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Short summary

s The observation of neutral current reactions in neutrino scattering
gave evidence for the existence of a neutral, weak gauge boson,
as expected in the SU(2)L x U(1) model

s The W and Z bosons were discovered and their properties studied
in proton-antiproton collisions at the SppS collider by the experiments
UA1 and UA2

s Detailed studies of (anti-)neutrino electron scattering during the 80ies
gave first constraints on the values of the vector and axial vector
couplings of the Z boson to the electron

Tree-level couplings of the Z boson to fermions in the SM:

g =11 axial vector coupling ( factor of ysyu termin L)

g£ = I§ — 2 Qf sin? O vector coupling ( factor of yu term in )

s The Z boson factories SLC as Slac and LEP at CERN were designed
to produce large numbers of Z bosons. Precision detectors were able
to precisely measure all visible decay channels of Z bosons



Reminder

the differential cross section for fermion production

with photon and Z exchange at lowest Order:
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The cross section in detail: Photon Exchange

e*e- — ff for Vs « mz: pure QED process

s f

e f

Total cross section: decreasing with 1/(center-of-mass energy)?
40P

3s
B Assumption: all fermion masses can be neglected

2
oy = Ner Qf

® Ncr number of color degrees of freedom (3 for quarks, 1 for leptons)
B Q. fermion charge in units of elementary charge e

® o: fine structure constant

e? 1
47~ 137

o =



The cross section in detail: Photon Exchange (2)

Differential cross section as a function of scattering angle 6:

® Angular dependence from particle spins: spin-1 photon exchanged
between fermion/antifermion pairs (spin 1/2)

ert
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Can be derived using Wigner’s 2
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The cross section in detail: Photon Exchange (3)

Special case: ete- — ete-
® Identical particles in initial and final state — t-channel process in addition

® Matrix element: ) ) i 2
e e e e

|M|2 — + v

® {-channel process: Bhabha scattering — differential cross section
do 1

dcosf sin®(6/2)

— dominates for small scattering angles (cf. Rutherford scattering)

Application at LEP: measurement of luminosity (precision: 10-3)
® Theory: pure QED process — can be calculated very precisely
B Experiment: number of Bhabha events = 3x to 4x number of Z events



Particle chiralities in Z-boson exchange

consider left and right-handed couplings instead of vector and axial vector couplings:

gL =(gv+ga)2 grR=(gv—ga)2

dt‘J'I:E‘L_ E";_tt. — fﬁ._fL}

m Left-right: Ty ~ (9.9%(gr")? (1— cos 0)?
® Rightleft: A% iTR) | 0nf2(a 12 (1 cos )
B Left-left: d”(eijii;; ifa) (9:9%(9.")? (1+cos 0)?
® Right-right: dU(EiiIG;; fafL) ~ (gr')2(gr")2 (1+ cos 0)2
— Diﬁergntial cross section for pure Z boson exchange:
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The cross section in detail: Yy + £
Forward-Backward asymmetry

Z boson and Yy exchange and
vIZ inteference lead to a

forward-backward asymmetry,

which depends on:

- charges and weak isospin,
l.e. the couplings gv and ga

- centre-of-mass energy

s interference contribution
vanishes at the Z pole

— Peak Asymmetry Arg0
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The cross section in detail: Z pole

For Vs = mz: Z boson exchange dominates

e f
Z
e' f
P
M it N
(2cosOw)? N s — m2 + stz =

Propagator: Z boson unstable — resonance in scattering amplitude
® Wave function for stable particle at rest: 1 ~ exp[—imt]

, B
B Unstable particle: "y ~ exp {—i] =exp[-Tt] — ¢ ~ exp[—imt]exp {—;]
@ Decay width = inverse of lifetime: ' = 1/t

B Breit-Wigner prescription: in the propagator, replace m by m —ilr/2
(quantum field theory: scattering amplitude contains pole in complex plane)



The cross section in detail: Decay Width

Total width [z of the Z resonance:
® Sum of partial (decay) width

® Consider all possible Z-boson decays in the standard model:
5 quarks (top quark too heavy), 3 charged leptons, 3 neutrinos

fz=» Tr= > Tg+ > T+ > T,
f

g=u,d,s,c,b {=e,u,t V=Vg,V, ,Vr

Partial widths [ (standard model in leading order):

3
G,cmz

- N f\2 fy2 : f _ . oy f_
1 =T(Z = 1) = Noy =722 (1) + (G4 with g} = b — 2Qysin® 0w, g) = b

— Measure quadratic sum of vector couplings and axial vector couplings

Lepton universality:
B Same decay width for all charged leptons: [o=0,=l.=T)
M, =0, =, =T,

I

B Same decay width for all neutrinos:

I Tt recieves a mass correction !



