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Outline of the lectures
Part 1 
• Intro to LHC and its detectors. 
• Analysis Strategies 
• Motivation for non Standard Model analyses/searches.  

• The Standard Model has some problems that could be solve by 
supersymmetry or Physics beyond the Standard Model (BSM - Exotics 
models).  

Part 2  
• Overview of the Supersymmetry searches at ATLAS. 
• Outline of two analyses 

Part 3 

• Overview of the exotics searches at ATLAS. 
• Outline of some analyses
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Introduction to myself
Experimental particle physicist on the ATLAS experiment at the LHC since 
2000. My research focuses on the physics of fundamental particles and 
their interactions.  
I participated to the detector construction and commissioning of the 
ATLAS Muon Spectrometer, including the muon reconstruction and 
identification software development. Contribution to R&D studies for the 
Muon Spectrometer was huge along the years, from the assembly and 
quality control of the muon precision chamber to the calibration and 
quality data management (DB development). 
Main physics topics: Higgs into 4 leptons, Btagging and b-jets 
identification,  Hidden Valley models (Higgs decays into non Standard 
Model particles), Dark matter candidates (lepton jets), long-lived searches.
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monica.verducci@cern.ch 
University of Pisa - Italy 
Associate Professor 

Past experience: 
@ CERN Fellow 
@ University of Wuerzburg (Germany) 
@ University of Washington (USA) 
@ University of La Sapienza Roma (Italy) 
@ University of Roma III (Italy)

I will definitely give an experimental point of view to the subjects of this course. 
The theoretic aspects will be covered in a qualitative way.

mailto:monica.verducci@cern.ch


Introduction to high energy 
physics experiments @ LHC 
(more emphasis on ATLAS) 
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Particle physics nomenclature

The integrated luminosity (Lint), which is the integral of the 
luminosity with respect to time:
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where  the luminosity is 

Interaction Strength Exchange Charge/Spin

Strong 1 Gluon 0/1

Electromagnetic 1/137 Photon 0/1

Weak 10-6 W+-,Z0 (+/-1, 0)/1

https://en.wikipedia.org/wiki/Integral


M. Verducci Supersymmetry & Physics Beyond the Standard Model - Part 1

Overview of LHC 

✤ ATLAS @ Full Run2 
recorded 139 fb-1  
(year 2015-2018) 

✤ ATLAS @ 2015-2016 
about 36 fb-1
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Both LHC and the detectors 
performed extremely well in 
Run-2. 

• Maintained ~94% data-taking 
and data-quality efficiency 
despite harsh pileup conditions.
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Run3 Started!

First 13.6 TeV stable-
beams collisions 

scheduled on 5 July. 
Followed by start of 

intensity ramp.
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Splash view from the ATLAS Control Room on 22 Apr 2022
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LHC Interactions
• Every collision produces up to 70 interactions. Extremely challenging 

environment to identify and reconstruct the interesting event! 
• Mean Number of Interactions depends on the luminosity of the 

machine LHC. 
• μ=Lbunch σinel / frequency  

• where Lbunch is the per bunch instantaneous luminosity, σinel is the 
inelastic cross section which we take to be 80 mb for 13 TeV 
collisions, and frequency is the LHC revolution frequency.
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• Several trigger algorithms run on 
online to reduce the amount of events 
to be stored and then analysed.
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Trigger Selection

A two-level trigger system 
records data at an average rate of 
1 kHz from physics collisions, 
starting from an initial bunch 
crossing rate of 40 MHz.

9Montella’s slide

The protons are contained in 
BUNCH, each bunch have 
1011 protons for 25 ns of time 
width. On average we have 
3500 bunches per beam. They 
are not all filled!
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Experiments@LHC

10
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ATLAS Experiment
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ATLAS Picture in reality

Control Room
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High Energy Experiment Layout

HEP experiment usually consist of 
different detecting subsystems wrapped 
concentrically in layers around the 
collision point.  
• The trajectory, momentum, and energy 

of particles are individually identified 
and measured.   

