Elementary Particle Physics Research

Achim Geiser, DESY Hamburg
Summer Student Lecture, 29./30.7.08

Scope of this lecture:

Introduction to particle §
physics for non-specialists Z g€
rather elementary .
more details -> specialized lectures
par‘T|C|e thSlCS ln gener‘al thanks to B. Foster for some

of the nicest slides/animations

some emphasis on DESY -related topics oo ot ESY and CERN
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What is Particle Physics?

Particle Physics
=g¢ience of elementary particles
ANAEIRIERAEIONS
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What is a ,particle™?

The Atom

Classical view: particles = discrete objects.

energy concentrated into finite space with definite
boundaries. ;-
Particles exist at a specific location.

> . .
Newtonian mechanics Tsaac

Newton

Modern view:

particles = objects with discrete
quantum numbers, e.g. charge, mass,
not necessarily located at a specific position.
(Heisenberg uncertainty principle)

can also be represented by wave functions Surraunding ortiting

Niels
Bohr

(Nobel 1922)

Posziti wel v charged
e 10 M meter

. . . electons (-2)
(Quantum mechanics, particle/wave duality)
%ﬁ Louis Werner Erwin '
W de Broglie Heisenberg kN~ Schrodinger
(Nobel 1929) (Nobel 1932) () (Nobel 1933) g eEenes. o
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What is ,elementary”?

Greek: atomos = smallest indivisible part

Dmitry A

Tvanowitsch . d

Mendeleyev 0 8
1868 !

(elements) T

u ? Ernest
Rutherford

| ‘ 1911
Murray

(nucleus)
clementary - cer-vom

=fodeteciahle -
subistrugture |
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Which Interactions?

Three

Fout Fundamental Interactions
: ¥

The

Electromagnetic

All forces in the world can be
attributed to these four interarctions!
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The Forces in Nature

TYPE

at ~16GeV
INTENSITY OF FORCES
( DECREASING ORDER )

BINDING PARTICLE
( FIELD QUANTUM )

OCCURS IN :

STRONG NUCLEAR FORCE

.

GLUONS (NO MASS)

ATOMIC NUCLEUS

ELECTRO -MAGNETIC FORCE

T i

PHOTONS (NO MASS)

ATOMIC SHELL
ELECTROTECHNIQUE

WEAK NUCLEAR FORCE

5
~ 10

BOSONS Z°, W+, W-
(HEAVY)

RADIOACTIVE BETA
DESINTEGRATION

GRAVITATION

T

GRAVITONS (?)

HEAVENLY BODIES

THE EXCHANGE OF PARTICLES: IS RESPONSIBLE FOR THE FORCE

CERN AC _704_V25/8/1992



What we know 'roday
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'—l electron muon tau = ZbosomI —l
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The Power of Conservation Laws

e.g. radioactive neutron decay:

n P + e—+ not visible
¢ s > (U Tk ' ; » " T "

Neulrino
must e present
o account for
conservation ol eneryy
and fangyuliar) momentun

Wolfgang
Pauli
(Nobel 1945)
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confirmation: neutrino detection
e.g. reversed reaction: >
Vet n— p + @

QXTremely r'ar'e! Fredri.k Reies
(C(bSOr'pTiOn leng‘rh ~ 3 Ilgh-r year.s Pb) (Nobel 1995)

first detection: 1956 (!)

Reines and Cowan, neutrinos from nuclear reactor

Conservation laws remain valjd
down to microsconic scales!
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The power of symmetries: Parity

Parity = Micvor Symmelry

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 195¢: Weak interactions violate Parity
experimentally verified by wu et al. 1957:
%m;:inn /

¢

f
¢

BETA RAYS

MIRROR
NIKKOK

SPINNING

consequence: COBALT

neutrinos are

always S
lefthanded ! WM

vl
o ©
. . . (ELECTRONS) /LT ) °. &" v ©
(antineutrinos righthanded) > | I
v { MIRRORWORLD
29.7.08 £ —

THIS WORLD
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A !
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dim

Chen
Ning
Yang

(Nobel
1957)

Tsung
-Dao




The Power of Quantum Numbers

Who ordered
THAT2A

1948: discovery of muon

same quantum numbers as
electron, except mass

I.I. Rabi
(Nobel 1944)

muon decay: L~ ->V €V,

conservation Of Leon M. Melvin Jack

Ledermann Schwartz Steinberger

(Nobel 1988)

electric charge -1 O -1 O
lepton number: 1 1 1 -1 VvEV (1955) /|
.muon number": 1 1 0 0 v, 7V, (1962)

Lenton numiler is conserued )
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 T
(CERN 1990's)

o 35F
S N;=2 humber of
30 M — ] ]
el (light) neutrino
25 v

flavours = 3

Gerardus Martinus
t'Hooft  Veltman

Tereseemios

exactly three

ntom + auark
&8 & 90 91 92 93 94 95 Ijﬁmﬂwm v mujal[fl«
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Can we “see” particles?

