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What is in this lesson 
Ø  Yesterday you have learned what Supersimmetry is – the motivations, 

how to build the Lagrangian, the particle content etc.   
Ø  The theory predicts the existence of at least 35 new particles which (4 

other Higgs bosons, 12 scalar leptons, 12 scalar quarks, 6 neutralinos e 
charginos, the gluino)    

Ø  Today I will tell you about the searches of these particles at LHC SUSY%Mass%Spectrum:%(II)%Superpartners%of%the%Bosons*

llll#
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Now#we#have#the#SUSY#par'cle#spectrum#

Remember*
• *The*mass*parameters*cannot*be*much*larger*than*~1*TeV*

Should#be#able#to##
produce#some#at#the##
Large#Hadron#Collider#
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n  Production of SUSY particles in 
pp collisions 

n  Decays of SUSY particles 
n  What the detector measure 
n  How to separate signal from 

backgrounds 
n  Something different: long-lived 

(s)particles, R-parity violation 
n  Prospects for LHC run 2  



Production of SUSY particles 
n  We start from gluons and quarks 
n  The strong interaction is, well, strong…  reactions which occur 

trough the strong interaction will be more frequent than those 
which proceed trough the electromagentic or weak 
couplings 

n  Because of the symmetry, SUSY diagrams are obtained from 
SM ones adding tilde on two of the particles 
q  Two for R-parity conserving processes 
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Gluinos*
quarks!and!gluons!couple!with!each!other…!hence!squarks!and!gluinos!also!couple!
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€ 

˜ u 

€ 

˜ u 
€ 

g

€ 

˜ u 

€ 

u
€ 

˜ g 

€ 

˜ g 

€ 

˜ u 

€ 

u 

€ 

g

€ 

˜ u 

€ 

˜ u 

€ 

˜ g 

€ 

u

€ 

˜ u 

€ 

u

€ 

˜ u 
€ 

˜ g 

produc3on!of!SUSY!
par3cles!

Squark!and!gluino!decays!

Gluinos*
quarks!and!gluons!couple!with!each!other…!hence!squarks!and!gluinos!also!couple!

SUSY*&*Exo1cs* 96*HASCO*2012*

€ 

˜ u 

€ 

˜ u 
€ 

g

€ 

˜ u 

€ 

u
€ 

˜ g 

€ 

˜ g 

€ 

˜ u 

€ 

u 

€ 

g

€ 

˜ u 

€ 

˜ u 

€ 

˜ g 

€ 

u

€ 

˜ u 

€ 

u

€ 

˜ u 
€ 

˜ g 

produc3on!of!SUSY!
par3cles!

Squark!and!gluino!decays!

proton!

proton!
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This!is!perhaps!the!most!canonical!SUSY!signature!

A'SUSY'Collision'…*

R-parity = (-1) 3(B-L)+2S  =  
+1 for SM particles 
 -1 for SUSY particles 

 

§  Guarantees proton is stable 
§  Provides DM candidate 



Scalar quark and gluon interactions 
SUSY and SM interactions are the same: you can take a SM 
diagram and add tilde on two particles (two because of R-parity) 
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Final'state'with'
• *2*quarks****W>*~2*hadronic*jets*
• *1*lepton*
• *2*****************W>*Missing*energy*
• *1*neutrino*W>*missing*energy*
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Signature'='Hadronic'Jets'+'N'leptons'+'Missing'Energy'

Another'SUSY'Collision'…*
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A'SUSY'Collision'…*

§  Here we take a gluon as the colliding constituent of each proton  
§  The merge into a third virtual gluon (this is called an s-channel 

process) to produce a pair of gluinos (left) or a pair of squarks (right) 



Scalar quark and gluino production 
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Figure 10.1: Feynman diagrams for electroweak production of sparticles at hadron colliders from quark-
antiquark annihilation. The charginos and neutralinos in the t-channel diagrams only couple because
of their gaugino content, for massless initial-state quarks, and so are drawn as wavy lines superimposed
on solid.
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Figure 10.2: Feynman diagrams for gluino and squark production at hadron colliders from gluon-gluon
and gluon-quark fusion.
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Figure 10.3: Feynman diagrams for gluino and squark production at hadron colliders from strong
quark-antiquark annihilation and quark-quark scattering.

the component of the missing energy that is manifest as momenta transverse to the colliding beams,
usually denoted /ET or Emiss

T (although !/pT or !pmiss
T might be more logical names) is observable. So,

in general the observable signals for supersymmetry at hadron colliders are n leptons + m jets +
/ET , where either n or m might be 0. There are important Standard Model backgrounds to these
signals, especially from processes involving production of W and Z bosons that decay to neutrinos,
which provide the /ET . Therefore it is important to identify specific signal region cuts for which the
backgrounds can be reduced. Of course, the optimal choice of cuts depends on which sparticles are
being produced and how they decay, facts that are not known in advance.

The classic /ET signal for supersymmetry at hadron colliders is events with jets and /ET but no
energetic isolated leptons. The latter requirement reduces backgrounds from Standard Model processes
with leptonic W decays, and is obviously most effective if the relevant sparticle decays have sizable
branching fractions into channels with no leptons in the final state. The most important potential
backgrounds are:

• Detector mismeasurements of jet energies,

• W+jets, with the W decaying to "ν, when the charged lepton is missed or absorbed into a jet,

• Z+jets, with Z → νν̄,

• tt production, with W → "ν, when the charged lepton is missed.

One must choose the /ET cut high enough to reduce these backgrounds, and also to assist in efficient
triggering. Requiring at least one very high-pT jet can also satisfy a trigger requirement. In addition,
the first (QCD) background can be reduced by requiring that the transverse direction of the /ET is
not too close to the transverse direction of a jet. Backgrounds can be further reduced by requiring at
least some number n of energetic jets, and imposing a cut on a variable HT , typically defined to be
the sum of the largest few (or all) of the pT ’s of the jets in each event. (There is no fixed standard
definition of HT .) Different signal regions can be defined by how many jets are required in the event,
the minimum pT cuts on those jets, how many jets are included in the definition of HT , and other fine
details. Alternatively, one can cut on meff ≡ HT + /ET rather than HT . Another cut that is often used
in searches is to require a minimum value for the ratio of /ET to either HT or meff ; the backgrounds
tend to have smaller values of this ratio than a supersymmetric signal would. The jets+/ET signature
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gluon-gluon  
 

gluino pair 

gluon-quark  

quark-antiquark 

gluon-gluon  

quark-antiquark  

quark-quark  

squark  
antisquark 

squark  
gluino 

gluino pair 

squark  
antisquark 

squark pair 

There are few bottom and no top quarks in the proton, because of their mass.  
Thus, third generation scalar quarks are only produced by boxed diagrams  



Neutralino and chargino diagrams 
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§  Remember these particles are in general mixtures of Winos, Binos, Higgsinos 
§  Their diagrams can also be obtained from the SM ones adding two tilde  
§  Examples: 

A. Tropiano, Risultati di Fisica Elettrodebole da CMS e ATLAS IFAE 2013 Cagliari

Produzione di di-bosoni a LHC

Diboson production at LHC

Triple gauge couplings:
‣ Charged triple gauge couplings (WWZ, WWγ) allowed
‣ Neutral triple gauge couplings (ZZZ, ZZγ) forbidden in Standard Model

Anomalous couplings lead to enhanced cross section, larger boson pT
Diboson production:
‣ provides a direct measurement of (anomalous) triple gauge couplings 
‣ is an important background to Higgs and BSM searches 

13

Anomalous Triple Gauge Couplings (aTGC)

