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Outline

There is a lot one could cover within this topic
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Follow closely, there will be quiz questions —> correct answers?
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Introduction & Theory



What is particle physics?

A field of physics that tries to understand the fundamental nature of the universe

In other words, what is the smallest building blocks of nature?
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What is particle physics?

Fundamental Not Fundamental

.

H.S. Science

Atom, the building blocks

of matter NUCLEUS

ELECTRON

Quarks the building blocks

<

proton neutron
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The scale of fundamental interaction

meters
100 T 108
1014 4 104
105 4 10
Scale we are concerned about
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Our Current Understanding of Fundamental Nature of Universe

17 known fundamental particles Outer layer: matter particle

Medium layer: force carrier

Center particle: Higgs Boson

Most recently discovered, very special
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Matter Particle: The Fermions

Matter component of visible universe (stars, galaxies, you, me...)

Top h a If Qua rkS : Discovered at SLAC

Up & down makes proton/neutrons

Charm, strange, top & bottom heavier cousins

electron ‘I

'\,e |

muon

o\, neutrino Electron-neutrino, muon-neutrino, tau-

Bottom half Leptons:

Electrons & heavier cousins muons, tau neutrino

tau

e Very light passes through entire earth
without interacting



Electromagnetic

force

Force Carriers: Bosons

IForce carriers

exchange
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Strong force: between quarks

Weak force:

Example: radioactivity

Example: binds proton/neutrons
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The Higgs

Known as god particle in popular media == JuLy 4 2012
o~ & o~ g LM
== Ehe New JJork Eimes ==
Most recently discovered ittty EMEYNRSES PhsicasFd ElasioePariclSocnas ey o Univer
g:'I:’f:dSI:#L el R,
o o HORDASATI s -
A central role e e
Gives mass

Nobel Media AB. Photo: A. Mahmoud ) Nobel Media AB. Photo: A. Mahmoud
> Francois Englert Peter W. Higgs
>rize share: 1/2
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Theory of Our Current Understanding

The Standard Model

A theoretical framework describing all known fundamental
particles & their interactions

Periodic table of particle physics

+ (EDY +he

” A Beg ¥ P the
W RV

o1 AL
OGN



Motivation




Out Limited Understanding of the Universe

Limitation of The Standard Model

[.  Where is gravity, the fourth fundamental

force?
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Out Limited Understanding of the Universe

[imitation of The Standard Model
II. Nature of dark matter?

dark matter
26.8%

dark energy

68.3%

15



Out Limited Understanding of the Universe

Limitation of The Standard Model

[II. Why more matter than antimatter?

1 AL
P M\

16



Out Limited Understanding of the Universe

Limitation of The Standard Model

IV. Origin of Neutrino masses?
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Summarizing Our Current Understanding

We know 17 fundamental particles

Standard Model, a theoretical framework gives description of this

particle & how they interact

There are certain observations the theory can’t describe —» our understanding is incomplete

e We want to understand what we don’t within the Standard Model

And

* Look for new particles & interactions

Scope of experimental particle physics research



Experimental Particle Physics



Particle Physics Today

Rare processes
Example: neutrino experiments

like DUNE

N\

Neutrino Physics
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Origin of Mass

Origin of Universe

Unification of Forces

New Physics
Beyond the Standard Mode/

Proton Decay
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High energy colliders

Example: LHC

Experiments directly looking for
dark matter, survey of dark energy

Example: LSST, LZ
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Collider Physics




Why call colliders?

\Something new?

0 00 Q0 GO
00 9 9 @0, @ @@@ 9 i@@m
O 80 gp © 00 go

Collision

Collides particles at high energies, look for a new type of particle or interaction in data

Not present in Standard Model
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LL.arge Hadron Collider (LHC)

World’s most powerful accelerator

» 27km circumference, 100m underground
»  Collides bunches of protons at very high

energies at different interaction points

CERN
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Collision
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How Does Particle Accelerator Work?

