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Particle physics

Particle physics is a modern name for the centuries old
effort to understand the basics laws of physics.
Edward Witten

Aims to answer the two following questions:

What are the elementary constituents of matter ?
What are the forces that determine their behavior?

Experimentally
Get particles to interact and study what happens



Quantum mechanics
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Interactions

The interaction of gauge bosons with fermions is
described by the Standard Model

STRONG EM | WEAK CC : WEAK NC
|
|
q 8s q | u* e ur | d gw u 'q gz q
|
i
Only quarks All charged All fermions I All fermions
Never changes fermions Always changes 1 Never changes
flavour Never changes flavour ' flavour
flavour
o ~ | o ~1/137 Oy 1z ~ 1/40
Gluons Photon W+, W- Z0

massless massless very massive  very massive
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Forces and expansion of the Universe

E=k T k=8.62 105eV K1
Temperature ) ]
of universe 10°2K 107K 105K 103K 3K

Strong force
N S —)

Electromagnetic force
o
Weak force

Gravity

Time after 10"%s 10~%s 107125 10°°s 5% 107 s
Big Bang ( = now)



Quantum field theory

A particle-antiparticle pair can pop out of empty space (“the
vacuum”) and then vanish back into it t

These are Virtual particles. Vacuum Fluctuation
_ _ Involving top quarks
Other examples of Virtual particles:

This has far-reaching consequences
The structure of the universe depends on particles that
don’t exist in the usual sense
We do not see these particles in everyday life

We must recreate the state of the early hot universe to
make them



Theory has to be confirmed by experiment

»It doesn’t matter how beautiful
your theory is, it doesn’t matter
how smart you are. If it doesn’t
agree with experiments, it’s
wrong.”

R. Feynman

R. Feynman

(To nie ma znaczenia jak piekna jest twoja
teoria, nie ma znaczenia jaki jestes
inteligentny. Jezeli nie zgadza sie

z eksperymentem to ta teoria jest
nieprawdziwa.)



W jaki sposob badamy czastki elementarne,

a w jaki strukture wszechswiata?

Duze odlegtosci < zdarzenia odlegte w czasie

Wielki Wybuch

Promien Ziemi
Odlegtosc

. Promien
>, Galaktyki
s

Wszechswiat

LHC: Super mikroskop ktory
sztucznie wytwarza warunki
panujace 10*%s po Wielkim Wybuchu

Mate odlegtosci <> bardzo duze energie 9



History of particle physics and Nobel prizes

Sin-itiro Tomonaga

Loon M. Laderman

Gerardus 't Hooft

Julian Schwinger

Martinus J.G. Veltman

Richard P. Feynman

M. Gell-Mann

Sheldon Loe Glashow Abdus Salam Steven Weinberg

1957 - C. N. Yang, T. Lee

1965 - S. |. Tomonaga, J. Schwinger, R.P Feynman
1969 — M. Gell-Mann

1976 — B. Richter and S. Ting

1979 - S.L. Glashow, A. Salam, S. Weinberg

1980 - J. Cronin, V. Fitch

1984 - C. Rubbia, S. van der Meer

1988 — L. M. Lederman, M. Schwartz, J. Steinberger
1990 - J. Friedman, J. Kendall, R. Taylor

1992 - G. Charpak

1995 — M. Perl, F. Reines

1999 - G. tHooft, M. J. Veltman

2004 - D. J. Gross, H. D. Politzer, F. Wilczek

2008 - Y. Nambu, M. Kobayashi, T. Masakawa

2013 - F. Englert and P. Higgs 10
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Measurement Fit — 10™#_0MjoMme

: 2 3
m, [GeV] 91.1875=00021 91.1874
I,[GeV] 24952 -00023 24959
O [ND] 41.540 = 0037 41.479
R, 20.767 = 0.025  20.742
AR 0.01714 = 0.00085 0.01645
AP 0.1465 = 0.0032  0.1481
R, 0.21629 = 0.00066 0.21579
R, 01721 = 00030 01723
Ay 0.0992 = 00016 0.1038
Ap© 0.0707 = 0.0035  0.0742
Ay, 0.923 = 0.020 0.935
A 0.670 = 0.027 0.668
A(SLD) 0.1513 = 0.0021  0.1481
sin“eEM(Q,) 0.2324 = 0.0012  0.2314
m,, [GeV]  80.390 = 0.023  80.379
Ly [GeV] 2.085 = 0.042 2.0092
m, [GeV] 173.3 = 1.1 173.4

Juty 2010 0 2 3

Confirmed at sub 1% level!
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The Higgs

In the simplest model the interactions are
symmetrical and particles do not have mass

The symmetry between the electromagnetic and
the week interactions is broken:

- Photon do not have mass

- W, Z do have a mass ~ 80-90 GeV

Higgs mechanism:

mass of W and Z results from the interactions
with the Higgs field

12



Mass spectrum of elementary particles
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W dniu 4 lipca 2012, eksperymenty ATLAS i CMS na akceleratorze

LHC w laboratorium CERN ogfosity odkrycie nowej czgstki zgodnej
z przewidywaniami tzw. mechanizmu Higgsa.

