Elementary Particle Physics Research

Achim Geiser, DESY Hamburg
Summer Student Lecture, 18.-20.7.18

Scope of this lecture:

Introduction to particle
physics for non-specialists #
rather elementary o
more details -> specialized Iec1'ur'es
particle physics in general fhanks 1o 8 Foster for some

of the nicest slides/animations

some emphasis on DESY -related topics  grerouees

www pages of DESY and CERN
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What is Particle Physics?

Particle Physics
= science of elementary particles
ANURNEIRINIEACIONS
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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‘ealiSGTion: Pier'r'e Gassendi 1640 Galileo Galilei
French navy Galley with

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

R\ =>ireakthrough of inertial theory

M. Risch
Physik in Unserer Zeit
38 (5) (2007) 249

Pierre Gassend; (1592~ 1655).
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What is a ,,pariicle“?

The Atom

Classical view: particles = discrete objects.

Mass concentrated into finite space with definite
boundaries. -

Particles exist at a specific location.
-> Newtonian mechanics

€ Electron

Isaac . Neutron
Newton ! . ‘
Moder'n view: (Principia 1687) Emilie du € Proton
Chdtelet
particles = objects with discrete (1759) Niels
quantum numbers, e.g. charge, mass, Bohr
(Nobel 1922)

not necessarily located at a specific position,
(Heisenberg uncertainty principle)

can also be represented by wave functions. Surrounding orbiting
(quantum mechanics, particle/wave duality) s

Pozit wel ywcharged
T 10 M meter o

Erwin
~  Schradinger
, : é\! (Nobel 1933)

Werner
Heisenberg
(Nobel 1932)

¥ de Broglie
\ (Nobel 1929)
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What is ,elementary"?

Synchrotronstrahlung PETRA |lI/HASYLAB
XFEL

substructure
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0,00l m
: Kristall
Greek: atomos = smallest indivisible part 1:0.940,000
-9
John Dalton I\ll%lekTJl
1803
(atomic 1/10
model) Dmitry 1610
: i m
Ivanowitsch | Atorh
Mendeleyev = S8
1868 | 1/10.000
Ernest (elements) 10%m
Rutherford Atomkern
1911 A6
(nucleus)
(Nobel 1908) 10—15m
Proton
glementary  muroy
Gell-Mann 1/1.000
=10 fletectahle 1962 IO
(quarks) Elektron,
(Nobel 1969) Quark

HERA

Teilchenphysik

LHC
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History of basic building blqcks of matter
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Which “interactions”?

——

TYPE

at ~ 1 GeV
INTENSITY OF FORCES
( DECREASING ORDER)

BINDING PARTICLE
( FIELD QUANTUM )

OCCURS IN :

STRONG NUCLEAR FORCE

1

GLUONS (NOMASS)

ATOMIC NUCLEUS

ELECTRO -MAGNETIC FORCE

PHOTONS (NO MASS)

ATOMIC SHELL
ELECTROTECHNIQUE

WEAK NUCLEAR FORCE

BOSONS Z°, W+, W-
(HEAVY)

RADIOACTIVE BETA
DESINTEGRATION

GRAVITATION

GRAVITONS (?)

HEAVENLY BODIES

THE EXCHANGE OF PARTICLES.IS.RESPONSIBLE FOR THE FORCE

CERN AC _704_V25/8/1992
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The Power oflConser'va'rion Laws

el

e.g. radioactive neutron decay:

@ not visible
& ©

Pauli 1930:

Neulitrino
must bhe present
Wolfgang Emmy Noether
Pauli 1o account for 1919:
(Nobel 1945) _ .
conservation of enerygy  EpLconservation

related to

and (angular] momeniui homogeneity of

time+space and
isotropy of space
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confirmation: neutrino detection

e.g. reversed reaction:
Vg+h — p+e

eXTremely rare! Freder'ik Reines
(absorption length ~ 3 light years Pb) =

first detection: 1956

Reines and Cowan, neutrinos from nuclear reactor

Conservation laws remain vald
gdown 10 microsconic 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 day 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 parity!
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The power of symmetries: Parity

Lee & Yang 1956: Weak interactions violate Parity
experimentally verified by Wu et al. 1957:

direction
o A

travel

¢

!
¢

BETA RAYS

MIRROR
WIKKOK

SPINNING
COBALT
NUCLEI §|

consequence:

neutrinos are

always \
lefthanded ! W

BETA RAYS
{(ELECTRONS) a3

(antineutrinos righthanded) D | e

v Y  MIRRORWORLD
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The Power of Quantum Numbers

Who ordered
THAT?