• The s-channel diagram contains a 
triple gauge coupling vertex

• Neutral TGC are not allowed in the 
standard model

• Observation of either neutral TGC or 
deviations from the SM charged TGC 
would be evidence of new physics

• aTGC modify both production 
rate and event kinematics

• Use measured cross section or event 
kinematics to constrain aTGC

• Neutral and charged couplings probed 
by different channels
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Diboson production:
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Produzione di di-bosoni
- importante fondo per Higgs e nuova fisica
- misura diretta degli accoppiamenti tra bosoni di gauge

Accoppiamenti tripli 
- accoppiamenti carichi permessi nel Modello Standard
- accoppiamenti neutri (nTGC) non permessi

Accoppiamenti nTGC anomali hanno l’effetto di 
aumentare le sezioni d’urto per alto pT e alta massa del 
sistema di-bosonico.
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Figure 10.1: Feynman diagrams for electroweak production of sparticles at hadron colliders from quark-
antiquark annihilation. The charginos and neutralinos in the t-channel diagrams only couple because
of their gaugino content, for massless initial-state quarks, and so are drawn as wavy lines superimposed
on solid.
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Figure 10.2: Feynman diagrams for gluino and squark production at hadron colliders from gluon-gluon
and gluon-quark fusion.
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Figure 10.1: Feynman diagrams for electroweak production of sparticles at hadron colliders from quark-
antiquark annihilation. The charginos and neutralinos in the t-channel diagrams only couple because
of their gaugino content, for massless initial-state quarks, and so are drawn as wavy lines superimposed
on solid.
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Figure 10.2: Feynman diagrams for gluino and squark production at hadron colliders from gluon-gluon
and gluon-quark fusion.
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Ñj

u

d

ũL
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Figure 10.1: Feynman diagrams for electroweak production of sparticles at hadron colliders from quark-
antiquark annihilation. The charginos and neutralinos in the t-channel diagrams only couple because
of their gaugino content, for massless initial-state quarks, and so are drawn as wavy lines superimposed
on solid.
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Figure 10.2: Feynman diagrams for gluino and squark production at hadron colliders from gluon-gluon
and gluon-quark fusion.
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Neutralino'and'Chargino'Decays*

For*the*neutralinos*the*mass*eigenstates*are*:*
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Neutralino'and'Chargino'Decays*

Remember*the*mass*states*are:*
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Electroweak production 
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Ñj

q

q

q̃L,R

Ñi
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ũL

C̃+
i

Ñj
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Figure 10.1: Feynman diagrams for electroweak production of sparticles at hadron colliders from quark-
antiquark annihilation. The charginos and neutralinos in the t-channel diagrams only couple because
of their gaugino content, for massless initial-state quarks, and so are drawn as wavy lines superimposed
on solid.
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Figure 10.2: Feynman diagrams for gluino and squark production at hadron colliders from gluon-gluon
and gluon-quark fusion.
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Pairs of charginos  
 

Pairs of neutralinos 
 

Chargino  
neutralino 
 

Slepton pairs 
Sneutrino pairs 
Sneutrino-slepton 
 

These production processes are suppressed compared to those of slide 5 
§  Only quarks in the initial state 
§  At least two vertices involving the electromagnetic or weak coupling…  



Cross sections 

n  For the same mass, cross section is much larger for particles produced 
trough strong interaction (squark and gluinos)  

n  It’s also larger for first generation squarks (more production diagrams) 
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Particle mass (GeV) 

gluino gluino 
squark antisquark 
squark squark 

squark gluino 

Stop antistop or sbottom antisbottom  

Reminder'SUSY'Par0cle'Spectrum*

llll!
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Squark cross section is the sum over 
 
 
 
assumed degenerate in mass. The 
stop cross section is only one state. 

Motivation and Performed Searches Sbottom Searches Stop Searches Conclusions

Natural SUSY

I R-parity Conserving Models

I The Lightest Supersymmetric
Particle (LSP) is the lightest
neutralino: c̃0

1

I Naturalness considerations
I Low fine tuning

(hierarchy problem)
I Light higgsino sector
I Not too heavy gluinos

(mg̃ <1.5-2 TeV)
- see Mirjam’s presentation

I Light partners of 3

rd generation
Standard Model quarks

I Target: Stop and Sbottom direct
production
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Other cross sections 
Even the SUSY processes with “high” 
cross are a tiny fraction of the total 
collisions. 
Out of 1 bilion collisions per second, 
less than one will produce SUSY 
particles. 
 
Disk and CPU constraints imply only 
one collision in 100,00 can be 
registered – the first selection of signal 
candidates is done by the data 
acquisition software (trigger)   

4

Fig. 4 Cross sections of several SUSY production chan-
nels [14], superimposed with Standard Model process atp
s = 8 TeV. The right-handed axis indicates the number

of events for 20 fb�1.

Fig. 5 Typical decay of a colored SUSY particle at LHC.
The two cases shown at the bottom of the SUSY spectrum
correspond to the two considered LSP types.

stand better the many experimental facets of a SUSY
analysis at LHC.

Discovering SUSY at the LHC is an extremely chal-
lenging task, even within the restricted framework of
the MSSM. First, every corner of the parameter space
needs to be covered, including all possible decay chan-

Fig. 6 Possible signatures from non-prompt sparticle decay.

nels which provide a high number of final states with
di↵erent mixtures of reconstructed objects (photon, elec-
tron, muon, tau, jets, b-jets, missing transverse energy).
Second, due to the presence of many scalars and weakly
interacting particles, cross sections are generally ex-
tremely tiny with respect to the SM background (cf. Fig 4).
In the plain vanilla MSSM scenario, the few signal events
are generally located in the tails of the kinematic dis-
tributions, requiring challenging trigger, powerful dis-
criminating variables and accurate background model-
ing in a complicated region of the phase space. In other
SUSY scenarios where R-parity is violated and/or non-
prompt decays are possible, the experimental challenge
generally shifts to taking the best performance of each
sub-detector to improve secondary vertex reconstruc-
tion, timing resolution, jet substructure reconstruction,
lepton coverage, etc. Therefore, SUSY searches provide
an excellent way to push the detector and analyser ca-
pabilities to their best.

This section is organized as follows. Experimental
matters, i.e. LHC data, trigger and detector/object per-
formance relevant for SUSY searches, are treated in
Sect. 3.1. Commonly used discriminating variables for
the design of the signal regions are then discussed in
Sect. 3.2 and methods to estimate the remaining back-
ground in these signal regions are described in Sect. 3.3.
Finally, the limit setting tools and SUSY models used
for interpretations are briefly reviewed in Sect. 3.4 and 3.5,
respectively.

3.1 LHC data and detector performance

After a brief reminder of the main characteristics of the
LHC data (section 3.1.1), ATLAS and CMS detectors
(section 3.1.2), the object and detector performance
relevant to SUSY searches are discussed (section 3.1.3
and 3.1.4).



