Introduction to Particle Physncs

Achim Geiser, DESY Hamburg
Terascale Summer School, 23.-24.7.20

Scope of this lecture:

Introduction to particle

physics for novices
rather elementary £
more details -> specialized Iec'rur'es
particle physics in general fhanks 1o 8_ Foster for some

of the nicest slides/animations

Some emphaSis on DESY-reIa"'ed "'opics other sources:

www pages of DESY and CERN
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What is Particle Physics?

Particle Physics
= science of elementary particles
amdl e iteraciions
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What is “science”?

Science (from Latin scientia, meaning "knowledge") is a systematic
enterprise that builds and organizes knowledge in the form of
testable explanations and predictions about the universe.

First_large scale scientific experiment:  proposal: Galilei 1632
historically recorded \ r‘ealisa'ﬁon: Pier‘r‘e Gassendi 1640 Galileo Galilei
French navy Galley with

international crew of ~100 people
(fraction of students not reported)

M. Risch
Physik in Unserer Zeit
38 (5) (2007) 249
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St :. -~ *“‘“wm “qr ; Pierre Gassendi (1552 1655).
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What is a ,particle™?

Classical view: particles = discrete objects. The Atom

Mass concentrated into finite space with definite
boundaries. 3

Path of the electron \

\\
Particles exist at a specific location. A\
. . € Electron
-> Newtonian mechanics Tsaac & i
Newton / . ‘
Moder.n view: (Principia 1687) Emllle du ﬁ Proton
. . . . Chatelet
particles = objects with discrete (1759) Niels
quantum numbers, e.g. charge, mass, Bohr

hot necessarily located at a specific position (Nobel 1922)

(Heisenberg uncertainty principle),
can also be represented by wave functions Surraunding ortifing

Poziti wel wcharged
10 M meter

(quantum mechanics, particle/wave duality). SESREEA
Louis Werner Er‘wir.\. |
Ml de Broglie Heisenberg Schradinger

- 7/ & (Nobel 1933
AN (Nobel 1929) (Nobel 1932) A (Nobel 1933)
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What is ,elementary”?

s0,01l m
Kristall

Greek: atomos = smallest indivisible part 1/10.000.000

9
John Dalton |\1f|%|ekr3[
1803 .
(qTomi C i _..... . -

\
|

J 1/10

model) Dmitry s
. [ m
Ivanowitsch = S8 ° Atom
Mendeleyev = S \
1868 | = % 1/10.000
Ernest (elements) 10"m
Rutherford Atomkern
1911 1/10
(nucleus)
(Nobel 1908) 10—15m
Proton
elementary Murray
Gell-Mann LR
=10 detectahle 1962 <10"®m
(quarks) Elektron,
Quark

S“hSlrUCIure (Nobel 1969)
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Synchrotronstrahlung PETRA [lI/HASYLAB
XFEL

HERA

Teilchenphysik
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History of basic building blocks of matter

T I | | | | % \ ‘\_1\
find - Elements Suba?nmlc A
smallest i o Particles ”
possible - Super- %=
number - Symmetey-

Sulfur, Salt

J/I" Quark and
Lenton

Different Kinds of Basic Matter

10 — —
B v
— Juarks 1 substructure 22
_ Earth P _
_Air |
Fire Electron
Water Proton &
1 | | | | | | | | =
1000 O 1000 1500 1800 1900 1950 1980 2000 2020
BC AD

c} Andy Brice 1995
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Which "“interactions”?

at ~16GeV
INTENSITY OF FORCES BINDING PARTICLE
( DECREASING ORDER )| ( FIELD QUANTUM ) OCCURS IN :

STRONG NUCLEAR FORCE GLUONS (NO MASS) ATOMIC NUCLEUS

ELECTRO -MAGNETIC FORCE PHOTONS (NO MASS) ATOMIC SHELL
ELECTROTECHNIQUE

WEAK NUCLEAR FORCE BOSONS 22, W+, W- RADIOACTIVE BETA
(HEAVY) DESINTEGRATION

GRAVITATION GRAVITONS (?) HEAVENLY BODIES

CERN AC _704_V25/8/1992




Wha

we know today

b A { ’ — = ‘

Grayvity

the

ghost at
the
feast

. .
‘ .._
i WA
| ; 7
'v's :