First order: Electric & Magnetic Field

Lorentz Force > W = q (m + @ X m)

Control direction of beam & collision

Accelerates particle to very high energies
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How Does Particle Accelerator Work?

First order: Electric & Magnetic Field L orentz Force > F) =g ( E@) + 00 ® B(t))
Hf—J Hr—J
» Synchrotron ' e

»  Accelerator cavity has oscillating field, particle at

Synchrotron
different x/y position gets different energy

U
iF CaltyA B .

»  Slow particle gets extra energy, creating bunches
of particles

Lagging

» Dipole magnet bends particle Synchronous

Mowing electrie wawve ‘ ‘

»  Quadrupole magnet used for collisions +A ﬁ) \&
A4 A\
\4
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Collision Points & Experiments

-

Physics of b-quark

Goal: . . .
ATLAS ALICE Strong interaction usin
N SAolny2 ) heavy ion

Study SM particles &

search for new L

phenomena beyond SM

SLAz 100 m deep 27



General Purpose Experiment

ATLAS & CMS Detectors ATLAS
5 story building -

General multipurpose S
experiment S———
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1 GeV ~=10-27Kg

Fundamentals of Particle Reconstruction

Collision A f
o G0 GO 00
, @ @ ' - Heavy particles decays
co 9 . o G0 > @ » ¢o —_— ¢o instantaneously (<10-21 secs)
() . ‘ () 9 (11 (v1) 9 - can only be detected in terms of
9 (e % 1) y
@0 (6l final decay products
How is this particle detected? Depends on lifetime/mass

- Relatively longer lifetimes (~10-12/-13 secs) @
- Decays to either leptons or lighter quarks

- Stable particles that interact with various layers of the detector

T 1 % 1o
Mass [GeV/c?]

T T T

o5 10

- Decays to electrons, muons or quarks

- Neutrinos are undetectable in ATLAS

- Photons (gluons) massless stable, interact similar to electrons (lighter quarks)
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So How do we detect particle like Higgs?

Game of probability

G0
~
“ bottom + anti bottom 1in ~5
o 7
@
°0 \@ U \a W 1 in ~10,000
7 / 1 in ~ 100,000
00 7 e

6o In other words, 1 Higgs in ~1.5 million collisions

&~ 9 H 1 in a billion
)
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So How do we detect particle like Higgs?

But all heavy particle decay instantaneously!
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How do we really detect Higgs?

Based on final state particles!

Final state particle —> stable particles that interact with our detectors

We only have handful

* Electrons W rti f th
e measure properties of these,
* Photons Our detectors are designed to _’ identify the pzregt particle &
* Lighter quarks measure properties of these measure its properties
e Gluons particles
Nature >
e Muons

We look for Higgs in the final
state that has 2electron & 2muon

o—.
60 7 9<:g

(I Vo <4—Data Reconstruction
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How does detector detect final state particles?

Combining information from various sub-detectors designed to do different things

Muon
Spectrometer

Hadronic
Calorimeter

Electromagnetic
Calorimeter

Solenoid ;cgncr 7 7

Transition
J Radiation
Tracking Tracker

Pixel /SCT detector

The dashed tracks
are invisible to
the detector




Tracking Detectors

« lonization working principle o Al Colorimeter
/7-‘ n : o, Solenoid W
S{ / ELECTRON % Redation
ENERGY ; z;(% ouT " SRR Trocking J  Trocker
L= Typical numbers 47100-300 m Pixel /SCT detector

A charged particle inside magnetic field, Lorentz force

Helical R
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Calorimeters

Energy Absorption: aka stop particles entirely

Electromagnetic Calorimeter Hadronic Calorimeter
o~ i ABSORBER m
‘ E __Electromagnetic
m", - | shower
A LI L4 | -
— S_—T Y T . .
”" O i Hadronic
\ i i  shower
X . A —
‘, S L
1T € /e+Ee<Ec “" N \—\\:\\:\\§ :
—+}+ e/eESE HI #\ NS |
S = 1((\‘ ¥ 1
NAANAA
Electron & photon creates shower Similar Principle just different showering
Good calorimeter absorbs all the particles from the shower
SLAC 35



