino, tanP = 2, ¢ty gp < 0.1 mm SPS8: M, ...=2A, N=1, tanf=15, cTy gp<0.1mm
;‘ 1200: T T I T T T I T T T | T T T 'l T T T ] T T E 104§|‘||||f|‘-|||\||’f I\l.llllffE
S 1100E ATLAS Expected CLs Limit © T Caanad CL, i
e  —— ATLAS Observed CLs Limit G G M 3l L
E C 10°E t20 E
1000~ B 10 E —— SPS8 NLO cross- sectlorc
- —— ATLAS Observed CL s Limit (36 pb™) g
QUO:— JLdt_1.07fb.\s_7TeV

10°

800

700 2010 — 2011 Jrat-ro7 " i

s \s=7TeV - ATLAS Preliminary
600L ety iies ceiacer
- 3 150 200 250 -
500 . gNLSP 3 ot
- ATLAS Preliminary ]  eapeabesluaua s 2
T | S S i S S [ S I L mI[ e ] ]
200 400 600 800 1000 1200 T\ p\ T P W | L
m, [GeV] 80 100 120 140 160 180 200 220
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%

\
Multijzets

ArXiv:1110
q

299, submitted to

On the arXiv since yesterday!

X1
Signal region || 7j55 | 8j55 | 6j80 | 7j80
Jet pr > 55 GeV > 80GeV
Jet |n| <2.8
AR;; > (.6 for any pair of jets
Number of jets =7 =8 26 =17
ETis | \[Hy > 3.5 GeV'/?
Signal region 7§55 8js5 6j80 7j80
Multi-jets 26+52 2307 19+4 1.3+04
7 — gl £¢ 10867 | 0% 60x46 | 0708
W+ jets 095045 | 005 | 034:024 | 008
Z + jets 1513 0075 007 0075
Total Standard Model || 39+9 | 23% 26+ 6 1.3
Data 45 4 26 3
a7 95%
Nt 26.0 1.2 16.3 6.0
05%
i ma X €D 19.4 8.4 12.2 45
PsMm 0.30 0.36 0.49 0.16

MSUGRA/CMSSM: tan = 10,A = 0,p>0 L™ =1.34 fo"
; L T 17T | 7T 17T | L | L I T 1T 1T T T
@550 [ ATLAS obs. CL, 95% C.L. limit E
O] C . i Wy mmmees exp. CL_95% C.L. limit -
= [ Multijets plus E™* Combined : ]
%500 » T \ R exp. imit +1c .
S - VT e 201122,3,4 jets plus E™ -
C ™ ——— T ]
N V2 \‘ CL, 95% C.L. limit .
450 F-. 3 \ . -
SN [ :
400 - ");&\ e SR [ | D03, g tanp=3, n<0, 2.1 o]
C o ‘g (1000) L ]

- //_.i- .\\ \\9 (1000) | - CDF g,g, tanB=5, u<0, 2 fb"’

A T ; 1 ; .

3BO 7 IS - Theoretically excluded |

- ‘ \ ‘: [ *

500
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Quickly, more summer results

10 T T

T T T T T T
ATLAS  Preliminary 1-lepton, baseline selection
@ dala

. i .
10 ] Ldt =103 Ns=T7TeV SM Lal

[ aco producion
[ top promucion
10? [ w procction

-130 L i

- M = 500 GEV, M- 210 Galf
s ]
m, ~ 550 GeV, m, - 50 Gav

b-jet with 1 lePton

ATLAS-CONF-201

4 jets (pr > 50 GeV), > 1 b-jet (pr > 50 GeV)
Exactly 1 lepton (e or )
EMss . 80 GeV

107

Events / 100 GeV
- B
=
§
u- g
1

: ==
mr = \/pre‘DE’V”SS — 2pFPEMSs -~ 100 GeV :E 3
. Iep M.'SS 15 E

Mefe = Z( ) + p > 600 GeV 200 400 B00 800 7000 1200 1400 1800 1800 2000
i<4 My [GeV]