Leptons  Quarks
Force Carriers

| I III
Generations of

matter o
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The Power of Conservation Laws

e.g. radioactive neutron decay:

n I p + e-+ not visible

Neutrino (.}
mmust he nresent

W°'f90”9 Emmy Noether

Paul to account for 1015,

(Nobel 1945) ~ .
conservation of energy  pkcmenation

and (anguiar] momeniuim homogeneity of

time+space and
isotropy of space

23.-24.7.20 A. Geiser, Particle Physics



confirmation: neutrino detectio

e.g. reversed reaction:
Vg+h — p+e

ZXTr'emer r‘ar'e! Fredr%k Reines
(GbSOI"p‘l‘iOn leng‘rh ~ 3 hgh-'- year.s Pb) (Nobel 1995)

first detection: 1956

Reines and Cowan, neutrinos from nuclear reactor

Conservation laws remain vald
town to microscopnic scales!
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The power of symmetries: Parity

Parity = Mirror Symmetry

Will physical processes look the
same when viewed through a mirror?

In everyday life:
violation of parity symmetry is common
.natural®: our heart is on the left

.sSpontaneous”: cars drive on the right Eugene
(on the continent) Wigner

What about basic interactions? (Nobel 1963)
Electromagnetic and strong interactions conserve parityl!
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The power of symmetries: Parit

— ]

Lee & Yang 1956: WeaK interactions violate Parity
experimentally verified by wu et al. 1957:

direction

SPINNING

consequence. COBALT

neutrinos are

always L
lefthanded | W

BETA RAYS

(antineutrinos righthanded)
23.-24.7.20 /

BETA RAYS

(ELECTRONS)

NUCLEI { |

Y  MIRRORWORLD

"-l.‘.-.--
THIS WORLD

-.‘4:"; - ! Chen
'|| :

:;' Ning
: Yang
dzh

% §

(Nobel
1957)

Tsung
-Dao

- 8 Chieng
Shiung
Wu
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The Power of Quantum Numbers

Who ordered
THAT?2?

1948: discovery of muon

same quantum numbers as
electron, except mass

I.I. Rabi
(Nobel 1944)

L—

(Nobel 1988)

muon decay: P° ->V, eV,

conservation of Leon M. Melvin Jack
) Ledermann Schwartz Steinberger
electric charge -1 O -1 O
lepton number: 1 1 1 -1 Y, }f V  (1955) J
.muon humber": 1 1 0 0 v,7v, (902

Lepton number is conserved W

There is a distinct neutrino for each charged lepton
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The Power of Precision

Precision measurements of shape and height of Z° resonance at LEP I
(CERN 1990's)

o 35F
s b N number of
o (light) neutrino
25 v
flavours = 3

Gerardus Martinus

" sl
’ Thereseemtohe

’ exactly three

s ~lepton + quark

88 & 90 91 92 93 94

N \
Energy, GV families ! W
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Can we “see” particles?

AACHEN-BONN-CERN-MUNICH-OXFORD COLLABORATION

WA 21
EVENT 294/0995 ‘
vp — D*p e e

()

4

NEUTRINO Quarks. Meurinos. Mestms. All those
v } M n particles you can't see. That's

)° BEA dam icl 't That's what

i i drove meto drirk. But now | can se€ them.

Vo . R : bas MOMENTUM IN |
Donald Arthur Glaser (Nebel1960)
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A typical particle physics detector

see e.g. ARGUS
near DESY entrance

more details: lecture I. Gregor
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Why do we need colliders?

early discoveries in cosmic mys bu’r

heed controlled —  Blanc
conditions

Albert Einstein
(Nobel 1921)

need high energy
to discover new
heavy particles

colliders = e LEP/LC SRR
microscopes (=G, . - more details: lacture P. Castfoy
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The HERA ep Collider and Experiments

Data taking stopped summer 2007. Data analysis continues at small rate.