Francois Englert 9
Peter W. Higgs foa. //

25

NOE
.

8 pazdziernik 2013
Krélewska Szwedzka Akademia Nauk przyznaje
Nagrode Nobla w dziedzinie fizyki

» Za sformutowanie mechanizmu

VoLuwme 13 PHYSICAL REVIEW LETTERS 1964
ktory wyjasnia zrodfo masy czgstek

I h o k , ’ BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS*
elementarnych I ktory zosta (7. Eglort snd B, Brogt )

° ° Faculté des Sciences, Université Libre de Bruxelles, Bruxelles, Belgium

pOtW'erdzony poprzez OdkryCle n:Receitve: 2bG .h(:neBISG‘t)ll sl
pr. zewidywanej przez ten mechanizm BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS
Czq$tki EIementarnej (eksperymenty T'ait Institute of Mathematical PL\si?te:n?‘iu}frﬁng l;‘(]iinhurgh, Edinburgh, Scotland
ATLAS i CMS na LHC ” (Received 31 August 1964)

14



The Higgs: added bonus

Non-zero average value of the Higgs field can also give
masses to the quarks, electrons and muons — to all
point-like particles.

Old theoretical problem affecting the quantum theory of

the weak force :
the probability of two W's interacting becomes

larger than 1 at high energies (> 1 TeV).
This is solved by the Higgs field!

PR and

lim A x E? lim A o< const.
E—oo E—noo
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Beyond the Standard Model

The Standard Model answers many of the questions about the structure
of matter. But the Standard Model is not complete; there are still many
unanswered guestions.

Why do we observe matter and almost no antimatter if we believe
there is a symmetry between the two in the universe?

What is this "dark matter" that we can't see that has visible gravitational
effects in the cosmos?

Are quarks and leptons actually fundamental, or made up of even
more fundamental particles?

Why are there exactly three generations of quarks and leptons? What
Is the explanation for the observed pattern for particle masses?

How does gravity fit into all of this?

16



Many possible theories

There are a large number of models which predict new
physics at the TeV scale accessible at the LHC:

= Supersymmetry (SUSY)

= Extra dimensions

» Extended Higgs Sector e.g. iIn SUSY Models
* Grand Unified Theories (SU(3), O(10), EB6, ...)
» | eptoquarks

* New Heavy Gauge Bosons

* Technicolour

= Compositeness

Any of this could still be found at the LHC

17



Europejskie labolatorium CERN

Zatozone w 1954 roku, to najwieksze na swiecie laboratorium w dziedzinie badan
oddziatywan czgstek elementarnych. Celem sg badania podstawowe.

20 krajow cztonkowskich (Polska od 1992)
40 krajow stowarzyszonych

2 300 zatrudnionych oséb

+ 10 000 naukowcow

Projekt LHC (Wielki Zderzacz Hadronéw)
to ponad 30-letnie przedsiewziecie
wymagajace wizji, talentéw, pasiji,
determinacji i zmierzenia sie z wyzwaniami
technologicznymi.

Od samego poczatku w przygotowaniu
akceleratora i eksperymentow LHC
uczestniczyty zespoty z Polski:

IFJ-PAN, AGH, Politechnika Krakowska,
Uniw. Warszawski, 1BJ-Swierk
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A brief historical overwiew toward LHC

1964: First formulation of Higgs mechanism 1981: The FEHN SpS IZ!ECOH"IEE a
proton-antiproton collider LEP and

(P.W.Higgs)
SLC are approved before
W/Z boson discovery

1983: LEP and SLC construction starts
W and Z discovery (UAl, UA2)

1967: Electroweak unification, with W, Z
and H (Glashow, Weinberg, Salam)

1973: Discovery of neutral currents in

v , e scattering (Gargamelle, CERN) One of the first Z-bosons detected

o LV R S In thE wurld PHYSICS LETTERS
L uA2 |- oo |
— : 1]

N |

1974: Complete formulation of the standard I
model with SU(2) u{l), {(Hiopoulos) = ; T
we Sy Hop aq>Z s etey
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A brief historical overwiew toward LHC

