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1. Standard Model * of Particle Physics

Based on the principle of
local gauge invariance

SU_(3)xSU,(2)xU (1)
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Not yet directly
observed

* S. L. Glashow, A. Salam and S. Weinberg, 1967/8

History of Experimental Tests of Standard Model

1967/8 Standard Model, S. L. Glashow, A. Salam and S. Weinberg
1971 Renormalizability of non-abelian gauge theories, G. "'t Hooft and M. Veltman
1973 Asymptotic freedom of QCD, D. Gross, D. Politzer and F. Wilzcek
1973  Discovery of Neutral Currents: ,Z-Boson exchange" (Gargamelle, CERN)
1974  Discovery of the 4t quark (SLAC / BNL)
1979  Discovery of the gluon (DESY)
1983  Observation of W and Z bosons (UA1/2, CERN)
1989  Start of LEP I: Z factory

Z properties, measurement of radiative corrections, prediction of topmass
1995  Discovery of the Top-Quark at TEVATRON

1996  Start of LEP II:
W Pair production and Higgs search (until Nov 2000)

2001 Start of TEVATRON Run Il:
Precision measurement of Top-Quark and W-Boson properties, B physics

2009 Start of LHC: Discovery of the Higgs boson ?

U. Uwer
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'--._-!’{'5![ 1" The Nobel Prize in Physics 2008
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“for the discovery of "for the discovery of the origin of the
the mechanism of  broken symmetry which predicts the

spontaneous existence of at least three families of
broken symmetry in quarks in nature”

subatomic physics"
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Yoichiro Nambu Makoto Kobayashi Toshihide Maskawa

1.1 Leptons and Quarks

Point-like, spin %2 , elementary building blocks of matter
<1018m

Flavor-Generation Q [e]

oo | (2] (2) ()] 2

e y7j T -1
u C t +%
d) \s) b) [|-%

Doublets reflect structure of weak interaction

Quarks

Anti-particles with opposite charge to each lepton/quark

U. Uwer
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Lepton Properties

* All leptons exist as free
particles

* Lepton number conservation
+ +

T > U

=0

v,

L

u

—->-1

Neutrino oscillations <
Lepton flavor violation

V:)(:

P 1%

T

mass-c? lifetime rl;fr?wtk?gr
e~ 511keV % L.=1
w106 MeV 2.2 ps L=1
1975 = 1.78 GeV 0.3 ps L=1
Ve <2eV o) L.=1
v, <190 keV 2 L=1
2000(| v. <18.2 MeV ) L=1

Direct measurements

In the Standard Model neutrinos are
assumed to be massless. Recently clear
evidence for neutrino oscillations have
been observed: explained with non-zero
masses. Mass difference are very small:
m,< 3 eV for all Neutrinos

BR

noey =

BR

Impressive limits for lepton flavor violation of charged leptons:

I(u—>ey)
[(u—>evey,)

(i +(Z,A) > e +(Z,A)

<1.2.10

proposed: BR
MEG

H—->ey

4T T (Z,A) > v, +(Z-1,2))

<5.

<8.10718 Muon capture
10724 proposed: BR 8.10°Y (Al
MECO uoe < (A

Standard model process:

Effect of neutrino mass is
“GIM suppressed” by a factor
of (Am,2/M?)? ~ 10-%° and
hence unobservable

SUSY-GUT scenarios predict
larger BR for LFV decays.

U. Uwer
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Quark Properties

* Quarks are confined in hadrons:
mesons (q q) or baryons (qqq)

¢ Quark masses cannot be
measured directly: mass is well
defined only for free particles

Heavy quarks:_Constituent quark
masses. Determination from
observed hadron mass spectra
+ assumed binding potential

For the light quarks (u,d,s,) the
masses are estimates of the
“current masses” which appear
in the QCD Lagrangian

« Quarks carry color charge

Interesting question: do we need massive

quarks to build massive hadrons ?

quark mass-c? Flavor
number

u,d | ~5and ~8 MeV I=%1/2

S 80 - 130 MeV S=-1

c |1.15-1.35GeV C=+1

b 4.6 - 4.9 GeV B=-1

t ~175 GeV T=+1

1995

Flavor changing weak currents
Vv

d\b\:d/v/u“

W
I

There are no flavor changing
neutral currents (no FCNCs).

Questions:

* Why are there three generations ?

» Mass hierarchy ?

eCharges= 0, 1/3e, 2/3e or e?

* Is there a symmetry which explains the

flavor sector ?