— polarisation : P(e) =—-0.5...0...+ 0.5
L ~4..16-10%cm *s 'mA ™

spec

[, =20...50mA4, 1, = 60...100mA
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Particle Physics = People
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Strong Interactions: Quarks and Colou

strong force in nuclear interactions
= ,exchange of massive pions” between nucleons
= residual Van der Waals-like interaction

Hideki Yukawa

(Nobel 1949)
modern view:

(Quantum Chromo-Dynamics, QCD)
exchange of massless gluons
between quark
constituents

.Similar” to electromagnetism
(Quantum Electro-Dynamics, QED)
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The Quark Model (1964)

— ]

arrange quarks (known at that time) into flavour-triplet

=> SU(3 )flavour' symmetry
Q=-1/3 Q=2/3
. almost

. d K treat'all known hadrons
~ <o (protons, neutrons, pions, ...
as objects composed of
two or three such

quarks (antiquarks)

Murray
S=-1 Gell-Mann

S (Nobel 1969)
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The Quark Model

mesons = qq

PR
|

SU(3)-Oktett der einfachsten Baryonen SU3)-Oktett der einfachsten Mesonen
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— i

Quark model very successful, but seems to violate
quantum numbers (Fermi statistics), eg. |a™) =|uu)|111)

=> infroduce new degree of freedom: (}0|0|I|'

HCAE

3 coulours -> SU(3)10ur qqq = qq = whitel

(exact symmetry)
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Screening of Electric Charge

virtuelles Elektron electric charge polarises

———————————— vacuum -> virtual electron
positron pairs

reelles Eleh'trnn\‘.l : :
| ; positrons partially screen

e electron charge

i e effective charge/force
o GEEE) decreases at large
B distances/low energy
(screening)

increases at small
distance/large energy

i N
23?—@219.%? Julian Richard P. A. Geiser, Particle Physics 24
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Anti-Screening of Coulour Charge!

quark-antiquark pairs -> screening
gluons carry colour -> gg pairs
-> anti-screening

gy all] photo PRE
‘h"ii"tl_lE”EE Glucun David 1. Gross H. David Politzer Frank Wilczelk
il g YYYYY, ' o (Nobel 2004)
I’-=:..__. | g’ : !
L 2, 2, f
reelles ‘ l : ®ann Q7] thED[O l!
Quark virtuelles |
. Gluon = | /
reelles Quark ¥ + /
und Antiquark = /
: : Q)
virtuelles Quark|und Antiquark %' asymptotic
O freedom —*0

1/r2~E2,Q" —
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~ Comparison QED / QCD

electromagnetism strong interactions
QED QCD

1 kind of charge (q) 3 kinds of charge (r,9,b)

force mediated by photons force mediated by gluons

photons are npeutral gluons are charged (eg. rg, bb, gb)

a is nearly constant o, strongly depends on distance

confinement limit:

The underlying theories are formally almost
identical!
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The effective potential for qq interactions

PO |
I Charmo- ol '\

nium C. f
Fragmentation d D
- > i > -
L 8 g = D'
pe > C.

confinement
P r|fm]|
p
. lattice
v asymptotic freedom gauge
~lr calculation
4 o
Ve ———4Fk-r
3 r +
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Heavy

Positronium = bound e*e- system

Chssooatoh

7 Ehewgy
r 2%,
h=12
— 1
% 25,
5 ot
v
C
L 3
g i 2 Sl
H
2 .t
l —
h=1 1’8
D _l
\ 1i5,
L=0
Singlet Triplet
23.-24.7.20

L=1

Singlet Triplet

Quark Spectroscopy

Burton
Richter

Charmonium = bound system

(Nobel
of cc quark pair 1976)
od Samuel

11(4.04) cC.

Tin

N I

R {
1974

Ne

v M
=0 |=

A. Geiser, Particle Physics

v M

1 f=2
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calculation of proton mass in QC

from lattice gauge theory: 5000 , |
. | Budapest-Marseille-Wuppertal collaboration
‘ i B lquﬂ—_ .y / ] 0
g =] — >~/ 8 —*
| | 1500 -
| ] - 4
_ s
- l/-T_"_"‘__—;n "'-_'_I.-"; ST BT I-’ T % |
S = i = 1000 _
O s S & = _ 1 p K
i ﬁ = 500__ K —— experiment
: ! = B : == width
= e s o input
| ".‘:1"___ ] 0 —- T s QCD
spontaneous breakdown of “chiral symmetry = B Voichiro

(left-right-symmetry) yields *© Nambu
QCD "vacuum” expectation value
proton mass (~= neutron mass),

mass of the visible part of the universe |
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(Nobel 2008)
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How to detect Quarks and Gluons?

