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Electroweak Precision Data

Very high Q2 physics at LEP, SLC, and the Tevatron:
More than 1000 measurements with (correlated) uncertainties
Reduced to 17 precision electroweak observables

Top quark, W boson:
1 Top quark mass (Tevatron)
2 W boson mass and width (LEP-2, Tevatron)

Z boson (LEP-1,SLD):

5 Z lineshape and leptonic forward-backward asymmetries
2 Polarised leptonic asymmitries Py, A| R(FB)

6 Heavy flavour results (Z decays to b and ¢ quarks)
1 Inclusive hadronic charge asymmetry
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Global Standard Model Analysis

SM: Each observable calculated as a function of:
Dapad: asMz), Mz, Migp, MHjggs (and Gp)
Dap5g9: hadronic vacuum polarisation [0.02761+0.00036]
ag(M>): given by G,54 and related observables

Mz: constrained by LEP-1 lineshape

Precision requires 1% and 2" order electroweak and
mixed radiative correction calculations (QED to 3')
Mtop’ MHiggs enter through electroweak corrections (~ 1%)!

t G_M?* H H In MHiggs

t F top P ‘ '
’ e . K H
’VVVV\( )\/\/\/\/\, AVAVAVAVAV AT LV aVAVAVAVAVY MW

W W ZIW ZIWN  Z/IW Z/WN

Calculations by programs TOPAZO and ZFITTER




Mass of the Top Quark

Measurement Moo (GeV/c’] Tevatron (CDF, DA ):
CDF dil —e—— 167.4 % 11.4 pp ttX, tt bbWW
R A — 168.4+12.8 W oqo.l
| E New Run-I combination
CDF 4 ¢ 17012 13 Preliminary Run-1I results
DD 4] T 180.1 + 5.3
CDF all o 186.0 4 115 Syst_ematic uncertainties
; : dominated by:
' [dof = 2.6/4
: X Jet energy scale (2-5 GeV) -
TEVATRON Run-l - @+ 178.0 £ 4.3 will reduce with more data
P I E— Signal model (1-3 GeV)
150 175 200 Background model (-2 GeV)
M, [Gevic) MEs, PDFs, MC generators

Run-I final: Mtop =178.0 £ 2.7 (stat.) = 3.3 (syst.) GeV
Run-Il expectation: thop <25 GeV



W Boson Mass and Width

Tevatron (CDF, DA): pp® WX, W® en, m
Transverse mass

m.  2E E_cos e, 104 - Mw
| o > vy =16GeV
Final Run-I combination O | aly=2.1GeV
No Run-ll results yet 2103 | ATy =2.6GeV
o _ é e DO data
Unce_rta_lntles dominated by: 2 \  Shaded - background
Statistics 107y \
Lepton energy scale - 5
will reduce with more data 10 GW
Then: Signal model
PDFs, gluon radiation R, t
QED corrections in W ® In I "%

40 60 80 100 120 140 160 180 20C
Run-1I expectation: dVi\y, < 25 MeV my (GeV)
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W Boson Mass and Width

LEP-2: eTe-® WTW-
® qqqq, qqin, Inin
Invariant mass Minv

Preliminary results

Potentially large FSI
systematics (BE,CR)
In the qggqg channel:

M,y average dominated

by qgln channel

Mass difference (calculated without FSI errors):
My(aaqq) - My(agin) = 22 + 43 MeV



W Boson Mass and Width

Very good agreement between all six experiments:

My = 114...1000 GeV

SM comparison:

i mall Higgs-
Correlation Myy-Gy,: -0.07 Small Higgs-boson mass
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The Z Lineshape

/

91187.5 + 2.1 MeV
2495.2 + 2.3 MeV

0.06%

Np, = 2.9841 + 0.0083 [-1.95]
R| = Shad/S|1= Ghad/G



The Forward-Backward Asymmetry at the Z

cos O cos O
Afb S 0l 3

A —AA
- %{q ot b, el

SM prediction shown for:

0.02/61 0.0036
114...1000 GeV

0.118 0.002

S had

M _ 1/80 43GeV M

top Higgs

Low Higgs mass preferred!