Squark and gluino decays 
n  If                  ,            via strong interaction 
n  Otherwise,              and        via EW interaction  
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2 Squark and Gluino Production
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m( q)>m( g) q→ gq
q→ q χ 0 q χ ±

n  The gluino only interacts via strong interaction, so the decay is 
to squark-quark. If m(g)<m(q), then the squark will be virtual 
and you’ll have a 3-body decay: 

~ ~ 

(a) gogo-ttttN1N1.tex (b) gogo-WWWWbbbbN1N1.tex

(c) gogo-ttbbN1N1.tex (d) gogo-WWbbbbN1N1.tex

(e) gogo-ttttN1N1-stst.tex

Figure 5:
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Figure 5:
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Observable final state: jets 

n  The top decays to bW before forming hadrons 
n  All other quarks will be observed as a jet of collimated 

hadronic particles 
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A proton proton collision  
with three jets 

An other type of jet 



Possible SUSY events 
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è Six jets, three leptons, and missing 
momentum  

2 Squark and Gluino Production

(a) sqsq-qqN1N1.tex (b) gogo-qqqqN1N1.tex

(c) sqsq-qqWWN1N1.tex (d) gogo-qqqqWWN1N1.tex

(e) sqsq-qqZZN1N1.tex (f) sqsq-qqZZN1N1-hh.tex

Figure 3:

3

èTwo hadronic jets (from the quarks) 
and missing momentum (from the two 
weakly interacting particles) 

Ø  R-parity conservation and squark and gluinos lighter than about 1 TeV means  
events with jets and missing momentum 
Ø  The number of jets, and wether leptons or photons are also produced, depends 
on the (unknown) details of mass spectrum and decay chains. 



A signal event ? 

Tommaso Lari 13 

Maybe… but while pretty rare, an handful of events like this is expected 
from SM processes. 



Search strategies 
In R-parity conserving scenarios  
§  SUSY particles are produced in pairs 
§  The lightest one one is stable and weakly interacting. 
Since there are two unmeasured particle in the final state it is not 

possible to measure all decay products of a SUSY particle and 
reconstruct invariant mass. 

 
The simplest SUSY search proceed as follows: 
§  Count the number of collisions satisfying a given selection (say “six jets with 

pT > 60 GeV and missing transverse momentum larger than 150 GeV”) 
§  Compute the number of background events expected to pass the selection 
§  Compare the observed number of events with the expected background 

rate. An excess of the former indicates the presence of a signal. 

The key difficulties are: 
Ø  How we determine the selection criteria, since we do not know the masses 

and decays of SUSY particles ? 
Ø  How do we compute the expected background rate in such a reliable way 

that we can attribute an higher observed rate to a non-Standard Model 
process ? 



Choice of selection criteria 
n  Typically, we choose the signal to be targeted. Each choice defines 

an analysis and the set of all analysis is supposed to target all possible 
signal processes. 

n  Say we target squark or gluinos decaying to the LSP plus jets: 

n  We still do not know masses and decay chains 
q  Gluinos give more jets and squark production 
q  Long decay chains give more jets than decays directly to the LSP 
q  If the mass difference ΔM between the produced particle and the LSP is small, the 

jet momenta and missing momentum will be smaller 

n  The selection criteria need to accommodate all scenarios 
q  One can define a set of criteria for each scenario: 2,3,4,5,6,…9 jet selections, for 

each number of jets have a set of cuts for large ΔM and one for low ΔM, etc.  
q  In alternative, we can use the shape of 2-3 key distributions (say, number of jets and 

missing transverse momentum) and compare the data with the expected 
background in all bins.  

Signal regions sensitivity

Classification+of+signal+regions+almost+independent+on+models
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Discriminating variables 

Ø  Most common process: multi-jet 
production  

Ø  Many jets, but no missing momentum, 
unless a jet momentum is mismeasured 
or a particle in the jet decays producing 
neutrinos (B èD l ν)  

But then missing momentum is aligned with 
a jet, which is not the case for signal  

 

(with pT > 60 GeV) 

11 Lepton-Photon, 24–29 June, 2013  Andreas Hoecker — Searches for Supersymmetry at Colliders  

W and Z physics — differential measurements!
Large statistics allows precise tests of generators/theory, PDFs and bkg to searches 
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Number of jets with pT > 30 GeV 

Ø  Once we get rid of multi-jets, we 
are left with Z+jets, W+jets, top 
pairs 

Ø  Z(νν)+jets is an irreducible 
background (it looks like the 
signal) but the cross section 
decreases rapidly with the 
number (and momentum) of jets 

1 pb 

Z(ll)+jets 



Selections, one example 
Alternative selections, 
from 2 to 6 jets 

One jet with pT > 160 GeV,  
missing momentum  
> 130 GeV★ 

Further jets 

These kills most of the multi-jets 

Loose/medium/tight cuts. Overall, 
10 alternative selections 

Requirement

Channel

A (2-jets) B (3-jets) C (4-jets) D (5-jets) E (6-jets)

L M M T M T – L M T

Emiss
T [GeV] > 160

pT( j1) [GeV] > 130

pT( j2) [GeV] > 60

pT( j3) [GeV] > – 60 60 60 60

pT( j4) [GeV] > – – 60 60 60

pT( j5) [GeV] > – – – 60 60

pT( j6) [GeV] > – – – – 60

��(jeti,Emiss
T )min > 0.4 (i = {1, 2, (3 if pT( j3) > 40 GeV)}) 0.4 (i = {1, 2, 3}), 0.2 (pT > 40 GeV jets)

Emiss
T /me↵(N j) > 0.2 –a 0.3 0.4 0.25 0.25 0.2 0.15 0.2 0.25

me↵(incl.) [GeV] > 1000 1600 1800 2200 1200 2200 1600 1000 1200 1500
(a) For SR A-medium the cut on Emiss

T /me↵(N j) is replaced by a requirement Emiss
T /
p

HT > 15 GeV1/2.

Table 1: Selection criteria used to define each of the channels in the analysis. Each channel is divided
into between one and three signal regions on the basis of the requirements listed in the bottom two rows.
The signal regions are indicated in the third row from the top and are denoted ‘loose’ (L), ‘medium’
(M) and ‘tight’ (T). The Emiss

T /me↵ cut in any N jet channel uses a value of me↵ constructed from only
the leading N jets (indicated in parentheses in the second row). However, the final me↵(incl.) selection,
which is used to define the signal regions, includes all jets with pT > 40 GeV.

The requirements used to select jets and leptons are chosen to give sensitivity to a broad range of
SUSY models. In order to achieve maximal reach over the (mg̃,mq̃)-plane, several analysis channels are
defined. Squarks typically generate at least one jet in their decays, for instance through q̃ ! q�̃0

1, while
gluinos typically generate at least two jets, for instance through g̃ ! qq̄�̃0

1. Processes contributing to
q̃q̃, q̃g̃ and g̃g̃ final states therefore lead to events containing at least two, three or four jets, respectively.
Decays of heavy SUSY and SM particles produced in q̃ and g̃ cascades tend to further increase the final
state multiplicity.

Five inclusive analysis channels, labelled A to E and characterised by increasing jet multiplicity from
two to six, are defined in Table 1. Each channel is used to construct between one and three signal regions
(SRs) with ‘loose’, ‘medium’, or ‘tight’ selections distinguished by requirements placed on Emiss

T /me↵
and me↵(incl.). The lower jet multiplicity channels focus on models characterised by squark pair pro-
duction with short decay chains, while those requiring high jet multiplicity are optimised for gluino pair
production and/or long cascade decay chains. In SR A-medium the cut on Emiss

T /me↵ is replaced by
a requirement on Emiss

T /
p

HT (where HT is defined as the scalar sum of the transverse momenta of all
pT > 40 GeV jets), which has been found to lead to enhanced sensitivity to models characterised by q̃q̃
production with a large q̃–�̃0

1 mass splitting.
In Table 1, ��(jet,Emiss

T )min is the smallest of the azimuthal separations between Emiss
T and the re-

constructed jets. For channels A and B, the selection requires ��(jet,Emiss
T )min > 0.4 using up to three

leading jets with pT > 40 GeV if present in the event. For the other channels an additional requirement
��(jet,Emiss

T )min > 0.2 is placed on all jets with pT > 40 GeV. Requirements on ��(jet,Emiss
T )min and

Emiss
T /me↵ are designed to reduce the background from multi-jet processes.

