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Qutline

Summary of precision electroweak measurements
Tests of the electroweak Standard Model
The Higgs Boson of the Standard Model

Outlook and Conclusions

Thanks to the members of the LEP electroweak working group,
the Tevatron electroweak working group, and the D[, CDF,
SLD, OPAL, L3, DELPHI, ALEPH, E-158, NuTeV, ...

experiments!

http://tevewwg.fnal.gov http://www.cern.ch/lepewwg



ete™ Interactions
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/-Pole Physics
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Comparison of all Z-Pole Asymmetries

AY P 0.23099 + 0.00053

Effective electroweak ae) L oo+ 0 0000
mixing angle:
. 2 . )
SIN“Oeff = (1-9vI/9AI4 AP —v— 0.23221 + 0.00029
= 0.23153 = 0.00016 Ayl * 0.23220 + 0.00081
X2/ndof =11.8/5 [3.7%)] Q" * 0.2324 +0.0012
. Average - 0.23153 £ 0.00016
SUbsequent observation: 10 v¥d.0f:11.8/5
0.23113+£0.00021 leptons _
0.23222£0.00027 hadrons
3.2 o difference —
S 0% 3 Aaf) = 0.02758 £ 0.00035
But |S rea”y: gg.m m=170.9+1.8 (IaeV

: L T : ; T
0.23 0.232 0.234

A|(SLD) vs. Afpb(LEP) sin2o'”
eff
3.2 o difference Low vs. high Higgs-boson mass
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W Boson Mass at LEP-2

LEP-2: ete™ -~ WYW™ - qqqq, qqlv, Ivlv  Invariant mass Miq,,(ff)
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Potentially large FSI systematics (CR,BE) in the qggq channel:
My average dominated by qqglv channel (qqglv: 78%, qqqq: 22%)

FSI test: mass difference (calculated without FSI uncertainties):
Mw(agqaa) - My(aglv) =-12 = 45 MeV
Need final CR limit from dedicated studies to limit CR error on My,



W Boson Mass at the Tevatron

Tevatron: pp - WX, W = ev, pv Transverse mass M(Iv) I

Run-| results (~ 100/pb):
CDF: 80433 £ 79 MeV
DO :80483 + 84 MeV

events / 0.5 GeV

Preliminary Run-lI:
CDF: 80413 £ 48 MeV
Combined ev + v

Uncertainties:
34 MeV stat., 34 MeV syst.
Syst.: Lepton energy scale
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Uncertainty of ~25 MeV expected for 2/fb of data



W Boson - Mass and Width

Good agreement between all six experiments:

ALEPH [finall - 80.440:0.051
L3[iral] = 80.270+0.055
OPAL[finall  #=  80416:0053

LEP Preliminary % 80.376:0,033
: yldof = 49/ 41

DY ——  §0.483:0.084

Tevatron [Run-1/2] + 80.429:0.039
: y/dof= 0.2/1

Overal| average #

| 80.308:0.025

—i— 2.14+0.11
——a—  2.240.15
—— 2,00:0.14

S 219610083
: 1 Idof = 37/33

........................................................

—+— 2.1040.11

——  2.078:0.087
: yldof=3.0/4

........................................................

—+  2.14040.060

l I
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SM comparison:
Small Higgs-boson mass

8



Top Physics

Tevatron: only source of top quarks in the world!

Mainly top-pair production

W+
proton

QJ
~|

antiproton

Total cross section: ~7.5 pb

Event signature given by
W-pair decay modes

ti—>bbW W~
W —qgq,l v

pp—ttX,

+

A%
Top Pair Branching Fractions

44%

b “alljets” 44%
ql
q ttHets 15%
Svant" 102/8
Ty
o JHets 15%
\x\ﬁeﬁve Ao
¢ otiets 15%
"dllegtons “"lepton+jets™

45%



Top-Quark Mass

. . Mass of the Top Quark (*Preliminary)
Separate final states: Voasuromant M, [Gevic
1635 + 45 GeV d|-|ep’[0nS CDF-l di-l ® . 167.4+11.4
171.2+ 1.9 GeV lepton+jets bz di | 168.4 +12.8
172.2 + 4.1 GeV all-jets COFlI dil  —@-: 1845 5.6
D&-Il  di-I* 2 1725+ 8.0
: . CDF-l 4] 1@ 176.1+ 7.3
Redup’uon pf JES systematics: oot 1 : 01+ 51
using W-mass constraint DOl 4" o 1705+ 2.7
CDF-I all o 186.0 + 11.5
Systematic theory errors: R A
C g . CDF-Il | v ® 183.9+ 15.8

