Electron-Positron Physics (Part |)

Stefan Roth
lll. Physikalisches Institut
RWTH Aachen

Graduate School of Particle Physics
Bonn, September 2003



Outline
Part | (today) :

@ Electron positron colliders
@ Zphysics at LEP and SLC

LEP 200: SM processes, W physics, Higgs search

Part Il (on Monday by M. Schumacher) :

@ Electron positron linear collider and detector

@ Physics Potential: Higgs, SUSY, Extra Dimensions,
SM precision measurements
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Electron Positron Colliders
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LEP and SLC
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Stanford Linear Collider — SLC
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Large Electron Positron Collider — LEP
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SLC

3 km length

@ dipole magnets inarcs with 0.6 T
magnetic field

copper cavities with total
accel. voltage of 25000 MV

maximum CMS energy 100 GeV

total beam current: 0.8 nA

luminosity 2.5 103°cm~ s1

max. polarization 80 % for e-
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LEP

27 km circumference

dipole magnets with
relatively low magnetic field of 0.1 T

superconducting cavities
with total accel. voltage of 3641 MV

maximum CMS energy 208 GeV
total beam current: 5 mA
luminosity 1032 cm™ st

no polarization with colliding beams
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LEP Accelerating System

@ 288 superconducting cavities
(copper sputtered with niobium)

@ accelerating gradient of 7.5 MV/m

@ total accelerating voltage: 3641 MV
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LEP Beam Energy

LEP: Energy loss of electron beam due to synchrotron radiation
has to be replaced by accelerating structures
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Resonant Depolarisation

Transverse beam polarisation builds up in magnet dipoles
Spin of electron is precessing with frequency ng ; e e )
Depolarisation with external field &+ I\
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LEP sees the Moon

Earth Rotation
Axis

Moon
ecliptic - -

Effect on LEP beam energy
can be measured using the
resonant depolarisation
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Moon deforms the earth and changes
the diameter of the LEP ring
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LEP seesthe TGV _  comemws
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LEP Detector: OPAL

Electromagnetic

Calorimeter Muon
- Chambers

-

Hadron Calorimeter

Tracking
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S e st

Silicon Micro Vertex Detector

Solenoid Magnet
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Z Physics at LEP and SLC
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Lineshape of the Z resonance

Mass of the Z boson m»
Width of the Z boson G,

Partial widths

f(mg)z 2r I, 15

ﬂd'I]
2 i
s L

Vs
LEP: Determination of beam energy at the 1 MeV level allowed
precise measurement of the Z mass:

m, = 91.1875 + 0.0021 GeV
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Measurement of Cross Sections
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LEP:
High luminosity gives
4 -10° Z | experiment

f(mz)zlln BB
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of neutrinos to be 3
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LEP: Forward Backward Asymmetries
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Coupllng of leptons to Z
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Lepton universality is shown
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SLC: Left Right Asymmetry

Count number of Z events Ny for both polarizations of the electron beam:

1 Nz(L) — Nz(R) 1
Pe Nz(L) + Nz(R) Pe

ArLr m

Measurement independent of final state variables
Many uncertainties cancel out in asymmetry

But: Precise knowledge of beam polarization necessary !
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SLC: Measurement of Polarization

Compton Polarimeter
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SLC: High beam polarisation of 80 % measured to a precision of 0.5%
allowed with only 50000 Z bosons precise measurement

of weak mixing angle: Sin geft = 0.23098 + 0.00026
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LEP/SLC: Weak Mixing Angle
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Physics at LEP 200
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Fermion Pair Production at LEP 200

Js' “Returnto the 2~

@ Production of fermion pairs: efe-® ff(Q)

@ Invariant mass Gs” of fermion pair
preferentially at Z mass

@ Initial state radiation lowers
effective center-of-mass energy
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Return to the Z: L3
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Visible Energy |
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Kinematics of Z Returns

@ Three particle final state: ff g

@ 15 % of events: gmeasured In detector

@ other events: gescaped along beam pipe
use polar angles of fermions
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Radiative Return
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Muon Data in et e-

- SPEAR

L OMARK 1

10 5 pep PETRA  TRISTAN LEP
- ®AMY ®L3
| #MAC DJADE  ATOPAZ
1l ¥MARK Il AMARK ] YVENUS
i 9PLUTO
| L #TASS0
o 8
1
13 o
r ]
[ <
: s E
9 r
10 05 L
025
i 1 | 1 | 1 | | 1 1 1 | | | 1 i 1 ' i 1 1 1 I 1 i | L Il B

50 75 100 125

-0.5
-0.75

150 0 f
Vs [GeM 025 |

PEP PETRA TRISTAN LEFP
BAMY el3
#MAC  OJADE  ATOPAZ
IARK IAMARK J YVENUS
¢ PLUTO

¢TASS0

e'e -pu
_] :4 1 ] ] | 1 1 1 1 | 1 1 ] 1 | 1 11 I | 1 1 ] 1 | 1 1 1 1 | L 1 L 1 | ] ] L 1 | 1
0 25 50 75 100 125 150 175 200
Vs [GeV]

Graduate School of Particle Physics

Bonn, September 2003




LEP Boson Factory
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Photon Pair Production
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Z Pair Production

Example:
ete"® ZZ® qqntm
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Z Pair Cross Section
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Electron Boson Scattering

One of the beams serves as photon source: Compton Scattering
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Compton Scattering
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Electroweak Compton Scattering
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Single W Production
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W Pair Production
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Four Fermion Production

Diagrams by MadGraph

&
K
u

Only 3 graphs from W pair production

But non resonant background small
( reduced by invariant mass cuts )

AT eTe" > udu v,
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Radiative Corrections

@ Experimental accuracy ca. 1%, Radiative corrections ca. 10%
@ Calculations at least to O(a)

