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๏ Lecture 1: Setting up A Search At The LHC 

๏ Searching for SUSY in practice: strategy, trigger, reconstruction 

๏ Designing a search: Simplified Models 

๏ Building a search: signal region, control regions, statistics 
tools

The Plan
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๏ Lecture 2: R -Parity 
Conserving SuSY 

๏ DM direct production 

๏ DM cascade production 

๏ Lecture 3: Beyond MET-Based searches 

๏ RPV SUSY 

๏ Displaced particles 

๏



๏ I don’t intend to give 
you the status-of-the-
art picture of 
searches @LHC 

๏ what is excluded in 
which final state up 
to which mass 

๏ You have a full 
conference coming soon 
for that, hopefully 
with new results 

What These Lectures Are Not
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๏ I would like to give you an idea 
of how a search is built 

๏ I will use SUSY for practical 
reasons, but I will touch other 
searches too 

๏ What I will say applies in 
general, not just to SUSY 
searches 

๏ For experimentalists, it might 
be useful to design the strategy 
towards your next discovery 

๏ For theorists, it might be 
useful to understand 
experimental results (i.e., 
where the assumptions come in, 
to which level results 
generalise, etc)

What These Lectures Are    
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๏ The slides are CMS-
biased, for obvious 
practical reasons  

๏ I am in CMS, I know CMS 
more, and it costs me 
less time to prepare 
lectures this way 

๏ The large part of what I 
will say applies also to 
ATLAS 

๏ If not, I will make it 
clear to you

Warning
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The Big Picture
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Eight Years of Searches…
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๏ Extensively searched in all 
possible directions 

๏ Done more than expected, 
with new ideas and original 
approaches to data taking 

๏ Our new-physics target 
evolved towards more 
complicated scenarios 

๏ EXAMPLE: the SUSY we 
search for today is very 
different than what is in 
the ATLAS/CMS TDRs



๏ We started looking for mSugra-inspired 
models. Thanks to large gluino and 
squark cross sections, exclusions 
became soon very strong 

๏ We then moved to Natural-SUSY 
scenarios, with focus on t and b 
squarks 

๏  We moved to simplified models as a 
generalization of search strategies 
(with 100% BR assumptions) 

๏ We recently generalized simplified 
models to BR-independent results 

๏ And we extended model interpretation 
to large-dimensional scans (pMSSM)
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SusY: a moving target
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SusY: a moving target
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Signature

CHECK LI ST For 
My Susy Analysis



๏ LHC is a proton 
collider 

๏ whatever you want to 
produce needs to 
couple to quarks 

๏ This is basically true 
for any MSSM particle 

๏ Different production 
mechanisms contribute 
to determine the 
production cross 
section

Signal: Choose Your Target

 15



๏ These mechanisms 
translate into a 
hierarchy of 
production cross 
sections 

๏ colored particles 
have larger cross 
sections 

๏ gluinos more than 
quarks, because of 
color enhancement 

๏ ewkinos have the 
smallest cross 
sections (but with a 
lot of data we are 
getting there)

Production cross Section
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๏ Making SUSY particles is 
only part of the problem 

๏ The next is the decay 
mode, starting with 
designing a trigger 

๏ ewkinos decay to leptons 
(via W/Z/H) or high-pT 
γ, which are rare in 
typical LHC collisions 

๏ squarks and gluons make 
jets, to which there is 
a large background 

๏ Among the squarks, stop 
and sbottom are better 
to handle, because they 
come with b-jets and 
sometimes with W bosons

Final States
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Production vs Decay
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The LHC Data Flow
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๏ Too many data, too large data -> need to filter online 

๏ Selection done in two stages of reconstruction 

๏ Accuracy increases with rate reduction and consequent latency increase 

๏ Three main domains 

๏ Online selection (trigger) 

๏ Offline central reconstruction 

๏ Offline selection + data analysis

High-Level  

Trigger

L1 

trig
ger

1 KHz  
1 MB/evt

40 MHz

100 KHz 
1 MB/evt

Offline 
Reco

Analysis

1 KHz  
30 Kb/evt



The L1 Trigger

Data Flow
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High-Level  

Trigger

L1 

trig
ger

1 KHz  
1 MB/evt

40 MHz

100 KHz 
1 MB/evt

Offline 
Reco

Analysis

1 KHz  
30 Kb/evt

๏ 40 MHz in / 100 KHz out 

๏ ~ 500 KB / event 

๏ Processing time: ~10 μs 

๏ Based on coarse local reconstructions 

๏ Not all detectors available (e.g., no tracking in Run I/II) 

