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C O n te nt 02.06. Experimental Tests of the SM (SHM)

07.06. Higgs Boson in the SM (TP)

09.06. Higgs Boson in the SM (TP)

14.06. Experimental Observation of the Higgs Boson (SHM)
16.06. More on the Higgs Boson (TP)

21.06. Quark Mixing and the CKM Mechanism (SHM)
23.06. Quark Mixing and the CKM Mechanism (SHM)
28.06. Quark Mixing and the CKM Mechanism (SHM)

Introduction to Gauge Theories
21.04. From Theory to Feynman Rules (TP)
26.04. From Theory to Feynman Rules (TP)
28.04. From Theory to Feynman Rules (TP)

Calculating Cross Sections
03.05. From Matrix Element to Measurement (SHM)

05.05. From Matrix Element to Measurement (SHM) Quantum Chromodynamics
30.06. Theory of QCD (TP)
QED Lagrangien 05.07. Theory of QCD (TP)
10.05. e+e- scattering (TP) 07.07. Theory of QCD (TP)
12.05. e+e- annihilation experiments (SHM) 12.07. Experimental Tests of QCD (SHM)

14.07. Experimental Tests of QCD (SHM)
Qantum Flavor Dynamics

17.05. Phenomenology of Weak Interaction (SHM) Beyond the Standard Model
19.05. Phenomenology of Weak Interaction (SHM) 19.07. Limits of the Standard Model (SHM/TP)
24.05. Massive Gauge Bosons (TP) 21.07. Limits of the Standard Model (SHM/TP)

26.05. Massive Gauge Bosons (TP)
31.05. Experimental Tests of the SM (SHM)



Organisation

Lectures
Wed 11:15-13:00 (HS2, INF 308)
Fri ~ 9:15-11:00h (HS2, INF 308)

Tutorials (Gonzalo Alonso Alvarez, Anke Biekoetter, Jennifer Thompson)
Tue 14:15-16:00h (SR 3.403, INF 227) (1 group)

Wed 14:15-16:00h (SR 3.402, INF 227) (2 groups)
first sheet on the web today 21.04., first tutoral 25./26.04.

from then on Monday sheets on the web (-> 1.5 weeks to work on them)

Requirements: worked on at least 50% of the exercises on the sheets
regular (and active) participation in the tutorials
present homeworks at the black board

exam at the end of the term (date still need to be fixed)

For more information (registration, literature, exercise sheets, notes, ...):

https://uebungen.physik.uni-heidelberg.de/vorlesung/20171/742
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The Standard Modell
A Particle Physcisist’s View of the World

Fermions: spin = 1/2 particles

Quarks

clectron neutrino muon neuwrino fau new D
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Some Milestones of the Standard Model

1964
1967/68
1971
1973
1973
1974
1979
1983
1988
1989
1991
1995
2000
2001
2009
2012

Higgs-Mechanism (Brout, Engler, Higgs)

Standard Model (Glashow, Salam, Weinberg)
Renormalizibility of non-abelian theories ('t Hooft, Veltmann)
Asymptotic freedom of QCD (Gross, Politzer, Wilzcek)
Discovery of Neutral Currents (Gargamelle, CERN)

Discovery of 4th Quark (SLCAC & BNL)

Discovery of the gluon (PETRA, DESY)

Observation of W and Z (UA 1/2, CERN)

Tevatron start: Top Physics, Higgs Searches .... (Fermilab)

LEP start: electroweak precision physics ... (CERN)

HERA start: Investigation of the proton .... (DESY)

Discovery of the Top (Tevatron, Fermilab)

Start of B Factories (Belle @ KEK, BABAR @ SLAC), oo
CP violation in the B System (Belle, BABAR) e
LHC @ CERN : First collisions eV e’@e\@\l ‘Oa\‘ xo‘\“e
Discovery of the Higgs Boson ofe® \33"’(\& (\x\\e\N