The cross section in detail: Z Resonance

Parametrerization of the cross section around the Z-pole
(neglecting y contributions)

gf = -
2 r2 [2 Note: s-dependent
ms [ 2 ote: s-dep
z 'z (S$— mz) + 82 :7% width is a special
: hoi t LEP !
o Breit-Wigner enolee 4

Resonance peak height: o ~ el ¢
B Measure of product of partial decay widths, e.9. Ohad® ~ el had

B Determine single partial widths: combine certain ratios of cross sections

Resonance shape depends on number of neutrino generations:

s Partial decay with to neutrinos is invisible in the detector,
but contribues to 'z

s with three neutrino generations: [ = M, + ry} +, =3I,
s assume there are more (or fewer) neutrino generations:
— height and width of the reconance would change



Measurement of the Z Resonance Shape

Final measurements
of the Z resonance shape at LEP

G} .q [Nb]

curves assuming 2, 3 or 4 neutrino
flavours are also shown

clearly confirms that there are
three light neutrino generations

Measurement of the number of light
neutrino generations was the first
exciting results from LEP and SLC.

very robust observable:
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Z Boson decay channels

Branching Fraction |Detection at

(PDG 2017) Colliders

Left-handed neutrinos

Left-handed and right-handed charged
leptons

Left-handed and right-handed
up-type quarks (u,c) in three colors

Left-handed and right-handed down-
type quarks (d,s,b) in three colors

20.00(06)% in total No direct detection

e, U “simple”

0
3.3658(23)% each 7: depends on decay

Jets = collimated

0
11.6(6)% each bundles of hadrons

Jets = collimated

0
15.6(4)% each bundles of hadrons



History

Basics principles

Detectors and Accelerators

Theoretical Foundations

1. Relativistic Quantum Mechanics

2. Quantum Field Theory and symmetries
3. Elctroweak Symmetry and Higgs Mechanism
QCD and Jets

. Analysis Chain

Flavour Physics

1. Quark mixing and CKM Matrix

2. Meson-Antimeson Mixing

3. CP Violation

hON=

No o

8. Tests of Electroweak Theory
1. Discoveries
2. Precision Physics with Z bosons
1. Higher order corrections

Radiative corrections are large around the Z pole
and must be considered to correctly interpret the measurements

Loop contributions are sizeable compared to the
ultimate precision obtained at Z factories




Photon Radiation

Photon radiation from initial or final states modifies differential cross section

# radiation from final state e’ f e’
Y
increases observed
cross section Yz YZ
e f e
. 4 el _ ~ 7 ~
# radiation from initial state:
reduction of initial
centre-of mass energy vz viZ
distort shape of the Y
resonance e f e
+ ? +

— events radiate down
- lower cross section at pole
- increased cross section Y
at energies above the pole
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QED-corrected Z Cross Section

)
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QED-corrected Forward-Backward Asymmetry

Y = Zinterference and Z couplings lead to a forward-backward asymmetry

Forward-Backward asymmetry around the Z pole

"5:" U.4 T I T T T I T T T I T T T |

— F —— Ayp from fit %EEEEI
E - +====+ QED corrected

d: + average measurements

88 90 92 9
E_ [GeV]



Feynman diagrams from building blocks
ff — f'f/

“fermion loop”
(modifies photon propatator)

“vertex corrections”
involving top quark

7 “Higgs loop”
(modifies Z/W propatator)
Z/IW Z/W

ZIW

Very many combinations possible, up to an infinite number of loops
— enormous number of diagrams contributing to a given process



Radiative corrections

Precision of LEP and SLC data:
sensitive to higher-order
corrections

® Real emission of photons and

loop corrections
P QED Vertex Correction

® Consequence: “running” QED ¢ f e f
coupling constant:
2 1 1 ' iz iz !
(Jd(mz)?:ﬁ— > o0~ —— Y \
128 13 - f . :
@ Pseudo-observables: redefine Vacuum Polarization

experimental observables to ' r i
compare to theory predictions,

e.g. effective weak mixing angle

Via higher-order corrections, precision measrurements become
sensitive to all parameters of the theory, including new, so far
unobserved particles !

