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0’ \ hands on particle physics
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Total weight 12500 t, Overall diameter 15 m, Overall length 21.6 m, Magnetic field 4 Tesla
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f;f@:-‘\;?uakae> The LHC and New Physics
§ !. |

It’s a time of exciting new
discoveries Iin particle
physics!

At CERN, the LHC ’
succesfully completed Run I | |

>

at 8 TeV of collision energy, confirming that the
measurements correspond well to the Standard
Model and then finding the Higgs boson. The LHC is
now into Run Il at an amazing 13 TeV and the task is
to look for new phenomena...and we are off to a
great start.
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Points students should remember long after

masterclass:

1. Particle physics research requires the use of
iIndirect evidence to support claims.

2. The Standard Model is the current
theoretical framework for our understanding of
matter.

3. The behavior of particles is governed by
conservation laws and mass-energy
conversion.
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ﬁ@uarkNa The LHC and New Physics

The LHC is buried ~100 m e
below the surface near the s
Swiss-French border. s T

beams accelerated in large rings
(27 km circumference at CERN)

e
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Experiments
particle source where beams cross and

(injector) some particles collide
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Generic Design
Cylinders wrapped around the beam pipe
From inner to outer . . . collision |
Tracking | beam
Electromagnetic calorimeter S
Hadronic calorimeter

Magnet” é '
Muon chamber WA

* . %
location of magnet depends On Speuiiv ueteutur Uesiyiil
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bservations and Inferences

Similar to inferring
a plane left the
trail in the sky, we
can infer much by
observing particle
tracks left behind. =lalns
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Detector Tracks ...

L
Transverse Slice of the Compact Muon Solenoid (CMS) Detector
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Transverse slice Muon siynelure: Signals in the Track21 and muen chambers; alimost noting seen in te calenmeler s, — L

through CM3 1 1ans 37 perhAana the pasies” parmicles ta centry in CMS no ater chzrjed pamc e raverses the whaol= detectar
Being cha-ged, they zre ben: by tha fielc in cre directioningida the solanoid ardinthe ooposite direction outside. As
muon3 can only arse from the dzcay of someting heav ertheir presence s cnif es thal somzhing potenially
inleresline hds 1dppened.

Derived from OMS Detector Slize from CERN
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Transverse Slice of the Compact Muon Solencid (CMS) Detector
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Detector Tracks

Maynelic Field

Trarsversc slizce
through CVS

SHiccn
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N nl]l] Elcctromegnctic

HCAL - Hadron Superccrductrg

lron relurm voke inlerspelsed

Electron signature: Signals in the Trackar and the ECAL; nothing in the HCAL or mucn chambers.

These clecricaly chorged oartic e bendinthe field and leave signalsin ke Tracker enakling thei- oaths to bo
-econsructzd. The amount of bend depzads o1 the nmomentum thzy camy, with the ~zdius of curvature, r, be rg given
oy lhe moirentur, p, divided by 0.3<B, wher2 E is the meenelicfigld stenglh (3.8T in CIMS). Eleclions dre s cwed 0
A stap Inthe transpare” leat tincstata crysrals of the FCAL praducing a shower of glectrans, pho'cns ara
oogitrong aleng the way and cepos ting thei- anergy in the form o ligkt, which is detected “he amoun: of light is
oroporticnal -0 thz clectron cnergy.

Derived ‘rom CNS Deatactor Slce frrom CERN
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Transverse Slice of the Compact Muon Solenoid (CMS) Detector
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Detector Tracks

Web
Version
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ECAL

HCAL Hacron superconducting

Iron rcturr yoke intcrspcrsed

INeutral Hadron Signature: Signalcnly In th2 ECAL; nothing 'n Trackar, ECAL or mudn chambers.

Meutra hadrang, sLch 2 nectrons iravel zfraign: through the Tracke- and ECAL, without beinc bent by the nmagnesic
ficld crlcaving any signals Like charged Fadrons, they crz slowed 1o a stop in the HCA_, depositng thcir cnzrgy and
leavng signalsin ke form of ightin tke plasiic scintil ators “he amoun: of light is proportional to the energy o” the
irooming hadien.

Derived rom CMS Dakclor Slice fren CERN
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Detector Tracks

Transverse Slice of the Compact Muon Solenoid (CNS) Detector
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HZAl - Hadrnn Superconducting

Iron return yo<e Interspersed

Charged Hadron cignature: Signals 'n the Tracker and HCAL; almost nothing in ECAL and nothing in the muon LR
chamkers.

Charyed hdadions, sudias prolons and pi p us or pi rinus imdde of peirs cfguaiks), gre senl by the tdgnedc lield
and travel stralgrtthrough the ECAL 1eaving almastro signals. Upon reaching the 4CAL they are slowed 10 a Stod oy
the dense materials, proecucirg showers of seccndary paricles alongthe wavthat intamn praoduce lightir thir layers
of olastic scintilator mzterial. Tkre amount cflightis proporticnal to the enargy of the incoming Fadron.

Darved rm CNS Datactor Slice frrom CERN
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Transverse Slice of the Compact Muon Solenoid (CMS) Detector
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Detector Tracks

Web
Version
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HCAL - Hadron Superconducting

Iron return yoke int2rspersed

Transverze slice Fhotcn signature: Signa’ in the ECAL only; ncthing in Tracker, HCAL or muon chambers.
through CV & Eeirg elactriczlly nsut-zl, ghotcns pass through the Trackar uncetected ard nct bant bythe magnetcfie d. They
intaraci inthe ECAL in = siila- way to electrong, producirg electromzgnesic showers that eave their enargies inthe
forr oflighithatis detezted.
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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.