Muon Spectrometer

Goal: measure momentum of muons

«  Similar principle as tracking detectors, track muon’s
momentum

Muons go through all layers of the ATLAS detector,
we can’t stop them, only measure momentum

tracking electromagnetic hadronic muon
system calorimeter calorimeter  system

photons

—_—

electrons
—_—

muons

protons
K_aons
pions

neutrons
0
KL

M o . — " 3
e M\ C. Lippmann — 200

Muons, most precisely measured objects in AL LAS

Cathode (HV-)

Drifting ionisatio

electrons

Charged particle: Muon
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tracking electromagnetic hadronic muon

LT system calorimeter calorimeter system

Spectrometer

photons

—-

electrons

muons

Hadronic
Calorimeter prOtOIlS
The dashed tracks Kaons

are invisible to pions
the detector

neutrons
KO
L
Electromagnetic
Calorimeter
C. Lippmann — 2003
Solenoid magnet

Transition
Radiation

Trocking Trockcr .
Pixel /SCT detector




Muon
Spectrometer

Hadronic
Calorimeter

Electromagnetic
Calorimeter

Solenoid magnet ¢
Transition
Radiation

Tracking Tracker N
Pixel /SCT detector

Putting it all together—> the ATLAS Detector

Tracking detectors:
* Goal is to track trajectory of charged particles
* You want light tracking detector, ionization

» Goal measure energy of electrons/photons
* You want it dense and deep enough to stop them entirely

Hadronic Calorimenters
The dashed tracks * Measure energy of all hadrons (pion, kaon , proton, neutron)

are invisible to * Up, down, strange quarks and gluons
the detector

Muon Spectrometer
« Goal measure the momentum precisely

* |onization

& the magnetic field!!
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Putting it all together—=> the ATLAS Detector

muon
)T system

Muon
Spectrometer

Quiz time:

Why does electron and proton curve in different direction?

Zxawe~razvs

Hadronic : 4
Calorimeter ‘ A pr otons
The dashed tracks Kaons

o/ y are invisible to i
oy U -».Neuiri’no plons
y| Proton | ~F

the detector

|l-"_‘ Y/ neoutrons

Electromagnetic
Calorimeter

Transition
) Radiation
Tracking Tracker

Pixel/SCT detector
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Higgs in a detector

ATLAS

EXPERIMENT

Run Number: 271298, Event Number: 78224729

Date: 2015-07-10 20:50:34 CEST

Click to close image, click and drag to m
Use arrow keys for next and previous.




Higgs in a detector

> CERN ]
Quiz time:

What are yellow objects?

»

Quiz time:
What are red objects?
R/ 1\ Wl

Quiz time:

‘What are gray objects?




Higgs Hunting

> BEARERRRERRRRS BRARARARRSRERRNRRRRRRERES
) B ® Dat ]
o 60 .
Ql - }
2] - ]
E >0 :_ Data with 2 electrons & 2 muons in final state —:
" aor E
i
STTRRE ;
How do we know this is Higgs? 10 s ¥++ ’
SNWIR AR RRIO

0
80 90 100110120 130 140 150 160 170
m, [GeV]




Power of Statistics & Theory Prediction

HypOtheSIS TeStIng > LT T T I rrrT I rrri I LI I LI I L I LI I LI I LI
()} B ® Data ]

O 60 - |

Null hypothesis o PV .| g
: QY N SM prediction DX, VWV -

(Ho): there is no 2 5ob B o, o -
Higgs boson in data § - L .
a0k =

Does data match this prediction? 30 - ﬁ :

20 F E

10 j—+, .

