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Outline

* Theory (brief)
 Experiment
 How do we test theories in particle physics?
 CERN
o |LHC
* Detectors
 CMS

 Some notes on Ws, Zs, and Higgses
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Four Forces

Electromagnetism

Weak Force




Weak Force

Carbon-14 beta decay to nitrogen-14 is used to date organic remains.

 "Weak” nuclear force. Responsible for beta decay:
nuclear decays that produce an electron and an anti-
neutrino, or its antiparticle a positron.

10



Weak Force

Why is it “weak”?
Really why does it only act over short distances
~ nhucleus (~10-15 m)?

Electromagnetism: “long range” carried by massless
ohoton
Gravity: “long range” carried by massless graviton

Weak force: carried by massive particles, W and Z
bosons.
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W and Z Bosons

A< . CMS Experiment at LHC, CERN
. Data recorded: Sun Nov 14 04:29:43 2010 CEST
~/\ Run/Event: 151058 / 4096951
———" | Lumi section: 747

ECal 357, pt: 22.6 GeV

ECal 358, pt: 18.9 GeV

[ECal 2339, pt: 37.9 GeV

 Discovered at CERN in 1983

« W boson: charged (W+, W-), 80.4 GeV/c* ~ 85 times the proton mass

« Z boson (neutral), 91.19 GeV/c® ~ 97 times the proton mass
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Electroweak [heory

But why are the W and Z bosons so heavy, when the
photon is massless?

Our best answer is called the “electroweak theory™:
electromagnetism and the weak force are the same
interaction, but something makes the W and Z bosons

heavy

We think that the W and Z bosons become heavy because
of the "Higgs mechanism’

So studying the Higgs boson can tell us about why the
weak force is weak.
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Other Important Particles

 |n the rest of the talk I'll mention
e electrons/ positrons

* muons/ anti-muons

* photons

* protons From https://www.particlezoo.net/
where you can buy stuffed particles.

* neutrons

e "hadrons” like pions
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How do we test theories In
particle physics”

In physics we test our ideas with experiments

Many ditferent types of experiments

I'm going to talk about a particular experiment, the

Large Hadron Collider, which is located at a laboratory called
CERN.

“Collider”: collides two beams of particles (protons)

These beams have to be accelerated so we call the experiment a
‘particle accelerator”

There are also accelerators which shoot a beam at a
“fixed target”
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Ireland ©

France

e On the Swiss/ French border near Geneva

 Founded 1954— symbol of postwar European
collaboration.
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Statute of Cosmic Dance of Shiva at CERN.

e 22 member states, all in Europe (except Israel)

e United States has “observer” status
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The Globe of Science and Innovation

o Site of the discovery of the gluon, the W and Z bosons,
and the Higgs boson

e and the invention of the world wide web!
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The Large Hadron Collider (LHC) at CER

LHC - B CERN

“==" ATLAS ALICE
., Point 1 =5 Point 2 ‘
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The Large Hadron Collider (LHC) at CERN

 The energy Iin the LHC beams is the same as an
aircraft carrier moving at a couple of knots
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The Large Hadron Collider (LHC) at CER

LHC - B CERN

@;”.;ipomt B ~==" ATLAS ALICE
., Point 1 =z Point 2 ‘

LHC has 4 detectors, two “multipurpose”



The Large Hadron Collider (LHC) at CER

LHC - B CERN

@;”.;ipomt s ~==" ATLAS ALICE
sqiRoint | =5 Point 2 ‘

Today we are focusing on CMS:
the Compact Muon Solenoid




Detecting Particles at CMS



Sources

 Some sources that | used in preparing these slides
and that you might find useful...
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Sources

~ EPISODE 1:
vHY FUNDAMENTAL SCIENCE
S INPORTANT

P Pl o) 003/7:25

An introduction to the CMS Experiment at CERN
R—"WS/ :' CMS Experi
o 1756 26,486 views

+ Add to A Share eee Mor

* |ntroduction to CMS video on youtube
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Sources

Compact
Muon CN
%~

Solenoid
experiment at |

CERN’s LHC A1 —— | PUBLIC WEBSITE COLLABORATION WEBSITE

ERN » CMS Experiment » About CMS » What is CMS? » Detector overview

About CMS

Detector overview
~ What is CMS? *ECAR ¥ Tweet | reddit this

CMS detector design
The CMS experiment is 21 m long, 15 m wide and 15 m high, and sits in a cavern that could

P ELE S SR contain all the residents of Geneva, albeit not comfortably.

Why is CMS so big? o . _ . _
The detector is like a giant filter, where each layer is designed to stop, track or measure a
v Detector overview different type of particle emerging from proton-proton and heavy ion collisions. Finding the
energy and momentum of a particle gives clues to its identity, and particular patterns of

Superconducting Magnet ) ) . o . )
particles or “signatures” are indications of new and exciting physics

* Detector overview on public CMS webpage

e http://cms.web.cern.ch/news/detector-overview

* Most of the images in the remainder of the talk from here
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Sources

Introduction to the CMS Detector

Aurelijus Rinkevicius

Cornell University

2016-12-13

 A. Rinkevicius talk: “Introduction to the CMS
Detector”

e Avallable online

 More technical (and a short talk)
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Big Picture

I'm going to go through the ditterent parts of the
CMS detector

The punchline is that different parts of the detector
see different particles

At the end you will understand how we know we
are looking at an electron, at a muon, etc.

