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i Fermi theory describes weak decay using
four-fermion interaction

Coupling constant: Gg = 1.6637 - 10> GeV-2

Effective theory at low energies

High Energies:
Exchange of weak gauge bosons

Interaction is small due to large mass
of the W and Z bosons

Together with photon (electromagnetism)
decribed by the gauge theory of electroweak interactions Lz
Glashow, Salam und Weinberg
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Unification of Forces
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Higgs Mechanism

Spontaneous symmetry breaking:
* Gauge theory of electroweak interactions

* Mass terms of gauge bosons are violating the

V(®) = p°®Td + A\(PTD)?

gauge invariance of the theory ! 'I'{ f(q))
e Scalar field @ with electroweak coupling
e Potential V(&) with non-vanishing

vacuum expectation value v /v2 | —
* Theory stays gauge invariant, dynamical mass generatiorln\"*%'..;_i--. S 70,
* Coupling to Higgs field generates W and Z mass 2

0,
mwe = % o, mw
e — cost,,
iz % sin Qchos & I
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Quantum Corrections

Veltman und 't Hooft:
Electroweak theory is renormalisable gauge theory,
l.e. higher orders in perturbation theory stay finite

Ax Ap(rnt!mH) Sin2eeff f

Measurements with sub-permille precision:
Quantum corrections uo to O(x<) und leading terms of higher orders
have to be calculated

Contributions from loops:
Sensitivity to particles, which are too heavy to be directly produced in

the experiment (top quark, Higgs boson)
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Large Electron Positron Collider - LEP
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Measurement of Z resonance
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N, = 3 x (0.9947 + 0.0028)

Measurement of Z mass with 23 ppm: mz = 91.1875 + 0.0021 GeV
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Forward Backward Asymmetry

0 50 100 150 200
Vs [GeV]

Arg(myz) measures
left g, and right coupling gy

of leptons to the Z
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Coupling of Leptons to the Z

v =9 * 9r and da =9 “ 9r
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SLAC Linear Collider - SLC

SLD Electroffieimy
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Left Right Asymmetry at SLC

Count Z events Nz for both polarisations of electron beam:
_ Nz(L) — Nz(R)
Nz(L) + Nz(R)

Measurement of couplings g, and g, of Electron to the Z :

ALR — Pe Ae

Beam Polarization SLD 1992-1998 Data

K100 Parity violation !
= 9 Tor 1994 SLD Run ¢ for 1997 SLD Run ¢
]
é 80
g 70
o Important:
= 5 Precise Knowlegde of
=" beam polarisation
= 30 )
T f
Bl
=
Bt ok ' ' '
0 1000 2000 3000 4000 5000 L

Z Count x10 "
High polarisation grade of 75% yields with only 500 000 Z decays:
sin2 B¢ = 0.23098 + 0.00026
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Weak Mixing Angle

AY ] 0.23099 + 0.00053
—— 0.23159 + 0.00041
2.9 o Deviation
between both <: -
A,“tf * 0.23220 + 0.00081
o X 0.2324 + 0.0012
Average giis 0.23153 + 0.00016
105 x°/d.ol:118/5
=
o)
)
I
= 10> ez Aoy = 0.02758 + 0.00035
] H me=178.0 £4.3 GeV
Light Higgs preferred 023 ‘| t' 0234
. 2.lep
SIN"6_g
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Production of W-Bosons at LEP

fi W
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Three Boson
Vertex

Contributions from
v, y and Z exchange
violate unitarity!

700 pb-1 per experiment
- ca. 40.000 W-Pairs at LEP

Final states:
45% qqqq, 44% qglv, 11% Ivlv
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W-Pair Events

efe” - (qqqq ete” - qqlv efe” 5 Iviv
@ 4 hadronic jets @ 2 jets and 1 lepton @ 2 |leptons
@ no missing momentum @ missing energy @ missing energy
Ratio 46 % Ratio 44 % Ratio 10 %
Efficiency ~ 85 % Efficiency =~ 70% Efficiency ~ 50 %
Putity ~ 85 % Purity ~ 95 % Purity ~ 90 %
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Reconstruction of W mass

@ [nvariant mass from decay products of W boson:
g-Jets, e, u, t-Jets

Precision of 30 — 40 MeV ( 0.5 %o )

Invariant mass from hadronic decaying W boson

mw = /2 F1 E> (1 — cos 0)

@ Precision depends on energy scale
and angular measurement

@ Needed accuracy:

* Angle 0.5 mrad
* Jet energy scale 0.1 %o
e Fix E,; to Vs : kinematic fit

Stefan Roth, DESY, 12.9.2006
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Mass Spectra
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Status of W Mass from LEP

Final results from ALEPH, DELPHI, L3, OPAL
Final calibration of LEP beam energy
Final analysis of complete LEP2 data set
Reduction of various systematic uncertainties

- (Colour reconnection
- Bose-Einstein correlations

Uncertainty of W mass:
42 MeV (Winter 2005) » 33 MeV (Summer 2006)

Stefan Roth, DESY, 12.9.2006
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Calibration of LEP beam energy
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© Spect ] Flux Loop
" Q | Global Fit

Fit to event kinematics
uses LEP beam energy as constraint
for the determination of the W mass

LW A
- S s

.

Resonant depolarisation
up to 60 GeV beam energy
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Comparison with -40
5{] el as s sl o sl sl g dagaalaaaalas sl e sas

flux loop, synchrotron tunes, 765 70 75 80 85 90 95 100 105 110
magnetic spectrometer E [GeV]
o

Systematic uncertainties 10-20 MeV auf Epg

Contribution to uncertainty in the W mass:
17 MeV (Winter 2005) = 9 MeV (Summer 2006)
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Final State Interactions

Fully-hadronic final state

- Hadronisation:

T T
v gt nont-perturbative phase
= Ty only empirical models
Q \\““I-C < Extension 1 fm > 0.1 fm W decay length
-
@ s Colour Reconnection:
e olour Reco
- Change of colour flow W's
o
= /<f‘ o
< Bose-Einstein-Correlations:
e |dentical bosons (e.g. 0) prefer identical
CR. BE. phase space region in final state

* FSI causes large shifts in reconstructed W mass
e up to 100 MeV for C.R. (SK |) and 35 MeV for B.E. (LUBOEI)
* Fully-hadronic final state contributes only with 9%

Stefan Roth, DESY, 12.9.2006 21



Reduction of B.E. and C.R.

Use the recorded data to set 60
limits on the B.E. corrections
Determine effect on the

W mass

2
dmy, (MeVic™)

[ ]
20 4 SKlk=2

ALEPH

P_ (GeVic)

80

A m,, [MeV]
S

150

C.R. effects mostly:

“inter-jet” and “low-momentum”

Alternative jet algorithms: s
PCUT or CONE 2

Compromise between: s
reduced mass shift (syst.) o]

worse mass resolution (stat.)

-100

0

Energy cut [GeV]

Contribution to the uncertainty of the W mass in fully hadronic channel:
B.E.: 35 MeV (Winter 2005) 2> 9 MeV (Summer 2006)
C.R.: 90 MeV (Winter 2005) - 35 MeV (Summer 2006)
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W Mass from LEP

Mass of the W Boson (preliminary)

Experiment M,, [GeV] Light Higgs preferred
ALEPH e 80.440 + 0.051
DELPHI - + LEP | o 80.376 £ 0.033
1 1
L3 —e— | ! 80.270 + 0.055
OPAL —p— 80.416 + 0.053 10 3 :
1 :\f\:\‘ 1
; X/ dof = 49/ 41 :
LEP o 80.376 + 0.033 :
1 1
= X
(O] 'frj;\‘
S 10 2'. |
T ] \n Aaﬁﬁa)dz
= 0.02758+0.00035
linearly added to
B
Mt =171.4+2.1 GeV
10 - -
80.2 804 80.6
M, [GeV]

Combination of the four experiments
mw = 80.376 + 0.026(stat) + 0.024(syst) GeV
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W-Mass from Tevatron

Measurement of transverse mass spectrum ~ GDFRun Il Preliminary, 72pb "
%220[} — Entries 21599 |
Energy scale calibrated with Z decays @2000 O Sum ﬁm
. . L. E — UV + L
218001 Z—=uu MG |
- Implicit usage of high precision 2 i .
Z mass from LEP 2% 0 S
14004
1200 :
: 1000
UA2 (1992) -— 80.36+0.37 a50
CDF [Run-1] + 80.433+0.079 - : 3
D [Run-1] —n— 80.483+0.084 a0 | |
Hadron Colliders  —a 80.454:10.059 o | A
e oo | D! S B = tt“.‘"“’-*ﬂ-
80.0 M,,[GeV] 81.0 R R

Combination of CDF und DO (Run-l):
my = 80.452 + 0.059 GeV
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World Average of W mass
W-Boson Mass [GeV]