1984: Glimmerings of LHC and SSC

1987: First comparative studies of
physics potential of hadron colliders
(LHC/S55C) and e*e linear
colliders (CLIC)

1989: First collisions in LEP and SLC
Precision tests of the SM and search
for the Higgs boson begin in earnest
R&D for LHC detectors begins

1993: Demise of the SSC

1994: LHC machine is approved
(start in 2005)

1995: Discovery of the top quark at
Fermilab by CDF (and DO)
Precision tests of the SM and search
for the Higgs boson continue at LEP2

Approval of ATLAS and CMS

2000:

2001:

2008:

2009:

2010:

End of LEP running

LHC schedule delayed by
two more years

LHC started but after few
days of operating with single
bheam very serious accident
Restarted back just before
Xmass with 900 GeV collision
Since March collecting data
at 7 TeV pp collision.

Time shared between machine
commissioning and physics
runs. About 10pb-1 collected
by each experiment as of
today.

2012-2014: shut-down

2015:

starting Runll at 13 TeV pp collision

20
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LHC: comparison to other colliders

TEVATRON

Fermilab
lllinois USA

HERA
DESY
Hamburg

p—e+

EEE

Max
proton
energy

[GeV]
980

920

Length
[m]

' 8300

' 6300

Stored
beam

energy
[MJoule]

1.6 for
protons

2.7 for
protons

RHIC
Brookhaven
Long Island

lon-lon
P-P

250

3834

0.9 per
proton
beam

LHC
CERN

Factor

lon-lon
P-p

7000
Now 4000

7

26800

362 per
beam
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LHC (Large Hadron Collider )

Mont Blanc

57 km d’ﬂrgoscrt"
100m pod 2|emla




Paczka
protonow

Proton

Sktadniki
protonu

Produkty
zderzen

/derzenia wigzek proton-proton

jet

Proton-Proton 1380 paczek/wigzke
Protonéw/paczka 1.7 10!
Energia wigzki 4 TeV

Kazdy proton porusza sie z predkoscia bliska
predkosci swiatfa i niesie kinetyczng energie
muchy w locie, okraza pierscien akceleratora
1100 razy na sekunde.

Rozmiar poprzeczny wigzki: 16um (4 razy
mniejszy niz grubos¢ ludzkiego wtosa).

Kazda z wigzek niesie energie pociggu TGV

o dt. 200 m i jadacego z predkoscia
155km/godz (360M Jula).

Takie zdarzenie
pojawia sie

raz na 10 bilio-
now zderzen
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ATLAS detector

® Interactions every 25 ns ... 1
*In 25 ns particles travel 7.5 m
Forward Calorimeters

Solenoid

End Cap Toroid

' N1 )
22m {4 o

NI

SN SR

Barrel Toroid Inner Detector Shielding

Weight B =
17000 @ Cable length ~100 meters ..

t

Hadronic Calorimeters

*ln 25 ns sianals travel 5 m
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ATLAS i zespot badawczy

W Detektor ATLAS:

A 42m dtugosci, 22 m $rednicy; 3000
km kabli wyprowadzajgcych sygnat;
ponad 102 kanatéw odczytu
elektroniki; precyzja ustawienia
elementow rzedu mikronéw

Zespot badawczy:

Ponad 3000 fizykow, inzynieréw
i technikéw, w tym ponad 1000
doktorantow;

178 instytucji z 38 krajow;
Zespoty polskie:

IFJ-PAN, AGH i Instytut Fizyki UJ

27



Detektor ATLAS

Analiza zarejestrowanych zderzen:

W ciggu 3 lat kazdy eksperyment
zarejestrowat na dyskach ponad

5 miliardéw interesujacych zderzen
= 20 Petabyte danych.

Gdyby zapisac je na ptytkach CD to
powstatby stos o wysokosci 20 km.

28




Particle detection

Particles can be “seen” as
the result of an interaction
with matter (detector)

In the end, everything is
converted to:

« optical pictures

- voltage/current signals

F9 W o W = B = M
ax tot dx coll dx 1ad dx pair ax photonuc!

(& L~ (& o )
ax photoeft dx compion dx [hagion
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What can we detect?

“ nd LI electro-waak
fenartion symmetry breaking
& matter force particles {mass giving)

* Directly observable particles must: e, e me
—Undergo strong or EM interactions i WREl
—Be sufficiently long-lived to pass the detectors

* We can directly observe:
— Electrons, muons, photons ||
—Neutral or charged hadrons
—Pions, protons, kaons, neutrons, ...

