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Outline

e Precision measurements at the Z resonance
e Fermion-pair production above the Z

e Production of neutral bosons pairs e"e™ — 5%, eTe” —
ZZ and the couplings of the neutral gauge hosons

e The properties of the W* boson

e Interpretation in the Standard Model and limits on the
Higgs boson

New results from
e LEP up to /3 = 196 GeV
e SLD
e CDF and D@
e HERA

Most of the results are preliminary
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Z lineshape

ete™ — hadrons ete™ — ete™
ete” — utu~

ete” — rtr-

e Precision measurements of total cross sections and
leptonic forward-backward asymmetries at LEP:
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- 17 million Z decays observed at LEP (1989 — 1995)
- Finalizing the analyses of the experiments

- Determination of Z parameters
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Z lineshape

e Improvements on theoretical calculations

ZFITTER 6.10 (D. Bardin et al.)
TOPAZO 4.4 (G. Passarino et al.)
ALIBABA (W. Beenaker et al.) for ete™ — ete™ (%)

ZFITTER & TOPAZO calculate

e QED and QCD corrections
ISR: O(a?), 0(a’L?) L = In(s/m]) FSR: O(a), O(aa,), O(a;)
+ interference

e Electroweak
leading two-loop O(G3my), sub-leading two-loop O(Gjmim3)
e Mixed QCD x EW
O(aa,), leading O(aa?)
Contributions from G. Degrassi et al., S. Jadach et al.,
B. Kniehl, J. Kiihn et al., G. Montagna et al.

= Small theoretical uncertainties:
e Uncertainties on QED corrections of Z lineshape:
Amz = $0.3 MeV
Al'z = #£0.5 MeV
Aol . lel, = 13307
e Very good agreement between ZFITTER and TOPAZO:
< 107" (peak) < 3-107* (off — peak)
e SM parameter uncertainty

Amgy = 0.3 MeV

e 0.54 — 0.61 - 10~? on the luminosity measurement
(B. Ward et al.)
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Measurement of Z paramters

e Experiments determine 9 parameter from total cross sec-
tions and forward-backward asymmetries

e Combination of the four LEP experiments:
my 91187.2 + 2.1 MeV
Iy 2499.4 + 2.4 MeV
op.q 41.544 +0.037 nb

Re 20.803 = 0.049
R, 20.786 £+ 0.033
R, 20.764 + 0.045

Aps 0.0145 + 0.0024
APE 0.0167 & 0.0013
AYs 0.0188 + 0.0017

(+ small correlations)

B 127 I'e'hind - Thad
hnd = m% I‘% ; = —r! '
3 . 2935
A = —A A, Ay = A
BT T @)+ (88)?
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Measurement of Z parameters

0.022
0.018-
8
<
0.014 -
2 0 [ P —
20.6 20.7 20.8 20.9

Lepton universality:
R; = 20.768 £ 0.024 .-l‘l_*.-:i = 0.01701 £+ 0.00095

(axg = 0.1229 =+ 0.0036 120033 (1Y)

Partial decay widths:

Thad = 1743.9 1 2.0 MeV
I’y = 83.958 £+ 0.089 MeV
Cine = 498.80 £ 1.5 MeV
AT, < 2.0 MeV 95% CL

I

Number neutrino families:

N, = 2.9835 £ 0.0083
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Measurements of the hadronic pole cross section

g

\LEPH 41.558 + 0.057 nb
DELPHI O 41.580 + 0.069 nb
L3 —— 41.536 £ 0.055 nb
OPAl - 41.508 + 0,055 nh
LEP — 41.544 + 0.037 nb
1000 ; i common 0.025 nb
not com 0.027 nb
800 | i i +Idof = 0.9/3
= 600 | : ]
& ' (i | : 8 m, =91187+2MeV
= : : :
E 400 F A m, =174 £ 5 GeV
sio o= 0.119 + 0.002
414 415 4L6
Oy,q [nb]
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Z couplings to leptons

e SLD: 550k e*e~ — hadroms(~) events collected in total
Polarized ¢~ beam

1991 . 1998 SLD Polarized Beam Runming

800G S
—1 i
JE L]
g -
e s 3
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= L
1
oLl .
o | i
0 "
SR R TR T

Left-right asymmetry Apg in ete™ — hadrons

A, = 0.1510 = 0.0025

Left-right forward-backward asymmetries ete™ — £7£:
A, =0.1504 4+ 0.0072
A,= 0.120+0.019
A.,= 0.14210.019
Ay =0.1459 1+ 0.0063

Measurement of the effective weak mixing angle:

sin“Ow = 1 — 4 g—" = 0.23109 =+ 0.00029

g
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Test of lepton universality

Include LEP tau polariziation measurements:

A, = 0.1483 + 0.0051
A, = 0.1425 4+ 0.0044

-0.031 '—r—|—|—|—|—|—|—|—|—,—|—Pm
-0.035 1 m'H -
S _
o) -

JII:‘."Llf—? [SLD}-"' g ¢ =3 -

-0.039 1 TS ]
=l I

] .....E"'E_ i I

| U—+ “_ ) ; -

o s
-0.043 SR

0503 -0502 -0501 -05
Jal

Ratios of neutral current coupling constants (LEP & SLD):

gh /gy = 1.0001 + 0.0014 gy /g}, = 0.981 £ 0.082
gy/gy = 1.0019 = 0.0015 gy /gy, = 0.964 £ 0.032
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Z couplings to quarks

