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5. Quantum Flavour Dynamics (QFD)

5.1 The Gauge Group of QFD

5.2 The Higgs field and spontaneous symmetry
breaking

5.3 Extension of QFD to more fermions and
effective low energy coupling

5.4 The mass matrix and the CKM matrix

5.5 The Feynman rules of QFD

6. Higgs Physics
6.1 Higgs properties
6.2 Decay modes
6.3 Production mechanism at Tevatron/LHC
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Exercises:

3 problem sheets
3 tutorials if you like...
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> Introduction to Quantum Field Theory,
J. Forshaw webpage

> An Introduction to Quantum Field Theory,
Peskin and Schroeder

> Quarks and Leptons,
Halzen & Martin

> Introduction to Gauge Field Theory,
Bailin & Love

> Gauge Theory of Elementary Particle Physics,
Cheng & Li

> Quantum Field Theory,
Ryder

> Gauge Theories in Particle Physics,
Aitchison & Hey (Vols. 1 & 2)

> Elementary Particle Physics: Concepts and Phenomena
Nachtmann
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The Standard Model

THE ROYAL
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Js=35 GeV

Ecm= 35 GeV

54 1S

22.9.80

gluon discovery at e*e” accelerator PETRA
(DESY, Hamburg)
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Z boson
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1983, UA1 experiment, +/s=540 GeV

discovery of Z boson at pp accelerator SPS
(CERN, Geneva)
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Z = hadrons

E‘ _ 2v
30| ALEPH
- DELPHI
L3
- OPAL
20

| 1 average measurements,
error bars increased
[ by factor 10

10

=86 88 90 92 %
E_, [GeV]

LEP experiments,
CERN

Z mass distribution with calculations for 2, 3 and 4
neutrino types by all 4 experiments at LEP
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LEF 5 Preliminary
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Measurement of W W™ at the threshold in et e”
interactions at LEP l|
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Reconstructed W mass in 4 jet events by
ALEPH at LEP Il
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W mass measurements
at the Tevatron

500
% “(a) DO, 1 fb™! —Data
O —FAST MC
v 400 v2/dof = 153/160
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[mw = 80.401 + 0.043 (stat) Gev] +0.05%

PXT™N 2"/ Term 2010  The Standard Model of Particle Physics - Christian Schwanenberger - University of Manchester ~ 14 S8swci”

chchchchchchchchchchchchch




Summary: W mass measurements

80

CDF Run 0/ & 80.436 + 0.081
DO Run | 80.478 + 0.083
CDF Run I —@— 80.413 £ 0.048
Tevatron 2007 —e— 80.432 £ 0.039
DO Run 1l —o—i 80.402 + 0.043
Tevatron 2009 —@— 80.420 + 0.031
World average - 80.399 + 0.023
| | | July 99
80.2 80.4 80.6
m,, (GeV)
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Speicherring Standort Typ \/$|GeV]

Tevatron Fermilab, Chicago P 1800/1960
LEP 1 CERN, Gent ete Mg
SLC SLAC, Stanford ete” M
LEP 11 CERN, Genf ete 208

Particle accelerators used for precision
measurements for W and Z bosons
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HERA: ep Collider and Experiments

v
Ee= 27.6 GeV Ep= 920 GeV
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DIS - Neutral Current (NC)

deep inelastic scattering (DIS):

H1 detector
E___ ___?- H1 Hun 1221456 Fvent GR608 Date 18,/09/18895
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QE: four-momentum transfer 1 fractional momentum of
spatial resolution ~ 1 /()

the struck quark
= 10718 cm
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DIS - Charged Current (CC)

deep inelastic (DIS) scattering: H1 detector
E v
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T L T
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H1 and ZEUS Combined PDF Fit

St 1 %
many & : Q*=10 GeV? E;
g.luons 0.8 I —— HERAPDFO.1 (prel.) _’3
W|th sma" - - exp. uncert. | valence
momentu m I model uncert. / .
fraction T2 quarks:
0.6
1%/ half of proton
E momentum
0.4 2
sea §
quarks: | €
- E
lead to /("“’_ I
scaling - E
violation, . | 1B
F,(Q%)=#const. - 10° - - »