Standard Model background processes contribute to the event counts in the signal regions. The
dominant sources are: W+jets, Z+jets, top quark pairs, single top quarks, and multiple jets. The produc-
tion of semi-leptonically decaying dibosons is a small component (<13%) of the total background and

3

“effective mass”, scalar sum of 
transverse momenta of jets and 
missing transverse momentum. 
 
It peaks at a value correlated 
with the mass of produced 
particles (hence the name)  
 
 

4

Fig. 4 Cross sections of several SUSY production chan-
nels [14], superimposed with Standard Model process atp
s = 8 TeV. The right-handed axis indicates the number

of events for 20 fb�1.

Fig. 5 Typical decay of a colored SUSY particle at LHC.
The two cases shown at the bottom of the SUSY spectrum
correspond to the two considered LSP types.

stand better the many experimental facets of a SUSY
analysis at LHC.

Discovering SUSY at the LHC is an extremely chal-
lenging task, even within the restricted framework of
the MSSM. First, every corner of the parameter space
needs to be covered, including all possible decay chan-

Fig. 6 Possible signatures from non-prompt sparticle decay.

nels which provide a high number of final states with
di↵erent mixtures of reconstructed objects (photon, elec-
tron, muon, tau, jets, b-jets, missing transverse energy).
Second, due to the presence of many scalars and weakly
interacting particles, cross sections are generally ex-
tremely tiny with respect to the SM background (cf. Fig 4).
In the plain vanilla MSSM scenario, the few signal events
are generally located in the tails of the kinematic dis-
tributions, requiring challenging trigger, powerful dis-
criminating variables and accurate background model-
ing in a complicated region of the phase space. In other
SUSY scenarios where R-parity is violated and/or non-
prompt decays are possible, the experimental challenge
generally shifts to taking the best performance of each
sub-detector to improve secondary vertex reconstruc-
tion, timing resolution, jet substructure reconstruction,
lepton coverage, etc. Therefore, SUSY searches provide
an excellent way to push the detector and analyser ca-
pabilities to their best.

This section is organized as follows. Experimental
matters, i.e. LHC data, trigger and detector/object per-
formance relevant for SUSY searches, are treated in
Sect. 3.1. Commonly used discriminating variables for
the design of the signal regions are then discussed in
Sect. 3.2 and methods to estimate the remaining back-
ground in these signal regions are described in Sect. 3.3.
Finally, the limit setting tools and SUSY models used
for interpretations are briefly reviewed in Sect. 3.4 and 3.5,
respectively.

3.1 LHC data and detector performance

After a brief reminder of the main characteristics of the
LHC data (section 3.1.1), ATLAS and CMS detectors
(section 3.1.2), the object and detector performance
relevant to SUSY searches are discussed (section 3.1.3
and 3.1.4).
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nels which provide a high number of final states with
di↵erent mixtures of reconstructed objects (photon, elec-
tron, muon, tau, jets, b-jets, missing transverse energy).
Second, due to the presence of many scalars and weakly
interacting particles, cross sections are generally ex-
tremely tiny with respect to the SM background (cf. Fig 4).
In the plain vanilla MSSM scenario, the few signal events
are generally located in the tails of the kinematic dis-
tributions, requiring challenging trigger, powerful dis-
criminating variables and accurate background model-
ing in a complicated region of the phase space. In other
SUSY scenarios where R-parity is violated and/or non-
prompt decays are possible, the experimental challenge
generally shifts to taking the best performance of each
sub-detector to improve secondary vertex reconstruc-
tion, timing resolution, jet substructure reconstruction,
lepton coverage, etc. Therefore, SUSY searches provide
an excellent way to push the detector and analyser ca-
pabilities to their best.

This section is organized as follows. Experimental
matters, i.e. LHC data, trigger and detector/object per-
formance relevant for SUSY searches, are treated in
Sect. 3.1. Commonly used discriminating variables for
the design of the signal regions are then discussed in
Sect. 3.2 and methods to estimate the remaining back-
ground in these signal regions are described in Sect. 3.3.
Finally, the limit setting tools and SUSY models used
for interpretations are briefly reviewed in Sect. 3.4 and 3.5,
respectively.

3.1 LHC data and detector performance

After a brief reminder of the main characteristics of the
LHC data (section 3.1.1), ATLAS and CMS detectors
(section 3.1.2), the object and detector performance
relevant to SUSY searches are discussed (section 3.1.3
and 3.1.4).



S/B separation, an other example 
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MT (l,ν ) = 2pT (l)pT (ν ) 1− cos(φl −φν )[ ]

 
 
 
q  In Background the invariant mass 

of the lepton and missing 
momentum (the neutrino) is the 
W mass, and the transverse mass 
is lower than that.  

q  Signal has two extra invisible 
particles and some signal events 
will have MT > MW 

In fact, top antitop both decaying 
to blν is the main background at 
large MT. 
 
 
 
 

For search channels with one lepton: 
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Figure 8: Comparison of the MT distributions in data vs. MC for events with Emiss
T > 100

GeV (left, corresponding to SRA) and Emiss
T > 150 GeV (right, corresponding to SRB). Expected

MT distributions from two sample signal points are indicated: t̃ ! tc̃0
1 where mt̃ = 450 and

mc̃0
1
= 50 GeV, and t̃ ! bc̃±

1 ! bW±c̃0
1 where mt̃ = 450, mc̃±

1
= xmt̃ + (1� x)mc̃0

1
with x = 0.75

and mc̃0
1
= 50 GeV.



 
  
Background rates can be estimated using MonteCarlo simulation, but is 
the physics and detector description in the simulation reliable ? 
Remember: any excess in data compared to expectation must be  
confidently attributed to non-Standard Model processes, we need to be super-
confident about our background estimate ! 
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Step 2: estimate of backgrounds 

Control selection  
for background (CR)  

Signal selection (SR) 

Typically, we measure the rate in a set of control selections  
§  One control selection for each major background 
§  CS (and VS) are designed so that the target signal is negligible there 
§  All selections which are difficult to model are common for the CR and the SR 

Validation selection 

Measure the rate in data here 

Extrapolate using  
MC or some scaling law 



Example  
q  Use γ+jets as a control process for Z(νν)+jets 

n  The kinematics of the two processes is similar for large boson 
momenta (>> mZ) 

n  The cross section of γ+jets is larger than Z+jets (good statistics in the 
control sample) 

n  Asking a photon and veto large missing transverse momentum ensure 
negligible contribution of the targeted signals in the control sample  

q  Procedure: 
n  Ask a photon, and add the photon transverse momentum to measured missing 

transverse momentum (=> pretend the observed photon was an invisible 
decaying Z)  

n  Apply the full signal selection (using the new missing momentum) 
n  The Z(νν) background estimate is the observed rate, corrected for the 

difference in γ+jets and Z+jets cross sections, photon identification efficiency, 
and any difference between γ+jets and Z+jets  

n  The last piece comes from theory/MonteCarlo but it is a relatively well known 
and small correction  
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Control plots 
γ+jets CR 

Table 3. Control regions used in the analysis. Also listed are the main targeted background in the SR in

each case, the process used to model the background, and the main CR requirement(s) used to select this

process. The transverse momenta of high-purity leptons (photons) used to select CR events must exceed

25 (130) GeV.