• A huge magnet system bends the paths 
of the charged particles so that their 
momenta can be measured as precisely 
as possible.
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Particle Reconstruction

—> Jets but no tracks in the Tracking chamber
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—> Jets but with tracks in the Tracking chamber

—> no Jets but with tracks Tracking and Muon chambers

—> Jets but with tracks in the Tracking chamber

—> Jets but no tracks in the Tracking chamber

Neutrinos and any neutral light particle escapes from the detector with no signature. 
Missing Energy in the event is a clue of the presence of these particles
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ATLAS event display 

14

Tracking system:  
Charged particles

Electromagnetic Calorimeter: 
electrons (e-), positrons (e+) 
and photons.

Muons Spectrometer

Hadronic Calorimeter: hadrons 
(es: protons, neutrons, pions…)
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Organise a “Search”

1. Find good discriminant(s) 
to identify the signal region 
SR (be blind in data) 
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2. Determine background 
events and define the 
systematics uncertainties

3. Statistical analysis of the 
events selected

Cut and Count  
or Neural Network, 

Multivariate analyses

Background samples 
possible from data or  taken 

from theory Simulation  

Likelihood fit to determine if your 
data are statistically consistent with 

a background only hypothesis in 
the signal region
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Background Estimation with ABCD Method

• In hadron collision data, we often employ 
for the data-driven background 
estimation a method of extrapolation 
(simulated data are not excluded), called 
“ABCD”.  

• Three of these regions, called B, C, and D, 
are background dominated. The fourth, A, 
is the signal region. If the observables 
are independent, then the background in 
the signal region can be predicted from 
the other three regions. 
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Definition of Regions

Signal Region SR 
Cuts defined to 

maximise the signal 
events.
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Validation Region VR 
Orthogonal Cuts to the one 
used for the SR, the signal 

events should be negligible.

Control Region CR 
the signal events should be 
negligible, used to estimate 

the background events.

Transfer factor

SR

VR /CR VR /CR

VR /CR
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Backgrounds

✤ Standard Model 
background: from 
Montecarlo samples or 
directly from data if the 
statistics is too low. 

✤ Non Standard Background: 
Beam Induced background 
and cosmic-rays muons 
could represent a “non-
standard” background for 
SUSY and Exotics searches. 
Main from data.

18

Cosmic ray muons
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 Non-Collisions Background
• The term non-collision backgrounds (NCB) refers to signals seen in the 

ATLAS detector which have not been produced by normal collisions of the 
LHC beams. The main components are beam-induced backgrounds (BIB) 
and cosmic-ray muons : 

• Beam halo: protons with high transverse amplitude hitting tertiary 
collimators (TCT)  

•  Beam gas: small-angle deflections of the protons originated by 
elastic beam-gas scattering (adds to TCT loss) or inelastic hits of 
protons with residual gas molecules  

• Cosmic rays: predominantly muons travelling downward due to 
atmospheric cosmic-rays showers 

• Motivation for these studies: 
• Beam condition feedback to LHC and  monitoring tool to ensure good data 

quality 
• These events are an important background source for searches with mostly 

displaced objects as: 
• SUSY and Exotics long-lived particles searches. Most of the studies are done 

with a tight synergy with the physics groups involved.

19Eur. Phys. J. C 80 (2020) 450

Eur. Phys. J. C 79 (2019) 481
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Interpretation of the Result

Questions on the meaning of the results, the methodology, 
unexpected findings and limitations and shortcomings of the study.
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Top-down:  Starting from the Theory…. 

• Use guiding principle to formulate BSM 
theory that should solve/fix some 
problems 

• Derive phenomenology  
• Make the experimental tests 

Bottom-up: Arriving to a Theory…. 
•  Formulate a theory to explain a 
specific observation  

• Derive phenomenology  
• Make the experimental tests 

If there is not a discovery….set a limit on the theory parameter!