If we are honest, we don‘t really
understand the flavor sector of the SM
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1.2 Fundamental interactions

IA Mediator boson strength
Strong Gluon g / massless 1
Elektro.- Photon / massless ~102

magnetic
weak W= Z0/ massive ~106
Gravitation | Graviton / massless ~10-39

2 2
general m #E°—p

Boson

« Forces are mediated by virtual field quanta (bosons)

M,,~83 GeV
M,~91 GeV

« Virtual bosons transfer energy and momentum for which in
2 (off mass-shell)

a.) Electro-magnetic interaction

€ Je € ep scattering:

M; ~‘]e'\/;'iz'\/g"]p -
q

Diff. cross section:

2
do =M. xPs~%- Phase
fi 4
p J p q space

> (Rutherford formula)

(21

2

q
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b.) Strong interaction
Color charges and gluons.

 Quarks and anti-quarks carry 3
different (anti) color charges

« Interaction is mediated by 8
massless colored gluons (spin 1)

 Color symmetry is exact: strong
interaction only depends on color
and is independent of quark flavor

* Color charge of gluons = gluon-
gluon coupling: triple gluon vertex

How strong is “strong” ?

Use decay times of the following kinematically similar X decays:

X decays Q-value | Decay time IA

2°(1192,|uds)) — Ay

74 MeV 1019s e.m.

' (1189,|uus)) - pz°

189 MeV 10-10g weak

$°(1385,|uds)) > Az’

208 MeV 1025 strong

Qvalueis a

For the decay times one finds
h 1 1

o, = effective coupling of decay

process

measure of phase space

Neglecting kinematics:

(> Ay) 0:52

(Z > A o,

~10*

with o, N = a,~1
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M,, ~80GeV /c’
M, ~91GeV /c’

Mediated by massive bosons: Vi

c.) Weak interaction

Mfi ~0, —2—7"9,

q -M, v ] p
; ”0
) Effective
for = decay: g2<< M,z M ~Gg ~10°GeV?  weak coupling
a,, is small

(massive propagator leads to suppression)

(2 > Ay) ~a_vi

Estimate the strength from Z— p =° decay 2

(2> pr’) al,

“effective weak coupling” 4/ ~107...100"

— ~
aem

Electroweak unification

Gw cos 8,

e

B siné,,

Ow
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1.3 Higgs Boson = additional scalar Field

Scalar Higgs field couples to the boson fields and fermion fields and
generates through the coupling masses:

X X
v =247 GeV ¥ ‘rx 92 95 ' v =247 GeV
\",_J’_ \,_\:
W/Z boson - Fermion
2 2 2 12 2
g- v W WH { g +g } 14 u 1%
+—=—"—=2-2 L —g, =gy
4 . 8 u 8y > yy
boson mass terms fermion mass terms
MW:lUg %:U_g =Cosé,
2 Mz g2 + gfz l w
1 ’,
Mz=§uvg"+g2 gsing, = g’'cosé,

Higgs production in Proton-Proton Collisions

T
a(pp —-H+X)

107 107
] VE =14 TeV E
10k m, = 175 GeV 1 105? :‘w .
CTEQ4M i bE WW,ZZ - Fusion
T 1 410525
=3 3 W 3 q
~ | M Gsh i g¢e W.Z Wz
=T 4 = Il
10 ' 5 N o
2 28 F
w2k 0 5 p W.Z - Bremsstrahlung
S T
10°3 ; L n890090
= i 7
-4 a9 ~al H®
[ ol FETTCRT TS TTTT PRTTY IUTTY EPTTT ITTIT . N -
0 200 400 600 800 1000 9 ™ i

LLLLLLLL L

M,, (GeV) a1

tt - Fusion
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Current Higgs Limits:

15)
Aoty =
— D.027580.
w0, 0274840

+ incl. low Q® data

00035
ooo12

10

95% CL Limit/SM

Tevatron Run Il Preliminary, L=0.9-4.2 b’

Moriond 2009

oy T T
LEP Exclusion Tevatron
el Exclusion
----- Expecied -
——  Observed e
P 41 Expected

+2c Expected

. 1
SM
0 3 Preliminary March 5, 2008
30 100 300 100 110 120 130 140 150/150 170, 180 190 200
m,, [GeV] L(GeVic)
2. Experimental tools
2.1 Particle accelerators
Moore’s Law for Particle Physics 1
10 TeV
I I I I
Cross o~=
= Hadron Calliders SeCt|OnS
e et Colliders
1TeV = I I I T
0% s # ee Collider foperational) M Hadron Callider (operational) — —
& TEVATRON G e Colltder (planned) O Hadron Collider fplanned) ]
g (Fermilab) & o p Collider
5 ® ' L~s-
2 ) | PLal
% 100 eV [~ stae — ity ol ‘¢“D |
] TRISTAN - =
= KEK) L = -
g - :
= TEIRA — aar) 1o | o i
4 BR CESR (Cornely L = ] J
2 10Gev - [CERN VEPR IV (Nevesibirsk) - . B I
5 8 /PRl L £ 7
. SPEARR _ DORIS VPRI . . b
Aoni® SLAC) — ([DESY) — (Novosibirsk) o 1 | | i I
{Italy) 1 10 100 1000 10000
Centerof Mass Energy  (CeV)
1GeV i PRIN STAN VERE II ACO ]
Stanfor)  — Mevesisirsk) — France) .
From W.K.H.Panofsky: The evolution
! : of particle accelerators and colliders
1860 1970 1880 1980 2000 2010
Year of First Physics
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Large Hadron Collider

