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Tabela periodica das particulas elementares

Matéria
Comum
POSITRON
ANTI-UP
4
forgas

Strong Force

ANTIPROTON ANTINEUTR ino ANTIMUON

ANTI-DOWN ANTI-STRANGE

QUARK

Electro-Magnetic Force
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QUARK

ANTI-BOTTOM

\\Nj

Weak Force

ANTITAU

ANTI-TOP

LA

Gravity




O Modelo Padrao da Fisica de Particulas
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Uma teoria fantastica, mas incompleta = explorar novas particulas e interacoes!
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Em busca de respostas a questdes fundamentais ...

Porqué mais matéria do
gue antimatéria?

O gue confere massa as
Particulas?

Do que é feito 95%
do universo?
(matéria/energia escura)

Qual era o estado da
matéria nos primeiros
instantes do universo?




o CERN, uma colaboracao global

23 membros

11 associados

5 observadores
Acordos coperacao
Contactos cientificos

13000+ colaboradores
oriundos de 100+ paises

Portugal membro desde 1986
Organizacao internacional fundada em 1954
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Acabamos de celebrar o septuagésimo aniversario do CERN: https://cern70.cern
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O acelerador
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Delivering unprecedented energies
static

and intensities
systematically improved/upgraded

The LHC detectors are the most
sophisticated scientific tools yet
Machine and detectors not




Acelerando as particulas

Acelerador linear
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Acelerando as particulas

Acelerador linear

+ 1+ - — + + -
I o N 1

1

Acelerador circular




O magneto mails potente
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a cadeia de aceleradores do CERN, e o LHC
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25 ns bunch crossing
25 ns entre les paguets



Filtrando as colisoes

LEVEL-1 TRIGGER HIGH LEVEL TRIGGER
) . PARKING
; ° ° L)
o, %02, P %% few 1000 events/second
%, » ® o®uy . oo .
S8 R delayed avadilability for analysis
100 000 o L]
events/second
\": o:‘:',:‘ ::..‘f °% P
PN e td oot *™e o83 NORMAL
'.“:‘.”.:.5‘.7'0' ¥ 3 % ¢ ©° 1000 events/second
$Re %% o %038 9 @ % normal availability for analysis
g :'.‘a.',,:-‘ «
65650038 3%

SCOUTING

10 000 events/second (or more)
reduced data format
normal avdilability for analysis

CMS DETECTOR

records 40 000 000 times/second

A fisica de interesse no LHC corresponde a

”

E necessario filtrar em tempo real as colisoes de interesse (trigger)




O detector




LHC = acelerador + detectores + fisica

O LHC é o unico instrumento cientifico que nos
permite criar e detectar todas as particulas do MP
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LHC = acelerador + detectores + fisica

O LHC é o unico instrumento cientifico que nos
permite criar e detectar todas as particulas do MP
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ldentificando as particulas: muao

Transverse Slice of the Compact Muon Solenoid (CMS) Detector
‘ Muon (:') ] l Electron ﬂ ﬂuemm Hadron h |ch=w Hadron | ‘ Photon i

Magnetic Field

OF

Silicon

ECAL

¢ mll] Electromagnetic

HCAL - Hadron

Superconducting

Iron return yoke interspersed

Transverse slice Muon signature: Signals in the Tracker and muon chambers; almost nothing seen in the calorimeters. L
through CMS Muons are perhaps the easiest particles to identify in CMS: no other charged particle traverses the whole detector.
Being charged, they are bent by the field in one direction inside the solenoid and in the opposite direction outside. As
muons can only arise from the decay of something heavier their presence signifies that something potentially
interesting has happened.