Luis Walter Alvarez (Nobel 1968)

AACHEN-BONN-CERN-MUNICH-OXFORD COLLABORATION

WA 2|
EVENT 294/0995 ‘

vp—-D*pp.‘

RETRING Quarks. Neutrinos. Mestns. All those
P BEAM damn particles you can't see. That's what

drove meto drink. But now | can see them.
MOMENTUM IN 1

Donald Ar“rhur‘ Glaser' (Nobel 1960)
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A generic modern particle

—
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Wh dow

early discoveries in
cosmic rays, but

need. c.on’rr'oll ed
conditions

T R

Mon‘r Blanc
iz

L4

Mm = ———
C2

need high energy|
to discover new
heavy particles

colliders =
microscopes (later) &
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The HERA ep Collider and Experiments

=

Data taking stopped summer 2007. Data analysis ongoing. Visits this Thursday/Friday.

mi = L

B . arisation: P(¢)=—0.5...0...+0.5

I
e ©4...16:107cm s 'mA

1,=20...50mA4,1, =60...100mA4
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Strong Interactions: Quarks and Colour

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

\
Hideki Yukawa

(Nabel 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-triplett
=> SU(3)fiqvour SYmmetry

Q=-1/3 Q=.2/3
..°’°-..d treat all known hadrons
. (protons, neutrons, pions, ...)
as objects composed of
two or three such
quarks (antiquarks)

S=0

Murray
S=-1 Gell-Mann

S (Nobel 1969)
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The Quark Model

-1

SU(3)-Oktett der einfachsten Baryonen SU3)-Oktett der einfachsten Mesonen
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Colour

Quark model very successful, but seems to violate
quantum numbers (Fermi statistics), eg. |A™)=|uuu)| 1)

=> infroduce new degree of freedom: @@MM

A

3 coulours -> SU(3)_,0ur qqq = qq = whitel
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Screening of Electric Charge

virtuelles Elektron

und Antielektron e

electric charge polarises

vacuum -> virtual electron
positron pairs

reelles EieFrtmn\_‘.l : :
; positrons partially screen

Q electron charge

i Bz effective charge/force

__(Nobel 1965) decreases at large
| 7 w _ distances/low energy
(screening)

N, increases at small
distance/large energy

& ‘x
29Si,nﬁg’ror'o Julian Richard P.

. A. Geiser, Particle Physics 24
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Anti-Screening of Coulour Chargel

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

i 2 2
reelles 4 | Eoop (T ®ep! ]f!
Quark L
e, | i i f
ol !
G - /
reelles Quark W /
und Antiquark = /s
Y 9 s
virtuelles Quark|und Antiquark qg' asymptotic
o freedom —= 0

I
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The Nobel Prize in Physics 2004

II

for the dizscovery of asymptotic freedom in the theory of the strong
interaction

David 1. Gross H. David Politzer Frank Wilczek
@ 1/2 of the prize & 1/3 of the prize & 1/3 of the prize

USA USA USA

Kavli Institute for California Institute Massachusetts
Theoretical Physics, of Technology Institute of
University of (Caltech) Technolegy (MIT)
California Pasadena, CA, USA Cambridge, MA,
Santa Barbara, CA, Usa

SA
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Comparison QED / QCD

electromagnetism strong interactions
QED QCD

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

force mediated by photons force mediated by gluons

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

a is nearly constant o strongly depends on distance

confinement limit:

dislance = . dislance

The underlying theories are formally almost
identicall

29.7.08 A. Geiser, Particle Physics 27



The effective goten?ial for qq interactions

\
s a i
2 E Charmo- oi P
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Positronium = bound e*e- system

Chssooatoh

7F Ehergy
°r 275,
h="2
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29.7.08

Charmonium = bound system

L=1

Singlet

(Nobel
of cC quark pair 1976)
404 Samuel
1(4.04) c.C.
T
yE77) 9
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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,
Germany.

hadrons
Georges

cms energy 30 GeV. Charpak §

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

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

Two opposite jets.
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Discovery of the Gluon (1979)

PETRA at DESY: look for

et q

Bjorn Wiik Paul Séding

22.3.&_‘%0

) ; PO G TASSO event picture
Glinter Wolf Sau Lan Wu
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Jets in ep interactions (HERA)