QCD fits to F, data using DGLAP equations
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The Tevatron at FERMILAB: pp Collisions

P TuYys “¥a¥alp
Vs =1.96 TeV
At = 396 ns o

Run | 1987 (92)-95 —

Run Il 2001-09: 40x larger dataset

Main Injecto?
§ GuRecycler

top quark discovery
@ measure properties with high precisions:

at increased energy . . ) .
is it really the particle expected in SM?
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top quark
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1995, CDF and D@ experiments, +/s=1.8 TeV

discovery of top quark at pp accelerator
Tevatron (Fermilab, Batavia)
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Top Quark Pair Production

85%

q t
g t g t g t
g tg tg t
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Top Antitop Signatures

> top decay: ~100%

> reconstruct and identify:
electrons, muons, jets,
b-jets and missing
transverse energy

2" Term 2010

tt decay modes

all jet
40%

ats

+ |

all hadronic

lepton

dilepton (e/p) L I+jets
59, 35%
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Single Top Quark Production

- first direct measurement of |V _|

proton

s-channel:

=4 |

antiproton

proton o J ets

¢ °jisolated lepton
v e missing E;

t—-channel:

*> b-jets

antiproton
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Single Top Quark Observation

Run 223473 Evi 2T2T8544 Sun Jul 23 182141 2006
ET scale: 28 GeV
b Jet

b Jet

Jet

Muon

Neutrino

antiproton

missing Energy

Muon L

| b Jet

ol

antiproton |
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Single Top Quark Observation

CDF Preliminary Single Top Summary
For M, = 175 GeV/c’
S-Channel _I_,_
5 ikeli i 0.9

D@ 2.3fb™ March 2009 Mgy oon 1.5+ g3

|
Decision Trees 3.74 109 pb

——

' + Neural Network
Bayesian NNs eo— 4.70 _5;3,3 pb 1'3-215'5”

I

| Matrix Element
Matrix Elements 4.30 i?;%ﬁ pb (3.2 fb';?

' Likelihood Function
BLUE Combination 4.16 +0.84 pb (32m°)

i

: Boosted Decision Tree
BNN Combination 3.94 £0.88 pb 5.00' (3.21")

: Eombinat_ipn (Lepton+Jets)
mmmm N. Kidonais, PRD 74, 14012 (2006) m,, = 170 GeV (3.2 )

: MET"""*"E:

2.1
" . 1 C fb_ '} (All Channels)
- ombination annels -
G (PP — th+X, tgb+X) [pb] T ki 3+ § S.QO‘

-5 0 5
Single Top Production Cross Section (pb)

IV, | = 1.07  0.12} IV, =091 +0.11]
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Single Top Quark Observation

1 year ago

Bl & e e

.
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The Top Quark Mass

 free parameter in the Standard Model

> check the self-consistency of the Standard Model
in combination with W mass measurement

S
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Tevatron Combination: Spring 2009

Mass of the Top Quark (*Preliminary)
CDF-1 di-l 167.4 +10.3+ 4.9
[
DO-I di-l 168.4 +12.3+ 3.6
‘COF-Il di| N | 1712+27+2.9
- - —
DO-11 di-l 1747 29+ 2.4
@
CDF-I 1+] 176.1£ 5.1+ 5.3
@
DO-I 1+ 180.1+ 3.9+ 3.6
COF-ll 14 B 1721+ 0.9+ 1.3
- ol i
DO-I1 14 173.7+0.8+1.6
aQ
CDF-I all+j 186.0 =10.0+ 5.7
‘CDF-Il all N 1748 +1.7+1.9
‘CDF-Il tr ’ 1753+ 6.2 = 3.0
Tevatron March'09 | | 173.1+ 0.6+ 1.1
T 7 (stal) = (syst.
| | | »2/dof = 6.3/10.0 (79%)
I
world average: = @ o i 0 20
My, (GeV/c?)
m_ = 173.1 + 0.6 (stat) = 1.1 (syst) GeV