Measurements of

e Cross sections (R, R.) at LEP & SLD
Re=Tq/'naa [y x (gR)* + (av)*

e Forward-backward asymmetries at LEP
A%, A%

e Left-right fnrward-harak:mrd asymmetries
Ap, A, A g _qig"hq—}

(@) +(dy)
Combined fit to LEP & SLD data:
Ry, =0.21642+0.00073 R, =0.1674 + 0.0038
AYE = 0.0984+0.0020 AYS = 0.0691 + 0.0037

Ay, = 0.91210.025 A, = 0.6301+0.026
L L P T Preliminary
0.17- -

o, j
I =
0.16 - =
0.15 e e
0. 214 0.216 0.218 0.22

R0
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Z couplings to quarks

Comparison of

o Ay, (left-right forward-backward asymmetry)
e A, [ALH..A;['{;. tau-polarization))
o App = JA Ay
eSM (mu, m)
1 F, L] T ¥ LI L] L] L] ¥ L L L] L L
Wi, .
0.9+ % i
P
Eu] ‘ra"rﬂ’j: -
< =< -
i — .-":_.- '_.-:_.-__ : i
—— D
0.87 —— i /s
. = /)
0.7 += R = — ,
0.13 0.14 0.15 0.16 0.17
AI
LEP ' SLD LEP & SLD SM

Ay 0.1471 = 0.0026

0.1490 £ 0.0017

Ay

0.892 + 0.024 0.912 £ 0.025 0.893 = 0.016 0.935
A, 0.624 =0.035 0.630 £0.026 0.625 % 0.021

0.668
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Z couplings to s-quarks

Identify ete~ — s3 by high momentum K*, K., A" in hadronic

events
: 8 dets [TPN) i 51 [ [ervinivinner 5 ELD:
Tom e - : oot
B i + . = 0.85 £ 0.06 + .Y
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DELPHI: Forward-backward asymmetry
f_ 04 - ke 03¢
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APg = 0.1008 + 0.0113 + 0.0040
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Effective electroweak mixing angle sin’fy,

Measurements of the effective electroweak mixing angle

sin” O,
A, leptons —O0— 0.23107 + (LO00SA
A, from P, +—o— 0.23210 £ 0,00056
A_from P, —i— 0.23136 + 0.00065
Ay P-quark —r— 0.23236 = 6,000 3
App C-quark A 0.23258 + 0.00086
Qyy v 0.23210 + 0.00100
A g (SLD) —h— 0.23109 £ 0.00029
Average 2 g 0.23161 = 0.0 18
1000 1
: ¥¥/dof = 10.6/6
ot 1t
= 600 |
S ; : Bl m, = 91187 +2 MeV
g 400 - E1 m, =1743+5.1 GeV
200 _ ' nn .1::;':; 0.02804 £ 0.00065
om oam e ean

sin® o,
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ete” — ff above the Z resonance

e LEP II: Physics above the Z resonance

Centre-of-mass energies and approximate luminosities per
experiment:

Year Ve 1L dt
1995 130 — 140 GeV 5 pb~'
1996 161/172 GeV 21 pb™!

1997 183 GeV 55 pb~!

130/136 GeV 7 pb~!
1998 180 GeV 180 pb~!
1999 192 GeV 27 pb™!

196 GeV > 20 pb™!

(integrated luminosity seen by experiments from 1993 to 1999

i
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ete™ — ff above the Z resonance

Important contribution from initial state radiation:

et v f
‘Return-to-the-Z°

e f

Effective cms energy v/#' in ete~ — hadrons(y)
Data samples from /3 = 130 GeV to /s = 1968 GeV:

130 Gav * 161 Gav
—
=
o
a— | 172 GeV 182 GaV
-
o
-
S
(7]
y )
;‘E 189 GaV 196 GeV
LLI

#

50 100 150 30 100 150

Vs'[GeV]

Measure cross sections and asymmetries for

e Inclusive sample

e High energy sample /s’ > 0.85,/3
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ete~ — ff above the Z resonance

e Leptonic forward-backward asymmetries up to /s = 196 GeV

ALEPH PRELIMINARY

Va/\E> 09

=08 r— -
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Enm(GeV)
w A (e'¢— ) LEP (preliminary)
& [ - 1 : h
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: M - | _# -1
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inf 1 (Difference to SM)
1 - -'i
s [— : +|_ 41 —
L Ll
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eTe~ — ff above the Z resonance

Cross Section (nb)

[data-SANTWSM (T )

e Quark- and lepton-pair cross sections up to /s = 196 GeV
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Cross section e¥e~ — vi? from single photon events

Events / 0.02

L3+

Freliminary

1ﬂ-'3

a (nb)

L3

Preliminary

V3 = 189 GeV
= 500 events per
experiment

ﬂ.nwnr{(ﬂ.HM
ALEPH 1.017 4+ 0.053
DELPHI 0.965 + 0.088
L3 0.994 + 0.044
OPAL  0.908 + 0.053