Mass definition (in MC) Y :
Signal model 5 x'/dof = 92/10
Colour reconnection effects Tevatron Run-/II" 1@ RECERE
N T

M [GeV/cz]

top

Run-Il prel.: Mtop =170.9 £ 1.1 (stat.) + 1.5 (syst.) GeV (1 .1%!)1
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Standard Model Analysis

SM: Each electroweak observable calculated as a function of:

Adhag, os(Mz), Mz, Migp, MHiggs  (and Gp)
Adp54: hadronic vacuum polarisation [0.02758+0.00035]

ag(Mz): given by I'h5g and related observables
M>: constrained by LEP-1 lineshape

Precision requires 1* and 2" order electroweak and
mixed radiative correction calculations (QED to 3)
Miop: MHiggs enter through electroweak corrections (~ 1%)
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Calculations by programs TOPAZO and ZFITTER
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M
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Since 1990:
Prediction of the
top quark mass

1995: Discovery
at the Tevatron
CDF, DY

200 1

ne Top Quark
—
? { E E I + I ®e ;
® Tevatron
1 SM constraint
68% CL

Direct search lower limit (95% CL)

1990

41995 2000 2005
Year
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Heavy Particle Masses W and Top

Direct measurements:
LEP2 and Tevatron

Z-Pole measurements:
Constrain electroweak
radiative corrections

Allow to predict Myy |
and Migp within SM \ '

Good agreement:
Successful SM test

Both data sets prefer a
light Higgs boson

80.5
1 68% CL

S
>
O 80.4-

; .
c

80.3 -

{ —LEP1 and SLD
----- LEP2 and Tevatron (prel.)

200
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Standard Mode

Analysis

Measurement Fit  |O™@—Q™|/c™ea
0 1 2
m,[GeV] 91.1875+0.0021 91.1875
I,[GeV]  2.4952+0.0023  2.4957
Gpglnbl  41540+0.037  41.477
R 20.767+0.025  20.744
A 0.01714 £0.00095 0.01645
A(P) 0.1465+0.0032  0.1481
R, 0.21629 + 0.00066 0.21586
R, 0.1721+0.0030  0.1722
AP 0.0992+0.0016  0.1038
A 0.0707 £0.0035  0.0742
A, 0.923 % 0.020 0.935
A, 0.670 + 0.027 0.668
A(SLD)  0.1513+0.0021  0.1481
sin65r'(Q,) 0.2324+0.0012  0.2314
m,, [GeV] 80.398+0.025  80.374
r, [GeVl  2.140 +0.060 2.001
m, [GeV] 170.9+1.8 171.3

SFitto17 high-Q2 observables

plus Adp44:
x2/ndof = 18.2/13 (15.1%)

Largest )(2 contribution:
A|(SLD) vs. Afpyb(LEP)

Decided in favour of
leptons by My

Afb(b) has largest pull: 2.90'
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Standard Model Analysis

MI_ _ 76+33_24 GeV 6 . “‘ m|._imitﬂ=144GeV
Incl. theory uncertainty: 5 _é‘;‘%s;o - i

My < 144 GeV (95%CL) 2 0.02749+0.00012
4 - «++ incl. low Q° data —
R 3__ i

Direct search limit (LEP-2): < |
My > 114 GeV (95%CL) >- .
- i
Probability My>114 GeV: 15% | _
0 Excluded a , Preliminary
30 100 300

Renormalise probability
o . m, [GeV]
for My>114 GeV to 100%: Theory uncertainty:

My < 182 GeV (95%CL) Dominated by two-loop
calculations for sinz@eff



Higgs Constraints

Each observable yields a
constraint on Myjiggs:

SM fit to observable, constraining
the other 4 SM parameters:

Alpgg: Ag(Mz), Mz, Migp,
to their measured results

Result from global fit:
MHiggs = 76+33_24 GeV

Lower limit from Higgs search:
MHiggs > 114 GeV

Q,(Cs)
sin“B<(e e)
sin“@,, (VN)
9r(VN)
9a(VN)