H1 inclusive jet photoproduction

% 2% ¢ H1dataQ’<0.01 GeV*(xR_) e
o L 2 2 ; » L LR R AURRSRARA.
— i o = 107 — NLOQCD
5 10 NLO (145, ) 2 107 00QC
% E ey - NLO i - ---LOQCD
==
Hﬂg- 1 §— GRV,CTEQ5M ?5 10 = 1< leet{ 25
*] -1F = F ; i P T
S 10 12_ - 142 < V'rw{:l!)j GeV
102 E f
of )
10 E jnel. k, algor. (D=1) 10 3 E
-4f ot P B
10 = 1= =256 af
sf 164<W, <242 GeV w ¢ .
10 g e B .
a --.|||||||||||||||||||||||||||||||I|||||||
[=] — — I[] [T T T T LU T T T T 11T T T
g 0.4 i b SALE Bhadr.] : C jet energy slcale uncertainty  J
& 0.2 e LO (148 ,,) é_; 0.5 NLO uncertainty - =
P B s i S
8 Z n THIH R T T
s 0.2 s C
é -0.4 ?1, 0.5 E_ i
-0.6 X L

1 lﬁ‘lf"lI-Illll,lllllqlllllllll bl
?lu Jﬂj_ﬂj WL[OJrMS'IIJ 40 50 60 70 i"!r l{(::n&!)
ercev) QYY) N MY

Good agreement with NLO over six orders of magnitude, dominant uncertainty due to theory
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Running coupling o, from jet production

EEe——

HERA

HERA 3

0.2 iy,

0.15

0.1
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e ZEUS (inclusive-jet NC DI|S)
v ZEUS (inclusive-jet yp)
» ZEUS (norm. dijet NC DIS) _
= H1 (norm. inclusive-jet NC DIS)
« H1 (event shapes NC DIS)

-’

=

1@

i

o

on

=

=

[

=}

=

""" QCD e T 1&g

ot (M) = 0.1189 + 0.0010 1 % —

(S Bethke, hep-ex/0606035) T | i —E
10 100

w=Qor B (GeV) EQ~1/r)

Good agreement with expected running of ag
Consistent and competitive measurement of ag between HERA and LEP
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Running coupling o, from other measurements

05 |
1
\ T 4 b tief inelastische Streuung (HERA)
o4 | o® ete-Amnihilation  (LEP, PETRA)
i 1‘.{. <> Hadron-Kollisionen
: ¥ m O Heavy Quarkonia
03 f ?\

- | N . o (%) = Py 1-1@;% mit Go=11— gﬂf
s
| \ﬁ\{ HERA =
o2 | |
: ﬁ currently
| : % “ﬁLﬁ best
o1 | z
| ———— QCD @ (M) = 0,118 £ 0,003 p|ace
I to study
in GeVic QCDI
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How to determine the ,size" of a particle?

microscope i 1/ 1000 of size of a pr'o'ron

low resolution _
-> small instrument |

high resolution
-> large instrument g

HERA = gyiank &
electron
INICrosSECone
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e.g. X-rays I e

(Hasylab,
FLASH) accelerator I =
E~ keV B

How to resolve the structure of an ob '!ect?

-> structure of
a biomolecule
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Resolve 1'he s'rr'uc?ur'e of The Er'o‘ron

E ~ MeV ,!5: )
resolve whole proton | ‘ &=

J»?a

static quar'k model, Jerome I. Henr'y W. Richard E.
Friedmann Kendall ~ Taylor
valence quarks | | (obel 1990)

Sllr I_IJGIIIJIIJ‘%‘

(m ~ 350 MeV)

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

E>16GeV
resolve quark and gluon

w "

sea
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Inside the

Low Q? (large M)

VVW Medium Q? (medium 1)
WWW

Heisenberg’s UP
allows gluons, and qq
pairs to be produced
for a very short time.

Large Q? (short )

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

At highest Q2, A ~1/Q ~ 1018 m

|1
JoSIENESS
LURISOlian




Deep Inelastic ep Scattering at HERA

29.7.08 A. Geiser, Particle Physics 39



Deep Inelastic Sca‘l'ter'mg (DIS)

» 2 degrees of freedom at fixed

Neutral Current cmMs energy s = (I+p)°
boson virtuality 2 N2
T — (resolution scale) Q" =-(I-T1)
fractional momentum v — Q2
of struck quark T 2p - q

Parton distribution functions (PDF) in pQCD

F§™(x, Q%) = "CZE (x, Q%) +d;(x, Q)]

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

The Proton Structure

structure functions ——p quark and gluon densities

2
L H1 and ZEUS Combined PDF Fit
18F e Hi, ZEUS o T ) ;
- ‘ A andere Experimente Q" =10 GeV
16 ” 2% (CERN, Fermilab) I
L Q=15 GeV L
i —— QCD-Anpassung 03 — HERA-1PDF (prel.)
14 L - exp. uncert.
12 :_ model uncert.
s
0,8
0.6F
0,4
02
O-Iilllll 1 1 lIIlIII 1 1 IIIIIII 1 lllllllI 1 1 Ilillll 1 111
102 107 107° 107 10~