/62 (9002) 22¥ "day "sAud



Radiative Corrections (2)

The resulting corrections can be absorbed in a redefinition of the couplings,
retaining the tree-level structure of the cross section formula :

J g _ 13 N gefff /IOeff,fI3 with peff =14+ Ap

= g = Ig — 2Qf SlIl @W N geff g /loeff,f(l3 _ 2Qf SiIlQ @%if,f)

s relation between boson masses and weak electromagnetic and weak couplings

| - ti A 1 m %’» T 1
also receives a correction, Ar: ms — —
W 'mi V2GE \1—Ar
My?
s keep sin? Oy =1 — 5
M7 (0

M) =
# running of the electromagnetic coupling constant: a(Mz) 1 — A«

| Arw, Ap and Sin2 @%if absorb higher orders to very good approximation‘

Note: couplings also receive (small) complex contributions




Higher Orders (3)

ew G ’

— +
c 6\/§7T 9v ga
receive radiative corrections for real photon and gluon emmission:

Ff:FEew).(1+%Q%O¢(mz)—l—...) .(1+M+”.)

A
for quarks only

Loop corrections depend
- quadratically on top-quark mass
- logarithmically on Higgs-boson mass
and can be calculated from quantum field theory

3acos? Oy M2 11la My?
log 5+ ...

e.g. Arw (M, My) =
s w (M, M) 167 sin? Oy My ? 487 sin® Oy My

Software implementations of higher-order calculations exist to
calculate Observables relevant observables O (o, G, Mz, Miop, M, ...)

— masses of particels out of reach at LEP (top quark, Higgs boson)
could be predicted from precision measurements




Example: dependence of ovservables on mt

€661 Hoday HMM3I d31

;3005“”'.5‘-"”'9 E;3005 | |33'3°°
L | O 1 @ B E R
S2sof || 47 {3 250f ¢
| Y | N
= 200 : 1=200}
150 ,, { 150 AF
100F / F {1 100f £/
50 i E | I B |: 50 i 1 |§ L
2.462.48 2.5 2.522.54 0.01 0.02
I, [GeV]
— 300 e — 300 S
> : 1= : ;
3 250} 13 250}
=200 15 200} |
- single hatched area: 150} 1 150 —
variation of as by +0.006 100l - 100 5
- cross-hatched area: N : : :
60 <MH(GeV) < 1000 soboiid v iiv o d L
41.4 415 41.6 417 207 208

Gy [nb]



Cross section formula with effective couplings

2s 1 doayw

e f) = Form of tree-level
— i) =
7w NI dcos@ (e7e ) formula retained !
la(s)]” (1 + cos®0)
bt

—8R {a” (5)x(5) [GveGv s (1 + cos” 0) + 2GacGascos O]}

IV

v — 7 interference

FI61(5)? [(1Gvel? + [Gac)(Gv s ? + GasP)(1 + cos? 0)
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\ 7
Z
2

with X( ) —Z 2 Breit-Wigner with s-dependent width
8m/2 s— mz—l—stz/m 9 P




Measurements at the Z resonance

» Data taking determined by “fills” of the LEP machine, each typically
lasting ~8 h
s for maximum statisctics, mostly ran at the peak energy

s during energy scans, beam energy altered between
peak, peak — 2 GeV and peak + 2 GeV

raw cross-section measruements ete- — hadrons at LEP

308 F
‘ 14.75 -

30.6

145 7
10.1

304

‘ e ALEPH

14.25 -
M DELPHI

10

9.9 -

| luminosity error

H A L3
30.2 - !
: * OPAL
i 1990-1992 data
| |#1993.1995 data 14
¢ | typical syst. exp.