*preliminary

M, [GeV]



Standard Model Analysis

Fit results:

A0pgd
O(S(MZ)
Mz

Miop

Correlations:
0.02768 + 0.00034
0.1185 + 0.0026 0.03
91.1875 + 0.0021 GeV | 0.00 -0.02
=171.3 + 1.7 GeV | -0.01 0.03 -0.02
1.88 +0.16 -0.54 0.06 0.09 0.39

log1 oMy =

MHiggs = 76"‘33_24 GeV

AO0paq Marginally improved
ag(Mz) one of the best

Mz
Miop

~ unchanged
marginally improved

Strong correlations with:
fitted Aap5g - reduced to

-0.22 with pQCD Adpgqg
fitted Mg, -

15 % shift in MHiggs for

2 GeV shift in meas. Mtop
Miop @and Adpaqg results cruciall
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Crucial Observables

Fit to all measurements but excluding:

Adpgg(M7)
0.032 ———
— High Q except Ao, 68% CL Mt o) p
200
— High Q° except m, MW
08% CL 80.5 — :
— High Q° except m,,/T",
| es%cCL
>
()
G 180- -
&
0.0061EXCluded -
10 10 10 |
My [GeV oo LExcluded )
2 ]
10 10 10 Excluded
m,, [GeV] 80.3 e
10 10 10

Future constraints with increased precision:

Tevatron/LHC
ILC/GigaZ

m, [GeV]
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Future Prospects

2007:
MHiggs constrained to 37%

Tevatron/LHC:
|\/|W to 15 MeV

MtOp to 1.0 GeV N

=> MHiggs to 28%

ILC/GigaZ:
Myy to 7 MeV

Miop 10 0.1 GeV
=> MHiggs to 16%

6T
. —2007
L TeV/LHC

----- ILC/GigaZ

Preliminary

50 100

200

m, [GeV]

Direct Mpjqgs measurement at discovery: [11% accuracy



Conclusions

Many high-precision electroweak measurements at colliders:
Z-pole results (LEP-1, SLD) final, LEP-2 close to final!
New exciting results from Tevatron's Run-1l (W, top)

Most measurements agree well with SM expectations:
Successful test of loop corrections
SM Higgs boson should be light
Theories beyond the SM tightly constrained

Future at Tevatron, LHC and ILC:
Improved measurements in W boson and top quark physics
Search and discovery of the Higgs boson
Tests of the theory - mass of the Higgs boson
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Heavy Flavour Results at the Z-Pole

Electroweak HF results:

Rb = rb/rhad 0.21629 = 0.00066
Re =To/lNad 0.1721 +0.0030
Aip(b) = %2 AgAp 0.0992 +0.0016
Aip(C) = %2 AgA, 0.0707 £ 0.0035
Ap 0.923 £0.020
Ac 0.670 +0.027

+ small correlations

Heavy-flavour combination:
x2/ndof = 53/(105-14) low!

Central values very consistent
Several systematic tests
dominated by MC statistics

ALEPH ——  0.1003+0.0038 £ 0.0017
leptons 199195 ™
DELPHI —— (.1025 1+ 0.0051 £ 0,0024
leptons 1991-95 |
L3 —aA—  (.1001 £0.0060 £ 0.0035
leptons 1990-95 M
OPAL —k— 0.0977 + 0.0038 + 0.0018
leptons 19902000 7"
ALEPH & 0.1010£0.0025 £ 0.0012
inclusive 1991-95
DELPHI —&- 0.0978 + 0.0030 + 0.0015
inclusive 1991-2000
L3 A 0.0948 +0.0101 = 0.0056
jet-chg 1994-95 e x
OPAL —x— 0.0994 £ 0.0034 £ 0.0018
inclusive 1991-2000 e
LEP i 0.0992 £ 0.0016
08 009 01
A%

FB

Asymmetries statistics dominated



Heavy Flavour Results at the Z-Pole
Compare with leptons:

0.08 Afp(b) = ¥ AgAp
L B s B 4’: = \ T
S e - |
<( i
0.07 1 _
95% CL
~ 114...1000 GeV
005 nr']Ho'1 - 'z 1 '
: Abb ' | My = 114...1000 GgV _
fb 0.8 68.3 955 .99'5. % C.L | =
" 0.14 0.145 0.15 0.155