April 2008

HERA Structure Functions Working Group

Impulsanteil x
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Kinematic regions: HERA vs. LHC

(“% 8: T 1T L TRLT T T lll-l['l T JII:'II T L I[Il][ T T 1T L TTIT T T I'I'I'IHI T T 11 I.: proTon STruCTure
4] ]0 = [ | Atlas and CMS .
(_:“‘ f [ 1 Atlas and CMS rapidity plateau measured dlr‘eCTIY
O]O 7: E—] DO Central+Fwd. Jets for' Iarge par'T Of
-~ == CDF/D0 Central Jets LHC ph(]se Space
10 L e

. ZEUS

QCD evolution
successful

BCDMS

.
[T

10° =3 muc
- 7
|
1

107 = oo 7 _A——2F -> safely extrapolate
SLAC P . -~ = , = .

1031 y A i to high Q? or low x

102 ; M= ‘|DGe\.r‘ I;‘!ﬂtiliii :J:;'Hl":|I ’f’ IJ li

. \HTWM ol IJJLMHJ -@

: h h 0
10 10 10 10 H = o S @_llt ﬂﬂj@
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Example: Higgs cross section at LHC

L L LN L LN L BB LN LN N NLEL B LR B
(4] H+X
102 (pp —-H+X) 107
Vs =14 TeV
10 ;;:. mt=175GeV 105‘_
'-":}:\:‘b' CTEQ4M _IQ
o 1F R 108 >
= -
Ot L TS Ty :
10 ...... ‘: qﬁ'—» HW '104 HQ
"""-::~'-'.. .. O
102 e 10° T
.""-.,_ farygelaa O
."v...'... L ::: 5
1073 M.Spiraetal.  qqaes HbG e e - _‘_"_ pRET I 02
NO Qe e z )
10_4||||I||||I||||I||||I||||I|||| T TR T
0 200 400 600 800 1000

M,, (GeV)
Knowledye of glwom and quark distributions essential
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Intermediate summary

Particle physics: Symmetries and
conservation laws are important

many exciting results at DESY and
elsewhere! e.g. quarks, gluons, protons

HERA closed down, but particle physics
at DESY continues

tomorrow: weak interactions, Higgs,
(neutrinos), cosmology,
future of particle physics
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Weak Interactions
The Theory of GLASHOW, SALAM and WEINBERG ~ 1959-1968

(Nobel 1979)

- % N E § / 4 I'.

= - o 2 =W
- y b

. e T P \

=\ d = X 3 o
. BeE s Wi
. - -
- ¢

Theory of the unified weak and electromagnetic interaction,
transmitted by exchange of "intermediate vector bosons”

Jem— Jwesk = :
e g g
P - P P n P p
o '
1_2 , 1 - ’JJ [N\ 'J 70
q (@* + Mp) U i
e e” vV et v E v
e g g
(a) Electromagnetic (b) Weak scattering (c) Weak scattering '
scattering (charged current) (neutral current)
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Discovery of the W and Z (1983)

To produce the heavy W and Z bosons (m ~ 80-90 GeV)
need high energy collider!

1978-80: conversion of SPS proton accelerator at CERN
intfo proton-antiproton collider
challenge: make antiproton beaml!

success!
-> first W and Z produced
1982/83

(Nobel 1984)

Carlo
Rubbia
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* Three Boson Cougling @ LEP |

W/Z bosons carry electroweak charge (like gluons)
-> measure rate of W pair production at LEP IT

. 30 I . : I1 1/07/2 ,DE?‘
) LEP
% _ o PRELIMINARY
2 w = - £
= NoZWW vertex
v O i
20 - -
i
w [} P L
& . $ ¥
A
10- -
YFSWW/RacoonWW
: ....no ZIWW vertex (Gentle)
i _...only v_ exchange (Gentle)
U I : I . I
160 180 200
\s (GeV) .




Electroweak Physics a

Neutral Current (NC) interactions

e ' Proton il
;Quark i

Charged Current (CC) interactions

29.7.08 A. Geiser, Particle Physics
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Weak interactions are "left-handed"

lefthanded electrons interact (CC)

‘"
- e
» E—
&

9

righthanded electrons do not!
- @

cross section linearly proportional
to polarization

L&D _ e+ p
O holcc = (I1£Pe)-o unpolCC
29.7.08

Po

L —
[ 4]
0

© 100

arized CC Cross Sections
E‘-‘lﬂﬂ I — T T T [ T T T T ] T T T 1 | . — 1
y ep—vX 1
i\ e" e H1 2005 (prel.)  _
— \‘\ © H1 98-99 -
- A ZEUS 04-05 (prel.)-
A ZEUS 98-99 i
e‘p—vX —
* H1 99-04 7]
\*\ A ZEUS 06-07 (prel.)