1948: discovery of muon

same quantum numbers as
electron, except mass

I.I. Rabi
(Nobel 1944)

muon decay: " ->V , eV,

Tz

(Nobel 1988)

conservation of Leon M.  Melvin  Jack
. Ledermann Schwartz Steinberger
electric charge -1 o -1 O
lepton number: 1 1 1 -1 VAU (@955) /|
.muoh number": 1 1 0 0 v, 7V, (92

Lepton number is conserved *

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
. N2 humber of
‘L"I:-': o o
= (light) neutrino
25 v

flavours = 3

Gerardus Martinus

" Cerordis i
’ Thereseemiobe
o ~ exactly three

» . lepton + quark

88 & 90 91 92 93 94 95

hnergy, GeV families !
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Can we “see” particles?

Luis Walter Alvarez (Nobel 1968)
o oy, o i Sy . AACHEN-BONN-CERN-MUNICH-OXFORD COLLABORATION

N o i ) ) - A J .
. GBS 16 R AL we can!
| R e i EVENT 294/0995 *

D’p—-D*p}-L_

p°mr*
\_.I_L'..V
+

Letv

: 4
' :
NEUITRINO Quarks. Meutrimos. Mesbns. All those

: )° damn particles you cant see. That's what
Ny BRAM drove meto drink. But now | can see them.

: SR e e MOMENTUM IN
Donald Arthur Glaser (Nobel 1960)
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A typical particle physics detector

see e.g. ARGUS
near DESY entrance
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early discoveries in cosmic rays bu‘r
need controlled e on

e
LS

conditions
M= 2

Albert Einstein
(Nobel 1921)

need high energy
to discover new
heavy particles

colliders = e _
microscopes (later) EEENESEES

18.-20.7.18 A. Geiser, Particle Physics 17



The HERA ep Collider and Experiments

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

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

\"UL‘( :

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

el

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)fiqvour SYmmetry
Q=-1/3 Q=2/3
----..._d . 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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Model

The Quark

mesons = qq

o

-1

. :
SU{3}—0kteﬂ d'er Einf&(‘hsﬂ.‘n Baryﬂmn SUB}-O](WH: de‘r eln{a{'hsten Memntn
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Colour

Quark model very successful, but seems to violate
quantum numbers (Fermi statistics), eq. |27)=|uuu)|111)

=> introduce new degree of freedom: colour

oloe

3 coulours -> SU(3),/0ur qqq = qq = whitel

(exact symmetry)
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Screening of Electric Charge

electric charge polarises

vacuum -> virtual electron
positron pairs

reelles Eieh:trc:-n\‘\ . .
_ 1 positrons partially screen

Q electron charge

virtuelles Elektron

und Antielektron e

S = effective charge/force

ML decreases at large
| /B w distances/low energy
(screening)

increases at small
distance/large energy

i\
185__@&7&@ J'uliar\ Richard P. A. Geiser, Particle Physics 24
Tomonaga Schwinger Feynman




Anti-Screening of Coulour Chargel

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

g’ -I‘ ohota PRE
vir’(ueliea G'I_,IUF‘I David 1. Gross H. David Politzer Frank Wilczek
B YWY, ' . (Nobel 2004)
& - /
H :‘ 2 2
reelles ‘ bt e (QT & ep @ ]/
Quark virtuelles |
G Gluon o | /
1 -- b _ _— !_._* L ’E .‘ /
reelles Quark vl = /
und Antiquark = /
virtuelles Quarkjund Antiquark qg' asymptotic
© freedom —*0
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_Comparison QED / QCD

electromagnetism strong interactions
QED QCD

1 kind of charge (q) 3 kinds of charge (r,0,b)

force mediated by photons force mediated by gluons

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

a is nearly constant . strongly depends on distance

confinement limit:

distance S . dizstance

The underlying theories are formally almost
identicall
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The effective potential for qq interactions

cng
2 1 Charmo- =

nium
Fragmenration ‘
—> >
V(r) E U 1
#r =

P r|fm]
p
lattice
Y asymptotic freedom gauge
~1r calculation
4 v,
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Heavy

Positronium = bound e*e- system

Cissociatioh
7 Ehergy
T 25,
n="2
iF
= 218
E—' _n
5
L]
[
L 3
8T s,
H
2 of
1—
h=1 135
D _1
; llS,;,
L=0
Singlet Trplet
18.-20.7.18

Quark Spectroscopy e

Burton

Charmonium = bound system oo
of cC quark pair 1976)
Samuel

¥(4.04)