๏ FPGAs / Hardware implemented



The HLT Trigger

Data Flow
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High-Level  

Trigger

L1 

trig
ger

1 KHz  
1 MB/evt

40 MHz

100 KHz 
1 MB/evt

Offline 
Reco

Analysis

1 KHz  
30 Kb/evt

๏ 100 KHz in / 1 KHz out 

๏ ~ 500 KB / event 

๏ Processing time: ~30 ms 

๏ Based on simplified global reconstructions 

๏ Software implemented on CPUs



Central offline Reconstruction

Data Flow
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High-Level  

Trigger

L1 

trig
ger

1 KHz  
1 MB/evt

40 MHz

100 KHz 
1 MB/evt

Offline 
Reco

Analysis

1 KHz  
30 Kb/evt

๏ 1 KHz in / 1.2 KHz out 

๏ ~ 1 MB  reduced to 300/30/3 KB per event (AOD, miniAOD, nanoAOD) 

๏ Processing time: tens of seconds to one minute 

๏ Based on accurate global reconstructions 

๏ Software implemented on CPUs



offline Analysis

Data Flow
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High-Level  

Trigger

L1 

trig
ger

1 KHz  
1 MB/evt

40 MHz

100 KHz 
1 MB/evt

Offline 
Reco

Analysis

1 KHz  
30 Kb/evt

๏ This is you with your laptop, an ssh connection, a grid 
certificate and/or  some local computer far 

๏ At this stage, anything is possible, with all the time you 
want (< postdoc contract/PhD duration) 

๏ But you need to be sure that your interesting data made it up 
to here



Speed vs Accuracy
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Speed

High-Level  

Trigger

L1 

trig
ger

Offline 
Reco

Analysis

A
c

c
u

ra
c

y

A compromise between 
latency and accuracy, 
which translates into a 
compromise between 
purity and efficiency



๏ For offline analysis, the online 
selection is some efficiency 
response function (aka turn-on 
curve) 

๏ Usually, analyses work in the 
regime where this function is flat 

๏ Offline reco = online reco ! sharp 
function: whatever you save is 
what you use 

๏ Offline reco ≠online reco ! slow 
raising function: many events are 
written for nothing (i.e., 
resources wasted)

The Cost of Triggering
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๏ Whenever you don’t have rare handles to trigger on (isolated 
& high-pT leptons or photons, large lepton multiplicity, a 
lot of missing ET) 

๏ When all you have is jets 

๏ When your signature consists of moderate-pT objects 

๏ When your signature consists of track-related features 
(displacement, stopping tracks, large dE/dx, etc) 

๏ Trigger doesn’t make things impossible. But can make things 
very inefficient  

๏ in which case, you have to wait for A LOT of data to probe 
certain scenarios

When The Trigger is A Problem
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The way out: Scouting

 28

High-Level  

Trigger farm

full event

L1 trig
ger

Scouting

1 KHz  
1 MB/evt

1/100 the 
events size 

x6 more events 

40 MHz

100 KHz

Real-time new physics search with large 
datasets 

๏ Run reconstruction in the trigger farm 

๏ Avoid resource limitations: write less information 

    (a few floats) for more events  

๏ Probes unexplored territory, previously left 
behind  

Problem: practical only for specific topologies 

No application to SUSY (yet)



Life Will Be Easier
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๏ Major trigger upgrades are on 
the way 

๏ ATLAS introduced tracking 
capabilities at “L1.5” 

๏ Both experiments planning for 
tracking at 40 MHz for HL-LHC 

๏ Both experiments extending 
scouting usage  

๏ In RUN III, LHCb & ALICE 
moving to a real-time 
reconstruction system that 
will replace the HLT (i.e., 
scouting as a default)
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What Do We See in The Detectors
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๏ Detectors are designed so 
that most of the particle 
is detected by at least 
one detector 

๏ For jets, you care about 
the collective objects and 
not the individual 
constituents 

๏ you can use the energy 
deposits in calorimeters 
(standard reco) 