. MRST 2004

\\ A ZEUS 99-00

CTEQ6D

Q2> 400 GeV?
y<09

o 0.5 1
polarization P,

it works!
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tion

Electroweak Unifica

% H1e'pNCO0304(prel)
10¢ A H1epNC2005(prel) 3
- NC O ZEUSe'p NC 2004 ]
E_ i :.;-1 )_E
i e, 0 ---e- SMe'p NC (CTEQEM)
10_1 —— SMepNC (cTe nnnnnn e
§_ -h“.'*q_._ ‘ = 7/2 %

- T 1 d2¢ NC

103  * H1e'pCC 0304 (prel) S o3 2‘ -

; A H1e'p CC 2005 (prel.) T s‘ E dQ dzx

= | ZEUS e"p CC 2004 53 14 i.x*. \ = dza(’v(’v

= & ZEUS ep CC 04-05 (prel.) L 3 —

: + ’?{lﬁf’a 1 dQ2d
105 SMe*p CC (CTEQGM) s L
= —— SMep CC (CTEQSM) w N3
= y<0.9 E
- P.=0 @ q; .
1 0—7 [ | | I I | | | | 11 1 |1 | —
10° 1 10

M2 Q? (GeV?)
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The Quest for Unification of Forces

Electroweak Unification

Elektro-

Kraft

Haufigkeit
5
g

magnetische

elektroschwache

Grand Unified Theories ?

g
5
0009
£ ©
£ ] o . e
o0l £ io - Superstring Theories :
Q
1000 82 25
' I 2.2 2L
Maxwell's £g B
. \ 100 | 3% %%
equations ; £ 8%
\ I ) B 1 ! | Lk | |35 <
\ 0987 6 5 4 12 10" 107 10
\i I Abstand in Metern
| I | )
| Starkekrat STrong l Big Bang

electric

Schwache Kraft
weak

gravity

Schwerkraft
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Elektromagnetische Kraft

Elektro-
schwache Kraft
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o, from HERA and Grand

Unification

———— e

HERA prel.:

a(M,) = 0.1198 + 0.0019(exp) = 0.0026(th)

th. uncert.
r=+e+— Inclusive jet cross sections in NC DIS
ZEUS (Phys Lett B 649 (2007) 12)
exp. uncert.
e Inclusive-jet cross sections in NC DIS
H1 (DESY 07-073)
-  HERA combined 2007 inclusive-jet NC DIS
(this analysis)
o HERA average 2004
(hep-ex/0506035)
[ World average 2006
(5. Bethke, hep-ex/0606035)
1 1 L 1 - 1 L 1 1 1 )
0.1 0.12 0.14

ocs(MZ)

world average: di(M,) =0.1176 £ 0.0020
NNLO, MSbar PDG 2006

29.7.08 A. Geiser, Particle Physics
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with SUSY (see later):

L [ ] L [ ] L L 1
102 106 1010 1014 F
Q [GeV]

0.003

| . = 0.118¢

1015 |||||1ID16
Q [GeV]

hep-ph/0407067 B.Allanach ... P.Zerwas
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Antimatter

relativistic Schrédinger equation
(Dirac equation)

two solutions:
one with positive, one with negative energy

Dirac: interpret negative solution as @WUD@EUG@

1932 antielectrons (positrons) found in conversion of
energy into matter

1995 antihydrogen consisting of antiprotons and
positrons produced at CERN

In principle: antiworld can be built from antimatter

In practice: produced only in accelerators and I\
in cosmic rays
29.7.08 ' ' ' 53
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Mucleus

Positron

Equal amounts of matter and antimatter are produced
when radiation 1s converted to matter
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Annihilation

e +e” — 2hf

L.',L.- -Tays

1l 3
© L
- _.@ - $%

—

-

Antimatter can be produced.
[t annthilates with matter o produce radiation
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The Matter Antimatter Puzzle
Why does the Universe look like

e - > -

HST - WFPC2

Hubble Deep Field

PRC96-01a - ST Scl OPO - January 15, 1996 - R. Williams (ST Scl), NASA

As far as we can see in universe, no large-scale antimatter.

-> need CP violation!

29.7.08 56



The Matter Antimatter Puzzle
L

Early Uniuerse Rty
-> particles, anti-particles and ] ;o Os.ooe o Hge
photons in thermal equilibrium ot T3y T

- colliding, annihilating, being re-created etc.