TEVATRON —e— 80.452 + 0.059
LEP2 —. 80.376 + 0.033
Average -O- 80.392 + 0.029
x%/DoF: 1.3 /1
NuTeV —A— 80.136 + 0.084
LEP1/SLD —A- 80.363 £ 0.032
LEP1/SLD/m, -A 80.361 + 0.020
» So'fnw Gev] LEP1: Couplings  gip2 ),

of fermions to the Z

Relation between masses of
gauge bosons via the Higgs mechanism

Additional dependency on the top mass “"O“”
via radiative corrections W W

b

mw — my cos ,,

Stefan Roth, DESY, 12.9.2006 25



Measurement of top mass

Tevatron (CDF,D0): pp—tiX, ti—=>bbWW

Mass of the Top Quark (*Preliminary)

: 10} 2
gl Measurement Mmp [GeV/cT]
i 2 CDF-l di-| o 167.4+11.4
0 ! =z s DO-1  dil o 168.4+12.8
5.:31-*_— CDF-Il di-* —@&—1 1645+ 55

= B 1
< or - o D@-1I  di-I —1@ 176.6 +11.8
?;g'ﬂ_— My, (Ge Vi) CDF-I 1+ +—o— 17601 7.3
5 " Background DO-1 14  —— 180.1= 53

g or " '
i B Signal+Background CDF-Il 14 'Ih' 1734+ 28
i DIl l4* — g 170.6+ 4.6
I CDF-l all+ | ® 186.0+11.5

PO P LT R T e T R S o 1

100 130 200 250 300 . 350 : >
Reconstructed Mass (GeV/c™) : X~ /dof = 8.1/8
Tevatron Run-I/1I* -¢- 1725+ 2.3
I 5 t L 1
150 170 190
M,, [GeV/c’]

Most recent number (incl. Run-ll):
mi=171.4 + 2.1 GeV
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W Mass and Top Mass

80_6 | | | | | | | | | | | | | | | | | | | | | | | |
—— indirect (LEP+SLD)

—— direct (LEP+Tevatron)

80.3

G,

1(114GeV < m < 1000 GeV)
80.2 |||||H||||||||||||||||||| GF_'IT(X 1 1

150 160 170 180 190 200 V2 2 mf,, sinZUW 1-Ar

m, [GeV] j

W ,""\l
Dependency of Ar on the Higgs mass: M M ~ log(mp/myy)
H
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Higgs search at LEP

Candidate: ete- - HZ - bbvv

Secondary vtx's view

\ mass:S.f?-"ﬂ;GeV L3

\ 7.3mnjf to prim. vix

measured H mass=114.4 GeV
H mass resolution ~3 GeV

Events / 3 GeV/c>

+ Data

- E Background
- [ Signal (115 GeV/c)

- LEP  s-200-209 Gev Tight

all  >109 GeV/c®

|| Data 18
-|Backgd 14

Signal | 2.9

4
1.2
22

20 40

60

Number of candidates not significant above background.
lower mass limit: my > 114 GeV at 95% C.L.

L L 1 I L L

80 100 120
2

myrec (GeV/c")

Stefan Roth, DESY, 12.9.2006

28



Higgs Mass

5 ' 1
1Excluded
4 = 10"
3] =107 .
L —
W,
< .
ris =107
1] =10
\ — A y?curve :
0 i | | _I |upp|er ||Ir|r]!t|(|:.||_|.| 10_5
100 200 300 400
m,, [GeV]
Direct search: my > 114 GeV

Precision data: my < 199 GeV (bei 95% C.L.)
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Summary

* The study of e*e~ collisions at LEP and SLC allowed
precision tests of the elecroweak theory

* Comparison of direct W mass from LEP2/Tevatron
with indirect W mass from precision data confirms
Standard Model including its quantum corrections

* Quantum corrections depend on mass of top quark
and Higgs boson

* Global electroweak fit using all electroweak data yields
information to the last unknown parameter of the
Standard Model my

Stefan Roth, DESY, 12.9.2006
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Resonant Deoplarisation

® Transverse beam polarisation builds up in magnet dipoles
® Spin of electron is precessing with frequency v. ; F i ;

————————

® Depolarisation with external field

I Je — : : 6)' | B - dl = Ge — 2E beam
2 s )

Fast sweeping
horizontal B field

wy

scan © @ ® e
aF o
g g
D\TD\ ) T s
Suf :
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B WA - : :
= 20 | ;g : ]
o i : : 1 iy :
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Myon Pair Production
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Agg for b Quarks

jet direction
B tagging
jet charge

Fragmentation

track

- ¥
-
- K,
=* #
* o
' o
o 3
3 s B
=" r
#
v
#

Impact ,
paramster, o Primary vertex 0 e A°
/ | _® FB
T m AS
-/ Decay length, L FB
Secondary vertex
TR SR T TR ANNT TR TN TN SN NN RS (AN RS T NN TN (R [ SO NNNT S M T
O-lgg 90 91 92 93 94
\s [GeV]