๏ you can first 
reconstruct the 
individual particles and 
then cluster them 
(particle flow)



๏ Neutrinos other neutral 
stable particles (dark 
matter etc) don’t 
interact in the 
detector 

๏ Their collective 
presence can be 
detected measuring the 
missing transverse 
energy

Detecting invisibles
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Emiss
T = | − Σi ⃗p i

t |



๏ Two protons with same energy 
collide 

๏ Actually, the collision is 
between quarks/gluons in the 
proton. They carry different 
fractions of the proton momentum 

๏ As a result, there is a momentum 
imbalance ~ along the beam axes, 
but not in the transverse plane 

๏ Transverse momenta should then 
balance. If some particle 
escaped undetected, the balance 
will be broken

Missing Transverse Energy
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๏ Today’s BSM search today expanded in 
many new directions 

๏ Better identification of complex 
objects (e.g., tau leptons, b-jets) 

๏ New Standard Model candles (e.g., 
the Higgs boson) 

๏ New reconstruction strategies 
(e.g., boosted jets) 

๏ Better understanding of the 
detector  ! better sensitivity to 
soft particles 

๏ More and more exotic signatures: 
displaced vertices, disappearing 
tracks, heavy stable charged 
particles, etc

New Search tools
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5.1 The b jet identification 23

In this figure, the tagging efficiency is integrated over the pT and h distributions of the jets
in the tt sample. The tagging efficiency is also shown for the Run 1 version of the CSV algo-
rithm. It should be noted that the CSV algorithm was trained on simulated multijet events at
centre-of-mass energy of 7 TeV using anti-kT jets clustered with a distance parameter R = 0.5.
Therefore, the comparison is not completely fair. The performance improvement expected from
a retraining is typically of the order of 1%. The absolute improvement in the b jet identification
efficiency for the CSVv2 (AVR) algorithm with respect to the CSV algorithm is of the order of
2–4% when the comparison is made at the same misidentification probability value for light-
flavour jets. An additional improvement of the order of 1–2% is seen when using IVF vertices
instead of AVR vertices in the CSVv2 algorithm. The cMVAv2 tagger performs around 3–4%
better than the CSVv2 algorithm for the same misidentification probability for light-flavour
jets. The DeepCSV P(b) + P(bb) tagger outperforms all the other b jet identification algo-
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Figure 16: Misidentification probability for c and light-flavour jets versus b jet identification
efficiency for various b tagging algorithms applied to jets in tt events.

rithms, when discriminating against c jets or light-flavour jets, except for b jet identification
efficiencies above 70% where the cMVAv2 tagger performs better when discriminating against
light-flavour jets. The absolute b identification efficiency improves by about 4% with respect to
the CSVv2 algorithm for a misidentification probability for light-flavour jets of 1%. Three stan-
dard working points are defined for each b tagging algorithm using jets with pT > 30 GeV in
simulated multijet events with 80 < p̂T < 120 GeV. The average jet pT in this sample of events
is about 75 GeV. These working points, “loose” (L), “medium” (M), and “tight” (T), correspond
to thresholds on the discriminator after which the misidentification probability is around 10%,
1%, and 0.1%, respectively, for light-flavour jets. The efficiency for correctly identifying b jets in
simulated tt events for each of the three working points of the various taggers is summarized
in Table 2.

The tagging efficiency depends on the jet pT, h, and the number of pileup interactions in the
event. This dependency is illustrated for the DeepCSV P(b) + P(bb) tagger in Fig. 17 using
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Figure 6: The observed 95% CL upper limits on the production cross section for higgsino-like
chargino-neutralino production are shown. The charginos and neutralinos undergo several
cascade decays producing either Higgs or Z bosons. We present limits in the scenario where the
branching fraction of the ec0

1 ! HeG decay is 100% (left) and the scenario where the branching
fraction of the ec0

1 ! HeG and ec0
1 ! ZeG decays are each 50% (right). The dotted and solid black

curves represent the expected and observed exclusion region, and the green and yellow bands
represent the ±1 and ±2 standard deviation regions, respectively. The red solid and dotted
lines show the theoretical production cross section and its uncertainty band.