On the technical side...
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Detectors

“Tracks” of ionized particles due to
charged particles
traversing a “bubble chamber’—
one kind of particle detector.

 How do detectors work”? Many detectors use

 ionization: Charged particles ionize detector material— we can
detect the resulting tracks

 scintillation: Charged particles traveling through a medium produce
photons which we detect
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Sliced CMS detector

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Owerall diameter : 15.0m Prxed ( 100%1 40 um) - 16m* —66M channels
Owerall length 287 m Microstrigs (30x180 pm) ~200m* ~9.6M channels

Magneticfield 38T

SUPERCONDUCTING SOLENOID
Niobium ttaniam coil carrying - 15,0004

MUON CHAMBERS

PRESHOWER

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~T76,000 scintillating PEWO, crystalx

HADRON CALORIMETER (HCAL)
Brass + Plastic scintllator = 7,000 channels

A. Rinkevicius
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Barrel: 250 Drft Tube, 480 Resistrve Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

Silican strips ~16m’ ~ 137,000 channel

FORWARD CALORIMETER
Steel 4 Quartz fibres ~2,000 Channelx



« Charged particle tracks bend in
magnetic fields

 |f there is a magnetic field we can tell
whether particles are positively or
negatively charged

» Needs to be a strong field, especially to
measure charge of high energy chargead
particles

* Muons (heavier so tracks are less curved) are especially hard in a
“‘compact” (small!) “solenoid” (helical coil with currents)

* CMS magnet is superconducting, in fact its the largest superconducting
magnet ever built

* Because superconducting, it must be cooled to ~4 K

e (Contains almost twice as much iron as the Eiffel Tower
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Innermost part of the detector.
Detects “tracks” of charged particles.

CMS: Two parts: Silicon pixel detector and silicon strips
Charged particles gject electrons from silicon atoms
Leads to voltage differences that can be read out electronically

Lets us detect charged particles, measure charge from bending of tracks
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Electromagnetic Calorimeter

* [ead tungstate (PbWO04) crystals: scintillator

 Charged particles produce light in the crystals: that light is
detected by the detector electronics

e Has to be resistant to massive amounts of radiation
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Hadronic Calorimeter

The electromagnetic calorimeter (ECal) lets us charged particles
and photons

We also need to be able to detect “"neutral hadrons”

hadrons = particles made of quarks (and sometimes antiqguarks)
Examples of neutral hadrons include neutrons, and neutral pions
We also want to tell the difference between electrons (or
positrons) which leave almost all of their energy in the

electromagnetic calorimeter and charged hadrons (like protons,
charged pions, etc.) which still have energy left
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Hadronic Calorimeter

scintillator

A\\NNNS N
charged particles

hadron

. — N\ NANNNNN\

photons
AN\ NNNN

Remember the things that are easier to detect are charged particles or photons

SO we put a thick layers of brass in front of layers of a plastic scintillator

Hadrons produce charged particles in showers when they collide and interact
via the strong force with the nuclei in the layer

These charged particles produce photons in the scintillator layer which is what
we detect
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Hadronic Calorimeter
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e Much of the brass in CMS came from old Russian naval
artillery shells
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Muon Chamber

The outermost level of the detector is the muon chamber
Muons are like heavy electrons (~200 x heavier)

Because they are heavier they do not deposit much energy in the ECal or the
HCal

In CMS muons are detected by observing the ionization of gas (85% Argon,

15% COy,)
39



Particle Identification

[ | | I I T T
Key:
Muon
Electron
Charged Hadron (e.q. Pion)
= = = = Neutral Hadron (e.g. Neutron)
----- Photon

Hadron Superconducting
Calorimeter Solenoid

Iron returmn yoke interspersed

Transverse slice with Muon chambers
through CMS

A. Rinkevicius
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Particle Ch

Tracker
e sees electrons, muons, charged hadrons
e doesn’t see photons neutral hadrons
ECal
e sees electrons, photons, charged hadrons
e doesn’t see muons or neutral hadrons
HCal
* sees charged hadrons, neutral hadrons
* doesn't see electrons, photons, or muons
Muon Chambers

* See muons
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Detecting W Bosons

W bosons can decay to an electron or muon and an (anti)-neutrino
(among other possibilities)

e \We can observe the electrons and muons In the detector

 We cannot see the neutrino: but we can infer its presence from
mMIissSing momentum
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/ DOSON Mass

/ bosons can decay to an electron and a positron or a muon and an anti-muon
(among other possibilities)

We can detect both the electron and the positron, or both the muon and the
antimuon

The magnetic field lets us determine charge: which particle is which

/ boson mass is conserved in the decay: we can calculate a mass for, e.g., the
electron positron pair which will be the same as the Z boson mass
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—1ggs Boson Decays
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 Higgs bosons decay in many different ways

 Decays to two photons or to two Z bosons which in turn decay to
electrons, positrons, muons, and antimuons (“four leptons”) because

* electrons, muons, and photons are easier to distinguish and
measure than other particles

* “backgrounds” (i.e. other processes that we are not interested in)
are less for those processes a4



HIQQgs Boson Discovery

* The discovery of the Higgs boson was announced at
CERN on July 4, 2012

* |t was discovered by looking at Higgs to two photon and
Higgs to four lepton events
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Thanks!