Derived from CMS Detector Slice from CERN
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ldentificando as particulas: electrao

Transverse Slice of the Compact Muon Solenoid (CMS) Detector

| lluon!l»l’! ‘ Electron ‘ | Neutral Hadron I |Chaw Hadron | ' Photon |

Magnetic Field

OF

Silicon

ECAL

. }l]l] Electromagnetic

HCAL - Hadron Superconducting

Iron return yoke interspersed

Transverse slice Electron signature: Signals in the Tracker and the ECAL; nothing in the HCAL or muon chambers. __

through CMS These electrically charged particles bend in the field and leave signals in the Tracker, enabling their paths to be
reconstructed. The amount of bend depends on the momentum they carry, with the radius of curvature, r, being given
by the momentum, p, divided by 0.3xB, where B is the magnetic field strength (3.8T in CMS). Electrons are slowed to
a stop in the transparent lead tungstate crystals of the ECAL, producing a shower of electrons, photons and
positrons along the way and depositing their energy in the form of light, which is detected. The amount of light is
proportional to the electron energy.

Derived from CMS Detector Slice from CERN

. Bamey, CERN



ldentificando as particulas: neutrao

Transverse Slice of the Compact Muon Solenoid (CMS) Detector

Iluongl.l’! I ‘ Electron I | Neutral Hadron I | Ghaw Hadron ‘ Photon ‘

Magnetic Field Neutral

Hadron

ECAL

) }““ Electromagnetic

HCAL - Hadron

Superconducting

Iron return yoke interspersed

Transverse slice Neutral Hadron Signature: Signal only in the HCAL; nothing in Tracker, ECAL or muon chambers. -

through CMS Neutral hadrons, such as neutrons, travel straight through the Tracker and ECAL, without being bent by the magnetic
field or leaving any signals. Like charged hadrons, they are slowed to a stop in the HCAL, depositing their energy and
leaving signals in the form of light in the plastic scintillators. The amount of light is proportional to the energy of the
incoming hadron.

Derived from CMS Detector Slice from CERN

ney, CERN
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ldentificando as particulas: protao

Transverse Slice of the Compact Muon Solenoid (CMS) Detector

Muon é E’ ! ‘ Electron I | Neutral Hadron Ohaﬁ Hadron ‘ Photon |

| | I | | | | |
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OF
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HCAL - Hadron Superconducting
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i
Transverse slice Charged Hadron signature: Signals in the Tracker and HCAL; almost nothing in ECAL and nothing in the muon —
through CMS chambers.

Charged hadrons, such as protons and pi plus or pi minus (made of pairs of quarks), are bent by the magneticfield
and travel straight through the ECAL leaving almost no signals. Upon reaching the HCAL they are slowed to a stop by
the dense materials, producing showers of secondary particles along the way thatin turn produce light in thin layers
of plastic scintillator material. The amount of light is proportional to the energy of the incoming hadron.

Derived from CMS Detector Slice from CERN

ney, CERN, 2
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ldentificando as particulas: fotao

Transverse Slice of the Compact Muon Solenoid (CMS) Detector

Iluonsu’! l ‘ Electron I | Neutral Hadron I I Chaﬁ Hadron I ‘ Photon I

Magnetic Field

ECAL

) }nl] Electromagnetic

HCAL - Hadron Superconducting
Iron return yoke interspersed
i
Transverse slice Photon signature: Signal in the ECAL only; nothing in Tracker, HCAL or muon chambers. U
through CMS Being electrically neutral, photons pass through the Tracker undetected and not bent by the magnetic field. They

interact in the ECAL in a similar way to electrons, producing electromagnetic showers that leave their energies in the
form of light that is detected.

Derived from CMS Detector Slice from CERN
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HCAL

calorimetros: medem
energia das particulas

ECAL Tracking detector

tracadores: detectam
trajectdrias das
particulas carregadas

Muon detectors

camaras de muoes:
os muoes chegam as
camadas exteriores



Como é que “vemos” as particulas?




a descoberta do SM

DR

1977

Upsilon, Y

.........

the discovery of the b
quark



a re-descoberta do SM @ (HC
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Events/GeV

a re-descoberta do SM @ (LHC
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Decades worth of particle physics discovery ... in a single plot!
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A re-descoberta do Modelo Padrao, 2010 (primeiros dados do LHC)
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electrao + positrao

CMS Experiment at the LHC, CERN
Data recorded: 2015-Aug-22 02:13:48.861952 GMT CMS Experiment at LHC, CERN 4