C.C.
Tin
wEI7)
2%p - A<
?'J.Fl i —— DD
? =T 242 Events+i
276, i :
70| SPECTROMETER
B2 81 normal current
iz 60+ [J-10% current
> S0
2
a
5 40
E L
2 sl
1974 I
20
10
L=1 0% 5s 3.? Ll

Singlet Triplet

A. Geiser, Particle Physics 28



calculation of proton mass in QC

=
from lattice gauge theory: 5000 | |
4 | Budapest-Marseille-Wuppertal collaboration
N = =P
e e < 1 = ;
| ‘ 500__ ek —_ eyfperiment
L ‘ s 15 g |53 1 —= width
i" _— "‘*::_';;i,“:-";;-*';;“ ey ] S o input
EvA— 0. — T | i QCD
vchi : =E
spontaneous breakdown .of chiral symmetry ;E:__ ' Voichiro
(left-right-symmetry) yields BE  Nambu

QCD "vacuum” expectation value
proton mass,

mass of the visible part of the universe |
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How to detect Quarks and Gluons?

Jets!

hadron Example of the hadron
q production in ée
e’ ‘ e annihilation in the JADE ~ ~¥°7°

‘/q detector at the PETRA
e*e collider at DESY,
Aﬂhadrons Germany.
Georges
/s energy 30 GeV. Charpak Wog

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

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

Two opposite jets.
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Discovery of the Gluon (1979) _

PETRA at DESY:

Bjorn Wiik Paul Sading

Gilinter Wolf
18.-20.7.18

(EPS prize 1995)

Sau Lan Wu

look for

22.9.80

A. Geiser, Particle Physics

Ecm:35 GEV

TASSO event picture

31



Jets in ep and pp interactions

H1 inclusive jet photoproduction

CMS L= 34 pb”’

el

\/s = 7TeV

> § Hi data Q®<0.01 GeV?(xR_) S e T — T
9 10°F $ Hi data Q*< 1 GeV? 2 10 = LHC . |Y|<05(><3125)
[ — 10 C o 0.5<|y|<1 (<625
5 10 F NLO (14 8,,,) Q10 "¢
m E Ry e NLO B 119 L n 1<|y]<1.5 (x125)
2 4L GRV,CTEQ5M < 10 =
s F | £ 08 o 1.55]y|<2 (x25) -
S0k > + 2<ly|<2.5 (xB) °
10-25 HERA -o|_1 07 . 2_5<_:|y|<3 3
mf ol 10? - s
e incl. k, algor. (D=1) = _ =
10 '4; Aen<25 C\Ib 1 04 E
5f 1684<W, <242 Gev © 10 =
10 | S TS TR TTUTE DYSTTEVIUN FUSUT VRN DUVETIUT BTN 1035_
S o4k — NLO (1+3,,,,) 2F
g 04 % e LO(sE 10°= _ NLoeNnP
. 0'5 e 105 (PDF4LHC)
£ R N '1| = [ Exp. uncertainty
= el S 10 = Anti-k, R=0.5 v\ |
105030 2050 eln_' 76 20 30 100 200 1000
Eiet [GeV]
p_ (GeV)
-
0CD works!
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Running strong coupling ,constant™ O

e.g. from jet production at e+e-, ep, and pp at DESY, Fermilab and CERN

— 0.25 ——

p——
w
e

0201}

0.15}

—&€— CMS As; ratio
—ii— CMS tt prod.

—&— CMS incl. jet
—@— CMS 3-jet mass

: v kR RE
—=— HERA

—— LEP

—A— PETRA |
—— SPS 1
—O=—Tevatron |

0.10}
| B oM ) 0.1171 33323 (3-jet mass)
0051 - as(Mz) = 0.1185 + 0.0006 (World average) 1
courtesy T. Dorigo 1 O 1 OO 1 OOO _
Q [GeV
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Yes,
It runs!
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How to determine the ,size" of a particle?

i e: R Y R
microscop r'esoluhon ~ 10 18 =1/ 1000 of size of a pro‘ron )

low resolution
-> small instrument

high resolution :
-> large instrument g\

HERA = giamnt §
eleciron
Imicroscone
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e.g. X-rays

(Hasylab, : i
FLASH, /% |

PETRA IIT, B
XFEL) E~ keV

How to resolve the structure of an ob '!ec'r?

-> structure of
a biomolecule

Ada Yonath

W) \ ) , (Nobel 2009)
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Resolve the structure of the proton

E ~ MeV
resolve whole proton

static quark model,

valence quarks
(m ~ 350 MeV)

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

E>16GeV
resolve quark and gluon

w "

sea

18.-20.7.18
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"i 3& ;
Jerome I. Henr'yW Richard E.

