Exploiting at best the CMS detector
and developing new technologies
for the HL-LHC upgrade
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Need different layers (sub-detectors)

Q to detect different particles (exploiting the

different ways they interact with matter)!

b il
Need to perfectly understand and combine

the contribution from each layer for optimal
reconstruction of the collision events!
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INFN and University of Milano-Bicocca play
a leading role within the CMS international
collaboration context
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The CMS Electromagnetic ===
Calorimeter (ECAL) —

e Calibration of the 70000+ ECAL channels
with complementary approaches:
o Comparing the electron energy with its
momentum measured by the tracker
o Exploiting the detector cylindrical
geometry (p-symmetry method)

e Prediction of the ECAL crystal transparency
loss and optimization of clustering and noise
reduction exploiting machine learning
techniques

[thesis opportunity!]
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The High Luminosity LHC program:
a major upgrade of the accelerator

Luminosity [em2s7]
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Many more
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ahead of us
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so far

/More data are required to
search for rare processes
and for precision
measurements of the Higgs
boson: a “portal” to physics

\(e.g. dark matter)

beyond the standard model
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High Luminosity LHC challenges
BN . oo 2016-Apr17 11252 67368 CMS event displa
. %gismﬁwmwm “ , _ i e Extreme pile-up

3 i impacts the current CMS

capability to reconstruct
physics events: need
novel methods and
detectors

Unprecedented levels
of radiation exposure: a
threat for many detector
components

~ Number of collisions per bunch crossing (pile-up): |
e Phase | LHC: ~40 collisions ‘ 9
e High Luminosity LHC: 140-200 collisions ‘




The CMS experiment
upgrade for HL-LHC

CMS has foreseen an
upgrade in all sub-detectors
to tackle the HL-LHC
challenges




The CMS experiment
upgrade for HL-LHC

CMS has foreseen an
upgrade in all sub-detectors
to tackle the HL-LHC
challenges, which include:




A novel pixel detector is needed!

e Main requirements/challenges: e Strategy:
o  15x number of pixels (up to 2 billions) o Development of a new technology of
o 10x radiation tolerance (equivalent to silicon detectors (e.g. 3D pixels)
about 40 millions PET exams/year!)
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Pixel tracker
upgrade

New detector
prototypes are

studied with ab Feriilab -CF

simulation, in ———— : —

Sviluppiamo sistema di controllo e acquisizione
laboratory and dati per rivelatore a pixel per HL-LHC
with test beam at (C++ avanzato e uso di microchip FPGA)
international I I v sl . ““* P -
facilities T :

Curve di calibrazione



The CMS experiment
upgrade for HL-LHC

e CMS has foreseen an

upgrade in all sub-detectors
to tackle the HL-LHC

challenges, which include:

o Addition of a new sub-detector
designed for high precision
time tagging of charged
particles (the MiP Timing
Detector MTD)

[thesis opportunity!]
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People, cables and timing detectors
Activities at the University laboratories and at CERN TRACKER

SiPM and
YSO array

e Significant room for groundbreaking
contributions

o Event reconstruction and exploitation of
timing in searches and Higgs boson
characterization with modern computing
techniques

o Development of the Barrel Timing Layer

o  Sensor and ASICs characterization, module
prototyping, system tests and performance
characterization with particle beams

o  SW interfaces for detector control and data
acquisition test beam at CERN (2021) fest beam at CERN (2025)



Skills acquired at

the end of these
thesis

Field work in particle physics and
instrumentation

Python, C++, modern analysis
methods

Radiation detectors and readout
systems

Ability to work in collaborative
efforts

Ability of independent thinking
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Don’t miss the opportunity!