Introduction to the Standard 
Model and its “problems”
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The Standard Model
The Standard Model (SM) describes the elementary subatomic particles of the 
universe which have been experimentally seen.  
The SM includes the electromagnetic, strong and weak forces and all their carrier 
particles, and explains well how these forces act on all of the matter particles. The 
Higgs boson does not carry a force but instead gives the elementary particles mass.

22

Elementary 
Particles:  
• quarks (u,c,t,d,s,b) 
• leptons (e,mu,tau, 

neutrino)

Fundamental 
forces  
• Strong force 
• Weak force 
• Electromagnetic 

force 
• Gravitation force 

non included!
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SM success!

The SM theory has 
successfully 

explained almost 
all experimental 

results and 
precisely 

predicted a wide 
variety of 

phenomena!
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Why beyond the Standard Model?
The SM is currently the best description there is of the subatomic 
world, but it does not explain the complete picture! The theory 
incorporates only three out of the four fundamental forces, omitting 
gravity and doesn’t not answer to some important questions.

24

Dark matter (DM)  
 Dark energy 

Matter vs antimatter 

Gravitation force 
and its Weakness

Neutrino masses

Fine-tuning needed for Higgs mass 

Large difference in scales of 
forces (hierarchy problem) 

Free SM parameters 
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Hierarchy Problem

Need of a single theory that could 
be applied at all scales, without 

the need for renormalization 
(removing infinities), and 

understands the properties of 
nature and its rules working for 

different scales.
25

The hierarchy problem occurs because the fundamental 
parameters of the Standard Model don’t reveal anything about 
the scales of energy. 

The theorists have to put the particles and their masses into the 
theory by hand, so too have they had to construct the energy 
scales by hand.

https://universe-review.ca/
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Dark Matter and Dark Energy
Visible matter makes up just 5 percent of the universe. The rest is dark 
matter DM—which makes up about 23 percent—and dark energy, a 
whole other story—which claims the remaining 72 percent. 
The existence of a non-baryonic component in the universe can be 
inferred by its gravitational interactions.

26

(A): Predicted
(B): Observed

Velocity found to be flat, 
consistent with ~10x as 

much “dark” mass for more 
than one galaxy

Visible mass not sufficient to 
explain observed lensing effect

Baryonic matter alone can’t 
produce the Cosmic 

Microwave Background CMB 
spectrum 

hjp://lambda.gsfc.nasa.gov/educaUon/cmb_plojer/

hjp://lambda.gsfc.nasa.gov/educaUon/cmb_plojer/
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CMB exercise

27

Only Barionic Matter 
Atoms 100% 

Dark Matter 0%

hjp://lambda.gsfc.nasa.gov/educaUon/cmb_plojer/

Only Dark Matter 
Atoms 0% 

Dark Matter 100%

Better Agreement  
Atoms 4% 

Dark Matter 22% 
Rest Dark Energy

hjp://lambda.gsfc.nasa.gov/educaUon/cmb_plojer/
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Dark Matter Searches

28

Indirect Detection:  
Detection Annihilation DM, space-
experiments (AMS, Ice-Cube, Fermi, 
KM3NET…).

Direct Detection:  
DM hits nuclei of the apparatus, those recoil. 
Study on the excess wrt radioactivity (DAMA, 
DarkSide, LUX, CDMS…).

Production of DM: 
Pair production at LHC. Weird signatures 
with large missing ET  
 (ATLAS,CMS)
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Dark Matter Searches @ Colliders

• DM couples to SM:  This can be studied at colliders !  For example at LHC in pp → SM + DM 
• Many theories predicting DM + SM interactions (DM searches widely use simplified models). 
• Assuming an interaction between dark matter and SM particles through mediators (either 

SM or new as Higgs, Higgs-like, Z’, neutrino…). 

29

LHC Seminar 19.07.22
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How to fix them?

We have to look at “beyond the Standard Model” to solve the observations that not fit the 
theory or not explained by the theory!  SUSY or Exotics models can fix some of these problems.