SM comparison:

High Higgs-boson mass A
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Top-Higgs Bands

210

130

168 % CL

Measurements in the
Mtop - MHiggs plane:
Bands of 10 from:

R\
e N
IZA N
2
///w
2
P Y
£
4 X
N1
N
N

| My = 80.398(25) GeV

sin®Og¢ = 0.23153(16)

20
o

I - 83.984(86) MeV

R, = 0.21629(66)

10
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Higgs Sensitivities

*preliminary
|

Calculation of ew observables:
In terms of 5 SM parameters

Adhags ds(Mz),
Mz. |V'top= IV'Higgs

Partial derivative w.r.t. MHiggs:
Scaled by measurement error

Relative importance of result
In constraining Mpjggs:

Z-pole asymmetries (sin269ff)

0 02 04 06 08 1

and |\/|W

1.2

100"*°/dlogM,,| 0.2/c™e
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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 y/Z interference
Weak charge Qyy of the nucleus (Z protons, N neutrons)

QW(ZN) = -2 [ (2Z+N)C1,, + (Z+2N)C14]
with Cqq =20pg0vq at Q2 - 0 (g=u,d)

Qw/(Cs) = -72.74 + 0.46 SM fit: -72.90 + 0.03 v

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

Apy = (0R-01 )/(0R+0]) 0 Qu(€7) = -4gacdye at Q2~0.03 GeV?

Sin2O4f(Q=Mz) = 0.2333 £ 0.0015 SM fit: 0.2314 + 0.0001 ¢/
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NuTeV Neutrino-Nucleon Scattering

Muon-(anti-)neutrino quark scattering:

charged current (CC) neutral current (NC)
A4 LL vV A%

W Z
V\] V’\]

Paschos-Wolfenstein relation (iso-scalar target):

o\ (v)-0, (5 1
R = NC NC — = 4givzqv gZLq_giq = p,p = —gin? e(vc;n—shell)
GCC(V)_GCC(V) + electroweak Ladiative correctidns

Effective couplings: g, gR at <Q?> ~ 20 GeV?

Historically result quoted in terms of: sin2@W = 1—(MW/I\/IZ)2
Factor two more precise than previous vN world average
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NuTeV's Result

SM fit: Difference of ~3 o in either sin2®W or the p's!

68%.,90%,95%,99% C.L. Contours, Grid of SM + 10 mtop, My, 68%,90%,95%,99% C.L. Contours
Large mygg,, I pf — pO pf
$~— Large my, -
0.034
I SM.[p=1]
0.032
g o 1L
~N - Q
(@)}
0.03 +
0.99
0.028
. . . . | . . . . | . . '1 . 1 . 1 I . I
0.215 0.22 0.225 0.23 0.235
0.295 0.3 G0 0.305 Sin en-snen
L

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

Possible NOMAD measurement?
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W-Pairs at LEP

Py | , | : 240212005 Winter 2005 - LEP Preliminary
2 201 EP PRELIMINARY y . Rt
2 VESWW and Faconm iy | W Leptonic Branching Ratios
; 23/02/2005
) b7 | ALEPH # 10.78 + 0.29
DELPHI 10.55 + 0.34
L3 m B 10.78 + 0.32
OPAL . 10.40 + 0.35
10- . LEP W—ev o 10.65 £ 0.17
ALEPH - 10.87 + 0.26
DELPHI gl 10.65 + 0.27
L3 A 10.03 = 0.31
OPAL _ 10.61+ 0.35
LEP W—uv ° 10.59 + 0.15
ALEPH | o 11.25+ 0.38
DELPHI . 11.46 + 0.43
0 | . I1éo 1é.5 200 | 205 bBPAL —A— H?g_li_ 822
——— . T U.
160 180 200 LEP W—tv - 11.44 + 0.22
Vs (GeV) y’/ndf=6.3/9
LEP W—lv ® 10.84 £ 0.09
x*/ndf = 15.4 / 11
ALEPH, DELPHI, L3 final, OPAL prel. T S R

Subsequent maximisation of discrepancy:  Br(W-lv) [%]
W-tau branching fraction ~2.90 above W-e/u average
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End