# of neutrino species

L3 3.05 £+ 0.12
DELPHI 2.83 &+ 0.19
LEP I1 2.99 = 0.10

LEP 1
single v  3.00 £ 0.08
lineshape 2.9835 + 0.0083

J. Mnich - CERN EP

July 20'* 1999



Production of b- and c-quarks above the Z resonance

e Measurement of Ry, = o{(e*e” — bb)/eg(ete” — q)

03l
0.25
02
0.15

0.05 OPAL preliminary .

“ | T e R T T T T A WM N R
100 120 140 160 180

s /GeV

Compilation of measurements at /s = 189 GeV:

Ry,
ALEPH 0.151 + 0.011 +0:02

DELPHI 0.167 & 0.012

L3 0.163 + 0.012 + 0.010
OPAL 0.167 & 0.011 £ 0.008
LEP 0.161 + 0.007

SM 0.168
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Production of b- and c-quarks above the Z resonance

e Measurement of forward-backward asymmetries

.2 2
“ask
1] l _[ :
05| - |
o | { L#‘
08t -
af
15| OPAL preliminary
'Elh:[?-.‘.lin.LI]:ﬂ}L.Il;ju.‘l{-‘
\s /GeV
189 GeV AbL
ALEPH 0.34 £ 0.19 £ 0.02
L3 0.66 + 0.23 £ 0.08
OPAL  0.43 + 0.15 + 0.08
LEP 0.44 + 0.12
SM 0.58

RS
r
af __
15 F OPAL preliminary 2
) L4 “lm i Jlll'“; i .|,.I|,n. i .Ii:ﬂ. i .lé“. i
s /GeV
189 GeV Aty
OPAL 0.57 = 0.18 &= 0.09
SM 0.65
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Electroweak test at HERA

Space-like W exchange

M?
—da = ool - ]2*“"
dQ* M:,,, + Q°

0.9

74 76 78 80 B2 B4 GeV

Mprop

Hl : My = 83091+ 3.3 = 1.T2=3T GeV
ZEUS : Myop 81.4 ::,j'_;i + 2.0 J_“:ﬁ GeV

I
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Production of neutral boson pairs

e Test of QED in ete™ — 4+(%)

RENETN

1 | L | I — QED
06 —— A, =309 GeV
u ] M 1 M 1 M 1 i 1 i | i ] - nlI uIJ n.3 n.| = ,'h'- =|1“mv
B0 100 120 140 160 180 200 . 4 05 06 07 OB 09
s [GeV] cos® |

Lower limits on QED cut-off parameter

(d:r) _ [ae +r_‘r?ﬂ 1 & cost o)
dfl ,L:_ dn) ... zh;i ol

and mass of excited electrons m.- for equal e*ey and eevy
couplings (189 GeV data)

Ay A_ me [GeV]
ALEPH 309 269 335
DELPHI 284 278 262
L3 289 291 292
OPAL 304 295 J06
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Electron-boson scattering at LEP

e Compton scattering ey — e*y

91GeV < /3 < 189 GeV

ye —»ye L3
10 >
.
2 102
o
6000 events 10 -
v8 < 160 GeV * Data
1 —QEeD lcos8" < 0.8
25 50 75 100 125 150 175 200
Vs' [GeV]

e Electroweak Compton scattering e*y — e* Z /+*

Tm—g*

at

e Tyt

OPAL: Z/+* — hadrons
2 jets and isolated electron

my [GeV]| 5 — 60 > 60
+*e Ze

data 52 38

a [pb] 4.6+0.9 1.5+0.3

o™ [ph| 3.06 1.19

OPAL preh:nmary

| liges
In

.slgunl Dnlhtr background

Evenis [ & {ieV
-
T 'r T

.I::]tqq background = data

(£
m_ul'l.i-t‘-
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Production of Z-boson pairs

Signal definition

gt ——— 1~
e S
et 7
a- Z
B ZZ MASS RECONSTRUCTION
5 <
'5’"‘ - DELPHI PRELIMINARY
%:m _ L=158 pb-1

5 BACKGROUND
i ZZ SIGNAL

M

120 130 140 150 160 170 180 180 200

Sum of Z Boson Wosses
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Cross section ete™ — ZZ

e Combined LEP cross sections

1.3

G5, (Pb)

0.5

Z/v

LEP - preliminary

e Data
mm Standard Model

F 3 3 2 o0 g w3 2. b g 9 a3l y a1 s s

Z

70 15 180 185 190 195 200
E..(GeV)
e eTe” — ZZ probes ZZZ and ZZ~ vertices
4 coupling parameter fi'”; V=~1Z
i =4 CP violating
t=5 C & P violating

Z

Typical limits:

[£5t =8 FAES
I75] =8 |77] <3
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Testing the Z and v couplings

eete” — Z/~v — ff~ probes ZZ~ and Z~~ vertices

"
2/ 8 coupling parameter h); V = »,Z
i=1,2 CP violating
. i=23,4 CP conserving

Study of rate and differential distributions in eTe™ — qfy
and ete~ — viFy events

e Z~ production at the Tevatron:
study of pp — eTe vy, u*u~v events (DO)
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Summary on anomalous Z and 5~ couplings %45% ¢

sete — ZZ

DELPHI:
-267 < fE < +267 159 < f] < +1.58
-7.09 < fE< 457 -3.90 < [ < +3.87
L3:
-1.9< ff < +1.9 —-11< f] < +1.1
-39 < f§ < +4.7 -3.0 < f] < +2.9
OPAL:
~2.0 < R{f%} < +2.0 -1.2 < R{f]} < +1.2
—5.1 < R{f%} < +5.1 -3.2 < R{f]} < +3.0
-2.0 < 3{f;} < +1.9 -1.2 < 3{f]} < +1.2
52 < 3{f;} < +54 -3.2 < 3{f7} < +3.0

eete — qfy and ete” — wiy

DELPHI (e*e- — qfy only):

Ihi,] < 0.38 | < hjl <023 (A =1000 GeV)
L3:
—0.09 < hi < 0.20 —0.09 < h] < 0.08
—0.12 < hf < 0.06 —0.05 < h] < 0.07
—0.16 < h < 0.15 —0.09 < hy < 0.07
—0.09 < h¥ < 0.10 —0.05 < h] < 0.06
o Zv production at the Tevatron
D:
|h%) < 0.36 < |hd,| < 0.37
|h%,| < 0.05 < |h],| < 0.05 (A = 750 GeV)
v __ hi v_ _ hi
h =—2 —~ i=1,3 hl =—2 - i=24
T+ T (4g)
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Production of W bosons at LEP

e W-pair production at LEP e*e™ — WYW (~):

et W+ e’ Y H“:: ~
/2
v,
- A
e w- e W-

Event samples (per experiment):

161 GeV < /3 < 189 GeV = 3500
192 GeV < /3 < 196 GeV = 1000

Three different event topologies:

e WHW- = tvly, £=e,pu, 7 (= 11%)
two energetic, acoplanar leptons

e WHW~- — gglr (= 44%)
two jets plus isolated energetic lepton
or jet for WTW~— — ggrv

e W"W™ — qdqqd (= 46%)
four jets of similar energy
severe background from QCD:
ete” — g + gluons (= 100 pb)
neural networks, likelihood analyses

J. Mnich - CERN EP
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ete” — WHW- candidates at /s = 189 GeV

ete” — iy ete” — qiuv

ete” — qgev e’e” — qqqq
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W-pair production cross section

Combined LEP cross section measurement ete™ — WW for
161 GeV < /3 < 196 GeV

_ Vs > 189 GeV: preliminary

[LEP | " ]

20' _.' / o -

10-

® Data 1
— Standard Model 1
- == no ZWW vertex 1

rrerty, exchange
_ﬁ

160 170 180 190 200
Vs [GeV]

o(e’e >W'W(y)) [pb]

e Very good agreement with SM

2Y% theoretical error

o ZWW vertex exist
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Hadronic W branching ratio

Br(W—hadrons) (%]

ALEPH —— oE. R s O 4
B ia —— ] N
| e i i TH

OPAL . 68.34 + 0.68

LEP f 67.96 + 0.41

L L I rrrrr
66 &8 10
Br(W—hadrons) [ %]

Determination of | V|

e indirectly from hadronic branching ratio

B Ry E o,
1 — BRhEd :‘=Zu__: | IJI + m
1=d,s,b

LEP: |Vi| = 0.997 £ 0.020

e directly by charm tagging (189 GeV)

I'(W — cX)/I'(W — had) | Ves|
ALEPH 0.51 £ 0.05 £ 0.03 1.00 £+ 0.11 &+ 0.07
OPAL 0.47 + 0.04 + 0.06 0.91 4+ 0.07 £+ 0.11
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Leptonic W branching ratios

W Leptonic Branching Ratios
ALEPH i 11.04 ¢ 040
R L PH 1 ' il
L3 _l,__i_ 1 1 ¥
OPAL —r 1052 + 0.48
LEP W—sev - 10.61+ 0.25
ALEPH . —— 11.20 1 0.46
DELPHI - 1086 = 053
L3 S 5,95 + 0.49
OPAL | 10,47 £ 0.42
LEP W—apv A 10.65 =+ 0.24
ALEPH : 10.48 ¢ 0.60
DELPHI - " 19 14 = 0 B
L3 . 11.20 + 0.68
OPAL — 1068 + 0.56
LEP W—stv ’ 10.82 + 0.32
LEP W—lv 1068+ 013

10 1 12

Br(W—lv) [%]

Charged current lepton universality (Q* = m%,):

g./g. = 1.001 + 0.016
g,/g. = 1.010 + 0.022
g-/g, = 1.008 % 0.021

CDF : BR(W — ev) = 0.1037 + 0.0022
DO : BR(W — ev) = 0.1080 + 0.0030

DO :g,/g. = 0.98 + 0.03
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Charged current lepton universality in v decays

e Measurements of tau leptonic branching fractions:

BR(T — ev,v,) = (17.791 = 0.054)%
BR(T — pv,v,;) = (17.333 £ 0.054)%
—= BR(T — Ly v;) (17.805 + 0.039)% (massless £)

I

e Tau lifetime:
=20.TT+ 099 s

18.4
ALEPH CLED
DELPHI WORLD
13.2 E L3
- OPAL
& 18l
z
1 17.8
e
o,
" 16l
17.4 | 68% C.L.
280 285 290 295 300
TT i.ﬁi-]

Universality of couplings (Q* = m?) :
gu/g. = 1.0006 £ 0.0023 g, /g, = 0.9997 + 0.0024
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Couplings of the W boson

Triple gauge boson vertices YWW and ZWW

W+ Most general Lorentz invariant ansatz:
2 x 7 complex couplings

Assume real couplings,
C-, P- and CP invariance,

charge of W* (= +e)
no change of tree-level boson

propagators
=+ 3 coupling parameter to be studied:
HT‘- Kyy Ay
SM values:

Deviations from Standard Model would
e at LEP

— increase e"e- — WW cross section
modify W production angles
- modify W polarization
e at Tevatron

— enhanced boson pair production W~, WW, WZ
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Signature of anomalous triple boson couplings

e cos By in WW — gqqq events

:'" ! DELPHI
s | 4q channel

u --||I|._|_LJ__|_||| [T | ey [ 1 i i

-1 08 06 04 02 0 02 04 06 08B 1

cos Oy,

e DO candidate event ZW — eeev

CAL-THS EMD VIEW 15-MAY-1987 I.l:l'-lj_lun F¥FLl Evemt Ilﬂlﬂ!ll—ﬂl-llll 12:54

Max ET = 51.8 CaV T T T

M:(2)=74.7 GeV M13=93.6 GeV
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Limits on anomalous triple boson couplings

e LEP combination (e*e” — WW up to 189 GeV)

ALEPH + DELPHI+ L3 + OPAL

S 1. S

TTTT

| J::|.'-

L.

; #a g =
]

i Ax.=0.038 jﬁf

s _,r ________ _____ - AgZ= 00100933

-0.033

-Alog |
¥

0.5 — 13 .:"-:_ ‘.- Fof _E . +0.035
WK A =-00370%

Result from D:

—0.08 £+ 0.34

0.10
0.00 ;o

Il

Ak,
.

(A denotes deviation from SM value)
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Single W production at LEP

e More information on YWW vertex from single W events:

et et
= 1
it O 1.5
w_jr&w;-_*- ¢ Daa L3
/ — GRC4F

| O -~ EXCALIBUR

Owey (PD)

0.5 F

o I
120 140 160 180

Vs (GeV)
e and from single photon events
ALEPH preliminary
. B R Misaiase: aastenes o sy
125 | 1 single W
[ ;_ i / { single ~y
§ 1 total
1.5 L t
1 | -“‘x ! /;-
PN\, g !
0 l— ' ;_;f ]
T LB R T s

ax,
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Quartic boson couplings

eete” — WW+ probes quartic boson vertices
WWa~y and WWZ~

W*  Genuine quartic gauge boson couplings:
v/Z 7 6 dimensional operators
ﬂ{}fﬁzq ﬂ'r,xh::! nﬂfﬁn

w_..

OPAL: 17 candidates with E. > 10 GeV
oww, = 136 £ 37+ 8 fb O, = 85 — 105 fb

OPAL preliminary

Events/s GeV

18 P | R MUDLO T
i6 — SMa, /AT =0
...... Best Fit (a, /A" = 0.044)
[ 1
Ty e 95 % C.L. (2, /A = 0.07)
12 [JEEWWG g
10 b B FSR ]
ey CIWW4qQZZ |
B WL J—- I--—'i qq i
3 A
4
2
00 15 20 25 30 35 40
E, [GeV]

Combine with ete™ — viryy:

—0.065 GeV™? < ag/A? < 40.065 GeV? WWy~y
—0.13 GeV % < a./A? < 40.17 GeV? WWry
—0.61 GeV 2 < a,/A? < 40.57 GeV™? WWZ~y

(More stringent indirect limits exist on ap and a.)
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Longitudinally polarized W bosons

Massive gauge bosons have three polarization states

e transverse (— +) e longitudinal (0)

Lepton (quark) angle in W rest frame #*:

x (1 + cos 8*)* transverse W

x sin” 6" longitudinal W
=l A ™ s
" # 199 Gev Dww :w
™ 150 - — FRbelony (-, « 0) et A
e "*= PR NefloRy (-+) + 5 + .
— —  Fi Hafloity (- *
g 100 ; -
(1] k . -ﬂl.-l : 6 = ~ = )
cos ©*
R R W
; {hl o Preliminary L3
~ 150 [ — FrHelichy (£, 0) W — hadrons i
o= === Fit Hellcity (1) +
3 100 | o
o S
& s L -
"o 6.2 o4 08 .8 1

cos B*

Fraction of longitudinally polarized W bosons:

183 GeV
189 GeV
sM

TpF.l quank decays:

0.276 + 0.092 + 0.03
0.244 + 0.048 + 0.03
0.26

(DE O0.81%033+012 (5M:070)