for neutralinos decaying to a Higgs boson and a goldstino LSP (eG) with 100% branching frac-
tion. Finally, we exclude charginos with mass below 130 GeV for the case where the branching
fractions of the ec0

1 ! HeG and ec0
1 ! ZeG decays are 50% each.
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background fit (right). The red dot-dashed curve represents the fitted background prediction;
the green dashed curve represents the best-fit signal; and the blue solid curve represents the
sum of the best-fit signal and the background.
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Figure 4: The observed significance in units of standard deviations is plotted for each search
bin. The significance is computed using the profile likelihood, where the sign reflects whether
an excess (positive sign) or deficit (negative sign) is observed. The categories that the bins be-
long to are labeled at the bottom. The bins in the HighRes and LowRes categories are fitted
simultaneously and yield a single combined significance. The yellow and green bands repre-
sent the ±1 and ±2 standard deviation regions, respectively.

and the next-to-lightest neutralino ec0
2 are mass-degenerate and are produced together, with the

chargino decaying to a W boson and the LSP (ec0
1) and the ec0

2 decaying to a Higgs boson and the
LSP (ec0

1). The production cross sections are computed at NLO plus next-to-leading-log (NLL)
precision in a limit of mass-degenerate wino ec0

2 and ec±
1 , light bino ec0

1, and with all the other
sparticles assumed to be heavy and decoupled [48–50]. In the second scenario, we consider a
GMSB [7, 8] simplified model where Higgsino-like charginos and neutralinos are nearly mass-
degenerate and are produced in pairs through the following combinations: ec0

1 ec0
2, ec0

1 ec
±
1 , ec0

2 ec
±
1 ,
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CMS-SUS-16-045 

๏ Today’s BSM search today expanded in 
many new directions 

๏ Better identification of complex 
objects (e.g., tau leptons, b-jets) 

๏ New Standard Model candles (e.g., 
the Higgs boson) 

๏ New reconstruction strategies 
(e.g., boosted jets) 

๏ Better understanding of the 
detector  ! better sensitivity to 
soft particles 

๏ More and more exotic signatures: 
displaced vertices, disappearing 
tracks, heavy stable charged 
particles, etc

New Search tools
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๏ As long as you use standard objects 
(e.g., the kind of jets, leptons, etc 
used in SM, Higgs, Top analyses) you 
are ready to go 

๏ Complications may arise with soft or 
very-hard objects 

๏ Reconstruction more complicated when 
you look into exotic signatures 

๏ displaced jets/tracks/leptons 

๏ stopping tracks 

๏ … 

๏ The solution there is mainly case 
dependent, and we will talk about it 
in the last lecture

Reco in Summary
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5.2 The c jet identification 25

13 TeV, 2016
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Figure 17: Efficiencies and misidentification probabilities for the DeepCSV P(b) + P(bb) tagger
as a function of the jet pT (left), jet h (middle), and PU multiplicity, i.e. the number of inelastic
pp collisions in the event (right), for b (upper), c (middle), and light-flavour (lower) jets in tt
events. Each panel shows the efficiency for the three different working points with different
colours.
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Figure 17: Efficiencies and misidentification probabilities for the DeepCSV P(b) + P(bb) tagger
as a function of the jet pT (left), jet h (middle), and PU multiplicity, i.e. the number of inelastic
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๏ Based on your signature, you 
should have by now some final 
state in mind (e.g., jets + 
1leptons + missing ET) 

๏ MC simulation would tell you the 
list of background processes from 
the Standard model, among which 

๏ Z+jets with Z to neutrinos 

๏ W+jets with W!ℓν 

๏ QCD with one lepton from meson 
decays 

๏ QCD with one jet faking a 
lepton (not for muons) 

๏ tt with at least one W!ℓν

design your search
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๏ You need to have some physics 
motivated quantity that looks 
different for a signal and a 
background sample 

๏ Some kinematic quantity (see 
Lecture 2) 

๏ The presence of some special 
object (see Lecture 3) 

๏ Multiplicity of objects of some 
kind, e.g., leptons, b-jets, 
etc (see Lecture 3) 

๏ Based on these quantities, one 
can focus the search on a subset 
of the events for which a signal 
enhancement is expected

Analysis Selection
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๏ Together with the 
signal region, a 
set of control 
regions are 
designed, 
enriched of one 
kind of 
background 