+0.75%
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Top, W and Higgs Mass in the SM

Hei nemeyer, Hollik, .
[mtop =173.1 + 1.3 GEV] St ocki nger, Weber, Wiglein 2009

world average R

(March 2009) 80.70 | experimental errors 68% CL.: |
- LEP2/Tevatron (today) i
- Tevatron/LHC i
m,, = 80399 £ 23 MeV |  ®& — wcoa
world average E 80.50 |-
(March 2009) =
=
" 80.40
80.30
= SME
b MSSM L
80.20 both models [
h o IHeilnerlneerr, IHoIIIik, Stolckir:gejr, V\:’ebrr, ‘INeilgIelin {l}Q:
e 160 165 170 175 180 185
w N W m, [GeV]
NaVaVAVaVaVaVaVaVaVaVVaVaVaVaVa
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Search for the Higgs boson

" e

Tevatron Run Il Preliminary, L=2.0-5.4 fb"

% LEP,Echusmn Tevatron l
= 1 1 Exclusion
= e s
510 | B floExpected ::EEfifEEEEEEEEEEEEE??EEEEEEEEEEEEEE?EEEEEEEEEEE
_| || #2cExpected i
$) A0 S I N D I A
O\O ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
Te B SCC NN N ST S R N SR N R
o

1 ww I |

“. . “:Q i | | ‘ i Y ‘ Nov?mbers %009
100 110 120 130 140 150 160 170 180 190 200
H(GeV/c )

2™ Term 2010 The Standard Model of Particle Physics - Christian Schwanenberger - University of Manchester 32 B Sociin”

sssssssssssssssssss




B factories Belle and Babar
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The Large Hadron Collider (LHC)

The Large Hadron Collider:

> proton-proton collider = 2 separate beampipes
> 10 fb! per year

> high energy: Vs = 14 TeV

> 40 Mio. collisions per second

> first collisions in 2009

> 4 experiments: ATLAS, CMS, ALICE, LHC-B
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2. Quantum
Electrodynamics, QED

THE ROYAL
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2. Quantum
Electrodynamics, QED

2.3: The Feynman rules of QED
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3. Quantum
Electrodynamics, QED

3.4: Renormalisation in QED
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4. Quantum
Chromodynamics, QCD

4.1 The Lagrange Density of QCD
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The A.(a=1,..., 8)are the Gell-Mann matrices:

g b i) (0 —1 0 T () ()
zt,_=(1 0 U), 11=Li L6 Iy g B i3=(0—1 U),
(91 a0ek 19 B Qs 00 \0 0 0
b O ] 0 0 —i 0 0 0
A4=[D{]D , 2. =inNi0I | U 001),
\1 0 0 e £ Iy B L)
‘. G ﬂ [} \ 1 { I 0 D |
\O 0 NE 000 =2
Relations:
Trd. =0, (C.45)
~ Trel 42 ) =20 (C.46)
[4a: 4] = 21f .4, _ (C.47)
{‘j"d? ’]'b} = %énir n Zdabc‘i‘u: [C48]

where f,;. 1s totally antisymmetric, and d,,. is totally symmetric with values
lor the independent components as given in Table C.1.

(FE”DM 0. Nachﬁnam—” EQMFW
Torhe Le r()ltys*c‘cg )
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Table[é.l The independent, nonvanishing compo-
nents of f,, and d,,_.