CR SR background CR process CR selection

CRγ Z(→ νν)+jets γ+jets Isolated photon

CRQ Multi-jets Multi-jets SR with reversed requirements on (i) ∆φ(jet,Emiss
T )min

and (ii) Emiss
T /meff (Nj) or Emiss

T /
√
HT

CRW W (→ $ν)+jets W (→ $ν)+jets 30 GeV < mT($, Emiss
T ) < 100 GeV, b-veto

CRT tt̄ and single-t tt̄ → bb̄qq′$ν 30 GeV < mT($, Emiss
T ) < 100 GeV, b-tag

appropriate) in order to increase CR data event statistics without significantly increasing theoretical
uncertainties associated with the background estimation procedure. For the same reason, the final
meff(incl.) requirements are loosened to 1300 GeV in CRW and CRT of SR 6jt. Example CR
meff(incl.) distributions before the final cut on this quantity for SRs 2jl, 2jm and 2jt are shown in
figure 1. Jet and dijet mass distributions (respectively for unresolved and resolved W candidates)
in CRW and CRT of SRs 2jW and 4jW are shown in figure 2. The MC meff(incl.) distributions in
figure 1 are somewhat harder than the data, with good agreement seen at low values of meff(incl.)
but some disagreement seen at higher values of meff(incl.). This issue is seen also in the SR
meff(incl.) distributions (see section 8) and is ameliorated in the SR background estimates using a
combined fit to the CR observations (see section 7.1).
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Figure 1. Observed meff(incl.) distributions in control regions CRγ (top left, for SR 2jl selection criteria

only), CRW (top right), CRT (bottom left) and CRQ (bottom right, excluding requirements on Emiss
T /

√
HT)

corresponding to SRs 2jl, 2jm and 2jt. With the exception of the multi-jet background (which is estimated

using the data-driven technique described in the text), the histograms denote the MC background expec-

tations, normalised to cross-section times integrated luminosity. In the lower panels the light (yellow) error

bands denote the experimental and MC statistical uncertainties, while the medium dark (green) bands in-

clude also the theoretical modelling uncertainty. The arrows indicate the values at which the requirements

on meff(incl.) are applied.
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top CR 

W+jets CR 

jet CR 

Ø  Effective mass distributions 
in some control selections 
 
Ø  The agreement between  
ata and MC (the histograms) is  
shown, but only the data counts 
contribute to the background  
estimate 
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Opening the box 
Ø  The decision of the selections, the estimation of the background, and all the  
cross-checks are done with the signal candidates “blinded”, without having  
access to them in data   
Ø  Once one has the final estimate of expected background and uncertainty, 

the signal candidates are “unblinded”   
Ø  So far, the rate in data has always been in agreement with the Standard 

Model expectation 

Table 5. Numbers of events observed in the signal regions used in the analysis compared with background

expectations obtained from the fits described in the text. When a dash is shown, the entry is less than 0.01.

Combined uncertainties on the predicted background event yields are quoted as symmetric except where

the negative uncertainty reaches down to zero predicted events, in which case the negative uncertainty

is truncated. The p-values (p0) for the background-only hypothesis are truncated at 0.5 and are also

interpreted in terms of the equivalent Gaussian significance (Z). Also shown are 95% CL upper limits on

the visible cross-section (〈εσ〉95obs), the observed number of signal events (S95
obs ) and the number of signal

events (S95
exp) given the expected number (and ±1σ excursions on the expectation) of background events.

Limits are evaluated using MC pseudo-experiments as well as asymptotic formulae.
Signal Region 2jl 2jm 2jt 2jW 3j

MC expected events
Diboson 879 72 13 0.41 0.36
Z/γ∗+jets 6709 552 103 1.2 5.5
W+jets 5472 303 59 0.82 3.1
tt̄(+EW) + single top 1807 54 9 0.14 0.85

Fitted background events
Diboson 900 ± 400 70 ± 40 13 ± 6 0.41 ± 0.21 0.36 ± 0.18
Z/γ∗+jets 5900 ± 900 430 ± 40 65 ± 8 0.39+0.41

−0.39 1.7 ± 1.0
W+jets 4500 ± 600 216 ± 26 40 ± 6 0.98 ± 1.0 2.5 ± 0.9
tt̄(+EW) + single top 1620 ± 320 47 ± 8 6.5 ± 2.2 0.44+0.84

−0.44 0.42+0.51
−0.42

Multi-jets 115+140
−115 0.41+1.37

−0.41 0.14+0.44
−0.14 0.03+0.03

−0.03 0.03+0.06
−0.03

Total bkg 13000 ± 1000 760 ± 50 125 ± 10 2.3 ± 1.4 5.0 ± 1.2
Observed 12315 715 133 0 7
〈εσ〉95obs [fb] 60 4.3 1.9 0.09 0.40
〈εσ〉95obs [fb] (asymptotic) 62 3.98 1.8 0.12 0.40
S95
obs 1223 86 38 1.8 8.2

S95
obs (asymptotic) 1259 81 37 2.5 8.1

S95
exp 1676+580

−498 108+43
−27 32+11

−10 4.2+1.8
−1.1 6.4+2.9

−1.3

S95
exp (asymptotic) 1586+560

−420 105+39
−29 31+12

−8 4.1+2.4
−1.4 6.3+3.2

−2.0

p0 (Z) 0.50 (0.0) 0.49 (0.0) 0.29 (0.5) 0.50 (0.0) 0.24 (0.7)

Signal Region 4jl- 4jl 4jm 4jt 4jW

MC expected events
Diboson 175 70 7.2 0.34 2.1
Z/γ∗+jets 885 333 30 2.9 10.6
W+jets 832 284 16 1.2 6.1
tt̄(+EW) + single top 764 167 4.0 0.62 3.1

Fitted background events
Diboson 180 ± 90 70 ± 34 7 ± 4 0.34 ± 0.17 2.1 ± 1.0
Z/γ∗+jets 660 ± 60 238 ± 28 16 ± 4 0.65+0.78

−0.65 5.9 ± 2.1
W+jets 560 ± 80 151 ± 28 10 ± 4 0.9 ± 0.4 2.7 ± 1.6
tt̄(+EW) + single top 730 ± 50 167 ± 18 3.8 ± 1.9 0.6 ± 0.6 3.2 ± 3.1
Multi-jets 1.7+3.9

−1.7 0.73+1.57
−0.73 – – –

Total bkg 2120 ± 110 630 ± 50 37 ± 6 2.5 ± 1.0 14 ± 4
Observed 2169 608 24 0 16
〈εσ〉95obs [fb] 13 4.5 0.52 0.15 0.68
〈εσ〉95obs [fb] (asymptotic) 13 4.3 0.45 0.12 0.63
S95
obs 273 91 10 3.1 14

S95
obs (asymptotic) 268 87 9.2 2.5 13

S95
exp 244+91

−66 103+34
−29 16+6

−4 4.0+1.8
−0.9 11+5

−3

S95
exp (asymptotic) 242+87

−65 97+35
−25 15+6

−4 4.0+2.4
−1.4 11+5

−3

p0 (Z) 0.35 (0.4) 0.50 (0.0) 0.50 (0.0) 0.50 (0.0) 0.34 (0.4)

Signal Region 5j 6jl 6jm 6jt 6jt+

MC expected events
Diboson 16 8.6 3.8 1.6 0.21
Z/γ∗+jets 51 18 7.2 1.8 2.1
W+jets 54 26 12 2.1 3.4
tt̄(+EW) + single top 52 80 19 2.2 3.4

Fitted background events
Diboson 16 ± 8 9 ± 4 3.9 ± 1.9 1.6 ± 0.8 0.2 ± 0.1
Z/γ∗+jets 31 ± 8 9.7 ± 3.5 3.4 ± 2.1 0.55+0.56

−0.55 0.57+0.79
−0.57

W+jets 28 ± 8 15 ± 7 9 ± 5 1.2 ± 0.9 0.25+1.23
−0.25

tt̄(+EW) + single top 51 ± 9 76 ± 7 16 ± 4 1.8 ± 0.6 3.7 ± 1.7
Multi-jets 0.99+2.64