J. Mnich — CERN EP
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i
-4 } 1
£
-8 [ 1998 prediminary .
-1n ad i i 'Y SRRl AT EY | levsalasaanls
40 425 45 475 50 525 55 575 &0

Flux loop - NMR | MaV |

W mass measurement at LEP

e my determined from invariant mass distribution in

eTe” — WW events

— Impose énergy and momentum conservation in
kinematic fit to improve mass resolution
— Absolute scale determined by LEP beam energy

e
E;WWW E

Resonant depolarisation
E,, < 61 GeV

Precison O(1 MeV)

Extrapolate to E;, = 94.5 GeV

using magnetic measurements
NMR probes, lux loop

—> AE, = £20 MeV
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Number of Events / 1 GeV

Invariant mass distributions after kinematic fit

Data at /3 = 189 GeV:

WW — gqqevr
.:E m 1 T T ¥ " Sl H.H
- ALEPH Preliminary = 88.600eV | 2
‘! LY evgy selection - a
i o Duis (Lasninosity = 1742 pb'") o4
& — M (my, = B33 GeVic) i
g [ T — E
w ¥ 1
]
30
20
um‘ 5% S0 & W O™ WM B W "
My, (GeVic’)
WW — qfl T
aliminary
50 Tﬁéa"""""pf"'
L mw o
10OMc. reweighted I—3
40 - LAM.C. background (c) ol
30 - -
M, = 80.19 + 0.35 GeV 4

—_
L= -

weamtn | Ga¥
E B B
T T

L]

--W"Fl-irrul:rﬁ':ﬂ

= R 2y} D simeiciion

g 8 8 8B & 38 8

W = G0

L ]

ELT gl e
{imy =80 35)

5 15 & &8 T T N B W ¥ 10

W mass (GeVic’)

WW — qqqq

OPAL Preliminary, ve=189 GeV

- MC (WW bl
WW-—qqqq + B el GeV deim
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Final state interactions in ete™ — WW

#{f:‘
— e Colour reconnection
---..____..
Tl ~ Hadronisation scale O(1 fm)
Yz KK
- < much larger than W decay
T~ length O(0.1 fm)
i:‘:‘ - Gluons carry momentum be-
—~— tween quarks from different
. W bosons
Reconnection r:ﬁq;lﬁnr - Impact on reconstructed mw
e Investigate charge multiplicity:
Ang =<nPM> —2 <n®™ > P = <ng™>
N - T 2>
ALEPH | Ang +0.52 £+ 0.52
DELPHI | r4 |+0.977 £0.017 &+ 0.027
L3 Ang | —0.23 + 0.40 £ 0.52
OFPAL*® Ang, +0.7T = 0.8 £ 0.6

* 183 GeV

e compatible with no or small effect

e.g. ALEPH result for scaled momentum zp:

':'_é" 1.3 B 7777 "'| L PO A S G, S——— T
E 12 dtl4 T EXCALIBUR ﬁszgwm I.I —_—
"'T.. 1 1 " l = . 1
° T Bl |
< 1H | 3 -
0 - -
E ﬂrg :.I- i 'j _|:
E " U ey Y T O AT LA et e LY M BUIE | i i | g
08, 2 3 4 5 6
~In(Xp)

Estimated systematic error on mw: 25 — 70 MeV
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Final state interactions in eTe™ — WW

e Bose-Einstein correlation of decay hadrons

may lead to momentum transfer between decay products
of different-W bosons

Study correlation function:
C(Q) = N[1 + Aexp (-Q*R?) Q*=~(p1 - p)°

Correlations established in hadronic Z decays and in decays
of the same W

A prernary

Loy (4))
n
‘-I—I--l—-l-

2 | h
15 T a) different Ws ;
1 + +
~ 05 >
E 2
5 15 Ht, b) same W
L 5 =+
1
P |
S if
%, 18 :+ ) (Z°M) —qq
1
5 L] 0z 4 [N 08 1 1.2 14 L 18 2
Q(GeV/ch

Estimated systematic error on my: 20 — 60 MeV
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W mass results from LEP

M, (GeV)  4q M, (GeV)  non-4q

1
i

ALEPH e 8056110121  ALEPH '8 80.343 + 0.098
g i

DELPHI - 80.367 + 0.115  DELPHI - B0.297 + 0.155
] i

L3 o BOBSE:£0156 L3 —a 80.224 + 0.135
3

OPAL —. 80.345+0.134  OPAL . 80.362 + 0.105
a |

LEP » 80.429 + 0.089 LEP T 80.313 £ 0.063
FSI 0.068 GaV g

LEP 0.017 GeV LEP 0.017 GeV

ytdol = 179/ 20 | +iidof = 17.9/ 20

:
J.
l-r-—'-.--r-r-qﬁ".tin-| L i e L LN NS B B e s m |
80.0 81.0 80.0 81.0
M, (GeV) M,, (GeV)