Standard Model «\-\\65 6



Interplay Theory-Exeriment
some examples

Prediction of the Anti-electron (1928)
Discovery of Positron (1932)

Prediction of mesons (1935)
Discovery of the pion (1947)

Prediction of the neutrino (1930)
Discovery of the electron neutrino (1957)

Prediction of the muon neutrino (1950th)
Discovery of the muon neutrino (1962)

Discovery of CP violation (1964)
Prediction of a third quark family (1973)
Dicovery of the B quark (1977)
Discovery of the top quark (1995)

Prediction of the Higgs mechanism (1964)
Discovery of the Higgs particle (2012)

Standard Model



Discovery of Antimatter

Paul Dirac (1928)
Field equation based on rel. Energy-momentum relation

E2 — m2 1 p2
Negative energy solution = antiparticles cloud chamber

in magnetic field
Positron\

Carl Anderson (1932)
Nobel prize 1936

6 mm lead plate

- Positroni -,

63 MeV positron passing through
Lead plate emerging a 23 MeV positron

The length of this latter pass is at least ten times greater than the
possible length of a proton path of this curvature Standard Model 8



Prediction of the pion

H. Yukawa predicted 1935 mesons as
carriers of the nuclear force (Nobel Prize 1949)

meson mass ~ hc/(range of force) range~1fm = m~ 200 MeV
(m_~ 140 MeV)
Pion

Discovery of the pion
Nuclear emulsion technique ?’I rest

[Powell 1947; Nobel prize 1950] MUOI’]

Muon stopped

M > pv T

Pion 10




Prediction of Neutrinos
Nn->p+e+?7?

2-body decay  3-body decay
A 4

Energy spectrum of beta
decay electrons from 2'9Bi ‘

Intensity

0 0.2 04 0.6 08 10 12
Kinetic energy, MeV

e 1926: Problem in 3 spectrum
fixed enery continuous spectrun

e 1930: Pauli postulates “neutron”

Physikalisches Institut der Eidgendssischen Technischen Hochschule, Ziirich, den 4. Dezember 1930:
Liebe radioaktive Damen und Herren,

wie der Uberbringer dieser Zeilen, den ich huldvollst anzuhdren bitte, Ihnen des ndheren
auseinandersetzen wird, bin ich angesichts... des kontinuierlichen Beta—Spektrums
auf einen verzweifelten Ausweg verfallen, um ... den Energiesatz zu retten.
Namlich die Mdglichkeit, es kénnten elektrisch neutrale Teilchen, die ich Neutronen

nennen will, in den Kernen existieren, welche das AusschlieBungsprinzip befolgen und sich von
Lichtquanten auBerdem noch dadurch unterscheiden, daB sie nicht mit Lichtgeschwindigkeit laufen.
Ihre Masse muBte von derselben GroBenordnung wie die Elektronenmasse
sein. Ich traue mich vorlaufig nicht, etwas Gber diese Idee zu publizieren, und wende mich
vertrauensvoll an Euch, liebe Radioaktive, mit der Frage, wie es um den experimentellen Nachweis

stande, wenn dieses Neutron ein ebensolches oder etwa 100 mal groBeres Durchdringungsvermoégen
besitzen wiirde wie ein Rontgenstrahl.

Ich gebe zu, daBl mein Ausweg vielleicht von vornherein wenig wahrscheinlich erscheinen mag, weil man
die Neutronen, wenn sie existieren, wohl langst gesehen hétte. Aber nur wer wagt, gewinnt,

Darum soll man jeden Weg zur Rettung ernstlich
diskutieren. Also, liebe Radioaktive, priifet und richtet

Mit vielen GriBen an Euch, Euer unterténigster Diener ... Wolfgang Pauli




Discovery of the electron ‘
(anti) neutrino (1956) (np 1985) Ly \_

’/_e—|—10—>’n/—|-e+ L L

P é $ J
Ll Pasitron annihilation po
e el EEp——— -0 CdCl,
beom P
DM reactor
s Bds
> scintillator
¥'s from neutron capture in Cd
_>~ —| -
! CdCl; + water J .
—>— - \ b 3 :4.- I'.-’t "‘ -
o % : ——1~. N |
P VTS The experimental apparatus :-:: ~
\ used by Reines and Cowan -