Jets!

hadrons

Example of the hadron
production in e*e
annihilation in the JADE
detector at the PETRA

e*e  collider at DESY,
A%hadrons Germany.

Georges

/s energy 30 GeV. Charpak § ;

Lines of crosses - reconstructed
trajectories in drift chambers (gas
ionisation detectors). (Nobel 1992)

Photons - dotted lines - detected by OO
lead-glass Cerenkov counters.

Two opposite jets.

~1979
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Discovery of the Gluon (1979)

PETRA at DESY:

Bjorn Wiik Paul Soding

Glnter Wolf
23.-24.7.20

(EPS prize 1995)

: %

look for

22.9.80

Sau Lan Wu

A. Geiser, Particle Physics

Eemn= 35 GeV

TASSO event picture

31



Jets in ep and pp interactions

H1 inclusive jet photoproduction

§ H1data Q*<0.01 GeV*(xR_)
107 $ H1 data Q%<1 GeV?
| = NLO(1+3&

----- NLO
GRV,CTEQ5M

hadh)

HERA

do,, /dE [nb/GeV]
o

10 = incl. k, algor. (D=1)

f_ A<n®<25
E 164<W, <242 GeV

=y
o

—y
(=]
|

- — NLO (1+ 3,,4,)
o §§ e LO (148, )

l'{':“-":“-Th»s:-t::ry:"'r l:“-Th»s:-cxry

coo o9
D R NO N R
LI L

EEt [GeV]

more details: lecture H. Jung

23.-24.7.20

00D works!
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CMS L =34 pb’

\s = 7TeV

15 7] Exp. uncertainty
10 Anti-k; R=0.5

IIIIII| Iﬂ‘lllllll

100 200 1000

S e |y|<0.5 (x3125)
01010 LHC 0 05‘:'}{":1 (><625
3 10°E n K|y|<1.5 (><125)=
o, 5 5 1.5<|y|<2 (x25) -
10 ¢ . 2<|y|<2.5 (x5) 3
y g; s 25<lyl<3 F
10°F 1
10*E =
10°
2
107 NLosNP
10 (PDF4LHC)

20 30



Running strong coupling ,constant™ q.

e.g. from jet production at e*e-, ep, and pp at DESY, Fermilab and CERN
—~ 0.25 —
O i

—¢— CMS Rprao  —O— HERA
—ii— CMS ff prod. = == LEP
—&— CMS incl. jet —— PETRA |
—— CMS 3-jetmass —V— SPS :
—(O=—Tevatron |

e
wn
o

0.20}

0.15}

0.10} :
| Yes,
_ as(Mz) = 0.1171£330L (3-jet mass) _
0.051 B os(Mz) = 0.1185 + 0.0006 (World average) 1 it ru “s'
courtesy T. Dorigo 1 O 1 OO 1 OOO

Q [GeV]
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How to determine the ,size” of a particle?

B e

microscope: Je—
. | resolutio

low resolution s L e

-> small instrument & T pemp S~

e e o = AT IR S S e T

n~ 108 m = 1/1000 of size of a proton

——

high resolution
-> large instrument g&

HERA = giant
electron
Inicroscone
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How to resolve the structure of an object?

e.g. X-rays

(Hasylab,

FLASH, |
PETRA III, accelerator
XFEL) E~ keV

-> structure of
a biomolecule

Ada Yonath
(Nobel 2009)

3 W 2 )P
L 2\ >
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Resolve the structure of the proton

E ~ MeV |
resolve whole proton | |

: : 4- 3&. -
static quark model, Jerome I. Henr'y W. Richard E.
valence quarks Friedmann Kendall  Taylor

(Nobel 1990)
(m ~ 350 MeV)

Sll‘llCller

E~m,~16eV
resolve valence quarks
and their motion

E>16eV
resolve quark and gluon

A\ n

sea
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Inside the proton

Heisenberg’s UP

Low Q2 (large A) . , . allows gluons, and qq
\/‘U’\N Medium Q* (medium A) pairs to be produced
\N\N‘N for a very short time.
Large Q? (short A)

At higher and higher
resolutions, the quarks
emit gluons, which also
emit gluons, which emit
quarks, which.......