−0.99 1.7+2.9
−1.7 0.44+0.84

−0.44 0.01+0.03
−0.01 0.25+0.39

−0.25

Total bkg 126 ± 13 111 ± 11 33 ± 6 5.2 ± 1.4 4.9 ± 1.6
Observed 121 121 39 5 6
〈εσ〉95obs [fb] 1.7 1.9 1.2 0.32 0.39
〈εσ〉95obs [fb] (asymptotic) 1.6 1.8 1.1 0.30 0.36
S95
obs 35 39 25 6.6 7.9

S95
obs (asymptotic) 32 37 22 6.1 7.3

S95
exp 37+13

−10 31+12
−6 20+6

−4 6.2+2.6
−1.3 6.6+2.6

−1.6

S95
exp (asymptotic) 35+13

−10 30+12
−8 18+7

−5 6.3+3.1
−2.0 6.4+3.2

−2.0

p0 (Z) 0.50 (0.0) 0.27 (0.6) 0.25 (0.7) 0.50 (0.0) 0.36 (0.4)
– 21 –

MC prediction of background 

Actual background prediction 
(using CR observations) 

Observed event counts 
Limit on signal rates: for average signal 
rate larger than this, the probability of 
having as few (or fewer) events as 
observed is < 5% 

Compatibility with Standard Model 
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Limits on SUSY models 
Given a negative result, the theory parameter space incompatible with the 
observation is derived.  
Problem: SUSY has O(100) free parameters (at least) but we can made only 2D 
plots and simulate pp-collisions for a few thousands of different signal hypothesis 
at best. 
Solution: for each production process and decay chain produce a 2D limit plot.   

Limit on squark and neutralino 
mass, assuming all squark are  
degenerate in mass and the  
branching ratio of the decay  
in the diagram is 100% 

2 Squark and Gluino Production

(a) sqsq-qqN1N1.tex (b) gogo-qqqqN1N1.tex

(c) sqsq-qqWWN1N1.tex (d) gogo-qqqqWWN1N1.tex

(e) sqsq-qqZZN1N1.tex (f) sqsq-qqZZN1N1-hh.tex

Figure 3:

3



Status of squark and gluino limits 

n  Depending on the mass of the lightest SUSY particle and on the 
decay chain, lower limits of 400-900 GeV (600-1400 GeV) are placed 
on the masses of squarks of the first two generations (gluinos).  

n  A single squark eigenstate (say cL) might be lighter 

n  But is this a problem for the Supersymmetric theory ? 

2 Squark and Gluino Production

(a) sqsq-qqN1N1.tex (b) gogo-qqqqN1N1.tex

(c) sqsq-qqWWN1N1.tex (d) gogo-qqqqWWN1N1.tex

(e) sqsq-qqZZN1N1.tex (f) sqsq-qqZZN1N1-hh.tex

Figure 3:

3
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Why should SUSY particles be 
light ? 
n  The “right” amount of Dark Matter is 

obtained for a weakly interacting particle 
with (roughly) 100-1000 GeV of mass  

n  A good convergence of the coupling 
constants is obtained inserting SUSY 
particles at the (roughly)100-1000 GeV 
energy scale 

n  The Higgs mass is natural only if SUSY 
particles have a mass of the same order 
of magnitude of the Higgs mass 

The latter argument is more powerful, 
because it also tells us which SUSY particles 
should be light (if we want to have a natural 
125 GeV Higgs) 
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The%WIMP%Miracle*

SUSY*&*Exo1cs* 28*HASCO*2012*

Recommend*“Collider%Physics%and%Cosmology”%J.L.*Feng*hVp://arxiv.org/abs/0801.1334*

Best*candidate*for*Dark*MaVer*is*a*Weakly%Interac;ng%Massive%Par;cle*(WIMP)*in*the*mass**
range*100^1000*GeV*(must*be*electrically*neutral).**

This*naturally*yields*the*observed*current*amount*of*dark*maVer.*

Using*dimensional#analysis*one*can*
show*that:*

1*or*v2*depending*on*the*angular*
momentum*in**

α1*is*the*coupling%constant*associated*to*
the*weak*interac1on*in*the*SM.*

k =*is*just*a*measure%of%devia;on*from**
this*simplis1c*dimensional*analysis.*

€ 

χχ→ ff 

€ 

mχFor*a*given*value*of***********vary*k*in*0.5*^*2*

The%Standard%Model%does%not%contain%a%WIMP%F>%predicts%a%new%par;cle%below%1%TeV!%

Higgs%Boson%SelfFEnergy%and%TopFQuark%Loops*

The*biggest*contributor*to*the*loop*correc1ons*to*the*Higgs*
mass*is*the%top%quark%due%to%its%high%mass%(hence*its*large*
coupling*to*Higgs)*

If*we*invent*the*superpartner%of%the%top%quark,*the*scalar%
top%quark*or*“stop”(same*quantum*numbers*as*top*but*spin*0)*

We*are*le{*with*the*top*/*stop*correc1on*to*the*Higgs*mass:*

Ideally*one*would*have**
in*the*same*way*that*the*positron*has*the*same*mass*as*the*electron.*
Can*be*overcome*if*the*two*masses*not*too*different,*will*come*back*to*that*later.**

SUSY*&*Exo1cs* 42*HASCO*2012*

fermion#loop#

scalar#loop#

distance at which SM has"
problems:"

rH ~ 10-17cm ~ 1 TeV!

€ 

m ˜ t = mt

Higgs%Boson%SelfFEnergy%and%TopFQuark%Loops*

The*biggest*contributor*to*the*loop*correc1ons*to*the*Higgs*
mass*is*the%top%quark%due%to%its%high%mass%(hence*its*large*
coupling*to*Higgs)*

If*we*invent*the*superpartner%of%the%top%quark,*the*scalar%
top%quark*or*“stop”(same*quantum*numbers*as*top*but*spin*0)*

We*are*le{*with*the*top*/*stop*correc1on*to*the*Higgs*mass:*

Ideally*one*would*have**
in*the*same*way*that*the*positron*has*the*same*mass*as*the*electron.*
Can*be*overcome*if*the*two*masses*not*too*different,*will*come*back*to*that*later.**

SUSY*&*Exo1cs* 42*HASCO*2012*

fermion#loop#

scalar#loop#

distance at which SM has"
problems:"

rH ~ 10-17cm ~ 1 TeV!

€ 

m ˜ t = mt

What%does%SUSY%do%to%solve%ques;ons%beyond%the%SM?*

• *Solves*the*hierarchy*problem*

• *Convergence*of*the*coupling*constants*

• *Can*provide*more*CP*viola1on*

• *Plausible*Dark*MaVer*candidate*in**
*models*with*R^parity*conserva1on*

SUSY*&*Exo1cs* 82*HASCO*2012*

The*“Best”*candidate*for*dark*maVer*is*the*lightest*neutralino:**

€ 

˜ N 1  ( ˜ χ 1
0)
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A Natural Spec)um
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The Higgs mass in SUSY  
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L’accoppiamento dell’Higgs ai fermioni 
è proporzionale alla loro massa => i  
vincoli di naturalezza sulla massa del 
top scalari sono molto più stringenti di 
quelli sulla massa degli squark delle 
prime generazioni 
 
Le particelle che devono essere 
leggere sono in effetti 
#  higgsini (livello albero) 

#  µ = massa degli higgsini 
#  Top e bottom scalari (a 1-loop) 

#  Q3 = termine di massa comune per I 
partner di top e bottom left-handed 

#  U3 = termine di massa dei partner di 
top e bottom right-handed 

#  At = termine di mixing right-left  
#  Gluino (a 2-loop) 

#  M3 = massa del gluino 

NATURAL SUSY

To target the natural SUSY scenario (light stops & 
sbottoms, heavier 1st/2nd generation), work with 
simplified spectra.