10 detect the electron neutnno

n 4198 Cd 5199 Cdx 19 Cd +



Discovery of the muon neutrino

Leon M. Lederman
Melvin Schwartz

e S L Jack Steinberger

]| AN ' [Nobel prize 1988]

Single muon event from
Original publication

Melvin Schwatz in front of the spark chamber
Used to discover the muon neutrino

Standard Model 15



Discovery of CP violation (1964)

(we will spend a whole lecture to undertand why Kj; — 7w is CP violating)

484<m* < 494 1o

45 % 10 Ereignisse

= NG s

494 < m*< 504 "

n -~ 0
Z - 504<m*<514 10
n

00,9996 0.9997 0.9998 0.9999 1,0000

ws COS 0
45 i 10 KL _> T event (E NO.Z%) FIG. 3. Angular distribution in three mass ranges

for events with cosé >0,9995.

NUMBER OF EVENTS

Nobel prize Cronin and Fitch (1980)

Standard Model 17



Predition of the third quark family

the power of indirect searches

Only 3 quarks where
known at that time!

Makoto Kobayashi Toshihide Maskawa

Progress of Theoretical Physics, Vol. 49, No. 2, February 1973

CP-Violation in the Renormalizable Theory
of Weak Interaction

Makoto KOBAYASHI and Toshihide MASKAWA

Department of Physics, Kyoto University, Kyoto

(Received September 1, 1972) o
o | o
In a framework of the renormalizable theory of weak interaction, problems of CP.-violation . 67’ . E
are studied. It is concluded that no realistic models of CP-violation exist in the quartet \Q(\,L QQ A\
scheme without introducing any other new fields. Some possible models of CP.violation are O\oe 0‘\ C
also discussed, \\e(\\
o)

e(
Standard Model \,af\\, 18



Prediction of the Charm Quark

the power of indirect searches

Observed branching ratio K — pt i~

BRF e = (7:2£0.5) x 10

K[l
In contradiction with theoretical
expectations in the 3 quark model
M ~sing, cosé,

= Glashow, lliopolus, Maiani (1970): ~siné, )

)7,

KD

Prediction of a 2% up type quark,
additional Feynman graph cancels oS "
the “u box graph” M ~ —sing, cos 6,

Amy + BR(Kp, — putp™)
— Prediction of m(c) = 1.5 GeV
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Discovery of the c-quark

| SPECTROMETER

242 Evenis*-i |

- At normal current J
[1-10% current

-+

— hth— (a)
ete” = J/U — utpu~ (b)
— eTe™ (c)

(Ting)

p+Be— J/U(—ete )+ X

(Burton + Richter)

November Revolution (1974)
NP for both teams (1976)
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Discovery of the b-quark (1977)

Observation of a Dimuon Resonance at 9.5 GeV in 400-GeV Proton-Nucleus Collisions
8. W. Merb, D, C. Hom, L. M. Lederman, J. C, Sens,'* H. D, Snyder, and J. K. Yoh
Columbla University, New York, New York 10027
and

J. A. Appel, B, C. Brown, C, N. Brown, W. R. Innes, K. Ueno, and T. Yamanouchi
Fermi National Accelevator Ladoratory, Datavia, Nlinois 60410

A. S, lto, H. Jostlein, D, M, Kaplan, and R. D, Kephart
State Univernity of New York af Stomy Brook, Stomy Bvook, New York 11974
(Recelved 1 July 1077)

[

[

1977)

Graph from the special edition of
the Village Crier announcing the discovery ...