๏ Backgrounds can 
be measured in 
these regions and 
scaled according 
to transfer 
factors, 
predicted with MC 
simulations 

Signal And Control RegionS 
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๏ With this MC-assisted data-driven background prediction, you are more 
robust vs unexpected issues 

๏ Still, keep in mind that our MC simulation is more reliable than this, 
when far from the tails (template fits are often used for SM 
measurements) 

๏ At this stage, your analysis translates into a multi-bin counting 
exercise, where the signal is searched as excess on prediction

Signal And Control RegionS 
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๏ The full setup of statistical 
procedure was setup at Higgs 
discovery time 

๏ (asymptotic) CLs emerged as 
the limit-setting procedure 

๏ one-sided p-values, converted 
to number of sigmas, are 
quoted for evidence of an 
excess 

๏ These procedures result in 
plots like these 

๏ In case their meaning is not 
clear, I will go through the 
procedure to get them

Statistical Tools
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Limit Setting
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๏Let’s say you are looking for the 
Higgs boson. You have two 
hypotheses: 

๏H0: no Higgs 

๏H1: Higgs somewhere 

๏Assume a mass value 

๏For each mass value, assume a 
cross section and construct the 
two distributions for some 
discriminating quantity Λ(*) under 
H0 and H1 

๏generate toy MC with σ=0 (H0) 

๏generate toy MC with σ=σ* (H1)
 48

Limit setting

(*) Neyman Pearson lemma says “use the ratio 
of the likelihood under the two hypotheses 



H1

Λ

H0

-2ln(Λobs)
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Your observation

H1



H1

Λ

H0

-2ln(Λobs)

CLs+b
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observed CLs+b

H1



H1

CLb

Λ

H0

-2ln(Λobs)
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observed CLb

CLb

H1



H1 CLs+b

CLb

Λ

H0

-2ln(Λobs)

CLs=

!52

observed CLs

CLb

CLs+bH1
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Expected CLs

H1

H0

-2ln(Λmedian)

CLs+b

CLb
CLs=

CLb=0.5 
(definition 
of median)

=2CLs+b



!54

Expected CLs

Λ

H1

H0

-2ln(Λmedian)

CLs+b

CLb
CLs=

CLs+b

-2ln(Λmedian+34%)

=
0.16

16
%

34
%

-2ln(Λmedian-34%)

34
%

16
%



• Repeat the procedure above for several values of σ/σSM

!55

The Brazilian Flag Plot

σ(pp→H)/σSM(pp→H)
0.4 1.8



σ(pp→H)/σSM(pp→H)

Observed

0.4 1.8

• Each line intercept CLs = 0.05. The intersection gives you 

• The expected and observed limit 

• The 68% and 95% range
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The Brazilian Flag Plot
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Observed

0.4 1.8

• Each line intercept CLs = 0.05. The intersection gives you 

• The expected and observed limit 

• The 68% and 95% range
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The Brazilian Flag Plot



σ(pp→H)/σSM(pp→H)

Observed

0.4 1.8

• Each line intercept CLs = 0.05. The intersection gives you 

• The expected and observed limit 

• The 68% and 95% range
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The Brazilian Flag Plot



The Brazilian Flag Plot

!59

• Now repeat the procedure for any value of mH and connect the dots 



• When you don’t know if you have a 
signal, you first try to exclude it 

• If the signal is there, your limit will be 
poor (and worse than expectation) 

• If it is much worse, you might have 
discovered a signal… 

• … or you might have discovered that 
your analysis is terrible 

• these plots are not the right plots to 
establish the presence of a signal

When Exclusion Goes Wrong
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Assessing A Discovery

 61

• To claim a discovery, you need to 
exclude the possibility that your 
background could mimic a signal 

• To do so, you measure (with toy 
experiments) the probability that a 
bkg-only sample gives a result as 
signal-like as what you see on data 

• The signal is stringer than the 
conventional 5σ threshold so…



Λ

H1

H0

-2ln(Λobs)

p-value =probability of having a (stronger than 
observed) signal-like fluctuation in the background

background p-value
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background p-value
H1

H0

-2ln(Λobs)

Λ
!63

p-value =probability of having a (stronger than 
observed) signal-like fluctuation in the background



number of sigmas
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๏ Before the LHC, searches 
were entered on full 
models 