Inventing and exploring new
sophisticated methods to exploit the
CMS detector for better event
reconstruction in continuously
growing challenges

Hands on with the construction and
testing of new particle detectors for
the CMS Upgrade, paving the road
for future collider experiments
beyond HL-LHC
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Le tesi magistrali che proponiamo richiedono circa otto mesi di Lavoro a tempo pieno.

utt i 13/06/2022, prossimo aggic 13/07/2022

Esperimento CMS
Referenti: M. Dinardo, P. Dini, S. Gennai, A. Ghezzi, S. Malvezzi, A. Massironi, L. Moroni, P. Govoni, M. Paganoni, D. Pedrini, T. Tabarelli de Fatis

Lesperimento CMS & installato lungo (anello di accelerazione LHC al CERN di Ginevra e misura soprattutto eventi prodotti dalle collsioni di fasci di
protoni circolanti in senso antiorario contro fasci di protoni circolanti in senso orario nell’acceleratore. In questo modo i realizzano la collisioni
artificiali pil energetiche mai prodotte, consentendo di studiare il Modello Standard delle Interazioni ita a scale mai
investigate in vrecedenza Le tesi proposte coprono un ampio spettro di argomenu dallanalisi statistica dei dati, al[u studln di funzionamento del
rivelatore, alla preparazione di importanti upgrade previsti per la fase di acquisizione ad alta luminosita. Gli argomenti di tesi disponibili includono:

[MS - Referenti: M.
i few detector must
I C ptor. The new
e jze their final version
Referenti: M. Dinardo, S.

Gennai, S. Malvezzi.

After the discovery of the Higgs boson by the ATLAS and CMS collaborations in 2012, the collective efforts of the high energy physics
community have been focused on a precise characterization of this particle. In this context, HH searches play a fundamental role as they
represent the favorite channel to measure the Higgs boson trilinear self-coupling (HHH) Only three parameters, the Higgs boson mass (mH),
the vacuum expectation value, and the Higgs trilinear coupling (HHH), shape the Higgs field potential in the Standard Model and the last one
is the only remaining that has not been directly measured experimentally. Its determination is a crucial point for a proper understanding of
the spontaneous electroweak symmetry breaking, which is at the base of the mechanism that gives masses to bosons and fermions. At the
same time, any deviation from the theoretical predictions of the Standard Model would lead to sizeable changes i both the kinematics and in
the production rate of HH events thus making double Higgs searches extremely sensitive to New Physics effects. The bb tau tau final state
represents one of the most interesting channels to explore double Higgs processes, because of the high branching ratio and the relatively
small background contamination.

3. Search for Flavour Changing Neutral (v ys of B0 mesons wit ine-learning-based is techniques - Referenti: M.
Dinardo, P. Dini, S. Malvezzi, D. Pedrini.

After completion of the first phase of the LHC program, the particle field entered into a new exploratory era. The flavor sector, being sensitive
to high physics scale, opens a window on possible beyond Standard Model indirect effects in rare processes such as FCNC (Flavour Changing
Neutral Current) B0 to Kaon"0 lepton lepton. The abilty of the CMS experiment to make precision heavy flavors measurements has been
demonstrated by the results from Run-I and Run-Il data performed by our group.

4. Anomaly Detection methods for high energy physics processes - Referenti: M. Dinardo, P. Dini, S. Gennai, P. Govoni, S. Malvezzi.

(CMS produced extraordinary measurements related to Standard Model processes. Unfortunately, to date, there are no hints of so-called ‘new
physics’, i.e. physics beyond the Standard Model. One pcssible explanation is that we are not looking at the data in the right way. All analyses
that have been conducted up to now were based on projections of particular theoretical models, therefore it's mandatory to complement
these “standard™ analyses with other ‘non-standard” ones, that are capable of detecting deviations from the Standard Model without the need
of having any a-priory. Unsupervised Leaming tect been to be a powerful tool to be used for such agnostic
searches.

5. Sviluppo del timing detector di CMS per lupgrade di fase 2.

Attivita strumentali di qualifica di prototipi e proiezioni

6. ML4ECAL and Tr

The crystals of the CMS Electromagnetic Calorimeter (ECAL) change their response with time due to short-term radiation and ageing effects.
Although it is constantly monitored, the possibility to extrapolate it with short time scale into the future is a key ingredient to improve the
performance on the identification and reconstruction of electrons and photons, so that they can be used in the on-line event filtering (trigger),
for the LHC CMS Run Il data-taking that will start in 2021. The student will analyze data from LHC CMS Run Il and build a Machine Leaming
(ML) architecture in order to predict the ECAL response evolution. The Long Short-Term Memory (LSTM) architecture will be developed,
optimized, trained and validated. Implication of the improved performance for physics studies with scouting data will be part of the thesis.
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Don’t miss the opportunity!