Momentum at collision 7 TeVic High beam energy in
Momentum at injection 450 GeV/c || LEP tunnel

Dipole field at 7 TeV 8.33 Tesla superconducting NbTi
Circumference 26658 m magnets at 1.9 K

Luminosity 10% cm2s-1

Number of bunches 2808 High luminosity at 7 TeV
Particles per bunch 1.1- 10" very high energy stored in
DC beam current 056 A the beam

Stored energy per beam 350 MJ

beam power concentrated

Normalised emittance .
Beam size at IP / 7 TeV in small area

Beam size in arcs (rms)

Limited investment

Arcs: Counter-rotating proton beams in two-
small aperture for beams

in-one magnets
Magnet coil inner diameter 56 mm
Distance between beams 194 mm

LHC Dipole Magnet

Dipole current: 12 KA (super-conducting, T=1.9k),B=8.3T
Energy stored in 1 dipole: 7.6 MJ in all 1232 dipoles: 9.4 GJ

12
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First circulating beams on September 10t 2008

| Beam Position Monitor |

10:30
Beam1 around the ring (~1h).
~3 turns.

15:00
Beam2 around the ring.
3...4 turns.

13
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First Beam Induced Particles (here in LHCb)

10.9.2008 11:32:26 +50ns

Track reconstruction algorithm: M. Schiller (HD)

LHC Accident

= During ramping of one sector (S34, 8.7kA) : development of
resistive zone (200 nQ) in the super-conductive bus bar between
guadrupole and neighboring dipole — loss of superconductivity

m) Electrical arc developed, evaporated the power bar and
punctured the He enclosure.

~2 t of LHe released into the insulating vacuum.

Of the 340 MJ stored in S34 only 2/3 went into dump resistors.

m) Rapid pressure rise inside magnets.
Relief valves opened but could not handle the overpressure.
Pressure wave (estimated 4 - 5 bars) propagated until it
reached vacuum barriers. Several tons of load on the barriers:
displaced magnets, breaking anchors.

m) 6 of 15t of LHe of S34 released into the tunnel (30000 m3 He)

14
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. Heat Exchanger 7 Tev
Superconducting Coils ek v 833 T
+ 11850 A
*TM J

Helium-II |

Spoal Piece

Bus Bars = T Ll ' Superconducting Bus-Bar

Iron Yoke

Non-Magnetic Collars

e

3 * Vacuum Vessel

Quadrupole TN /,
* .
/ /

Radiaticn Screen

4 Thermal Shield

P
B &)« The
W 15-m long

" LHC cryodipole

Instrumentation

Protection Feed Throughs

Diode

Repair is progressing very well - expect beam in October!

U. Uwer
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International Linear Collider

Electrons Detectors

Electron source
Undulator

i — Beam delivery system

Main Linac Damping Rings Main Linac

30 km
Center of mass energy: Vs=500 ... 1 TeV  Field gradients: ~35 MV/m

4
Remember:  synchrotron radiation p _ 22 Byt o 2a (E
for circular machines 3R? 3R*(m

2.2 Particle detectors

Prototype of a modern compact particle detector

A detector cross-section, showing particle paths

[ Bearn Pipe
(center)
M Tracking
Charnber

B Magnet Coil ITeutrong :‘!

Bl e

WE-M
Calorimeter

[0 Hadren b, Pieieldy
Calarimeter

[l Magnetized
Iron

Muon
u Charmbers
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Muon
Spectrometer

Hadronic
Calorimeter

K
Neutrind
¥

Proton
Neutron /
i ¥

3. Natural units h=c=1

With this choice one has the freedom to choose the unit of one other
physical quantity. Typically: [E] = GeV
= Units of all other quantities are defined

Quantity HEP unit — Sl unit

Energy GeV 1.6-107°J

Mass GeV x1/c®  1.78.10 kg

Time Gev’ x I 6.58-10% s

Length GeV™” x IC 0.197 fm _

Area Gev” «(hcy’  0389mb | | raeStE o
Charge e Vara x(fice,)””  1.6-10%°C (1 e
Temp Tk GeV x Yk 1.16-10°K e

usefulconst.:ic =197 MeV - fm
(hc)’ = 0.389 GeV’mb

U. Uwer
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