(a, b, c) Sabe (a, b, c) dys:
123 I 118 1/./3
147 1/2 146 1;:;\/_
156 —1/2 157 1/2
246 1/2 228 1 ;ﬁ
257 1/2 247 —1h
;4_5 /2 256 1/2

67 =12 338 1/./3
458 V32 344 1;{
678 V32 355 112

366 —1/2
377 —1/2
448 =1/ \/5)
558 —1/2./3)
668 —1/2./3)

778 —1/2,/3)
888 —1/./3
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4. Quantum
Chromodynamics, QCD

4.3 The Feynman Rules of QCD
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A4,

' A quark
electron ! positron
L g PU
t\ T = i
b /antiquark
/,r}““--
hadrons

2 jet event at e'e” accelerator PETRA
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3 jet event and angular distribution
at e'e” accelerator PETRA
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4. Quantum
Chromodynamics, QCD

4.4 Asymptotic Freedom
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s I'(t = v, + hadrons)

Bl Deep inelastic
scattering
a{e*e” —hadrons),
g*e~ event shapes
03k
L
¥
a —_
L “ I'(Z% —hadrons),
I Z° event shapes
0.2} T

GLS sum rule {

W decay

A=02GeV
ol

T decay

strong coupling & (Q°)

102 104 2
g, GeV* Q
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David Gross, David Politzer and Frank Wilczek awarded the 2004 Nobel
Prize in Physics for the discovery of asymptotic freedom

(Lg

5 . : Twenty vears ago, David Gross,
% @ H1-incl. jet data David Polizer and Frank Wilczek
: ST iscovered asymptotic freedom
NG . W et in the theory of the strong
interactions. Measurements
published by HI1 in the year 2000
beautifully illustrate this effect: the
strong coupling a iz seento

0.15

decrease as the energy at which it
iz measured, ET]Et, increases,

0.10 -

10 20 100

E* [GeV]

Noble Prize 2004 for running of strong coupling o_
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approximate | number of active Ans)
energy range | quark flavours
M (GeV) o (MeV)
> 200 6 88 £ 11
10 — 200 5 208 £ 25
3—10 4 288 + 30
<3 3 326 £ 30

TableQ.l. The number of active quark flavours and A("#) in the MS scheme for
various energy ranges

(ﬁ'm'm: Donna.c.b..fe_, Da;cﬁ) La.nolsltof/ﬁ ,NaMMu:
(Pc:wuem ?la.ysu:;s a..ual GZCD,

cuf, 2002 )
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}0— 2 CeV
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AS MeN & we (M) & 3 MV

2.0 MV ¢ ey (M) ¢ % mel/
VO Mo

"

ey (M) s 420 MgV

—

A Gl ¢ e (M=Aa1ceV) & Ay Q
G GV ¢ ey, (Me92CV) ¢ 4 ¢ G

S

I 2004, 2006
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Mass of the Top Quark (*Preliminary)

O
CDF-I di-| 167.4 +10.3+ 4.9
DO-I di-I 168.4 +12.3 + 3.6
CDF-1i dil B | 1712+27+2.9
* -
DO-1 di-I 1747 £+ 29+ 2.4
@
CDF-I I+ 176.1+ 5.1+ 5.3
@
DO-I I+ 180.1+ 3.9+ 3.6
* sl
CDF-II 1+ 1721+ 0.9+ 1.3
* o
DO-I1 1+ 173.7+ 0.8+ 1.6
&
CDF-l all-j 186.0 +10.0 £ 5.7
‘CDF-Il all- B 1748 +1.7+1.9
. @
CDF-Il trk 175.3+6.2+ 3.0
* -.-
Tevatron March’09 173106+ 1.1
(stat) = (syst.
| | | »?/dof = 6.3/10.0 (79%)
I
150 160 170 180 190 200

My, (GeV/c?)

World average
(March 2009)
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4. Quantum
Chromodynamics, QCD

4.5 Confinement
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101

0-5F

Vir){GeV)

Potential of strong quark interaction
from charmonium and bottomium data
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antiquark ions
(d) “ ) o P (¢]

quark ” m/colour field = jn_tiquar'k

i 1K)
RS

/

/

S e W S
hadrons quark-antiquark _
pairs

Schematic Hadronisation

- @

T
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hadrons
A4,

' A quark
electron ! positron
e e PpY
\\ B w i
i /antiquark
/,r}““--
hadrons

2 jet event at e'e” accelerator PETRA
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4. Quantum
Chromocdynamics,

4.6 Quarkonium Physics
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b o
Byl o s e of .|1 t—fEX 5 : g E 5 I
- 20 35 310 312 31t
W {(GeV, T<) £ iGev)