30

A new theory has to: 
A. Contain SM (its symmetries and mass spectra) 
B. Respect the actual phenomenologies 
C. Be free from anomalies (current should be 

conserved) 
D. Langrangian density of the order of E4 

ℒ = ℒSM + ℒNON−SM + ℒINT
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Beyond the Standard Model

31

We start from the base guide of any theory: new 
symmetry for new models. 
Preserve gauge invariance (SU(3) x SU(2)L x U(1)Y) 

• do not introduce too large sources of breaking of the accidental 
/ approximate symmetries of the SM classical Lagrangian  

Remind: Quantum Mechanics any global transformation 
induces a quantity conserved.  
1. Translation Invariance -> Linear Momentum 

Conservation 
2. Rotation Invariance -> Angular Momentum 

Conservation 
3. Translation in Time  Invariance -> Energy  

Conservation
E. Noether’s Theorem: Symmetries 

Invariances naturally lead to conserved 
quantities!
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Motivation of Long Lifetime Particle
✤ A wide variety of BSM and SUSY models (Hidden 

Sectors, RPV violating decays, Split-SUSY, AMSB, 
GMSB, etc.) predict the existence of Long Lived 
Particles (LLP), new particle with long life-time, 
enabling direct measurements. 
✤ Small Coupling (R-Parity Violation SUSY, Dark Photons…) 
✤ Limited Phase space (for example Compressed SUSY…) 
✤ Decays via Heavy Particle (Heavy Neutral particle - 

Neutrinos…)

32
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The signature of Long-Lived Particle
•Unconventional signatures as long-lived particles (LLPs) 

have unusual and unique signatures, extremely 
challenging due to the non-standard final topologies.  

• The signal event reconstruction and selection, as the 
background estimation, use dedicated and very 
specialised techniques.  
• Detector-signature based search. Experimentally very diverse, 

depending on particles’ properties (dE/dx, Time-of-flight, 
displaced vertex ) 

• May require customised trigger and self-made objects 
reconstruction algorithm 

• Requires non-standard analysis strategies and tools 

• Non-standard background (cosmic-ray muons and Beam 
Induced background), generally data-driven estimation 

33



SUSY
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Supersymmetry SUSY
Supersymmetry is an extension of the 
Standard Model that aims to fill some of the 
gaps. It predicts a more massive partner 
particle for each particle in the Standard 
Model. These new particles would solve the 
problems with the Standard Model. 

• These superpartners share many 
properties but differ in whether they are 
fermionic or bosonic. 

• Supersymmetry predicts that in the early, 
high-energy, universe the symmetry was 
unbroken and particles and their 
superpartners existed as single particles, 
but as the universe expanded and 
decreased in energy the symmetry was 
broken: the mass changed.

35

SUSY is not an exact symmetry 

Mass of SUSY particles ≠ Mass of SM particles 
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SUSY (talk F.Meloni HASCO2018)

SUSY is a symmetry that relates fermions and bosons  
Q | fermion>= | boson >  
Q | boson > = | fermion > 
A supersymmetric Lagrangian is invariant under : 
|fermion> vs |boson> r

36

SUSY introduces a new Conserved quantum number: R-Parity. 
Most general super-potential includes terms Violating Baryon 
number and Lepton number: the proton is not stable and 
should decay at a much faster rate than observed.  
BUT we can have R-Parity  violation!

R-Parity Conserved (RPC) R-Parity not Conserved (RPV)

The Lightest Supersymmetric Particle (LSP) is stable. This can 
be a good candidate for Dark Matter. Large ET missing. 

The Lightest Supersymmetric Particle (LSP) is NOT stable. 
No candidate for Dark Matter. Final state with low ET 
missing but large multiplicity of leptons and/or jets
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SUSY Searches
The extra particles 
predicted by SUSY 
would cancel out the 
contributions to the 
Higgs mass from their 
Standard-Model 
partners, making a light 
Higgs boson possible.