Combined LEP W mass measurement including 189 GeV data:

mw = 80.350 + 0.056 GeV
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aEw

W mass from the Tevatron

e CDF & DO results from complete Run I data set

Events used I"ur My Measurement
30k W — ev and 15k W — puv (CDF)
45k W — ev, incl. 11k in end calorimeter (DO)

e Fit transverse mass or transverse momentum distributions
of W — fv (£ = e, pu) events

e Fix energy scale with Z — £T£~ events

Example CDF:
I IR PreSminery
m -
I —sen ridi=] ¥
w00 - I
-
150 |
100 i Jr
50 & 1}
o fl
L t
o wibw il . i .+‘ I‘:I"'.'“-'* |
n'.'l:l 75 = B3 W 9% 1M 10

# Ev

U LR Prolimidnssy
i3 -

F—aup I hdfi) R4

150 - { \l,
| "

T

Z statistics is dominant systematic error on mwy:

CDF: 75 MeV (W — ev)
D@: 459 MeV

+85 MeV (W — uv)

J. Mnich - CERN EP

July 20" 1999



W mass measured by CDF

e CDF transverse mass distributions:

« 500
$450 | CDF(1B) Preliminary X df = 147/131 (50 < M. < 120)
& 400 | Wy 4, x'1df = 60.6/70 (65 < My < 100)
150 N Mw = 80,465 +/- 0.100 (stat) GeV
300
250 FEE Backgrounds
o KS(prob) = 21%
150
100
ol o b ot
% & 20 80 9% 100 1o 1
Transverse Mass (GeV)

e New result from W — ev:
2000

5 [ CDF(1B) Preliminary x°/df = 82.6/70 (50 < M < 120)
u:'.i [ W ey

= ; f.l"df =32.4/35 (65 <M, < 100)
1300F wfmﬂ J“*_'-I_Mu.r = 80.473 +/- 0.065 (stat) GeV
i %
i DDD'_- 'J}:qr"r #EEE Backgrounds
! of "L KS(prob) = 16%

% & W 809 100 110 i
' Transverse Mass (GeV)

Combined CDF result:

mw = 80.433 £ 0.079 GeV

J. Mnich - CERN EP
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W mass measured by DO

e DO transverse mass and momentum distributions:

1200 ;

(b)

200 l ‘j l
Q560 70 80 90 100 %5730 35 40 45 S50 55
my (GeV) Pie) (GeV)

e New: including endcap electrons (1.5 < |p| < 2.5)

= :..TI:I'J
e s
; A § 4
0 J/ + «F.
e + 4
/

|

4 ” i
I T It
J t‘l 1l”.
fix |- i T
{ \\ “\“‘—-ﬁ
|;‘i.|_-_....u.-- “-7_|:-“ sininlinleiiinds j,‘,-|- meam e _“.H.. —— |-|_|'| n_'lvl:'l g g 1% &l "..; e L1 L L
m, (Ge prie) (GeV)

Combined D result:

mw = 80.474 + 0.093 GeV

J. Mnich - CERN EP July 20°* 1999



Measurements of the W width

e Direct determination

- LEP: fit to invariant
mass distributions:
N'w([GeV]
2.12 + 0.25
2.48 + 0.41
OPAL" 1.84 + 0.38
SM 2.08
* 183 GeV data

E—E F

L3
DELPHI"

A

'y [GeV]

Gl HCL T
— @5 %CL

802 B804 806 808
M, [GeV]
- CDF: high end of transverse mass distributions

'w = 2.055 £+ 0.125GeV

15 1
B0

s 28 CIH B Prefimbnary 5'1'75 COFOT R Preliminary
ﬁ EE,_ ﬁ e
e | lo 35T
24 + 225 -
SM |
22 |+ 2 Hw
M lo
2 S L75 |
Wo—uv lo
L
1.%' P EPRTFIT] YIRS LOTTTINT N 15 | L [N
0.2 BD.3 804 805 BO6 80.2 80.4 80.6
Mw (GeV) Mw (GeV)
e Indirect measurement from
o(pp — W+ X) BR(W — fv) (g'_“)".i".‘l P, \Er P
E'{Pﬁ'—"z'l'.x] BR[W-—!-H] irz |-:|.|: if IMNw

2.179 £+ 0.046 GeV
2.107 £+ 0.054 GeV

CDF:FW
DO : T'w
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Comparison of W mass measurements

W-Boson Mass [GeV]

pp-colliders t—e— 80.448 + 0.062
LEP2 —&-1 80.350 + 0.056
Average -  80.394 + 0.042
%*/DoF: 1.4 /1
NuTeV/CCFR—a 80.25+0.11
LEP1/SLD/VN/m, -A- 80.370 + 0.027

80 80.2 80.4 80.6
my,, [GeV]
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W mass from neutrino-nucleon scattering

e Ratio of neutral to charged current cross section measures
mw ) 4
mz

sinfy = 1 - {

- = Evern Longth

M\ Il ,_,\

SR R — N—
| | I ‘
B
ki

e Experimentally measure
b (]
- = Inc ™ Inc
T R ]
Yoo = YGe

Sea quark contribution cancel: ., = s 0Oug = Tuq

MUTEV sin“fw = 0.2253 £ 0.0019 £ 0.0010

— mw = 80.25 + 0.11 GeV

J. Mnich - CERN EP July 20** 1999



Cross section measurements ¢"e~ — hadrons at low energy

IFJ
B

1
ay X 10

e CMD-2 at VEPP in Novosibirsk

o(ete” — w*w~) around the p

630 MeV < /3 < 810 MeV

i iF S05 (Rl =—
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a, = 1165925(15) x 107"
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Cross section measurements et e~ — hadrons at low energy