@ Monte-Carlo programs: YFSWW, RacoonWW
@ Virtual corrections in double-pole approximation:

(facto}’izablé) (non factorizable)

@ 14- 1008 diagrams for efe- ® 4f + ¢
@ 103- 10* one-loop diagrams
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W Physics

@ Properties of the W boson

Myy mass
Gy total width
BR (W ® ff') branching ratios

@ Study non-abelian gauge structure

of the Standard Model
-

v/Z -

W-i—
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W Pair Events

e"e ® Qqgaqq efee ® qgqln
four hadronic jets

“ @ two jets and lepton

@ NO missing energy @ missing momentum
BR =46 % BR =44 %
Efficiency 85 % Efficiency 70%
Purity 85 % Purity 95 %
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ete ® Inln

two acoplanar leptons
missing momentum
BR=10%

Efficiency 50 %
Purity 90 %
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Selection of 4-Jet Final State

@ Large QCD background
fromeT e ® (QQ

@ Cut based analysis
not efficient enough

@ Multidimensional
techniques necessary
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Selection of 4-Jet Final State

Multidimensional techniques:
Likelihood analysis or

Neural Network
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Semileptonic Events

Require high energy lepton:

Main background from
e*e” ® g q (g with inclusive
leptons
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Selection of Leptonic Events

Graduate School of Particle Physics

Require high energy and
acoplanar lepton pair:

Main background from
e'fe ® I*I" (g
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Triple Gauge Couplings
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Extraction of TGCs

@ Anomalous Couplings would

Increase total cross section

modify W production angles
modify W polarization

@ Experimental Strategy

reconstruction of the 4 fermions

kinematic fit for improved resolution
reconstruction of phase space
variables (5 angles)
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Signature of Anomalous Couplings

Graduate School of Particle Physics

Distribution of 5 angles in
semileptonic events

Most sensitive:
W scattering angle cos Qyy
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TGC Results
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More TGC Information
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Reconstruction of W Mass

@ Calculation of invariant mass from W decay products:
gjets, e, mt jets

@ kinematic fit with 5 constraints
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Result of Kinematic Fit
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W Mass Distributions

4qqg en gq m

qq tn 4d qq9
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LEP Beam Energy

Kinematic fit uses LEP beam energy:

Error on beam energy directly translates
Into error on the W mass:

Beam polarisation at LEP only
between 40 and 60 GeV !

Extrapolation using measured
field of LEP dipoles

Graduate School of Particle Physics
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LEP Field Mapping

Error on LEP beam energy
about 104 (20 MeV)

Main error source:
Comparison NMR Flux Loop
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LEP Spectrometer

Absolute energy measurement via

Survey of field integral to 3x10

Necessary BPM resolution 1 nm

Until now: only 2 nm reached
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Extraction of Myy

MC reweighting: Box method:

Implementation of variable W mass Assign MC events to one data event
Into simulation by reweighting of MC Likelihood of data event by summation
events of MC event weights
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Fragmentation

Fragmentation models are optimized using Z data of LEP1.:
Jetset, Herwig, Ariadne

Differences between data and M.C. model:
particle spectrum, angular and energy distributions

Bias to the measurement:
assignment of particles to jets, detector response

Error estimate:
comparison of models
different fragmentation parameters
different tunings to Z data
lorentz-boosted Z's
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Final State Interactions

Hadronisation scale O(1 fm) larger
than W decay length O (0.1 fm)

Colour Reconnection:

change of colour flow due to gluon
exchange

guarks from different W's form
colour singlett

Bose-Einstein-Correlations:
Identical bosons prefer similar
phase space

guantum-mechanic correlation
between different W decays
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Bose Einstein Correlations

Increased production of pairs of identical bosons

Construct 2-particle density:

Calculate r (Q) for real 4-jet events and for artificial 4-jet events
constructed from the hadronic part of two semi-leptonic W-pair events
Ratio between both D(Q) = 1 4jet(Q) / I mix(Q) measured the B.E.

correlations between the W's

No B.E. correlations
have been observed
between different W’s
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Colour Reconnection

Colour flow determines
particle flow.

Measure
particle flow
between jets !
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Measurement of C.R.

Ratio between
Intra-W und inter-W regions

Fit to L3 data:
C.R. probability < 50%
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C.R. and the W mass

W mass shift for different
C.R. probabilities

Reduce mass shift with
different jet definition:
Cone algorithm
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Systematic uncertainties

gq In qgQgqQ total
LEP energy 17 17 17
ISR/FSR 8 8 8
Hadronisation 19 18 18
Detector 14 10 14
C.R. - 90 9
B.E. - 35 3
total systematic 31 101 31
statistic 32 35 29
total error 44 107 43

Weight of ggqq final state only 10% !
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World average on W mass
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Electroweak Fit and SM prediction

Dependence on the Higgs mass:
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Higgs mass prediction

Higgs mass limit: my <219 GeV at 95% C.L.
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Higgs production at LEP

one needs: s =my+ My
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Higgs decays
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Higgs candidate

ete- ® HZ ® bbnn

Graduate School of Particle Physics Bonn, September 2003



B Tagging

Characteristics of B hadrons: long livetime, secondary vertices
Combination with other variables: B tag
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Higgs analysis
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Higgs mass spectra

Distributions of reconstructed Higgs masses with increasing purity:
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Signal to background ratio

Conversion of Likelihoods into S/B allows LEP wide combination
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Statistical interpretation

New variable Q measure for
signal likeness

Limit of high statistics:
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Higgs search: final result

No Higgs with mass below 114 GeV at 95% C.L.
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Short Conclusion and Outlook

The e*e  colliders performed precise tests
of the electroweak standard modell

We are waiting for even more exciting physics
at the future linear collider
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