Polarised Leptonic Asymmetries at the Z

Asymmetry parameter:
Ovi Yar
2

1 Oy O

A, 2

LEP-1:
Leptonic f/b asymmetry
A;=0.1512 £ 0.0042

Final state t polarisation
A;=0.1465 £ 0.0033

SLD:
Left/right (f/b) asymmetry
A;=0.1513 £ 0.0021

Final SLD+LEP-1 result:
A;=0.1501 £ 0.0016
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Effective Leptonic Coupling Constants

Oy \/_fT; 2quin2 (iff

0 Ty at @ M’

Z partial widths:
2 2
i Yy Yy
Asymmetry parameters:

. 2 f
Af gi gAf Sh eff

Lepton universality
Radiative corrections

Final SLD+LEP-1 result:
gy = -0.03783 = 0.00041

ga| = -0.50123 + 0.00026

My = 114...1000 GeV

SM comparison:
Small Higgs-boson mass



Heavy Flavour Results at the Z

Preliminary results:

Rp = Gy/Ghad
Re = Go/Ghad

Asp(b) = ¥2 AgAp =

Asp(C) = ¥ AgAc

Ap
AC

+ small correlations

0.21638 + 0.00066
0.1720 =+ 0.0030
0.0997 =+ 0.0016
0.0706 =+ 0.0035
0.925 +0.020
0.670 +0.026

Rp IS a Mtop meter:
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Heavy Flavour Results at the Z

All HF measurements very consistent:

c2/ndof = 53/(105-14) low!
F/B asymmetries statistics dominated
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Heavy Flavour Results at the Z

Compare with leptons:

Asp(D) = ¥ AgAp

'

My = 114...1000 GeV

My = 114...1000 GeV

SM comparison:
High Higgs-boson mass
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Comparison of all Z-Pole Asymmetries

Effective electroweak
mixing angle:
sin“Qeff = (1-gv1/ga)/4
=0.23150 = 0.00016
c2/ndof = 10.5/5 [6.2%]

A-posteriori observation:
0.23113+0.0021 leptons
0.23214+0.0027 hadrons

3.0 s difference

But is really:
A((SLD) vs. Afpb(LEP)

2.9 s difference
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Top-Higgs Bands

Measurements in the
Mtop - MHiggs plane:
Bands of £1s from:

My, = 80.425(34) GeV
sin?Qgfr = 0.23150(16)
G = 83.984(86) MeV

R = 0.21638(66)
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Heavy Particle Masses W and Top

Direct measurements:
TEVATRON and LEP2

Z-Pole measurements:
Constrain electroweak
radiative corrections
Allow to predict Myy,

. ——————
and Mtop within SM

Good agreement:
Successful SM test

Both data sets prefer a
light Higgs boson



Heavy Particle Masses: Top Quark

Correlation: +91%

Predicted Mtop In very good agreement with measurement
Measured Mtop more than twice as precise as prediction
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Heavy Particle Masses: W Boson

Correlation: -52%

Predicted and measured My, within ~1's
Measured My, not yet as precise as prediction
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Hadronic Vacuum Polarisation

Fermion loops cause running of a:

Leptonic contribution calculated
Hadronic contribution derived from Correlation: -91%
t decays

hadronic cross section at low Gs

Experimentally driven result:
Dap5q(Mz) = 0.02761+0.00036 —

Theory driven result (more pQCD):
Dap59(Mz) = 0.02747+0.00012

Subject of ongoing experimental and theoretical work:
New measurements by CMD-2, KLOE, BABAR/BELLE, CLEO-c

Discrepancy between results derived from t and ete™ data
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Global Standard Model Analysis

Fit results: Correlations:

Dahad = 0.02768 + 0.00035 1.00

as(Mz) = 0.1186 =+ 0.0027 -0.02 1.00

M~ = 91.1873 +0.0021 GeV | -0.01 -0.02 1.00

Mtop =178.1 + 3.9 GeV | -0.06 0.10 -0.03 1.00
logigMy = 2.05 + 0.20 -0.48 0.16 0.06 0.67 1.00
MHiggs :113+62_42 GeV Strong correlations with:

fitted Dap4q - reduced to

-0.18 with pQCD Dapggq
fitted Mtop -

25% shift in MHiggs for

4 GeV shift in meas. Mtop
Mtop measurement crucial

Dapgq marginally improved
ag(Mz) one of the best

M~ ~ unchanged

Mtop error improved by 10%
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Global Standard Model Analysis

MHiggs = 113792 45 Gev

Incl. theory uncertainty:
MHiggs < 237 GeV (95%CL)

does not include:

Direct search limit (LEP-2).
MHiggs > 114 GeV (95%CL)

Renormalise probability
for My>113 GeV to 100%:

MHiggs < 269 GeV (95%CL)

Theory uncertainty:
Need two-loop

calculations for SiﬂzQeff .



Higgs Sensitivities and Constraints
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Global Standard Model Analysis

Fit to all 17 observables
+ Dahad:

c2/ndof = 16.3/13 (23.3%)

Largest c? contribution:
A((SLD) vs. Afpb(LEP)
Decided in favour of

“leptons™ by Myy,
Afb(b) has largest pull: 2.5

Predict observables measured
in reactions with: Q* M,
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Predictions for Low-Q2 Measurements

Electron-nucleus atomic parity violation (APV) in atomic transitions:
Parity-violating t-channel contribution due to gZ interference

Weak charge Qyy of the nucleus (Z protons, N neutrons)
Q\N(Z,N) =-2 [ (ZZ+N)C1U + (Z+2N)C1d ]

with Clq = ZgAequ at Q2® 0 (g=u,d)

Qw(Cs) = -72.84 £ 0.49 SMfit: -72.91+0.04 4

Mgller scattering (e"e”) with polarised e™ beam (E-158 experiment):
Parity-violating t-channel contribution due to ¢g/Z interference

Apy = (SRS )/(sp*sS|) U Qy(e) =-4gpedye at Q2 ~0.03 GeV?

sin2Qq(Q=My) = 0.2296 + 0.0023 SM fit: 0.2314 + 0.0001 4
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NuTeV Neutrino-Nucleon Scattering

Muon-(anti-)neutrino quark scattering:
charged current (CC) neutral current (NC)

Paschos-Wolfenstein relation (iso-scalar target):

NC NC 2 2 2 1 . 2 on sl
R — 4gL Zq qu gRq ud E Sin W
cC cC v

+ electroweak radiative corrections

Effective couplings: g;,gr at <Q2> ~ 20 GeV?2

Historically result quoted in terms of: sinZQW = 1-(MW/MZ)2
Factor two more precise than previous n N world average
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NuTeV's Result

M2 175GeV ?

2
M.,
sin’ 1 —% 02277 00016 0.00022—= 0.00032 [n —Hees_

50GeV ? 150 GeV

SM fit: 0.2226 + 0.0004 Difference of 3.1 s!

rf® rorg
SM[r 021]

yoos

Quote result in terms of effective couplings, not sinZQW nor Myy,/!
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NuTeV's Result

Strength of n coupling r , (assuming sinZQW ok):

Ginv

Various explanations:
New physics:
Z', contact interactions, lepto-quarks, new fermions,
neutrino oscillations, . . .
But likely rather old physics:
Theory uncertainty (QED, LO PDFs)
Isospin violating PDFs, sea asymmetry
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Conclusions

Wealth of high-precision measurements:
Many with high sensitivity to radiative corrections

Most measurements agree with expectations:
Successful test of SM loop corrections
Stringent constraints on new physics beyond the SM
But have two ~3-sigma effects:

Spread In sinZQeff at the Z pole, and NuTeV's result
SM Higgs boson seems to be "around the corner - sort of"

Future:
Precise theoretical calculations - including theory uncertainties

Improved measurements of top, W, Dap4gs sianeﬁ
Check Higgs-mass prediction!
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