¢ Interpretation of electroweak measurements
requires a(mgz)

e Contributian of 5 light quarks to vacuum polarization
Aol = 0.02804 £ 0.00065
Limited by knowledge of R(s) =T|" at low energy

g
BES experiment:

e Energy range 2 GeV < /3 < 5 GeV
e Measure R to 6 — 10%
® Structures near charm threshold

R scan performed in 1999 (85 points)

8 i ; :
I ; !‘
|
7 ""-l'.l Elﬂﬂlﬂﬂfﬂsﬁhﬂf ..................................... '. ............................................... , ......
W : £ £ i
[ | & Septand single Bpam (R Scan 99) ;
i i ol
H - . *""H'W'Hﬁrﬂ!}"' ................ -;. 5K '..'_.. e ..;,...
i - " e |
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= | i i |
, |
2 3 4 5

Analysis is ongoing ...
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Interpretation of precision data in the SM

o Observables at the Z from LEP & SLC
o my from LEP Il and CDF & DO

® sin‘fy from w-nucleon scattering

e m, = 174.3 + 5.1 GeV (CDF & DO)

(5)

e Hadronic contribution to running of a: Aoy, =

0.02804 = 0.00065

LEP including all data except all data except all data
LEP 11 mw mw and my mMw
m [GeV] 1721} 16757 173.2 1+ 4.8 173.6 £ 4.6
my [GeV] 14313 68111° 102192 92178
log(my/GeV) 2.1570-1% 1.8313 2.0110:48 1.961 334
O 0.120 £ 0.003 0.119 + 0.003 0.119 + 0.003 0.119 £ 0.003
x?/d.o.L. 11/9 20/12 20/13 22/15
sin?Bw 0.23187 + 0.00021 | 0.23161 + 0.00018 | 0.23162 + 0.00018 | 0.23159 + 0.00016
sin®Ow 0.2238 + 0.0006 | 0.2234 4+ 0.0007 | 0.2232 4+ 0.0005 | 0.2231 + 0.0004
my [GeV] 80.340 + 0.032 80.356 & 0.035 80.370 £ 0.027 80.377 = 0.022

J. Mnlch - CERN EP
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Pulls from data to SM fit

Tampere 1999
Measurement Pull
' 224

m,(GeV] 91.1871+0.0021 .07
Ir,(GeV]  2.4944 +0.0024  -53
oL, [Nb] 4154410037 178
R, 20.768 +0.024  1.15
A 0.01701 + 0.00095 .96
A, 0.1483 + 0.0051 35
A 0.1425+0.0044  -91
sin“0' 5 0.2321 £+0.0010 .51
m, [GeV]  80.350 + 0.056 -.48
R, 0.21642 +0.00073 .83
R, 0.1674 +0.0038 -1.27
AP 0.0984 +0.0020 -2.15
g 0.0691+0.0037 -1.15
A, 0.912 + 0.025 -.90
A, 0.630+0.026  -1.45
sin“0'  0.23109 +0.00029 -1.71
sin“0,, 0.2255+0.0021  1.09
m, [GeV] 80.448+0.062  1.15
m, [GeV] 174.3 £5.1 13
Ao (m,) 0.02804 +0.00065 -.10

=

3210123

J. Mnich - CERN EP
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Changes of measurements since summer 1998

ef. Doan Karlen, Vancouver 1908

mlm
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e A
Aﬁ*h illt * [ 1]
m RI
w
Aﬂ.{:
(11]
*
= A o Ay
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] *® ﬁﬂ
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Comparison of direct and indirect measurements

BD_B"_H =T 1 7.7 1_1
| —LEP1, SLD, vN Data

] - LEP2, pp Data
80.5{ 68%CL

80.4 -

m,, [GeV]

| Preliminary’

e e ————————

130 150 170 190 210
m, [GeV]

e Good agreement between direct and indirect determina-

tions of m, and my
The SM is correct at the one-loop level

e Data prefer a light Higgs boson

J. Mnich — CERN EP July 20°% 1909



The mass of the Higgs boson

-'theurz uncertainty
P Aa® =

— 0.02804+0.00065

| Excluded Preliminaryi

2 3
10 10 10
m,, [GeV]

Electroweak precision data:

my < 245 GeV 95% CL

Search for Higgs production at LEP:

my > 95.2 GeV  95% CL

J. Muich - CERN EP July 20" 1980



Conclusions and outlook

e 10 vears of Z physics completed at LEP & SLD
e Rapid progress in W physics
mw = 80.394 £ 0.042 GeV

from LEP & Tevatron
e Study of boson self couplings

Near future
e LEP: /5 = 200 GeV
e Improvement on a(mgz)

e HERA

e Tevatron Run 11

Far future
e LHC
e Linear collider

The Standard Model still works

The Higgs boson is light

J. Mnich - CERN EP July 20" 1090
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