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The Large Hadron Collider

 CMS is one of the four major CERN experiments Located at Cessy (FR) along
the Large(st) Hadron Collider (LHC)

 LHC: colliding two proton beams at the energy of 13.6 TeV

* ~10 pm protons bunches colliding every 25 ns
* 100 B protons per bunch, about 60 pp interactions per bunch-crossing:

highest luminosity every reached by a hadron collider (1034 Hz/cm?2)
* even higher (x5) in a few years: high

luminosity upgrade — opening new \Z\\&"
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possibilities in HEP research for the next 15

years!
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The Compact Muon Solenoid

e

« 21m long, 15m high "cylinder" featuring a 3.8 T solenoid ot
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for bending charged particles
« particles are detected when they traverse different

detectors: tracking planes, calorimeters, muon tracking

' SR NN/ AR g Muon system

= events (type of particles, energy, momenta,

positions, ...) are reconstructed merging the

information from the various detectors

* general purpose experiment; physics reach spanning

from low-momentum physics to high-mass olbservables

= higgs boson searches and studies, rare decays
searches, precision physics,

= many of these fileds (hardware, analysis,

software) are covered in Milano Bicocca!
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Data analysis



Standard Model and Beyond

» In 2012 ATLAS and CMS confirmed the existence of a
Higgs-like particle. Is that the end?

- do we know each of its properties”? (no)

» additional open questions remain: where does the
particles mass hierarchy come from? Is there a
connection between quarks and leptons? What s
dark matter? What is the SM validity”? Does it hold at
very high energies? ...?7

 The goal of data analysis is to test the current
knowledge of particle physics (the SM) and explore

new possible scenarios (new physics)
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Data analysis In a nutshell

19.7 67 (8 TeV) + 5.1 fb™ (7 TeV)

x10°F

» Sub-detectors (trackers, calorimeters) generate an electric signal when oo OMS /(5+8) weighted sum Higgs—vyy
a particles interacts within their volume J = smmannn | INVAMAN maISS
o 2 o plot

seeee 220

« several algorithms are employed to reconstruct and clean-up these
signals

* physics events are reconstructed by identifying the number and type
of particles produced during a collision, their energies and momenta

= the observation can then be compared to several physics models (eg.
SM)

E i =114

0.5 m,=124.70 = 0.34 GeV

S/(S+B) weighted events / GeV
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example: Higgs—yy event
candidate (transverse plane
projection)

two high energy deposits,
compatible with a H event, are
highlighted in green in this
representation. The background of
soft hadron tracks (yellow lines) and
soft energy deposits (blue bars) are
also shown

sketch: possible
representation of
new physics
contribution as a
distortion of the
expected SM
contribution
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. Higgs boson pair production

CMS Experiment at LHC, CERN
Data recorded: Wed Oct 3 11:09:52 2018 UTC
Run/Event: 323954 / 16341342

* measuring the self-coupling (HHH) in CMS data

- how does the Higgs boson interact with itself?

- what can we learn about its potential?

- IS the observation compatible with the SM prediction”?
» search for BSM physics contributions (radions, gravitons, ...)

* In Milano Bicocca: HH—=4b and HH—=bb 1T

» development and ameliorations of the current selection and
reconstruction algorithms for background estimation and
rejection and signal reconstruction

» mass regression (via ML) for estimating the H mass from 1T events

» Jet tagging with machine learning algorithms for increasing the
purity of the selected signal candidates

» EFT interpretation of the observation

}/,j,,-f —
. HH > bbtT
signal candidate in
CMS data

CMS Simutation Preliminary
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. . . L ! qlwiQuarfic Gauge Coupling
« Study the boson pair production in pp collisions (W+WH+, E q .
W-W+ WZ) ! ' :Z
are processes where new physic | e q’
- rare pr wher W physics can give a
significant contribution to the dynamics of the Higgs coupling to vector boson

vector boson scattering

production rate: validity test for the SM

- EFT Interpretation of the results

» optimisation of the EFT fit T 5 02
» development of ML techniques for isolating new ots
physics contributions >SC * .

classificatore
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vector boson fusion
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* recently, CMS observed and excess of events close to

the invariant mass threshold of top-top production

K T T T S SRR S AR -
[ Bach et al, NLO+NLL matched
(~350 GeV) 30, NLO OCD
: L 05 - 25 NLO QCD + Toponium model
» possible quasi-bound state (10-25 s) of top quark pairs
— 20
- =l
(toponium n) S 15
* this project: confirm the existence of a real quasi-bound 10
: : : : &)
state studying the properties of its final states :
o 330 335 340 345 350 355 360
- upper limit on the rare processes: /5 (GeV:

- Nt vy, Nt yH, i bb |l
- estimation of the top mass corrected for the QCD

binding energy
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o Study of b—s angular distributions to search for deviation from the

SM predictions
- tensions with the SM reported by LHCD

- the feedback of many experiments is crucial

» Targeting the final state BO—=K*(K 1t) pp and BO—=>K*(K 11) TT u(e) u (e)

» precision analysis: requires the understanding and correct

Ao 1.5
- [PLB 781 (2018) 517] 4 CMS

[JHEP 02 (2016) 104] -+ LHCb
[PRL 118 (2017) 111801} Belle
[JHEP 10 (2018) 047] -4+ ATLAS
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estimation of all the contributing processes (signal + background)

—

» employment of machine learning techniques for data correction,

background rejection, signal reconstruction
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Anomaly detection

* Auto-encoders: unsupervised machine learning technique for

recognising whatever is not compatible with the given definition

of "standard model" (anomaly detection)

- alternative approach wrt. to classical analyses

- search for deviation from the SM and test of EFT predictions

Events
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FPGA development

An FPGA cluster has been installed in Milano!