Data recorded: Sat Aug 22 04:13:48 2015 CEST
Run/Event: 254833 / 1268846022

Run/ Event / LS: 254833 / 1268846022 / 846 Lumi secton: 846

Electron 1,
pt=1278.63
eta=-1.312

phi = 0.420

7 Electron 0,
pt = 1256.20

eta =-0.239

phi = -2.741

CMS Experiment at LHC, CERN
Data recorded: Sat Aug 22 04:13:48 2015 CEST
Run/Event: 254833 / 1268846022

Lumi section: 846

s
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Dois fotoes

CMS CMS Experiment at the LHC, CERN
Data recorded: 2015-Nov-02 21:34:00.662277 GMT,
Run/ Event / LS: 260627 / 854678036 / 477

TS CMsS Experiment at the LHC, CERN
Data recorded: 2015-Nov-02 21:34:00.662277 GMT

Run / Event / LS: 260627 / 854678036 / 477




¥ weights / 2 GeV

¥ weights - Bkg

0 espectro de massa de dois fotdes

Illlllllllllllllllll

-
LI
.

1s=7 TeV, [Ldt=4.8b"
15=8 TeV, [Ldt=5.9b"

T T

Data S/B Weighted
——— Sig+Bkg Fit (m =126.5 GeV)
-------- Bkg (4th order polynomial)

T T T T T T T

llllllllllllllllll

110 120 130

140 150 160

m,, [GeV]

CMS \s=7TeV,L=51fb"1s=8TeV,L=5.3f"
> ’-I T I LI S B | I T 1 1 ]
m N > Al T
O] i 3 Unweighted
L) L 01500
—
\1 500 &,
§2}
[
()]
> . L 4
%1 000 30 ]
o) m,, (GeV)
c
D
o ¢ Data
= 500"~ s.pri
—~ | cevese B Fit Component
& [ e
7)) R i
¥ 0 1 1 l 1 L 4 1 l 4 1 1 1 l 1 1l 1 1 l 1 1 1l 4 l s 4
w 110 120 130 140 150

m,, (GeV)

Um exemplo famoso: a descoberta do bosao de Higgs no LHC
Higgs - fotao + fotao



CMS CMS Experiment,at the LHC, CERN
Data recorded: 2015-Oct-27. 11»:51 :17.472320 GMT ]
Run / Event / LS: 260023,/ 994481640 / 754

me> ~ 700 - 800 GeV



muao + energia-em-falta + (fundo)

CMS Experiment at LHC, CERN
Data recorded: Wed Jul 8 23:50:40 2015 CEST C R i ?
Run/Event: 251251 / 39089589 mas ... e os Neutrinos:
Lumi section: 64

Y 4
Fr

%

0s neutrinos atravessam os
detectores sem interagirem

a sua presenca pode ser apenas
revelada por energia-em-falta

“Did vou see it?”
“No nothing.”
“Then it was a neutrino!™
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A fisica




Physics goals at the LHC?

* Test the Standard Model (SM)
» Precision measurements + rare processes
* Find physics beyond the Standard Model (BSM)

» Direct and indirect searches for new particles

Produce Infer
BSM particles presence of

in the collisions BSM particles
+ through their effect

detect their on properties
decay of SM

products particles

i "ala Higgs”
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Events / 20 MeV

Medidas de precisao
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Novas particulas descobertas no LHC?



Novas particulas descobertas no LHC?
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Observacao de novos decaimentos (raros!!!) de particulas ja conhecidas



Novas particulas descobertas no LHC?
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72+1 novas particulas ja descobertas! — e mais estao a espera para serem descobertas !

https:/www.nikhef.nl/~pkoppenb/particles.html



um tetraquark formado de quarks pesados!

Weighted candidates / (28 MeV/c?)

Novas particulas descobertas no LHC?
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Para alem do MP




Para alem do Modelo Padrao
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O HL-LHC requer um ‘novo’ detector CMS M5

L1-Trigger

https://cds.cern.ch/record/2714892
o Tracks in L1-Trigger at 40 MHz

« Particle Flow selection

e 750 kHz L1 output

« 40 MHz data scouting

DAQ & High-Level Trigger

https://cds.cern.ch/record/2759072 .