37

SUSY allows force unification: in 
supersymmetry, the strengths of all 
three Standard Model forces unify at 
the energies of the early universe

Lightest SUSY particle LSP is a 
candidate for dark matter. Being LSP 
stable in most Models.
SUSY provides a possible route to 
include the gravity in the SM.
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SUSY Search Strategies
SUSY searches are designed to provide a full coverage for a broad class of 
models. For each class, a model is used as benchmark model for this analysis, 
defining a set of selection cuts to identify the Signal Region (SR) of the model. 
The results from different models can be unified to set limit on mass/
parameters of the models.

38



M. Verducci Supersymmetry & Physics Beyond the Standard Model - Part 1

Some SUSY LHC Production

39
Gori’s slide -

 Fermi Summer School

• Strong production 
dominant SUSY production 
process at LHC:  
•  3-4 orders of magnitude 

higher than electroweak 
processes. 
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SUSY Searches

✤ We will go through a couple of analyses of 
the SUSY program to highlight the 
methodologies used. 

✤ Squarks and gluinos production (strong 
production) 

✤ Displaced Vertices in stop decays with 
RPV, an example of LLP search

40

Analysis Flow

Study the Phenomenology : 
relevant observables

Study the Phenomenology : 
Identify the background

Select the Signal Region 
(Control region)

Systematics 

Analysis Selection and Results



SUSY: Squarks and gluinos 
production (strong production)

arXiv:2010.14293
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Strong Production: squarks and gluinos

•   A search for the supersymmetric partners of quarks and gluons 
(squarks and gluinos) in final states containing jets and missing 
transverse momentum, but no electrons or muons: 
• High jet multiplicities.  

• Large Missing ET .  

• Lepton veto.  

• Full Run-2 data- set, 139 fb-1  

• The large range of possible parameter values for 𝑅-parity-conserving 
models in the Minimal Supersymmetric Standard Model (MSSM) 
leads to a rich phenomenology.  

• Squarks (including antisquarks) and gluinos can be produced in 
pairs (𝑔˜𝑔˜, 𝑞˜𝑞˜) or in association (𝑞˜𝑔˜) and can decay through 𝑞˜ → 
𝑞 𝜒˜10 and 𝑔˜ → 𝑞𝑞¯ 𝜒˜10 to the lightest neutralino, 𝜒˜10 , assumed to 
be the LSP

42

arXiv:2010.14293



M. Verducci Supersymmetry & Physics Beyond the Standard Model - Part 1

Definitions of the MC samples

• Simplified SUSY model signal 
samples are used to describe 
the production of squarks and 
gluinos.  

• SM MC samples are used to 
estimate the background 
events.

43

arXiv:2010.14293
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Event selection
Many signal regions targeting 
different scenarios:  
•Gluino-pair, squark-pair, gluino-

squark production.  
•Cut-based and boosted decision tree 

(BDT)-based analyses  

• In addition to the multi-bin and 
BDT searches, several signal 
regions are defined to maximise 
sensitivity to generic SUSY 
models with specific jet 
multiplicities in the final state.

44

‘Effective Mass’, 𝑚eff, is defined to 
be the scalar sum of Missing 𝐸T 
and the transverse momenta of all 
jets with 𝑝T > 50 GeV

arXiv:2010.14293
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Model Independent Search

Several signal regions, optimised to  maximise sensitivity to generic SUSY 
models with specific jet multiplicities in the final states

45

SR with Njets 
Different meff

} Jets 
Topologies
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Events in the SR

Observed 𝑚eff distributions of events 
satisfying the selection criteria for any of 
the bins

46

arXiv:2010.14293
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Results

47

For a simplified model involving the strong 
production of mass-degenerate first- and 
second-generation squarks, squark masses 
below 1.85 TeV are excluded if the lightest 
neutralino is massless.

arXiv:2010.14293

No discovery -> Set Limits! 
An exclusion limit at the 95% confidence level on 
the mass of the gluino is set at 2.30 TeV for a 
simplified model containing only a gluino and the 
lightest neutralino, assuming the latter is massless.