S0 a newly created particle’s mass must be smaller than
the total energy.

“In Run I, this was increased to 6.5 GeV'!
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The collisions create new E ® ® i
particles that promptly E ;
decay. Decaying .particles - i
always produce lighter C o o i
particles. - :
'r ;

. C 0
Conservation laws allow us |- v
: | o9 i

to see patterns in the E 5
decays. - ;
[ [

u (]

@ :

Try to name some of these | 5
conservation laws. - i
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- %4 OuarkNet Background Events
Pe R

Often, quarks are scattered W
by proton collisions. \

(O—

As they separate, the \'.
binding energy between

them converts to sprays of N
new particles called jets. 5 o o o

et

A

Electrons and muons may Ok .©
be included in jets. \

jet
Software can filter out SQ
events with jets beyond / AN
our current interest. muon-like

signal A
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| ’-D.- QuarkNet W and Z Particles

We are looking for the mediators
of the weak interaction:

*clectrically charged W * boson,

*the negative W~ boson,

*the neutral Z boson. —— Q? 00@0' ) Y —
Unlike electromagnetic forces |

carried over long distances by O\
massless photons, the weak force & ut

IS carried by massive particles W

which restricts interactions to very
tiny distances.
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W and Z Particles

*).':é.é:QuarkNet
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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.
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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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j,-j&i'-‘\guarkNet Higgs Particles
!
The Higgs boson was o,
discovered by CMS and °\ /
ATLAS and announced on Q2 X
July 4, 2012. o

] o o0
This long-sought particle IS =——> ©'°°@-° P —

part of the "Higgs
mechanism’” that accounts 1

other particle having mass.
jet
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y '@; QuarkNet Higgs Particles
4

The Higgs boson was
discovered by CMS and
ATLAS and announced on Y
July 4, 2012. P
] o oo
This long-sought particle IS =—> = ©® 0 <—
“p -/ O
part of the "Higgs
mechanism” that accounts f

other particle having mass.
Jjet
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W and Z Decays

Because bosons only travel a tiny distance before
decaying, CMS does not “see” them directly.

CMS can detect :
e electrons

* muons

* photons

CMS can infer:

* neutrinos from “missing energy”
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Tracker Bamels

Tracker Endcaps
ECAL Bamel
ECAL Endcap (+)
ECAL Endcap (-)
HCAL Bamel

HCAL Endcaps
HCAL Outer
HCAL Forward (+)
HCAL Forward (-)
Drift Tubes

Cathode Strip Chambers

@ @

RN

@ 0 0 06 8 &0 @0 80 @

" event vertex
event display (near collision) .~
controls PP = /
missing energy. g W R

| » (-T::,g‘y,deposd

Lbeamline A

ECAL=blue wireframe HCAL=ye//'o/v wireframe tracker inside ECAL
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Use new data from the LHC in iSpy to test
performance of CMS:;
» Can we distinguish W from Z candidates?
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;ﬁ@uarkNQ Today’s Task

» Can we make dilepton (and more) mass plot?

CMS preliminary 2010 Js=7TeV
30_: LI I L I L I LI ll L I LI I | l-
—-data
B [Ldt=198nb°‘ H
[Z—np ’ -

number of events/ 2 GeV
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« Can we find rare H>ZZ events?

*/ > ete-
oZ % M+M-

Can we pick out electrons
and/or muons?

How should an event be

filtered so we can
recognize the correct

tracks?
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« 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?
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QuarkNet | Recording event data

| 4\} Find your
CMS Instrument for Masterclass Analysis d atasetl

Choose your Masterclass Choose your location Choose your group
Record parent
Test2 MexicoCity 7
31Jan2015 Quito 8
9 |
partlcles and

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

Back Events Table (Group 1) Mass Histogram (TT1) Results (TT1) ~ Event Display
Masterclass: TestTables-Feb2017 Instructions @so vatmie s somencasty .
R 1. Foraach event, o 2 inal siate and sedect 3 pamary siate candidate
location: TT1 2, M0 Nl st 15 oy
GI'OUp' 1 « Ifyou cannot dacide between W+ and VW, choose Winsi2ad
. 2. ifyou think the final stats Is a neutral particis {iiks a Z), but you don'tknow Its exact type, sslect NP for “neutral particle.” Find its mass from the Event
Dlaplzy and enfer it
3. Onc2 you have salaciad everything, Cilck " Submit
N ¢352 of an 2m0r, doudiie CCKINg the data lin2 Wil =403d It you can then Ty it again
Select Event final state primary state candidate
) ) NP Mass: ey
Event index: | 10 ~ Electron w- ¥ NP Higgs
Event number. 1-10 ¥ Muon () w w Zoo m
Event index Event number Chosen Values Mass
9 1-9 Zy mu
8 1-8 e, W+
7 1-7 p,Z 95
6 1-6 p,Z NaN
5 1-5 e Z NaN
4 14 p, W+
3 1-3 g, W+
2 1-2 e, W
1 1-1 e W+
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Results pages [
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| }ﬁ};Q“aIkNet Keep in Mind . . .

“Science is nothing but developed perception, interpreted
intent, 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.

Form teams of two. Each team analyzes 100 events.
Talk with physicists about interpreting events. Pool results.