30 r theoretical errors:
i HEEQED

I I I : = ]I.lmil'lﬂﬁil_\; I I I I

89.44 89.46 89.48 91.2 91.25 91.3 9295 92975 93 93.025

E_ [GeV] E_ [GeV] E_ [GeV]

peak-2 peak peak+2




Parameterization of Cross Section Measurements

Total cross sections ...

ete~ — Hadrons
ete” — eTe”
ete” — y+y_
ete™ — th1™

... as functions of Ecwm
~30 per channel and experiment,
at seven energy points

... parameterizes by 6
“Pseudo Observables”

my

Iz

GE 1 - 12'312 reel:had
d n FE

Re — r‘had / FEE:

Ry = I_‘hat:l/ Fy‘u

R’E — l_‘had /FT’E

i o< (gve” +gar”) for f=e, p, T

advantages of this parameter set:
s based on “simple” measurements
s minimal correlated uncertainties




Parameterization of Cross Section Measurements

Forward Backwards asymmetries ...

ete” — efTe™
eTe” — y+y_
eTeT — T T

... as functions of Ecwm
~30 per channel and experiment,
at seven energy points

... parameterizes by 3
“Pseudo Observables”

0.e
AFB Parameter sets of the four
U;-ﬁ“ LEP experiments were
0.1 combined, taking into account
B common correlated uncertainties

arising dominantly from:
- LEP energy scale
- theory uncertainties




Mass of the £ Boson

M, [MeV]

91189.3 + 3.1

91189.4 + 3.0
91185.3 +2.9
y¥idof = 22/3
91187.5 + 2.1

1.7

Experiment

ALEPH .

L3 T

OPAL — g4—1

LEP q

COMMon errar :

a1182 81187 91102

M, [MeV]

myz = 91.18754+0.0021 GeV

Results of Combination

based on 9 POs, x*/DoF = 33/27 (22 % prob.)

Experiment

ALEPH

L3
OPAL

LEP

COMIMon errar

M, [GeV]
=

10

2.483

Total Z Width
r, [MeV]
o — 24959 + 4.3
:
1
| —— 2502.5 + 4.1
— e 2494.7 + 4.1
' y¥/dof = 7.3/3
. 249524 2.3
1
: 1.2
1
:
1
]
1

e = 0.11820.002
lingarly agded o

M, = 174.315.1 GaV

2 495 2,507

I, [GeV]

I'z= 2.49524+0.0023 GeV



Lepton Couplings

L -0.032
Fit includes measurements
with polarized electron
beam by SLD, which
allows to measure .
Ae from cross section -0.0359 e / m g
asymmetry: "
> i1,
A N.— Ny 1 © :
CERETUNL o N (P 0038 el A
ratio or cross-sections with L Aot
left- and right-handed electrons 1 iL}I*e‘
S 0
_0_041.,....,....,..6.8%@.
-0.503 -0.502 -0.501 -0.5

Consistent with Standard Model expectation,
preferring small Higgs boson mass

Jal

Standard Model Prediction
includes measurements
of the W boson and

Top quark masses



Effecitve weak mixing angle

=

Final
0.23099 + 0.00053

Yy D04 EC AEeaTar.E
A o b= & T~ | ] BFi
V. 1 :4 - = L.-I. (FAWLY, | L

0.2324 £ 0.0012

Preliminary
0.23212 + 0.00029

0.23223 + 0.00081

0.23150 £ 0.00016

xiid.of:105/5

Em A= 0.02761 + 0.00036

EEm= 174.3+ 5.1 GeV

0.23

0.234

— 0y/9a)/4

v? of average: 10.5/5
x2 — probability: 6.2 %



1994: Prediction of Top Quark mass

X

LEP
+ Collider and v data
+ Ayg from SLC

+11 418
177731 The

Top quark mass [GeV] from electroweak fit.
The second uncertainty stems from the
- at that time — unknown value of the
Higgs-boson mass

LEP EWWG, Moriond Conference, March 1994

34 |

26 |

LEP 4+ SLD + Colliders + vqg

32 |
30 |

28 |

22 |
20 |
18 |

16 |

C L =1 TeV

my = 300 GeV
', = 60 CeV

> (TEVATRON limit)
L 1 L I L 1 L I L L L I L L L I L 1

100 120 140 160 180 200 220 240
Mros(GeV)

First hints for top quark production at the Tevatron

at a mass around 175 GeV reported in April 1994,

combined published mass value by CDF and DO in 1995:
mt = 176£18 GeV
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