Bosons and fermions come in pairs of equal 
masses and quantum numbers, with related 
interactions

Must be broken in our world: no two 
particles we know are superpartners of each 
other!

Hierarchy problem:

SUSY stabilizes the weak 
scale, if superpartners are 
nearby!

P. Meade & MR, ’06

Focus on the hierarchy problem:
which particles do we need?

The scalar top quark cancels the biggest divergence.

SUSY e la naturalezza  

3rd generation and naturalness 
2 

So far SUSY search strategy has been driven by the 
need to optimise the chances of discovery from the 
very first analyses, significantly pushing limits on the 
first two generation squarks. 

!  However the naturalness of the theory can be 
achieved even with the first two generations 
squarks with masses around the TeV scale. 

The Higgs boson mass is regularized by the scalar 
top mass and is still possible to have a natural SUSY 
with a relatively light stop. 
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Additional gluino decays: theory guidance
SUSY spectrum required by naturalness 

Decays of gluinos involving 3rd generation squarks not addressed by

generic searches: dedicated searches in final states with b-jets

R. Barbieri

Naturalness requires the following particles to 
be light: 
!  Higgsinos (µ�mZ at tree level) 

!  Stop up to 600 GeV  
(1-loop radiative corrections) 

!  Gluinos up to 1.5 TeV  
(2-loop radiative corrections) 

FOCUS OF  
THE TALK 

§  The tree level Higgs (and Higgsinos) mass 
should be O(100 GeV) in a natural 
theory.   

§  The stop mass terms dominates the 1-
loop corrections, because it’s the stop 
which cancels the top quark loop, the 
biggest SM contribution to the Higgs 
mass  

§  There is a gluino correction at 2-loop (M3 
is the gluino mass term) 

§  The scalar top, the lightest 
neutralino, and the lightest chargino 
should be well below 1 TeV mass. 

§  Other particles might be light or 
heavy.  



Searches for natural SUSY 
Given the natural mass 
spectrum, priority searches 
are 
 
n  Gluino pairs decaying 

into third generation 
squarks 

 
 
 
§   Direct production of 

scalar top and bottom 
quarks 

n  Direct production of 
neutralinos and charginos 

 

g g→ tttt → tt χ 0tt χ 0

Motivation and Performed Searches Sbottom Searches Stop Searches Conclusions

Natural SUSY

I R-parity Conserving Models

I The Lightest Supersymmetric
Particle (LSP) is the lightest
neutralino: c̃0

1

I Naturalness considerations
I Low fine tuning

(hierarchy problem)
I Light higgsino sector
I Not too heavy gluinos

(mg̃ <1.5-2 TeV)
- see Mirjam’s presentation

I Light partners of 3

rd generation
Standard Model quarks

I Target: Stop and Sbottom direct
production

10
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arXiv:1110.6926 [hep-ph]
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Gluino to top stop 
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Gluino-mediated 
stop production 

Direct sbottom 
production 

3rd Generation SUSY 

2 

 Natural Supersymmetry 
 Higgs regularised by stop mass 

 Light sbottoms, stops, gluinos 

 Dedicated Searches in ATLAS 
 Gluino-mediated stop/sbottom 

 3 b-jets with 8 TeV, 13 fb-1  
 3 leptons with 8 TeV, 13 fb-1  

 Direct sbottom pair production 
 3 leptons with 8 TeV, 13 fb-1  

 Direct stop pair production 
 Summary of 7 TeV results 

HCP 13/11/2012 Tom Barber, 3rd Generation SUSY Searches with ATLAS 
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Gluino excluded up to 1000-1400 GeV 
depending on the neutralino mass 

 [GeV]g~m
600 700 800 900 1000 1100 1200 1300 1400 1500 1600

 [G
eV

]
10 χ∼

m
200

400

600

800

1000

 fo
rbi

dd
en

1
0
χ∼t t

→g~

 = 8 TeVs), g~) >> m(q~, m(
1
0
χ∼t t→g~ production, g~g~ ICHEP 2014

ATLAS
Preliminary

Expected
Observed
Expected
Observed
Observed
Expected

 10 jets≥0-lepton, 7 - 

 3 b-jets≥0-1 lepton, 

 3 b-jets≥2SS/3 leptons, 0 - 

arXiv: 1308.1841

arXiv: 1407.0600

arXiv: 1404.2500

]-1 = 20.3 fb
int

[L

]-1 = 20.1 fb
int

[L

]-1 = 20.3 fb
int

[L

 not included.theory
SUSYσ95% CL limits. 

Here each curve is a different search (final state),  
everything on the left of *any* curve is excluded 



Stop quark pair production 
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3.3 SUSY stop to top + LSP model202

MC signal process IDs range from 118494 to118501, and 127770 to 127852.203

SUSY signal samples are generated with HERWIG++ [26], and simulated using AF2. Signal cross204

sections are calculated including the next-to-leading order supersymmetric QCD corrections and the205

resummation of soft gluon emission at next-to-leading-logarithmic accuracy (NLO+NLL) [27–29]. The206

t̃1 is chosen to be mostly the partner of the right-handed top quark, and the χ̃
0
1 to be almost a pure bino. All207

sparticle mixing matrices (stop, neutralinos, etc.) are the same that were used for the 2011 data analysis.208

The t̃1 t̃1 cross section is (5.6 ± 0.8) pb for mt̃1 = 250 GeV, and (0.025 ± 0.004) pb for mt̃1 = 600 GeV.209

Cross sections and uncertainties are shown in Fig. 3.210
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Figure 3: SUSY signal model production cross section (left), and its combined theoretical uncertainty
(right plot) due to PDF, factorisation and renormalisation scales.

3.4 SUSY stop to b + chargino model211

MC signal process IDs range from 166418 to 166500. These SUSY signal samples are generated with212

Madgraph and Pythia for the showering. AF2 is employed for detector simulation. Since the cross213

sections depend only on the stop mass, and not on the details of the decay, the same cross sections as for214

the top + LSP model are employed. In this grid the stop and LSP masses are varied, while the chargino215

mass is fixed to two times the mass of the LSP,mχ̃±1 = 2×mχ̃01 . This corresponds to the blue shaded areas216

in the ATLAS combined stop limit plot from the 2011 searches, c.f. Fig. 2. The events are generated with217

a ≥ 1 truth-lepton filter. The corresponding filter efficiencies are shown in Fig. 4. The filter efficiency is218

multiplied to the cross section to obtain an effective cross section.219

Another similar bottom chargino grid with mχ̃±1 = 150GeV — process IDs range from 172745 to220

172769 — might be considered for setting limits (without re-optimizing the selections) if time allows.221

This is the 2012 extension of the mχ̃±1 = 106GeV grid, shown in green in the combined 2011 stop limit222

plot, see Fig. 2.223
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Decays if charginos are heavier than the stop 

At low mass the cross section is relatively large – but it’s more difficult to tell the 
signal from the background 
Decays depend on the masses of other SUSY particles. They often give one b-jet,  
one W boson, and an invisible particle in the final state, the same detectable  
particles as in the top quark decay: 
t → tχ 0 →Wbχ 0

t →Wbχ 0

t → bχ ± → bW χ 0
(direct 3-body) 



Scalar top limits  

Coloured areas are excluded 
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Direct stop pair production 

Large spectrum of possible stop decays. Effort so far concentrated on simplified models with 
100% BRs to chosen final state. Studies of handedness dependence performed. 
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Ø  The plot refer to the case of 
the stop decaying directly to 
the lightest neutralino. 

