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MASTERCLASSES

hands on particle physics

CMS Masterclass

Pixel
Tracker
ECAL
HCAL
Muons

Total weight 12500 t, Overall diameter 15 m, Overall length 21.6 m, Magnetic field 4 Tesla



The LHC and New Physics

The LHC is buried ~100 M s
below the surface near the [E
Swiss-French border. EEEEEE

beams accelerated in large rings
(27 km circumference at CERN)
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particle source where beams cross and
(injector) some particles collide
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Detector Design

Generic Design
Cylinders wrapped around the beam pipe
From inner to outer . . . CO’ZSO’;';
Tracking ‘\\
Electromagnetic calorimeter '
Hadronic calorimeter
Magnet*

beam

Muon chamber beam 7 @

* location of magnet depends on specific detector design



Detector Tracks | .22

Transverse Slice of the Compact Muon Solenoid (CMS) Detector
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Transverse slice Muon signature: Signals in the Tracker and muon chambers; almost nothing seen in the calorimeters. —LU AL |
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.
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https://cms-docdb.cern.ch/cgi-bin/PublicEPPOGDocDB/RetrieveFile%3Fdocid=97&version=1&filename=CMS_Slice_elab.swf
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Transverse Slice of the Compact Muon Solenoid (CMS) Detector
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Transverse slice Electron signature: Signals in the Tracker and the ECAL; nothing in the HCAL or muon chambers. el L

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 lightis
proportional to the electron energy.

Derived from CMS Detector Slice from CERN 6


https://cms-docdb.cern.ch/cgi-bin/PublicEPPOGDocDB/RetrieveFile%3Fdocid=97&version=1&filename=CMS_Slice_elab.swf
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Detector Tracks ...

Transverse Slice of the Compact Muon Solenoid (CMS) Detector
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Transverse slice Photon signature: Signal in the ECAL only; nothing in Tracker, HCAL or muon chambers. -l L

through CMS Being electrically neutral, photons pass through the Tracker undetected and not bent by the magnetic field. They
interactin the ECAL in a similar way to electrons, producing electromagnetic showers that leave their energies in the
form of lightthat is detected.

Derived from CMS Detector Slice from CERN


https://cms-docdb.cern.ch/cgi-bin/PublicEPPOGDocDB/RetrieveFile%3Fdocid=97&version=1&filename=CMS_Slice_elab.swf

Energy & Particle Mass

We will look at Run [, in which proton energy is 4 TeV'.
*The total collision energy is 2 x4 TeV = 8 TeV.

*But each particle inside a proton shares only a portion.

*So a newly created particle’s mass must be smaller than
the total energy.

*In Run Il this was increased to 6.5 Gel/!
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The collisions create new
particles that promptly
decay. Decaying particles
always produce lighter
particles.

Conservation laws allow us
to see patterns in the
decays.

Try to name some of these
conservation laws.
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Particle Decays
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Background Events

Often, quarks are scattered W

by proton collisions. \ \

As they separate, the \lié

binding energy between jet

them converts to sprays of @\ o

new particles called jefs. =————3 = 0O () C—
Electrons and muons may © "0

be included in jets. }e,

Software can filter out é@

events with jets beyond /N

our current interest. i S



W and Z Particles

We are looking for the mediators
of the weak interaction:
*electrically charged W * boson,

*the negative W~ boson,
*the neutral Z boson.
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Unlike electromagnetic forces

carried over long distances by O
massless photons, the weak force \v\ +
IS carried by massive particles -
which restricts interactions to very

tiny distances.



The W bosons are
responsible for radioactivity
by transforming a proton into
a neutron, or the reverse.

Z bosons are similarly
exchanged but do not
change electric charge.

Collisions of sufficient energy
can create W and Z or other
particles.

W and Z Particles
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W and Z Particles

The W bosons are i

n

responsible for radioactivity | _

by transforming a proton into f/“

a neutron, or the reverse. Oz0
o

Z bosons are similarly 0
— 4 E—
exchanged but do not © Q@‘Q

change electric charge.

Collisions of sufficient energy
can create W and Z or other Jjet
particles.



Higgs Particles

The Higgs boson was

discovered by CMS and °\ /
ATLAS and announced on <|32° Lw
July 4, 2012. e~

=

This long-sought particle is =—> @.o'g,o —
part of the “"Higgs

mechanism” that accounts

for other particle having _
mass. 18
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Higgs Particles

The Higgs boson was
discovered by CMS and

ATLAS and announced on X
July 4, 2012. .
This long-sought particle is =——> @ g@ -

part of the “Higgs

mechanism” that accounts

for other particle having _
mass. i



W and Z Decays

Because bosons only travel a tiny distance before
decaying, CMS does not “see” them directly.
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CMS can detect : @ === ® ® @
e electrons
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* Muons @==‘<~3 @ === ®

* photons
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CMS can infer: = "

* neutrinos from “missing energy”
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Homework

Learning how to identify different particles in the CMS experiment is easy!
As preparation for Saturday, when we will actually look at LHC data, please
watch the video here:

https://www.screencast.com/t/SLQyyXy8

All slides from today, links to the ZOOM room, and extra videos you can find
here: https://indico.iihe.ac.be/event/1450/

maslerdiass_15.ig Events/Run_15/Event_1 [1 of 100]
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https://www.screencast.com/t/SLQyyXy8
https://indico.iihe.ac.be/event/1450/