Discovery of J/y:
pp- (Brookhaven) and e*e-scattering (SLAC)
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P'(3.7) - P3.1) ' = e'e T
in a spark chamber detector
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4. Quanturn Flavour
Dynarmics, QFD

THE ROYAL

2™ Term 2010 The Standard Model of Particle Physics - Christian Schwanenberger - University of Manchester 81 B sociery

sssssssssssssssss




ELEMENTARY
PARTICLES

Leptons | Quarks

Three Generations of Matter

Higgs-boson: (?)

explains masses
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Spontaneous Symmetry Breaking (SSB)
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From O. Nacht mann,
El ementary Particle

Physi cs,

Springer, 1990
i ol Y Q
1/2 1/2 ~-1/2 0
1/2 ~ 12 - 1/2 -1
0 0 -1 -1
1/2 1/2 - 1/6 . 213
1/2 ~1/2 1/6 - 1/3
0 0 213 . 2/3
0 0 © - 1/3 -1/3
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3 Diagrammteil analytischer Ausdruck
YUV U e
qz
~ilgnn -
Wi(g) PA 3 i
- W PA
—— 3 2 - 2+ 5
’ q ~ My q- < myy My
3 ( dpdn
=1V 8ax
: Z( P 2 ,
| - -_?)____, ' - 18p
- 2 2 2 i | 2
i q° - m €m m
| z q 7

gauﬂz, ,gasou Fro}oa.gafors
i QFD
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Single Top Quark Production

- first direct measurement of |V _|

proton

s-channel:

=4 |

antiproton

proton o J ets

¢ °jisolated lepton
v e missing E;

t—-channel:

*> b-jets

antiproton
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Single Top Quark Observation

D@ 2.3fb™" March 2009
Decision Trees 3.74 :5’;?3 pb
Bayesian NNs —e— 4.70 :E.:g,g pb

Matrix Elem:ents 4.30 '35 pb

BLUE Combination 4.16 +0.84 pb

BNN Combination 3.94 :0.88 pb

mmmm N. Kidonakis, PRD 74, 14012 (2006) my,, = 170 GeV

I
1

0 5 10
o (pp — th+X, tgb+X) [pb]

5.0c

CDF Preliminary Single Top Summ
For M, = 175 GeV/c®

S-Channel

Likelihood Function
(3.2")

‘ 1.5+ 03

MNeural Network
(3.2 m‘ﬂﬂ

Matrix Ele;nent
(3.21")

Likelihood Function
(3.2f")

Boosted D'ecision Tree
(3.2f7°)

Combinat_ipn (Lepton+Jets)
(3.2 )

e
_.—l

MET+Jets,
(21 )
Combination (All Channels) :
. (32m F;) : : . S-QG
-5 0 5

ingle Top Production Cross Section (pb)
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First direct measurement of Ith\

. J Vud Vus Vub
W VC KM — Vcd Vcs Vcb
V V. V,
_ th i td ts tb
q b

CKM Fitter Goup for Beauty 2006
» hefore indirect limits: IthI = 0.999127 = 0.00026 (1o CL)

>assume: |V |° + |V _|? « |V |°
*assume: pure V-A and CP-conserving Wtb interaction
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From O Nacht mann,

El ementary Particle
Physi cs,

Springer, 1990

The following rules—specific to QFD—represent the additions.

W™ imitial state
elk)

W™ in final state
e*(k)

W in initial state
e(k)

W* in final state

£¥(x)

incoming W line
W (k)

e e e ol

outgoing W line
W= (k)

—— =

outgoing W line
W* ()

—— = —— =

incoming W line
W*(k)

— e ——

2" Term 2010
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5. Higgs Physics
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Fits to Electroweak Precision Data
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Bounds on SM Higgs Mass
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Branching Fractions of SM Higgs Particle
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Total Decay Width of SM Higgs Particle
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SM Higgs Production at the Tevatron

cross section (pb)
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Search for the Higgs boson
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