Slight difference in fundamental interactions between

matter and antimatter ("CP violation™) ?
-> matter slightly more likely to survive

Ratio of baryons (e.g. p, n) to

photons today tells us about this o
asymmetry - it is about 1:10°
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CP symmetry

Parity
(reflection)
-
Cge l(blck . o C

white)

Conjugation

Like weak interaction, symmetric under CP (at first sightl)

Can there be small deviations from this symmetry?
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CP

violation in B meson decays

Second B
decays

Asymmetry(t) =

Decay length
~ 1/4 mm t
2

)

_BO

+BO

Simply count decays as

function of t!

A. Geiser, Particle Physics
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CP violation in B meson decays

Example: recent measurement from BaBar at SLAC

(also Belle 2 col
at KEK) g | e Bugs
-?Eﬂ 00| " B tags /Y.
Band anti-B & AL
are indeed 50| VA Y
different | A o Whe
> 0} A AEEELS NSRS ;
T 05
(also found = +
earlier for | |
2 ) -
K decays: ) E
" ey k5 '
. S |
: \ :;. Val ¢
A Logsdon 0 aty
&2 Fitch
James Watson Cronin  (Nobel 1980 )

29.7.08

A. Geiser, Particle Physics

Ineractions
iokate CP!

data taking stopped.  Belle/Super-Belle continuing.
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contribution to the antimatter puzzle from HERA?

CP violation measured so far not strong enough to
explain matter-antimatter asymmetry

way out: CP violation in neutrino oscillations (see C. Hagner)
and/or strong lepton number asymmetry in early
universe (see A. Lindner).

Standard Model predicts baryon and
lepton number violation through
so-called ,sphaleron® process:

converts 3 leptons into 3 baryons!

% Sphaleron

related process: QCD .instantons”

in principle observable at HERAI
still searching ...

29.7.08 A. Geiser, Particle Physics
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very brilliant scientist (fermion)
works with speed of light!

room = vacuum

-> "massless” R : .
- people = Higgs vacuum expectation value
‘ i“ \
L]
Fe k!
i |

29.7.08 A. Geiser, Particle Physics
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scientist becomes famous!
enters room with people

29.7.08

A. Geiser, Particle Physics
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people cluster around him

hamper his movement/working speed

-> he becomes "massive"!

29.7.08

A. Geiser, Particle Physics

65



How much do Neutrinos weigh?

from the Iught-e.st Standard Model has m, = 0

-> evidence for m, £ O
forces

exiension of
standard Model

e

29.7.08 A. Geiser, Particle Physics 66
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top mass (GeV)

sensitive to top quark mass and Higgs mass (indirect effects)

220
200 . .
-
" \
180 = _.-" — " = [, —
/z/ _7/_.__"":-__._:;_;__,__‘- .
160 / Y
e
Y /
140 T
L
f
!
/
120 ' m
v,/
e - '
| / £
I / =]
[ 4 =
I " E
80 | =
L35 g
L B3 E
6 .EE_ z
194 1992 149494 194 19498 2004
Year
29.7.08

The quest for the top quark

Electroweak precision measurements at LEP/CERN

... to the heaviest

[IE-I[IIIIIIIII T'H Ll LU L

M, M,
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F

p source >

Main Injedtof
& Recycler

T
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Top quark discovery (Fermilab 1995)

Top quark actually found
where expected!

Tevatron at Fermilab
(CDF + DO)

recent mass value:
(EPSQO7)

M,, =170.9+18 GeV/c’

JEworks!
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Precision @ LEP and Higgs

6 H insert measured top mass into
. ' Aa® = ' ' precision measurements at LEP
N — 0.02758+0.00035 N " -
_ . i -> now sensitive to Higgs mass
4 - -+ incl. low Q° data B (IGST undetected pClr"”CIe of
- Standard Modell)
3 = ol
I my < 182 GeV at 95% CL
2 = -
1 4 i current direct lower limit:
0 | Excluded \: , Preliminary | my > 114 GeV at 95% CL
30 100 300
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The LHC Project

Compact Muon Solenoid




The DESY CMS group

Installation & Commissioning
Computing =
High Level Trigger _
Beam Condition Monitor ~=
Forward detectors (CASTOR)
Data Quality Monitoring
Physics

Standard Model

Forward Physics

Top + Higgs

29.7.08 A. Geiser, Particle Physics 72



The DESY ATLAS grou

I il

* High level trigger
» Computing
o Lumi monitor (ALFA)
¢ sSLHC upgrade
* Physics:
* Standard Model

* Top quarks
* Supersymmetry

30/7/08 Klaus Moenig



Berlin, U-Bahnhof Bundestag,
15 10 16 11 2008
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Evenls/500 MeV for 100 fo~"

The Quest for the Higgs at LHC

"B Hom | s HoZZo4d :3 H—ZZ > #jj
I . 33 _g 5t — Signal
: 2 i ducti
g ol Higgs production:
50 G 99 p
L‘qilj 1L i< =
40 I 1‘20I 1“10I 160 I Iéﬂ I 200 GIOO I10‘00 ‘1400 1860 g N
Mys* (Gev) Myjjj (GeV) f t
usion :
102 = : | | | | T T T T 4 g9 t
- : LHC 14 TeV (SM NLO Cross Sections)] 99999000090
WW, ZZ fusio

-
(e ]

\

Discovery Luminosity [fo— 1]

L ALEER G | depending on mass,
= —— H—oyy ] ) .
- - 1 Higgs might be found

-------- A within first year of
LHC physics operation!