★ 

What’s happening here ? 

§  The stop decays to top N1.  
§  mstop-mtop-mN1 is ≈ 0,  
hence top and N1 are at rest  
in the stop reference frame 
§  The final state is ttbar plus  
two very low-pt invisible 
particle, so it’s basically like 
SM ttbar production (with 10 
times less cross section) 
  



Direct pair production of gauginos 
n  The production cross section is quite small, as it doesn’t occur via 

strong interaction  
n  Similar Standard Model processes: WW, WZ, ZZ, WH, ZH production 

(only the first three have been observed so far) 
n  If the charginos and neutralinos decay hadronically, the (strong 

interaction produced) background is just too large 
n  If there are leptons in the decay, the dominant backgrounds are 

vector boson production and this can be handled. 

n  Let’s focus on just the example of N2C1 production  
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Ñj

u

d

ũL
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Figure 10.1: Feynman diagrams for electroweak production of sparticles at hadron colliders from quark-
antiquark annihilation. The charginos and neutralinos in the t-channel diagrams only couple because
of their gaugino content, for massless initial-state quarks, and so are drawn as wavy lines superimposed
on solid.
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N2C1 final states 
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(a) C1C1-llvvN1N1-WW.tex

Figure 10:

(a) C1N2-lllvN1N1-slsl.tex (b) C1N2-lllvN1N1-slsnu.tex

(c) C1N2-tautautauvN1N1-staustau.tex (d) C1N2-tautautauvN1N1-stausnu.tex

Figure 11:
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(a) C1N2-lvbbN1N1-Wh.tex (b) C1N2-llqqN1N1-WZ.tex

(c) C1N2-lllvN1N1-WZ.tex (d) N2N3-llllN1N1-slsl.tex

Figure 13:
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(a) C1N2-lvbbN1N1-Wh.tex (b) C1N2-llqqN1N1-WZ.tex

(c) C1N2-lllvN1N1-WZ.tex (d) N2N3-llllN1N1-slsl.tex

Figure 13:
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§  This is the same coupling of W,Z to fermions 
§  If it can, the gauginos will decay to sfermion fermion. In 

practice only sleptons can be lighter than gauginos 
because of squark direct production limits. 

§  This is the easy case – three leptons in 100% of the events 
Signature : three leptons, missing energy, no jets 

§  If m(N2)-m(N1) > m(h), and depending on the neutralino 
mixing, the Higgs decay might be dominant.  

§  Similar to (still unobserved) WH production, with comparable  
cross section at best, and with two extra undetected particles  

Easy 

Hard 

Harder 

Ø  If sleptons are heavy, things get more difficult.  
Ø  Only 3.3% of the events have three leptons because BR(Z èl

+l-) = 3 x 3.3%  BR(W èl+ν) =1/3 
Signature : three leptons, missing energy, no jets 
  



Direct gaugino limits 
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§  Charginos cannot be lighter  
than 100 GeV, they would have  
been seen at LEP 
 
§  Red curve: intermediate  
sleptons 
§  Green curve: decays to WZ 
§  Orange: decays to WH 
 
No limits if sleptons heavy and  
ΔM(C1,N1) < 30 GeV 



R-parity violating SUSY 
n  No Dark Matter candidate  
n  The LSP is not stable : less missing momentum, higher particle 

multiplicity in the final state  
n  Several possible R-parity violating terms in the Lagrangian, 

giving many different experimental signatures: 
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R-Parity Violating (RPV) SUSY

R-Parity Violating (RPV) SUSY Searches

• Many SUSY models assume R-parity conservation to forbid lepton-
and baryon-number violating decays.

• For example, models with a stable neutralino (�̃0) as the Lightest
Supersymmetric Particle (LSP) are common (dark matter candidate).

• This parity is defined as: P
R

= (�1)3(B�L)+2S , where S, B and L
correspond to the spin, baryon and lepton numbers of the particle.

• Nevertheless, there is no experimental evidence forbidding a
RPV super-potential:
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Baryon Violating

• Stability of proton forbids simultaneous lepton and baryon number
violation.

• We conduct RPV searches on both multi-leptonic and multi-jet final
states.

Andres Florez (York U) LHCP - Barcelona May 17, 2013 3 / 16

fedor.ratnikov@cern.ch Search for RPV Violating Supersymmetry LHCP’13

◊ SUSY classic assumes exact R-parity symmetry
◊ stable LSP
◊ dark matter candidate
◊ experimental MET signatures
◊ ...

◊ However SUSY Lagrangian allows R-parity violating (RPV) 
terms

◊ breaks lepton number, or baryon number 
◊ Implications
◊ resonant production of SUSY particles
◊ unstable SUSY LSP
◊ assume λ is big enough: cτ << 1mm
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High lepton multiplicity,  
from LSP decays like: 

§  Additional leptons and  
jets from LSP decay  
§  Single production of 

sleptons? 

§  Multi-jet 
resonances  

§  Many jets but 
with little ETMiss 



Size of R-parity violating couplings 
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time scales

- boundaries not exact, give or take O(10)

6

λ λ’ λ”10-20

LSP 
dark 
matter

bad 
for

BBN

10-12

“Normal SUSY” 
signal. 
Or,

charged LSP

10-8

cτ>10 m

10-5

displaced

cτ > 10-5 m
single production

10-2

indirect constraints

“usual” SUSY pair production 
+ decay chain

+ LSP RPV decay

Monday, April 15, 13

Displaced vertices,  
i.e. reconstruction of  
LSP decays within the  
detector  

Prompt LSP decays,  
multi-lepton, multi-
jets, inv. mass peaks 

Resonance from,  
single production 



Outlook 
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§  LHC Run 1 analysis are being completed  
§  LHC is set to resume operations in april 2015 at 13 TeV collision energy 
§  Luminosity will also be increased, with ~300 fb-1 foreseen by 2021  
§  Proposal to further increase luminosity and collect 3000 fb-1 afterwards  

10,000 events in  
20 fb-1 at 7 TeV 

10,000 events in  
300 fb-1 at 14 TeV 

Electroweak production benefits from  
increased luminosity (and energy) 

200 è 550 GeV 

Introduction

Description of the analysis:

large Emiss

T

large p
T

(jets)

lepton veto

Ongoing work:

8TeV paper submitted to
JHEP: http:
//arxiv.org/abs/1405.7875

14TeV preparation in progress

face-to-face meeting:

https://indico.cern.ch/

event/315501/

High-mass strong production will have
the highest potential for an early
discovery.

Tomas Javurek (UNI Freiburg) 0-lepton 2-6jet 17

th
July 2014 2 / 14

Ø  Strong production of heavy particles  
benefit of the largest cross section 
increases : might produce 100 times 
more gluinos in 2015 than in 2012 
Ø  Of course backgrounds increase too, 

but less than that 



Outlook: strong production 
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Outlook: electroweak production 
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§  Possibility to discover heavy EWK-inos decaying in the lightest one up to 6-800 
GeV 

§  Uncovered: mass difference between EWK-inos smaller than 30 GeV (µ small, M1 
and M2 > 800 GeV), or only the LSP (M1 small, µ and M2 > 800 GeV) 
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Conclusions 
q  I hope I gave you the feeling that searches for new particles at 

colliders are interesting…  
q  Supersymmetry has been considered for some decades one of 

the most promising extensions of the Standard Model (which 
we know must be extended) 

q  The negative results from the first three years of LHC data put 
new strong constraints on the supersimmetric particle masses 

q  Obviously what we would like is to find some signal… looking 
forward for the 14 TeV collision data and hoping for the best 