Social media

SOCia I m ed ia Is a n im po rta nt pa rt Of O u r | Ife * g)-&% g:zsg:zlx?n(ipetiicrzl:f)ga;ii ';TnbhysicslMc, together with Alibordi an(;

International Masterclasses are on Social e e ahyan, o Schioc! students from GRUTE,
M Ed | d. i%) DESY & @desynews - 11 Feb

Ana Ventura Barroso is a PhD student for the @CMSExperiment at
@CERN and at @DESY. "For me physics is fascinating because by
studying it | can understand how the universe works."
#WomenlInScience @particlenews

¢ Our haShtag iS #phySiCSIMC. Show this thread

* Use it on your social media channels,
Twitter or Instagram and communicate
your Masterclass experience to the world!

* The organisers welcome, follow and will
share your photos and posts if
appropriate! Note: Before putting
someone's picture online, always ask
them.

* Bonus homework: you are totally
encouraged to make your own
#physicsIMC meme, tiktok, video, story,
etc 18



For Saturday 20 February

The following slides will be discussed on 20 February



iISpy-webgl
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Today’s Task

Use new data from the LHC in iSpy to test
performance of CMS:
« Can we distinguish W from Z candidates?

21




« Can we calculate the e/u ratio?

Today’s Task

%,

22



Today’s Task

 Can we calculate a W+/W- ratio for CMS?

straight-edge

clockwise = + )
line
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Today’s Task

« Can we make mass plot of Z candidates?

CMS preliminary 2010 Js=7TeV
3ol_l LB l L B L l L B L l L L L I L L L l LB l—.
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Today’s Task

e Can we find rare collisions, like H>ZZ events?

«Z > ete-
.Z 9 “+H-

Can we pick out electrons
and/or muons?

How should an event be
filtered so we can
recognize the correct
tracks?

25



Today’s Task

» Can we find some H->vyy events?

How do we spot photons that leave no track?

Where should we look? What should we see — and not see?



Recording event data
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CMS Instrument for Masterclass Analysis

Choose your Masterclass Choose your location Choose your group
test Buffalo 6
Test2 MexicoCity 7
31Jan2015 Quito 8
10

Choose the date of your masterclass, the institute, and your dataset.

Back Events Table (Group 6) Mass Histogram (T6) Results (T6)

Instructions (also available as s ast):
For

Masterclass: test

location: T6 d
Group: 6 er it by hand in the mass histogram after you clicked "Submit”
the data line will reload it; you can then try it again
final ! primary ] special ||
state i
Event Event number: | Ew- z | OHiges |
index: 6-7 Electron |
7 v Muon | Clws w | ©zoo |
Event index Event number Chosen Mass
Values
6 6-6 e;W-
5 6-5 Z:mu 124.444
4 6-4 H 8.609
3 6-3 Zoo
2 6-2 mu;W+
1 6-1 ez 75.868

Find your
dataset.

Record parent
particles and
decay modes.

nt, choose primary and final state. For Higgs or Zoo candidate, no final state is chosen. If you cannot
n W+ and W\-, choose W instesd. If you have selected everything, click "Submit”. If a mass shows up (for

In the case of an error, double clicking

Mass:

27



Mass Histogram and

Recording event data

Results pages [ -

Group Muon Elsctron w w- We z Higgs 200 Total

Back  Events Teve | Mass Hsigmem  Resuts

Macierolace: 3142201
location: Mexicolity

Events /

208V |

Note!

Data chosen by other groups from the
same institute.

L]
a
Q
Q
Q
a
Q

Choose an event close to 51 GeV mass by clicking "51". e

Mace bin (GeV)

Total:
Muon Elsctron w w- W+ ) Higgs Zoo Sum amu Welw-

El 9 3 1 3

N




Keepin Mind ...

“Science is nothing but developed perception, interpreted
iIntent, common sense rounded out and minutely
articulated.” George Santayana

- Indirect observations and imaginative, critical, logical
thinking can lead to reliable and valid inferences.

- Therefore: work together, think (sometimes outside the
box), and be critical of each other’s results to figure out
what is happening.

Everyone analyzes 100 events.

Talk with physicists about interpreting events. We will put
you in small groups to do this efficiently
After that we will share and combine our results.



Backup slides with extra
information




Helping Develop America’s Technological Workforce
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Transverse Slice of the Compact Muon Solenoid (CMS) Detector
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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 31


https://cms-docdb.cern.ch/cgi-bin/PublicEPPOGDocDB/RetrieveFile%3Fdocid=97&version=1&filename=CMS_Slice_elab.swf

Helping Develop America’s Technological Workforce
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uarkNet Detector Tracks ...

Transverse Slice of the Compact Muon Solenoid (CMS) Detector
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Transverse slice Charged Hadron signature: Signals in the Tracker and HCAL; almost nothing in ECAL and nothing in the muon b Ul =
through CMS chambers.

Charged hadrons, such as protons and pi plus or pi minus (made of pairs of quarks), are bent by the magnetic field

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 32
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