[
r
m
O

|

10_1—'—— ' ' ' I B
100 200 300 400 500 600
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Supersymmetry

A way to solve theoretical problems with
Unification of Forces: Supersymmetry

For each existing particle, intfroduce similar
particle, with spin different by 1/2 unit

Teilc'!|en

QJJQ
Q-
w

J
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Supersymmetry

double number of particles:

Standard-Teilchen SUSY-Teilchen

~ Quarks ‘ Leptonen . Kraftteilchen Squarks o Sleptonen 0 SUSY-Kraftteilchen

not seen at LEP, HERA, Tevatron ... -> must be heavy!
hope to see them at LHC |
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Unification and Superstrings

To include gravity in unification of forces,
need Superstrings (Supersymmetric strings)

29.7.08 A. Geiser, Particle Physics 78



/ KHAF‘I’TEII.CI‘IEI:%;._.

J J

Punktférmige
Teilchen Strings
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Extra Dimensions?

Superstrings require more than 3+1 dimensions
additional "extra” dimensions -> "curled up”
- could be as large as a mm!

g

Schwerkraft

\&

unser dreidimensionales
Universum

Schwerkraft

Extra-Dimension

o= ngs

potentially measurable
effects, even at HERA!
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Large extra dimensions: virtual graviton exchange

e
e /

Virtual graviton exchange in
t-channel interferes with Deep

Inelastic Scattering (DIS) Q%= (k-K) 5 %Z,KK
(@)

Exchange of Kaluza-Klein tower
(KK) affects Q2 distribution at

high Q?

Compare do/dQ? to what is
expected from SM

29.7.08 A. Geiser, Particle Physics



Zeus | s¥2(GeV) | L;,(pb1)
e'p |301/319]112
ep |319 16

do/dQ? used in binned
likelihood
=>95% CL limits on

M. (TeV)

A=-1:Mg>079 TeV

A=+1:M;>0.78 TeV

0

Il.‘I’IrNC:TEQ.'.iI:I -

NmﬂTEQED -

continue search at LHC |
29.7.08

Large extra dimensions: virtual gra

viton exchange

0.8

1.2

1 M

-

3
10

Large Extta Dimehsions Limits

4
10

M

S—
—
|
™

e ZEUS 94-00 e'p
— M;=0.79TeV

- - M{=078TeV

Q® (GeV?

1.2

0.B

Large Extra Dimensions Limits

e ZEUS 98-99 ep

a
10
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The case for an e+e- Linear Collider
for more see lectures K. Buesser

Historically, hadron (proton) and electron colliders

have yielded great symbiosis: i«

hadron colliders: | LHC
discoveries at highest 1,000 B S

: Tevatron [ L.C500
energies Pt

SLC, LEP

Tristan
PETRA, PEP

CESR

® VEPP IV

SPEARII

SPEAR, DORIS, VEPP III

100 —

electron colliders:

discoveries and
precision measurements

ete Colliders

10

latest example:
Tevatron/LEP (top)

CONSTITUENT COLLISION ENERGY (GeV)

1 |- ® Prin-Stan, VEPP II, ACO

=> International Linear Collider!

| I | PR ) R

1970 1980 1990 200077 2018
29.7.08 A. Geiser, Particle YEAR OF COMPLETION



Example: Higgs Physics at the ILC
Self coupling Top-Yukawa coupling

Gauge couplings I ; ,

w \v\/ --~"H
e- H‘

o
2

Coupling

<
c
r3
o]
s
o
(o)
o
c
s
3
Ve
wn

(=]
o
—

f 4
-==- 10
f Mass (GeV)

all measurable with high precision!
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Historv of the Universe

Cosmology

uuuuu
nnnnnnnnnnn

Direct hink hetween
Particle Physics and
Cosmology

Increasing energy

-> going further
backwards in time
in the universe

-> getting closer to
the Big Bang

29.7.08 A. Geiser,



‘Galaxy
formation

1000 M years

Galaxies begin to form




Elementary Particle Physics is exciting!