« Full optical readout Barrel Calorimeters

« Heterogenous architecture https://cds.cern.ch/record/2283187

« 60 TB/s event network o ECAL crystal granularity readout at 40 MHz
o 7.5 kHz HLT output with precise timing for e/y at 30 GeV

» ECAL and HCAL new Back-End boards

—— Muon systems
-

https://cds.cern.ch/record/2283189
« DT & CSC new FE/BE readout il
« RPC back-end electronics

Calorimeter Endcap ,,/,,A,

https://cds.cern.ch/record/2293646 » New GEM/RPC1.6<n<2.4
« 3D showers and precise timing » + Extended coverage ton =3 S
« Si, Scint+SiPM in Pb/W-SS 7 SRS

‘TECHNICAL DESIGN REPORT

The Phase-2 Upgrade of the
CMS Endcap Calorimeter
Technical Design Report

Tracker

https://cds.cern.ch/record/2272264 ™ = Beam Radiation Instr. and Luminosity
« Si-Strip and Pixels increased granularity CMS MIP Timing Detector http://cds.cern.ch/record/2759074
« Design for tracking in L1-Trigger ¢ « Beam abort & timing
« Extended coverage ton = 3.8 + Beam-induced background
« Bunch-by-bunch luminosity:
1% offline, 2% online
« Neutron and mixed-field radiation
monitors

https://cds.cern.ch/record/2667167
Precision timing with:
« Barrel layer: Crystals + SiPMs
« Endcap layer:
Low Gain Avalanche Diodes
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: adding precision timing detectors

Example challenge for the high-luminosity LHC phase: pile=-up
® can expect up to 200 simultaneous collisions per bunch crossing
® detectors do not have the spacial resolution to distinguish resulting vertices

® solution: add time dimension, i.e. develop novel precision timing detectors

Endcap
calorimeter wall

Simulated Vertices
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M Proton collider

Possible scenarios of future colliders M Electron collider
[] Electron-Proton collider

wws Construction/Transformation

§. 4 years 9 years ILC: 250 GeV 1TeV Preparatlon
© 20km tunnel =4-5.4 ab!
-
LRTZIEM CepC: 90/160/240 GeV ’
ey 16/2.6/5.6 ab- SppC aim similar to FCC-hh

11 years
FCC hh: 150 TeV =20-30 ab!

China
W

FCC-ee: 350-365 GeV
] 90/160/250 GeV S FCC
150/10/5 ab-1 11 years
00k tannel . FCC hh: 100 TeV 20-30 ab?
8 years 15 years
e ye— FCC hh: 100 TeV 20-30 ab!
z
x J HL-LHC: 13 TeV 3-4 ab-! ST e | 1 27 Tev 10 ab
o
2 6 1.
A ;’_‘,‘fﬁ,ﬁ.’;" |FCC-eh:35Tev2abs |
S years LALLM CLIC: 380 GeV . cLIC
11 km tunnel 1.5ab? .
-
2020 2030 2040 2050 2060 2070 2080 2090

m ‘Depois de amanha’
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s Schematic of an
4 80-100 km
s long tunnel
Circular collider with 100 Km circumference:
* Phase 1 (FCC-ee): electron-positron collisions at energy 90-365 GeV
» Phase 2 (FCC-hh): proton-proton collision at energy 100 TeV
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A Tarefa de hoje

Usar dados reais de CMS no LHC em iSpy para testar o
desempenho do detector CMS:
e Podemos distinguir candidatos W de Z ?




A Tarefa de hoje

e« Podemos calcular a razao W+/W-em CMS ?

straight edge line I—’

muon track



A Tarefa de hoje

« Podemos ter uma distribuicao de massa dos candidatos Z?

EvNo

E1 px1 pyl pzl ptl
128943239 72.89895 13.36098 -26.087 66.74727 29.3095

etal phil
1.5612 -1.09746
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pz2 pt2 eta2 phi2 Q2 M
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A Tarefa de hoje

Histogramas de
massas e
Paginas de
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