SUSY: 
Displaced 
vertices

Phys. Rev. D 102 (2020) 032006

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.03200
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Signal Region Definition
✤ Several topologies foresee displaced vertices in the final 

state due to RPV. 
✤ The coupling 𝝀 being small makes the lifetime of the 

squark or gluino longer. 
✤ Depending on the decay chain the signatures are different. 
✤ Here we will look at the stop decays into quark and lepton 

muons.

49

Meloni’s slide@ HASCO2018

Phys. Rev. D 102 (2020) 032006

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.03200
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Signal Region Definition
Events are required to contain a reconstructed 
displaced vertex and a reconstructed muon with 
a large impact parameter.  

The number of associated tracks for a given DV is 
denoted by 𝑛DV , and its visible invariant Tracks mass 
calculated from the four-momenta of the associated 
tracks, assuming each track was produced by a 
charged pion, is denoted by 𝑚DV: 

• 𝑛DV ≥ 3, Tracks  

• 𝑚DV > 20 GeV 

50

Background events: 
• Fake muon 
• Heavy-flavor 
• Cosmic-muon 
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Technical aspect due to the tracking 

Standard Tracking has low 
efficiency: 

• Standard cuts on transverse (d0) and 
longitudinal (z0) impact parameters 
with respect to the IP remove displaced 
decay (large impact parameters) 

• Large radius tracking (LRT). A 
dedicated second pass of the tracking 
is ran on leftover hits from the standard 
track -much like for the disappearing-
track analysis -but with looser cut on 
d0 and z0 algorithm.
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Vetoing the fake vertices due to the inert material 
interaction that can mimic a signal event!

Phys. Rev. D 102 (2020) 032006

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.03200
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Event Yield

Event yields are shown 
as a function of the SR 
requirements for data 
and three example 
signal models. The two 
trigger algorithms are 
illustrated.
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Phys. Rev. D 102 (2020) 032006

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.03200
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Regions Definition

53

Phys. Rev. D 102 (2020) 032006

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.03200
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Systematics

54

Impact of 
experimental effects 

on the measurement: 
resolutions, 
calibration

MC Theory Model

Phys. Rev. D 102 (2020) 032006

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.03200
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Results

55

Phys. Rev. D 102 (2020) 032006

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.03200
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SUSY Results

56
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Conclusions First Part

✤ LHC and HEP experiments introduction (very quick see 
lectures dedicated to these topics!) 

✤ A brief introduction to SUSY searches: 

✤ Outlined how a search can be performed. 

✤ Going through two sample analyses 

✤ … then exotics searchers
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Dark Matter

59

LHC Seminar 19.07.22
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CMS Long Lived Particles

60
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Running of the Couplings

61
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SM success!

The SM theory has 
successfully 

explained almost 
all experimental 

results and 
precisely 

predicted a wide 
variety of 

phenomena!

62
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Definition of Signal Region SR

Cut & Count

63

MultiVariate Analysis and 
Neural Network

Define a cut that maximises the 
signal statistics minimising  

the background contamination

The analysis define a new 
variable to be used to define 
the SR taking into account all 

the possible observables 
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NCB Topologies
• Particles (muons) coming from outside ATLAS 

• From beam: 
• Early hits on end-caps from the incoming beam 
• Hits on downstream end-caps, adding to hits from IP 

particles 
• Long clusters from energy release in barrel 

• From cosmic ray muons: 
• Energy deposit with corresponding muon segments

64

• Dedicated bunch structure/tools 
• Unpaired bunches with only one beam entering ATLAS (BIB studies) 
• Empty bunches without any beams (cosmics studies ) 
• Dedicated triggers, background stream, and DAOD_IDNCB derivation

1303.0223
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How to fix them?

We have to look at “beyond the Standard Model” to solve the observations that not fit the 
theory or not explained by the theory!  SUSY or Exotics models can fix some of these problems.

65