ECAL: Andrea Massironi, Alessio Ghezzi,

Pietro Govoni

Pixel: Luigi Moroni, Mauro Dinardo,
Simone Gennai

MTD: Andrea Benaglia, Martina Malberti,
Federico De Guio, Marco Lucchini,

Tommaso Tabarelli de Fatis, Alessio
Ghezzi

2
g
2
g

©3 UNIVERSITA’

N7
"
L\
P
== ONVIIN 1A

ateneo | lavoraconnoi | edeaming | segreterieonline | studenti | mbrica | == | CRGARY

Dipartimento di Fisica "Giuseppe Occhialini"

IL DIPARTIMENTO RICERCA | QUALITA | SERVIZIPERLEAZIENDE | INTERNAZIONALIZZAZIONE | INFN@MIB

Home > Didattica > Corsi di studio > Corso di Laurea magistrale in Fisica > Argomenti per [a prova finale della laurea magistrale
i le dell i Fisica delle Particelle

> Argomenti per la

< Corso di Laurea magistrale in

Argomenti per la prova finale
della laurea magistrale

Argomenti per la prova finale della laurea
magistrale - Fisica delle Particelle

Le tesi magistrali che proponiamo richiedono circa otto mesi di Lavoro a tempo pieno.

utt i 13/06/2022, prossimo aggic 13/07/2022

Esperimento CMS
Referenti: M. Dinardo, P. Dini, S. Gennai, A. Ghezzi, S. Malvezzi, A. Massironi, L. Moroni, P. Govoni, M. Paganoni, D. Pedrini, T. Tabarelli de Fatis

Lesperimento CMS & installato lungo (anello di accelerazione LHC al CERN di Ginevra e misura soprattutto eventi prodotti dalle collsioni di fasci di
protoni circolanti in senso antiorario contro fasci di protoni circolanti in senso orario nell’acceleratore. In questo modo i realizzano la collisioni
artificiali pil energetiche mai prodotte, consentendo di studiare il Modello Standard delle Interazioni ita a scale mai
investigate in precedenza Le tesi proposte coprono un ampio spettro di argomenu dallanalisi statistica dei dati, al[o studln di funzionamento del
rivelatore, alla preparazione di importanti upgrade previsti per la fase di acquisizione ad alta luminosita. Gli argomenti di tesi disponibili includono:

IMS - Referenti: M

and contact us! e

jze their final version

Referenti: M. Dinardo, S.
Gennai, S. Malvezzi.

After the discovery of the Higgs boson by the ATLAS and CMS collaborations in 2012, the collective efforts of the high energy physics
community have been focused on a precise characterization of this particle. In this context, HH searches play a fundamental role as they
represent the favorite channel to measure the Higgs boson trilinear self-coupling (HHH) Only three parameters, the Higgs boson mass (mH),
the vacuum expectation value, and the Higgs trilinear coupling (HHH), shape the Higgs field potential in the Standard Model and the last one
is the only remaining that has not been directly measured experimentally. Its determination is a crucial point for a proper understanding of
the spontaneous electroweak symmetry breaking, which is at the base of the mechanism that gives masses to bosons and fermions. At the
same time, any deviation from the theoretical predictions of the Standard Model would lead to sizeable changes in both the kinematics and in
the production rate of HH events thus making double Higgs searches extremely sensitive to New Physics effects. The bb tau tau final state
represents one of the most interesting channels to explore double Higgs processes, because of the high branching ratio and the relatively
small background contamination.

3. Search for Flavour Changing Neutral (v ys of B0 mesons wit ine-learning-based is techniques - Referenti: M.
Dinardo, P. Dini, S. Malvezzi, D. Pedrini.