We already know a lot, but many open issues

Exciting new insights éxpec’red for the

coming decadel Mm IUIIJ@ EMIJ'J

29.7.08 A. Geiser, Particle Physics 87




Backup Slides
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Why ILC?

If LH
I

C finds Higgs
_C will study its detailed properties

If Lk

C does not find Higgs

-> Problem with Standard Model, only ILC can

study why (precision measurements)

If LHC finds SUperSYmmetery
ILC will study SUSY particles, and potentially
find/distentangle many more

If LHC does not find SUperSYmmetry
ILC might provide indirect evidence (precision
measurements)

+ potential unexpected discoveries ...
Compositeness, Large Extra Dimensions,
indirect effects from Superstrings, ...

29.7.08
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How much do Neutrinos weigh?

Standard Model has m, =0

-> evidence form, Z 0
forces

exiension of
standard Model

nothing? or almost nothing?

29.7.08 A. Geiser, Particle Physics 90



Neutrinos in Cosmology

A. Geiser, Particle Physics




Neutrinos from the Sun

B,
‘.

¢ Raymond
27 Davis Jr '}
- (Nobel 2002)
Masatoshi
Koshiba

Al

*ﬁ

The sun in neutrino “light"
(Super-Kamiokande)

~7 x 1010 v's / cm? s
measure ~ half predicted!?
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B Neutrinos from Cosmic Rays

v : - =

o (atmospheric neutrinos)

SUPER EAMIOKANDEDETE

1
AN G Py

) alby & proton]
HOIn Space

Ozdllaing | ; e
ande -
2y B M & neutring stikes snother V ra*e
- elementary partice in the
detector taak . The inberaction

iz recorded and analyeed by

| pememsi | from
s below
only
~half of

Meurinos contnge on
the trajectory andbagin
to oscllake a= they

pass through the earth

Ccosmic ray . . il Earthts
5 \ o T atmnosphere
The cosmic ray hits the Ore eyde of 3k oscllating neutring
earth's atmosphers, 2z it passas through earth

making & spray of
secohdary particles,

I
precchieed | | @G OCOO DD T
& _ Ui wr e Hamallme dha qr-
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Solution: Neutrino Oscillations

simplified case: two neutrino flavours, simple quantum mechanics

o [ :E | \ﬂ/\

]

]

time evolution: °

flavour mass 4
eigenstates eigenstates 22

v, (1)) = cos 8- exp(—iE,t)| v,) + sin 8- exp(iE,t)|v,)

fm 7, > € 7E - 0Seillatigngy  ooe -5
(

. . 2y )
PV N :‘@ sin 2 1.27-L(m) - \Am?J(eV )
o . E, (MeV) )
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N g

Y

Solution for “"Solar” Neutrinos

W)/ SNO, Ve VX
+* Solar Neutrino
y
Al Observatory
KamLand,
L | L | T T 1 | I T 1 | T T 1 .
i e g Reactor Neutrino
—— i Experiment
-4 o
% 10 i " 14 :_ ® Eaml AND data
| B ] - —— bestfit oscillation
a B = 12 r :— ---- best-fit decay b I
B 7 T — - bestfit decoherence |  WILMN T'E€A
NE —_—— KamLAND only 1 #@—%r reactor
< 1 gos | r :— /distributior
i 1 s | nommm b
v povae T ideal
10'5_— — T o o - oscillation
EERREEER ST RS R RE S K o2 ¢ Elma:’wm - N pattern
0 02 04 06 08 T Foonid Ll
. 0? w0? ' 1 10 20 30 40 50 60 T0 80
sinZ0,, LoE (kmMeV) ) _180km is used for KamLAND
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- -

Solution for "Atmospheric” Neutrinos

1 km

muon heufrinos

250 km

MINOS Preliminary
0.006 IFT y ] y y y y ] y y u y 1 y T T T y y y y

X MINOS Best Fit
....... MINQS 68°% C.L.

— MINOS 90% C.L.

IAmZ,| (eV3/c?)

i ] | ke
C B ] I Flh'ill‘r
o B i
o 0.004 |— —
E B 4
7] B =
o) B i
5 - TNy gemmmmmEREmRan ..-._.m
: B L}
(o] s T T—— e ey,
- 0.002 — SUpEI’K 90% C.L.
0
S . SuperK (L/E) 90% C.L. i
ol | ———— K2K90% C.L. i
o B i
- 0.0071 i
g . 06 0.7 08 09 ) 10
0 sin“(26 i
2 3 4
e a0k o e (2653) MINOS/Fermilab

L/E (km/GeV)
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Conclusions for Neutrinos

Neutrino oscillations established

> NUlkings haue mass!
- Extend standard Model

How? ->see lecture C. Hagner

Beuing Misingislangel s

Important consequences e.g. for CP violation
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Helmholtz-Alliance and Tier-2
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