Friedmann Kendall  Taylor
(Nobel 1990)

Sll‘ll Clll re



Inside the

Heisenberg's UP

Low Q2 (large)) | | allows gluons, andqq
VWS Medium @ (mediuma) pairs to be produced

WWW for a very short time.

Large G (shortA)

W

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

At highest 02 A ~ 1/ ~ 10%m mun [[&B@ fiar)




eep Inelastic ep Scattering at HERA

——
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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
clectron (resolution scale) Q= —(I-T1) =q°
2
fractional momentum X — Q
of struck quark nqrm T 2p - q
~

_J
Parton distribution functions (PDF) in pQCD

FS™(x, Q) = rZe (x, Q%)+ di(x, Q%)

q; — probability to find quark with flavour 7 in proton
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Protonstrukturfunktion F,

The Proton Structure

=
structure functions ——yp quark and gluon densities
2r H1 and ZEUS
i = :
1,81 ® Hi,ZEUS W2 =10 GeV’
[ . A (agggre Experime)nte
1,6F 2 Y Bl Fermilab —— HERAPDF2.0 NNLO
C Q=15 GeV" —— QCD-Anpassung 0.8 unce::ainties:
L IR experimental
14— model xu.
B [ parameterisation v
10 [ HERAPDF2.0AG NNLO
1t
0.8
0.6F
0,4f
0.2f
O-Illlll Lill 1 L L 1 111 1 11 1 151l 1 11 1 1111
10° 107 107 107 10~ !
Impulsanteil x X
Amanda
Cooper-Sarkar
(Chadwick medal 2015)
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Kinematic regions: HERA vs. LHC

= of T L proton structure
e [ las and .
Stofe - ; measured directly
- [ 1 Atlas and CMS rapidity plateau
010 7 —— D0 Central+Fwd. Jets fOl" lar‘ge pGr'T Of
= CDF /D0 Central Jets LHC phase SPGCC
106L == =1
[m =zZeus )
1050 == QCD evolution
s successful
lo*f o -> safely extrapolate
= . 5
1o 3L to higher Q
102
y Input to
Ll
DL ||||H'H ‘ | Ineasure-
Z . :.,..|||||||||||||||||Il|||||'||||||' ' ‘ ; E
-1r il .
10" | il ) .| | j ments

10° 10 107> 10 10" 10 10~ 1 at LHC
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Example: Higgs cross section at LHC

H->vyw in ATLAS

> 10000— " —
FUUUU U UL U U U U U U U U U U U U U U U U U UUUy (q_r'; L Selected dlphoton Sample B
i o(pp —H+X) o s e  Data 201142012 B
102 4107 > 8000~ Sig+Bkg Fit (m_=126.8 GeV) 7
¥s =14 TeV = T Segy rmemesees Bkg (4th order polynomial) N
. o 6000 — ATLAS Preliminar —
= = y
10F =5 m=175GeV.  Jy6 @ - . Hor .
E -.‘:\\: ......... CTEQ4M _IQ 4000 ; - ;
- A e
— i ._..__.\\ __________ 5 [o} - _
-8_ TE AN e 110, I~ Vs=7TeV, f Ldt=4.8 b ]
= f R T ‘9 2000 — ]
6, 4l AN e - vs=8Tev,f|_dt=2o.7 b 1
10 F 2 oS (3= HW 107 o C ‘ N
4, e N g} 5002_ --------------------------- =
Tlaa te 3 ® o) 400=- =
10 2k """""‘u::_"‘-. +410° C o 300= —
............. B2, o o 2 200~ + ' =
S g gg,qg—-Hit ic 100 &~ + —
3 L . . R P b REFcaT T 2 o LI._ GE‘ | . + ‘ M | H * | =
10° F M. Spiraetal. 9g,qd—>Hbb e Tl et 10 @ 1002 + T 1 + e . T ¢ E
41 NLoeep o e qq—>HZ ">~ § 200 = ‘ ‘ . . . -
10_ P T T N T T T T N T T T T T O I I .;..;.'I‘L.J Ll L 100 110 120 130 140 150 160
m,, [GeV
0 T 200 400 600 800 1000  [GeV
M, (GeV :
H (GeV) Kerstin Tackmann

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

Knowledge of gluon and gquark distributions essentia
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Intermediate summar

= e B — |
: ]

Particle physics: Symmetries and
conservation laws are important

many exciting results at DESY, CERN and
elsewherel

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

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