๏ This changed during Run 
I. Simplified models 
became the standard 

๏ Focus on a specific 
process x decay chain 

๏ Interpret the analysis 
in this context

Simplified Models

 66

II. A DETAILED EXAMPLE OF A SIMPLIFIED MODEL

This section, adapted from [17], outlines the important elements that go into any simpli-
fied model analysis. As an illustrative example, it focuses on gluino production and decay
as a model for hadronic jets plus missing energy signals. We will discuss how limits can be
set in a multidimensional parameter space and how the limits from multiple topologies can
be combined. The procedure outlined here is a general one and can be applied to any of the
simplified models listed in this review.

1. E↵ective Lagrangian

Consider a direct three-body gluino decay into an electroweak gaugino and two light-
flavored quarks,

g̃ ! qq̄
0
�

0.

This decay mode occurs in supersymmetric models where the squarks are significantly heav-
ier than the gluino; it proceeds through the dimension-six operator

Lint =
�
2
i

M
2
i

g̃qiq̄i�
0 + h.c. , (1)

where i runs over the di↵erent quark flavors, �i is the Yukawa coupling for the quark-squark-
�
0 vertex, and Mi is the e↵ective scale of the interaction. The flavor structure of the final

state is determined by the mass spectrum of the corresponding squarks, with decays through
lighter mass squarks occurring more rapidly. In this example, only light-flavor decay modes
are considered (see §IVE for the analogous heavy-flavor discussion).

Direct three-body decays arise in models where the squarks are decoupled, such as in
split-supersymmetry [23], or where the soft masses of the squarks are at the TeV-scale, but
are still somewhat larger than the gluino mass. These decays dominate when

• �
0 = eB and the right-handed squarks are lightest, or the fW is kinematically inacces-

sible

g̃
mass

mg̃

�0m�0

3-body direct decay

+qq̄

g̃
mass

mg̃

�±

�0m�0

m�±

1-step cascade decay (W)

+qq̄�

+W±

g̃
mass

mg̃

�0m�0

1-step cascade decay (Z)

��0
m��0

+Z0

+qq̄

FIG. 1: Illustrations of the three gluino simplified models discussed in this section.
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๏ At the beginning of the LHC, 
many pre-LHC-data analyses were 
actually found to be too much 
tailored on the benchmark 
models 

๏ Simplified models allowed to go 
beyond certain implicit 
assumptions 

๏ This new paradigm allowed to 
discover weakness in the search 
program and design a next-
generation set of analyses 

๏ In general, the use of 
simplified models made our 
search strategy more robust

Why iS ThiS Needed? YeS!
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๏ BRs are usually assumed to be 
100%. This means that every line 
in a summary plot is implicitly 
excluding the others 

๏ Cross sections are sometimes 
computed under special 
assumptions (e.g., decoupling 
limit) and don’t hold in general

MinD The Hidden Assumptions
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๏ Recent tendency is to present 
BR-independent results 

๏ easy in specific scenarios 
like Natural SUSY 

๏ e.g., done by scanning the 
BR space and quoting the 
worst result

Going Beyond Assumption
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BR-independent results 

๏ easy in specific scenarios 
like Natural SUSY 

๏ e.g., done by scanning the 
BR space and quoting the 
worst result

Going Beyond Assumption
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Figure 16: Top-squark mass limit at a 95% CL, obtained for different squark pair production
models with the inclusive razor analysis in the context of the natural SUSY spectrum of Fig. 1.
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Figure 17: Top-squark mass limit at a 95% CL, obtained combining the result of the hadronic
razor boxes with the result of Ref. [19] for (left) T2tt and (right) independent of the branching
fraction choice. The meaning of the color coding and the displayed contours is explained in the
caption of Fig. 13.



๏ LHC has all it needs to be a SUSY discovery machine 

๏ can produce full spectra of particles 

๏ can observe many final states for any particle 

๏ Practical limitations (e.g., trigger) should come into 
consideration when designing the analysis 

๏ Data control samples are a key ingredient (a 100% MC-based 
background prediction would not be considered acceptable at 
LHC) 

๏ Statistical tools in place from Higgs discovery 

๏ Simplified models great guidance to interpret and improve 
searches, when taken with a grain of salt 

Summary of Episode i
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