8
Moss

/10
GeV

T ——z2r

Standard Model
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Discovery of the W and Z

Js =540 GeV

the underlying
event is the price
to pay for higher
CME in hadron
collisions

@ W4+X—-tlvy+ X e
electron

The key to the discovery of the heavy particles of the SM (W, Z, top, Higgs) are the
accelerators. The Nobel prize (1984) for the discovery of the W and Z was assigned jointly to

Rubbia, spokesperson of UA1 and to Van Der Meer, who invented stochastic cooling, the
preresquisit to achieve required CME.



Discovery of the W and Z

pp—=Z+X -0+ X

15 A P ——
t MAGNETIC CLUSTERS
| Events
. r (a
> =8
3 L. aco e
3 P

pp— W+ X —-ly+ X - \Q

Standard Model 24




I_E P CO‘ | ider (Large Electron Positron Collider

T ———— LEP | (CME = 90 GeV)
27km E oV | 1989-1995 |

circumference

3 !
PR L

o’ el

CERN Prévessin

¢ Electron
= ¢* Positron

Standard Model




LEP |: Precision measurements of the Z

—
e
n

eTe » hadrons

Cross Section [pb]
(S
&
o

103

0 25 50 75 100 125 150 175 200
Center-of-Mass Energy [GeV]

Standard Model
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3 light neutrino families

- ALEPH
- DELPHI
- L3

30

OPAL

| ¢ average measurements,
error bars increased
by factor 10

2v

88 90 92 04
EcmlGeV]

+

eTe~ — hadrons

peak _ 127 LT
f o 2 2
MZ T2

with I'y =1y + I'yug + 0l

Mz : Mass, resonance position
[e,[ h : Partial widths
[z . Total width

= 3 light neutrinos



e~ w- /3 very clean signatures g
o in e+e- colliders!
fa
\R7
hi
2
LEP W-Boson Mass
ALEPH —— 80.440 + 0.051
DELPHI —a== 80.336 + 0.067
L3 —o— 80.270 + 0.055
OPAL —— 80.415 + 0.052
LEP - 80.376 = 0.033
+*/DoF = 48.9/41

80.0 802 804 80.6 808 81.0

M,, [GeV]

LEP EWWG arXiv:1302.3415]

efe” - WTW™ = qqqq



Top mass prediction
the power of indirect searches

M, (GeY)

20 -

156

30

direct search bower Llimir {955 CLj

& Tevatron g
M SM constraint
GE% CL 7

| A

Standard Model

1945

Yeur

2N 2005
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Tevatron
[Fermilab]

Main X
Injector

Standard Model




makes a huge difference for top production

Discovery of the Top /

pp Collider with /s = 1.8 TeV (Run 1), 1.96 TeV (Run II)

Run 234888 Byt \296527 St Aug S22 2007

Contrad Calorumeter (I M) ET scale 2 GeV -

-
(e o
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>t

“'b-. > y e ™~
= //./“ '."v‘-..' 7.
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e '_‘ 3 -l\ ’
NN

/
1 K . »
AL
o .
1 . \ o 5
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Conuad Outer Tracker
SHoon Vertes Detec i 1
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Discovery of the Top (1995)

Events/(20 GeV/c?)

61 1
v
Top 1:
lep Jet
Lepton
Missing Er
mu“ 200
Fitted Mass  (GeV/c?)
5 T T
AL CDF _
’ ]l]:[ jet
2 Top 2:

Events/(10 GeV/c?)

1 rﬂ-ﬂ - = -] 3 Jets

BO 120 160 200 240 280
Reconstructed Mass  (GeV/c?)