After completion of the first phase of the LHC program, the particle field entered into a new exploratory era. The flavor sector, being sensitive
to high physics scale, opens a window on possible beyond Standard Model indirect effects in rare processes such as FCNC (Flavour Changing
Neutral Current) B0 to Kaon"0 lepton lepton. The abilty of the CMS experiment to make precision heavy flavors measurements has been
demonstrated by the results from Run-I and Run-Il data performed by our group.

4. Anomaly Detection methods for high energy physics processes - Referenti: M. Dinardo, P. Dini, S. Gennai, P. Govoni, S. Malvezzi.

(CMS produced extraordinary measurements related to Standard Model processes. Unfortunately, to date, there are no hints of so-called ‘new
physics’, i.e. physics beyond the Standard Model. One pcssible explanation is that we are not looking at the data in the right way. All analyses
that have been conducted up to now were based on projections of particular theoretical models, therefore it's mandatory to complement
these “standard™ analyses with other ‘non-standard” ones, that are capable of detecting deviations from the Standard Model without the need
of having any a-priory. Unsupervised Leaming tect been to be a powerful tool to be used for such agnostic
searches.

5. Sviluppo del timing detector di CMS per lupgrade di fase 2.

Attivita strumentali di qualifica di prototipi e proiezioni

6. ML4ECAL and Tr

The crystals of the CMS Electromagnetic Calorimeter (ECAL) change their response with time due to short-term radiation and ageing effects.
Although it is constantly monitored, the possibility to extrapolate it with short time scale into the future is a key ingredient to improve the
performance on the identification and reconstruction of electrons and photons, so that they can be used in the on-line event filtering (trigger),
for the LHC CMS Run Il data-taking that will start in 2021. The student will analyze data from LHC CMS Run Il and build a Machine Leaming
(ML) architecture in order to predict the ECAL response evolution. The Long Short-Term Memory (LSTM) architecture will be developed,
optimized, trained and validated. Implication of the improved performance for physics studies with scouting data will be part of the thesis.
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13 TeV CMS measurement (stat,stat+sys) ++e——
Y e 1.06 +0.01+0.12 5.0fb"’
Wy, (NLO th.) —o+—— 1,16 +0.03+0.13 5.0fb"’
Zy, (NLO th)) — 0.98 +0.01+0.05 5.0fb"’
Zy, (NLO th) i 0.98 +0.01+0.05 19.5fb"
WW+WZ —t o+ 1.01+0.13 £ 0.14 4.9fb"
WW T — 1.07 £0.04 £0.09 4.9fb"
WW —to— 1.00 +0.02+0.08 19.4fb"
wWwW —o— 1.00 +0.01=0.06 35.9fb’
wz o 1.05+0.07 +0.06 4.9fb"
wz ————i 1.02 £0.04 = 0.07 19.6fb™
wz i 0.96 +0.02 £ 0.05 35.9fb"
zZZ H——oF 0.97 £0.13 +0.07 4.9fb"
Y4 ——— 0.97 = 0.06 +0.08 19.6fb"
zZ e 1.04 £0.02+0.04 137 b

Al 5l at: 1 Production Cross Séé:stion Ratio: o,,,/ o ’
http//cern.ch/go/pNj7 d exp theo

Probabilita di vari processi
che coinvolgo bosoni vettori

Ricerca di Super-Simmetrie:
range di esclusione in funzione
della scala di energia esplorata

Per ottenere questi risultati
e’ necessario il pieno
controllo del rivelatore

dnt i das)

0 250 500

T 1000
mass scale [GeV]

1250

1500 1750

21



Standard
Model yet
to be fully

explored

3000 fb™' (14 TeV)
T =

2 L fems Potenziale di Higgs =»
Smy; = =7 (6M3Z, + 3M2 + 3M} — 12MP) § 1P w2 (HHH self coupling)
A scala di energia dello SM < 10 [~eme ot o
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interazioni con altre particelle (e.g. dark matter)
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