Development of new ML-based trigger strategies based on

FPGA reconstruction

e The project

* mass regression for H(tt)

e Dedicated L1 triggers for the H— tt analysis

* hadronic T identification with CNN

» Search for rare hadronic decays such as W*—>37t entirely
done at trigger level!
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Ultra fast simulation on FPGA for HEP

Producing a large amount of simulated data is crucial
for HEP analyses

VIL can be used for simulating physics events - Generative
Adversarial Networks (GANSs)

FPGA are very fast devices

can be used for ultra-fast simulations of physics events

ASICs
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CMS upgrade



High luminosity

CMS Experiment at the LHC, CERN

Data recorded: 2018-Apr-17 11:26:32.973824,GMT CMS event dlsplay
Run#Eyvent / LS: 314475 / 10482774 / 11

e HL-LHC: 3x the current luminosity

e In-time pileup: number of proton-
proton interactions in a single bunch
Crossing
- pileup now: ~60
- pileup @ HL-LHC: 140-200

» large radiation fluency through the
detectors

» major challenge for event
reconstruction

» hew fast and rad-hard detectors are

Number of collisions perwI:)“'Unch crossing (pile-up): = | required
e Phase | LHC: ~40 collisions
e High Luminosity LHC: 140-200 collisions
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s | 1 NG PIXE] tracker upgrade

sandra.malvezzi@mib.infn.it

CMS Experirrent at the LHC CERN II- ---------------------- 1
i e HDEECTOR s s '
: ~ Crerio 2 it Lo : rad-tolerant
SUPERCONDUCTING SOLENOI gy ' _ .
.’ ' technologies: 3D pixel
'
: Sensors
AAAAAAAAAAAA :
|
|
|
real-life event from a high PU run in 201¢ | | L A0 - :
Js=13TeV PU =100 _BRRS K NY Ll s R e T T e N et
6,000 scintillating PbBWO, crystals s
A0 e i i i A R |
HADRON CALORIMETER (HCAL) “ : p+ COIumn p-spray I
HL-LHC: up to 200 pp interaction R y, p- HR sensor wafer |
A
per event! - T 3 LR handie waer 1
‘\ : Metal to be deposited after thinning 1
e NN\ R
Project goal
* replace the current pixel tracker with one with a e characterisation of prototype modules and system
larger granularity (x6 smaller pixels), better tests and integration

coverage, more radiation tollerant o
e software development for data acquisition

e crucial steps happening now: we are getting close
to the final production of the detector

Contatti: simone.gennai@mib.infn.it mauro.dinardo@unimib.it paolo.dini@mib.infn.it sandra.malvezzi@mib.infn.it
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MTD is a new detector thought for pileup mitigation in the dense HL-LHC environment

e goal: add the time information to charged particles
produced in pp interactions ot ~ 30-40 ps

e consequence: 4D (timing + spatial) event
reconstruction

e MTD represent an intriguing challenge in HEP!

Distribuzione spazio-temporale delle interazioni in un BX
O . . .
2 2 . R S
E 8 ° o P e
O} — ? o * e o ?N 7 ee o
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° o © o oo’ . . O
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o It ®
RMS = 4.5 cm Spazio

activity in Milano (and at CERN)

Assembly, characterization and system-test (cosmic rays,
radioactive sources, lasers) of MTD modules in U2!

e Software development for detector control and data
acquisition

detector simulation and event reconstruction optimization

Il rivelatore sara’

realizzato in U2! Modulo di BTL
assembato a MiB
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post LHC proposals



meescnenmnt | NAXICC: development of a new

calorimenter

possible options

o goal-1: open new frontiers on precision SM measurements ’ (k:r(::hder ete-with Ecy™ 250 GeVand L =100

e goal-2: reach higher energies » Collider pp with Ecyy €100 TeV and L =100 km

Milano Bicocca - Maximum information crystal calorimetry (MAXICC)

A e*e collider for precision Higgs measurements will be the priority

 Milano Bicocca is leading the development of a high-precision 6D

calorimenter (position, energy, timing, particle identification) for
increasing the reach of future experiments

e Thesis opportunity: contribute to the development and study of crystals
and SiPMs:

e Lab activity
e Studies on test beams (CERN, DESY, Fermilab)

 Development of dedicated simulations

Contatti: marco.lucchini@unimib.it andrea.benaglia@mib.infn.it
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Opportunities in HEP

Stimulating international work environment, opportunity for internships

2N, FermilLab, DESY, LLR, ...)

abroad (e.g. C
Opportunity to make a significant contribution to complex and high-impact
analyses

post graduate: eventually acquire real responsibility within the CMS

experiment and actively contribute to its operations

Skills that can be acquired (for High Energy Physics and beyond!)

- Abillity to solve complex problems

Use of modern programming languages (e.g., C++ and Python)
Use of software for data manipulation, data analysis, and machine

learning
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CMS Experiment at the LHC, CERN

Data recorded: 2022-Jul-05 14:48:56.743936 EMT
Run / Event / LS: 355100 / 51596902 / 53