—analyses treat jets from quark hadronization
collectively as single objects

—Use displaced secondary vertices to identify jets
originating from b-quarks

* We can indirectly observe long lived weakly
interacting particles (e.g. neutrinos) through
missing transverse energy

(apew-pgue g+)

syienb g

HEREW-RUE 3+
=suojda) g

3
a
3
5
=
-4
1
2

5 hosuns: opposite charged
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What can we detect?

» Short-lived particles decay to long-lived ones (0 g -

* \We can only ‘see’ the end products of the reaction, but
not the reaction itself .

* In order to reconstruct the production/decay
mechanism and the properties of the involved (e
particles, we want the maximum information

HapEw-RUE 9+
suo)da) g
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Paricle properties?

Which properties do we want to measure? lf \ ]

* Energy (calorimeter) ~ P } (E}

» Momentum (tracking) P=1p | p

» Charge (trackin \P3 )
_Direftiorf, bending)in magnetic field % F=qv B=m-2

: Il;lli;es-:.me (tracking) x g B Remvel

2 =22
2 2 4, =22 _\/E_PC
E'=m"-c +p'cc =>m= >

C

* Spin and parity
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How we can detect particles

* In order to detect a particle, it must:
v interact with the material of the detector

v transfer energy in some recognizable fashion (signal)

* Detection of particles happens via their energy loss in the material they
traverses

multiple

Charged particles  lonization, Bremsstrahlung, Cherenkoy, ... |
single

interactions...

multiple

interactions

Neutrinos Weak interactions
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Examples of particles interactions

lonization:
Charged
Particle
Y
Electron
(0]

Charged /
Particle

_/‘) ;
Electron

Pair
production:

Positron

Nucleus Electron

Hlectron
Photon

___.) /
?ﬁ'ﬁmn

Nucleus

Compton
scattering:

Electron

Photon

-.-..--._).

Electron

Photon

7
~N

(-]
Electron
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Passage of particles

» “Onion”-like structure
« Each layer measures E and/or p of particles

« Redundancy of measurements

Tracking Electromagnetic Hadran Muon

_ chamber calanmeter calorimeter detector
neutrinos = eeeeeeel ~ Missing ET
photons 2 undetected
neutrinos. ..

electron positron -

muons -

pions proton -

Energy measurement
total absorption of showers

momentum measurement Muon detection
(curvature in magnetic field) measure momentum
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Detector layers

* Inner tracking
— Measure charged particle (momentum)

* Magnetic field:
— Measure momentum
» Calorimeters
— Measure energy of all particles

 Quter tracking
— Measure muons

calorimeter
)

Heavy materials
eq. lron or Copper +
active media

hadrons (h)

p detectors
High £ materials

e.m. calo

eg. lead tungstate
Lightweight Zone in which only crystals
materials v and u remain

‘w]
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CMS experiment

§ T '
]
KE}I': 2am
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ATLAS experiment

Muon
Spectrometer

Hadronic
Calorimeter

Electromagnetic
Calorimeter

Solenoid magnet

Transition
Radiation
Tracker _

Tracking

Pixel/SCT
detector

gphé

ton

The dashed tracks
are invisible to
the detector
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Event displ
— A ‘ £ R ~» > « X7 3 Run Number: 152409, Event Number: 5966801
5\\&#’, N NS N K ‘ _Date: 2010-04-05 06:54:50 CEST '

JA EXPERIMENT

. W-ev candidate in

7 TeV collisions
p,(e+) = 34 GeV

ne+)= -042

E ™ =26 GeV

M, =57 GeV




Fixed target vs Collider

Fixed target geometry Collider geometry

“Magnet spectrometer” *4 multi purpose detector”
interaction  tracking  muon filter

o gl (U 687
N UM/I\ \ }
-

; ALICE Endcap Endcap
beam magnet calorimeter (both geometries) . :
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upstream material

Detectors are imperfect

nhot

* Detection efficiency

instrumented

region

passive region

active region

passive regio

nhot

instrumented

region

n

readout ; ;

e — Ndetected —M-R-D
Nincident

v M = P(entering active region)

» Upstream material, entrance windows, ...
v" R = P(generating signal)

* Interaction cross sections, response, fluctuations, ...
v" D = P(signal gets registered)

- Readout properties, thresholds, ...

* Acceptance

v Instrumented/reactive region of the phase
space (e.g. pseudorapity, azimuthal angle, but
also energy/momentum)

* dynamic range
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Detectors are imperfect

® Dead Time ® Response linearity
v" Delay between particle entrance in
detector and signal acquisition, in 5
which the detector is rendered i
inactive (detector + readout) L
v Dead time efficiency '
1 =
E(Td) — .
NaetectedLa + 1 ® Response resolution
® Trigger ::j‘fﬁ-

v Detector cannot acquire
signals continuously...
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