0
80 90 100110120130 140 150 160 170
m,, [GeV]
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Power of Statistics & Theory Prediction

HypOtheSiS TeSting > LT T T I L I L I Frrri I LI l LI l L l LI I L=
()] B . ® Data ]

5 sol ATLAS Preliminary = Higgs (m_ =125 GeV) ]

; o OVEH 5 775 — 262 - B

Test hypothesns (H,): Al - ~ _)1 Sl £XX, VWV .
th F H' b ?J - 13 TeV, 139 fb B Z:ets, ff ]
ere is Higgs boson £ 50 I} Uncertainty -
in data o - -
' 1 40 L E

Looks more likely!!! - .

30 F + .

20 :

10F | :

O l
80 90 100110120130 140 150 160 170

m, [GeV]
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Quantitative Requirement for Hypothesis testing

More likely observation

Hypothesis Testing \
Foy A ~ P-value
. . g Very un-likely Very un-likely
Null hypothesis (Ho): Fit the data! —> Find p-Val ue o [|ehneaticn: °bser"ai‘°"s
o o '8 Observed
there is no Higgs = data point\
boson in data - ) — >
et of possible results
& Numbers & Terms ©
Sigma (o) p-value What it Means
1o ~32% Not surprising at all
1 . 20 ~5% Happens often by chance ds t
Test hypOtheSlS (Hl). ;g:trﬁ‘zp:ré, :smo
[ ) [ ] t -
there 1S nggs bOSO“ 30 0.3% Interesting hint (often called "evidence") mesmaren
in data
50 ~0.00003% (1in 3.5 million) Discovery level — chance of fluke is tiny

This is what we need for discovering a new particle
1 AR 45



All about the Higgs!

Currently at the LHC:
* We search for new particles directly

* We study properties of Standard Model
particles

|4
MY REIGN HASJUST BEGUN.

* We study Higgs in detail:

* Have measured properties like mass, spin,
interactions to other particles

e & will continue to do so!!
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Questions?? ==




Both electrons and photons loose energy when interacting with the detector material

Electrons / Photons \

Y
e 2 .
/'/\\ - 7 S fromic s 0
2 N L zq) vaé<
) \
% /9
Bremsstrahlung, Photoelectric Compton effect: Pair production:
. . . dominant at high energies | | effect: dominant at dominant at medium dominant at hieh
Ionization, dominant low energy energy ominant at hig
. : : energy
at low energies Main mechanism for
electron to loose energies Completely knocks knocks off electrons from "
in ATLAS/CMS off electrons from aLom that doesn’t absorb ~ Splits to e+e-
atom photon /

>1GeV Bremsstrahlung & pair production, main
interaction type



Two types of calorimeter for both electromagnetic & hadronic

Homogenous
. All same material, very dense to contain Sampling
shower . Sandwich of high-Z absorber

- Example: lead tungstate crystal material material like lead & low-Z
for CMS detector material like gas/liquid

- Best resolution, compact Worse resolulon

- But very expensive




Electrons, Photons

Electrons/photons

« Energy deposits in EM calorimeter cells as

clusters
hadronic calorimeter
« Matches with inner detector tracks? Electron Bmyoiiotn
. second 1“}'_‘1' . electromagnetic
candidate anayeoasons / clome
At oy k) 4
« No inner detector tracks & distinct shapes? presamples [ﬂ

TRT (73 layers)

Photon candidate

beam axis pixels

beam spot
do

maertable B-layer



Jets ([

% Had. cal.
%

» Energy deposits in hadronic calorimeter alorimeter jet

cells as clusters, within a radial cone (i.e. R Em. cal
Ty
delt®@0 == == = = _
RISEE:
« Matches with inner detector tracks? o \ I
Particle jet ;. m Ketc.
« Machine learning to distinguish heavy

flavor jets (b/c)

. . o . Parton jet
« Machine learning to distinguish quark vs

gluon jets




invisible