Arg(b) measurement translated into weak mixing angle:

sin? Bef = 0.23212 + 0.00029
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Rho Parameter

myy = M5 - cos,,

LEP 1 : m, = 91.1875 +0.0021  [2.3-105
LEP 2/ Tevatron : my= 80.392 +0.029  [3.7-104
LEP 1/SLD : sin20¢= 0.23147 +0.00017  [7.3 - 104
SiN20 ¢/ M, ; sin20,, = 0.22332+0.00041 [1.81079]

My / My : 1 — (My/My)2 = 0.22276 + 0.00058 [2.6 - 10-3]

2
0 = ( M ) = 1.0008 + 0.0009
m> - cosB,,

(Quantum corrections Ap removed)
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Standard Model Fit

Measurement Fit  |Om**-0"|/c™e
m, [GeV] 91.1875+0.0021 91.1874
r,[GeV]  2.4952+0.0023  2.4957 _ _
o° [nb] 4154040037  41.477 Fit quality :
R 20.767+0.025  20.744
A 0.01714 +0.00095 0.01640 X2/d.of.=17.8/13
A(P,) 0.1465+0.0032  0.1479
R, 0.21629 + 0.00066 0.21585
R, 0.1721+0.0080  0.1722 Prob(X?) =17 %
ADP 0.0992+0.0016  0.1037
AL 0.0707 +0.0035  0.0741
A, 0.923 +0.020 0.935
A 0.670 + 0.027 0.668

(o3

A(SLD) 0.1513+0.0021  0.1479
sin“0"'(Q,) 0.2324 £0.0012  0.2314
my [GeV]  80.392+0.029  80.371
T, [GeV] 2.147 £ 0.060 2.091
m, [GeV] 171458 171.7
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W Mass, Top Mass and SUSY

160 170 180 190

Heinemeyer, Hollik, Weiglein
iIn hep-ph/0412214 :

Quantum corrections in
Standard Model (SM)
and in

Minimal Supersymmetric
Standard Model (MSSM)

Comparison with measurments of
W mass and top mass shows
slight prefernce for MSSM

If SUSY will be discovered
this test will check the consistency
of the MSSM

Stefan Roth, DESY, 12.9.2006

37



NuTeV Result

68%,907%,857%,99% C.L. Contours

gt g2 (3 sincew)

v
1.01 | O‘CC_O‘CC

¥/dof = 1.7/3
m |,

1.00 +/- 0.05 CHARM 11 et al.

S -
1.00 +/- 0.02 - — LEP ] Direct
0.995 +/- 0.003 He | LEP I Lineshape
0.988 +/- 0.004 e | NuTeV
G889 = L o bt i ey pald i e A
0.96 0.98 1.00 1.02

Neutrino NC Rate/Prediction

[ . , 1 \ . |
0.215 0.22 0,225 3 0.235

29 ¢ h ||]D'2
. —
sin“d, "

LEP Lineshape: N, =3 x (0.9947 + 0.0028)

Other explanations:
* Experimental effects: v background

* QCD effects: wrong PDF's, non-isoscalar contributions,
asymetry in strange-sea
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Calculation of x(mz)

Uncertainty in x(mz) dominated by hadronic vacuum polarisation

W . i
@

Measurement of e+e- — hadrons

2
IT, (¢°)
& A | | | 0. DL | | |
@ s i
5. g*e” — hadrons HE e E
- e QCD '
4 = .'1.‘[]') _!
r 3 I I y 8 . -
i) . | Ll v
JE r!l‘ﬂ WIT@T“_WQEE Ppe i o Baatd 3
e 134 '.' Tl 1 E
T |
1 £ O BES m Crystal B. _:
- T 3 exclusive dala = T2 4 PLUTC
ﬂ [ 1 | 1 I"‘l II'-I | I- -LI- 3 'I_I' | | | 1 I | I | 1 I 1 ! | 1 I 1 | 1 1 I 1 1 1 | I 1 . | 1 I 1 || 1 1
0.5 1 1.5 2 2.5 3 3.5 4 4.5 o

Most recent CMD-2 result yields
a(mz) = 0.02768 + 0.00036 (Burkhard and Pietrzyk)
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