At highest Q%, A ~ 1/Q ~ 10 m

mun [I@@ il




Deep Inelastic ep Scattering at HERA

s =]
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Deep Inelastic Scattering (DIS)

» 2 degrees of freedom at fixed

Neutral Current cms energy s = (I+p)°
boson virtuality 2 N2
electron (resolution scale) Q7 =—(I=1) =q°
2
fractional momentum . Q
of struck quark (nqem) T 2p - q

Parton distribution functions (PDF) in pQCD

E™(x, Q%) = x Y ef[qi(x, Q) + 7i(x, Q%))
[

q; — probability to find quark with flavour 7 in proton
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The Proton Structure

Protonstrukturfunktion F,

structure functions ——yp quark and gluon densities
2r H1 and ZEUS
C = '
1,81 ® H1, ZEUS u2=10 GeV’
- . A andere Experimente
16 2 (CERN, Fermilab) —— HERAPDF2.0 NNLO
. Sis° GeV2 ! —— QCD-Anpassung 0.8 uncertainties:
= N I cexperimental
1,4 5 model xu
B é‘ [ parameterisation ¥
12k ‘\! 0.6 e HERAPDF2.0AG NNLO
- . 6 ",
10 . i
n *! \ 2 2
i s“ § Q =650 GeV
08F .2 2 \
=0 Q=3,5GeV e
C 3 . L}
0.6 e |
: Y
0,4 "
L Al
0.2f
0- III]I 1 llllll 1 lIII 1 IllI II[I
107 107 107 10° 107" :
Impulsanteil x .
Amanda
Cooper-Sarkar
(Chadwick medal 2015)
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Kinematic regions: HERA vs. LHC

("l> - T T T T TRIT T T 'III.IT] 'IZ'I[.I] T T III'I'II T T T T 1rIr T T I'I'I'II'I[
:B 10 8 | Atlas and CMS
(.:"‘“ ? Z _ Atlas and CMS rapidity plateau
D]O 7 1 DO Central+Fwd. Jets
== CDF /D0 Central Jets
6 e H1 -
10 e M=1Tev |/
10 S| /3 nmMc
[ BCDMS & g
j04L OIm =Eess Vs £
: SLAC Y vy 7 =
1021 7
15 I IIII||
| | 1}
: I| ,I Il|| ! | i
2 |I II| |
10 - M = 1OGeV
10 & H W# Il
| 1
{ L i H |
ol ||||II |||||||| UUFETEHEE
=1 T
10
ot il
7 6 -5 -4
10 10 10 10 1
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profon structure
measured directly
for large part of
LHC phase space

QCD evolution
successful

-> safely extrapolate
to higher Q?

Inputto
measure-
mentis
at LHC
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Example: Higgs cross section at LHC

L L L L L B
i o H+X
102L (PP —-H+X) 107
: Vs=14TeV
10 ‘:\.h m, =175 GeV 108
e CTEQ4M
o F s e 10°
& - \\\ . e,
b _1 '- .?::. .\.:\\
10 ] Vi » N C]C]'—Ir HW 104
102 o 10°
103 F M. Spirastal B, ..,‘__‘ ~Lirree.qd 102
NO Qe T ST
10_4-||||||||||||| PO I O Ll il Ll Liil -ll:..:.' 1
0 200 400 600 800 1000
M, (GeV)

events for 10° pb~!

Events / 2 GeV

Events - Fitted bkg

H -> vy in ATLAS

10000— "

Selected diphoton sample

e  Data2011+2012
Sig+Bkg Fit (m =126.8 GeV)

Bkg (4th order polynomial)
ATLAS Preliminary
H—)'\lf'\il

8000

6000

..
N
-

4000

Vs=7 Tev,det =481
2000
{s=8TeV. f Ldt =207 fb"

ol H||m\|\ UTTTITET e o A ‘ [ | [ ‘ L1 | [ |
(=]

500

400

300

200

102 J.
-100 f |
-2002—

100 110 120 130
m [GeV]

Y

Kerstin Tackmann
(DPG Hertha Sponer prize 2013,
IUPAP Young Particle Physicist Prize 2014)

Knowledge of gluon and quark distributions essential
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Intermediate summary

— ]

Particle physics: Symmetries and
conservation laws are important

many exciting results at DESY, CERN and
elsewherel

HERA closed down, but particle physics at
DESY (ea. participation in LHC) alive and well

next: weak interactions, Higgs,
neutrinos, cosmology,
future of particle physics
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