Scenario 1: gg and 41 productlon with g — 4t (BR=100%) and t; — b+ ¥ (E’-R 100%)
Scenario 2: gg production with g — tt{9 (BR=100%) via off-shell stop decay.

m(;) = 60 GeV , m(Z,) = 2 m{i;)
mig, .} == mig)

400 >=1 b-tag, m.> 600 GeV o

250
350
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51600|||||||||||||||||||||1|||||||||||||||||||||||||||| ; 450""|""|""| """" [TTTTrTTT T rT T o)
> ATLAS Preli Gl observed limit e (0] g:: "bse"‘t’eg I“ml; =

F reliminar ameemm CL, expected limit = O 400 = @ e expected limi =
9 550 y o Elx-ﬁected CL_limit+ls o = 400 T Expected CL, limit +1c 2
g 500 1-leptan, 4 jets — Observed ATLAS (35 pb) 3 E?X 350 §

>=1btagm,>600Gev U7 Expected ATLAS (35 pb) ATLAS Preliminary @

- o

450 300 1-lepton, 4 jets o
€

3

£

x

]

>

200

300 150

250
100

200
50

150

300 350 400 450 500 550 600 650 TJ00 ?SFG \%)o %50 400 450 500 550 600 650 700 75Om8([)86\t;]50
: 70/57
A.Tua p.

T
-



http://cdsweb.cern.ch/record/1383833

ATLAS-CONF-2011-098
lepton veto with p; > 20 GeV (electron), 10 GeV (muon)
jet pT>130’50’50 GeV 21 b-jet, m« > 500 GeV
Ems> 130 GeV >1 b-jet, m g > 700 GeV
AQpyin > 0.4 rad >2 b-jet, m_¢ > 500 GeV
E;miss/m > 0.25 >2 b-jet, m > 700 GeV

-3 production, §— 2b+%, m(§) >> m(g) Ldt=0.8315"\s=7 TeV
;‘ :l T I T T 171 I T T 17T I T T 171 I T T 171 | T T 17T | T T 171
& 8opE Observed 95% CL, limit
g 700 — . Expected CL, limit
600 .- ATLAS Preliminary g o2 |
E S
500 |~ Olepton, 3 jets B ,\Q&:@"
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300 &
200
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e

—
=4
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Cross section [pb]

Quickly, more summer results

g9+ E E production, Sﬁ b+)'{0 Ldt=0.83 fb' Ns=7 TeV
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CMS Preliminary

What about CMS ?

Vs=7TeV, [Ldt=1fb"

L o
(%]
-

| T T T | ]
I CDF 37,7, tang=5, u<0
Ny DO 2,7, tanp=3, u<0 ]

e ]

[ Jiep2 7 ]

Jets+MHT N

Razor (0.8 fb)

[
= 2011 Limits

=== 2010 Limits
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(211
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600

CMS Preliminary
Ranges of exclusion limits for gluinos and squarks, varying m(¥°)

o, 1.1 fb7!, gluino

MT2, 1.1 fb~!, glui

T1: g—qqi”

T1: f]%qq,%n

TL: g—aqqx”

T2: 4—q¢" |ep 1.1 b1, squark _
so R

T2: G—q¥° |B, + jets, 1.1 fb !,

Tlbbbb: g—bbi® |Ep+b, 1.1 fb !, gluino

Tlbbbb: g—bbg’ [MT2, 1.1 fb !, gluino

Tlnu: j—qqx™ [1*1%, 0.98 fb~*, gluino

T1Lh: g—gqx31%° |1%17,0.98 b !, gluino

T52z: §—qq¥y |4+, 0.98 fb*, gluino

1B, 2.1fb ', gluino |

T5zz: g —)qq)zg

T5zz: g —}qg}'ég

T5zz: g —)qq)zg

Titttt: g—etx? |[1=1=, 1.1fb~!, gluino,

L 1
600 800

0 200 400 1000
Mass scales (GeV/c?)
MM: “OQm.

For limits on m(g),m(g) > >m(g) (and vice versa). o o
ot -0y —m(g) +mix")
m(x=)m(x) ==

m(x") is varied from 0 GeV/¢* (dark blue) to m(g)—200 GeV/e* (light blue).
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