Standard Model 32



Top mass at the end of the Tevatron

CDF-I di-l

&

DO-I di-I
"CDF-II di-|
'DO-11 di-I
CDF-1 14
DO-I 14+
"CDF-Il I+]
'DO-la I4]
'DO-1b 14§
CDF- all-j
‘CDF-Il all-j
'CDF-Il trk

“Tevatron July’08

167.4+10.3+ 4.9
168.4 +12.3 + 3.6
17122 2.7+ 2.9
1744+ 32 +21

&

-9

176.1£ 5.1 5.3
180.1+ 3.6 + 3.9
1722+1.0+1.3
171515158
1730+ 13+ 1.7

—

186.0 +10.0 = 5.7
1769+ 33 +2.6

150 160

Standard Model

170

180
M, (GeV/c?)

190
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Electroweak precision measurements
@ LEP (+ Tevatron)

Took LHC a while to catch up with this precision (systematic uncertainties)

Measurement Fit — 10M*-0" /g™
Hacdlronic 0 1 2 3
vaccuum polarization e
7 MASS oo m,[GeV] 91.1875=0.0021 91.1874
................................. r,[GeV]  2.4952+0.0023 2.4959
ZWidth T e on [nb] 41540 £0.037  41.478
Had. Pole Cross Section " HI 20.767 = 0.025 20). 742
A 0.01714 = 0.00095 0.01645
Lepton Asymmetries A(P.) 0.1465 = 0.0032 0.1481
Left/Right Asymmetries R, 0.21629 = 0.00066 0.21579
, R. 0.1721 = 0.0030 0.1723
Forw./Backw. Asymmetries 0b
Rt " 0.0992 = 0.0016 0.1038
aHos G 0.0707 +0.0035  0.0742
A, 0.923 = 0.020 0.935
A, 0.670 = 0.027 0.668
Effective mixing angle ... Al{SLD] 0.1513 = 0.0021 0.1481
sin°0°P(Q,) 0.2324 =0.0012  0.2314
WMASS  rrrrrrrermtmsmmsmsse st m, [GeV] 80.385=0.015  80.377
WWidth o I, [GeV] 2.085 = 0.042 2.092
............................ V 173.20 = 0.90 173.26
Top Mags m, [GeV]

March 2012 0 1 2 13



The Hunt for the Higgs ...




Higgs Searches at LEP

VWAV -FLISION

D- D- H EEE N R R R EEEEEEE. I'I
Z .o .. "
W
-- -%- - m -" lggs "—
Strahlung '."
oW
D_ '_| D_ A“- -------------- l'u'l
E\. - E -
E Higgsstrahlung ;} WW-Fusion
1 1
C C — 1B ey
E _ 1 200 GeV CME of
- ' L energy scan
10 1 3 1 1 3 — 28 (Y of LEP
4_ — 189 (e 3 B
10 | — 200Gev T S
E — N (ze¥ E
| I B R R Sl
10 [ [1]
B0 1] 1040 110 120 B0 on 100 110 120

my (GeV) my, (GeV)
Standard Model
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Higgs Decays at LEP Energies

= 1.
= S
> L bb
E
=0
i
-‘:‘D.‘I L
=
j
=

ﬁJ
0.01F

70 80 90 100 110 120

my(GeV/e *)

Standard Model

bb-decay

dominant !!
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Higgs Signatures at LEP

WW = gqgaq
4-jets 51% ZZ = qaqq
QCD 4-jets
missing 159 WW = gglv
energy ' ZZ = bbw
T-channel 2.4%
WW = qgmv
ZZ -+ bbbt
ZZ = gt
QCD low mult. jets
T-channel 5.1%
lepton 4.99% ZZ = bbee
channel o ZZ = bbpp

Standard Model 38



LEP Higgs Candidates

LEF
final result

Observation:

17 candidate
events

Expectation:

15.8 background
events

8.4 signal events
for MH=115 GeV

Expt E... channel MTec In(1 + s/b) | prev.
(GeV) a 115 GeV | rank.
1 A 206.6 4 jet 114.1 1.76 1
21 A 206.6 4 jet 114.4 1.44 2
3] A 206.4 4 jet 109.9 0.59 3
4 | L 206.4 Emiss 115.0 0.53 4
5| A 205.1  Lept. | 117.3 0.49 7
6 | A 206.5 Tau 115.2 .45 o
710 206.4 4 jet 108.2 0.43 b
8 A 206.4 4 jet 114.4 0.41 0
0 L 206 .4 4 jet 108.3 .30 12
10 |B] 206.6 4 jet 110.7 0.28
11 | A 207.4 4 jet 102.8 0.27 14
12 | D 206.6 4 jet 07.4 0.23 11
13 | O 201.5 Emiss 111.2 0.22
14 | L 206.0 Emiss 110.1 0.21 17
15 | A 206.5 4 jet 114.2 0.19
16 | D 206.6 4 jet 108.2 0.19
17 L 206.6 4 jet 109.6 0.18

Observation consistent with background !

Standard Model
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Loop Corrections

the power of indirect searches

Mw = Mwgorn + ...

Standard Model

40



Loop Corrections

the power of indirect searches

August 2009
1 L]

| Last update
{ —LEP2 and Tevatron (prel.) before LHC start:
80.5 - LEP1 and SLD 2009
68% CL
>
()]
O 80.4-
=
=
| 1 , should be light !
150 175 200

m, [GeV]

Standard Model
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Loop Corrections

the power of indirect searches

6 July 2010 m,. 1.='15E|- Ge\V
' EW-Fits:
5
| Ay = 1 Mi=89"2Gev
. % —0.02758:0.00035
1 L e 0.02749+0.00012 . Mn < 158 GeV @ 95% CL
4 3 eee incl. low Q° data .
From direct
o search at LEP:
o< — |
g 3 My > 114 GeV
) @ 95% CL
5 |
17 N 2\/
0 | Excluded ., .;;_5.‘_ Preliminary
1 ] I 1 ] 1 'I L]
30 100 300

my, [GeV]

Standard Model 42

[Status: Surmimer 2010]



The LHC and the Higgs

Standard Model



The LHC

A New Dimension in Particle Physics

Detector

Proton beam

'l

e oy, —
- -;‘i;l.n
““35" Proton bunches Clroiu.mferenoe: 27 km
€ Inumber: 2808 Collision rate: 40 MHz
Q .
D) Proton collisions CMS'EnerQY- 14 TeV
[10° per second]
8 Parton-oart Dipols: ca. 1200
arton-parton _
N interactil?jns [Field: up to 8.3 T]

[Temperature: 1.9 K]
— — [Stored energy: 9.2 GJ]
7\ New physics?



Higgs Production Mechanisms

Vector
Gluon fusion boson fusion

t 0
t - HO
t
l q
- q
g t HO W.Z W.Z
p 3

9 t g HO

. Associated
tt-fusion production

l—l-l
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Higgs Production Cross Sections

o(pp —»H+X)
Vs =14 TeV

m, =175 GeV
CTEQ4M

M. Spira et al.
NLO QCD
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Higgs Boson Decays

bb ——
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For M < 135 GeV: H > bb, Tt dominant Y

important: H > vy

For M > 135 GeV: H > WW, ZZ dominant H
Tiny but also - m
Y
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Higgs Discovery

Nobel Prize in 2013

Higgs and Engler met the fist time
at the Higgs anouncement 4. July
2012 at CERN
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©1600 CJ%0 P C SM Higgs boson m, =126.8 GeV (fit) _
- £ 220 = O ey memeesees Bkg (4th order polynomial) -
Z1400F R =
N . - _
2 : - - T H-yy -
L1200} so00] =
91 000F C Vs=7TeV JLdt =4.81b" .
— s 2000 . T
to) 800 = C Vs=8TeV JLdt =207 fb i
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Are there extra dimensions

The big open questions =’

How can we solve the Are there undiscovered
mystery of Dark Energy ? Principles of nature ?

|C Matter Do all forces unify ?
Why are there so many

Kinds of particles ? (0) A

How much finetuning Da rk Matter

20% Dark Energy
How to explain the 70%

masses of neutrinos ?

What is the nature of

What happend to the Dark Matter ?

antimatter ?
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