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What have we learned the last 50 years

or
Status of the Standard Model

The physical world is ELEMENTARY
PARTICLES

composed of
Quarks and Leptons

iInteracting via
force carriers
(Gauge Bosons)

Last entries: top-quark 1995
tau-neutrino 2000



«1968 — Standard Model by Glashow, Salam and Weinberg

unification of electromagnetic and weak interactions,
existence of the weak neutral current predicted.

» 1973 — Neutral Currents discovered (Gargamelle experiment)

to avoid flavour changing neutral currents GIM mechanizm
requires existence of fourth quark (charm)

e 1974 — Charm quark discovered (Richter/Ting)

Do the Z and W bozons realy exist with mass around 90 GeV?
Construction of SPS at CERN.

» 1983 - Discovery of W and Z bosons at CERN
(C. Rubia, UA1 and UA2 experiments)

SM is renormalizable (t’Hooft and Veltman 1971)
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where W (z) is the Dirac spinor of fermion f = e, pt, 7, Ve, Vp, Vr. Vi(z) =
(al(z),bL(z)),i = 1,2,3 denotes the SU(2) .. doublet of left-handed fermions
with a}, with I} = 1/2 (neutrinos) and b} with I} = —1/2 (charged leptons). I}
denotes the 3.component of the weak isospin, () s the electric charge. s, = sinfl,,.
cw = cosfy, with #,, denoting the weak mixing angle. g is the SU(2)r gauge
coupling constant, g’ is the [/(1)y gauge coupling constant, ¢ = Vara with o
being the fine structure constant, 7(x) denotes the Higgs field, A, (x) the electro-
magnetic field, W (z), Z,(z) are the 3 weak gauge fields. my, My, Mz, M,

denote the fermion, W boson, Z boson and Higgs boson masses, respectively,

The fermion masses in Lq gy result from their Yukawa interaction with the Higgs
field (¢ = ic?®* = (8", —d 7))
E‘r’ukﬂ.wa — Z C-i-',j l::ﬂ'ibh{[) + Z Eg’j\i':[,ﬂ-ijﬁ‘:]} + h.C.
i] ij
with bl b = e, T, y are SU(2) singlets of right-handed leptons. With & = (0, v+
1)/v/2 and after diagonalization of the mass matrix the fermion mass terms arise

E g oeH L _ 5 H
withmp = v/v2c!, cij = dijel.
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Precision in Physics

astronomy

example:

observed: small deviations from the
expected trajectories of the planets

predicted: an additional planet can
explain the observation

discovery: PLUTO was found

example: Particle physics
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indirect prediction for mass of
the top quark

discovery: 1995, Tevatron (USA)
at the predicted mass



23 Years of W and Z Physics

Z Mass History |
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23 Years of W and Z Physics

W Mass History

=39 MeV
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Strategy of the precision tests

S%ndard Model describes electroweak
Interactions of quarks , leptons and Higgs boson
by exchange of

1st step: build LEP1 (SLC) collider at ~ NEISG0Ge

et I

Z°,~ (with possible electron beam
polarization at SLAC)
e~ f
2nd step: increase the energy to NEST6GNEEVN (LEP only)
e’ W .
. «Study W and Z production
w and *Check model internal consistency
M ook for Higgs boson(s) and
“ W supersymmetric particles
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Jura LEP

Mountain

France

Geneva Airport
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The LEP collider at CERN
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Parameters of the
Standard Model
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Parameters of the Standard Model.

In the context of the SM, any EW process can be computed at
tree level from o, my, , m,.

When higher orders are included, any observable can be predicted
as

O(OL, mW’ rnZ’ Us; rnHiggs’ mtop)
and the rest of m; which are known with adequate precision
On-Shell renormalization scheme

Contrary to what happens with “exact gauge symmetry” theories,
like QED or QCD, the effect of heavy particles do not decouple,
and there is sensitivity to m,,, and to less extend to m;,, or to
any kind of “heavy new physics".
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The usual procedure has been to take 6,, the Fermi
Constant measured in muon decay, to predict my,, and

use this more precise value to predict any other
observable.

Therefore, the input parameters are chosen to be:

0-1(0) = 137.03599877(40)
a.(m,) = 0.118(2)

G,(m) =1.16637(1)x 10°GeV-
m, = 91.1875(21) GeV

But.. the relevant scale is ¢? ~ m?, ...

e- f

>

f
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The running of o(Q?).

e f
Since vacuum polarization effects screen
the electric charge, the coupling increases \~.
when evaluated at a high scale of the u H
y momentum transfer... e+ f

a(m?,) = a/(1-Aa) ap — a(Q?)/2xn

The shift Aa can be determined analytically for lepton
loops and by a dispersion integral over the e+e-
annihilation cross section for light quarks (u.d,s,c,b):

2
Awepton — z i[Iogm—é _gj +...

Optical Theorem |=e, 1,7 3

A(a/)_ L a K r_nﬁds' ~o(e'e” >y > q0)
37 g s'[s'—mgja(e%‘ —>y > uu)
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. 1 — A(xlt'p(M%’} N {ii]fM } A(xt::]:(M%

(0) = 137.035999 11 (46)

Aqud(M") = 0.02758 (35)
OLQED(M") = 128.940 (48)
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a(M,’)

Using the latest experimental data from
BESII:

contributicns at mz Burkhardt, Pietr=ylc 2001

AG)gron = 0.02761+ 0.00036 using CMD-2 and KLOE
(Burkhardt and Ple’rr'zyk 2001) latest data, seem to cancel out

A0, gron = 0.02755 + 000023  using CMD-2 latest data
(Hagiwara et al. 2003)

129 1289 1288 125@ “f""fﬁz’_f
e I B e : -
T | Buderdts Pictzyk (96 These data has also confirm the validity
i i i —s—— | Adel & Yn uram_SEiE . .
| e || Alemanyetal (91 (ele) of extending the use of perturbative QCD
L | [femassiess, - . 5
E EI—-—;—! E E E[}awer&Hocker (97) ln *he COICUIOT'O" Of Aa hadl"on .
! L-— ' ' 1 Kuhn & Steinhauser (98) . .
o || Gootedtal @) The most precise of these theory-driven
2 b D | Beman s Jegetienner (99) calculations gives,
New BES data Introduced -------=--==---=-=ssommrommmsomoono
] ] |lemds e
— e 41 Burknarot & Pret K (01) AG)4ron = 0.02747 +0.00012
e ! 1 Jegerlehner (01 -integral . .
e i le erlehner}nﬁfEucu ean} (Troconiz and Yndurain 2001)
= i i i i de Troconiz & Yndurain (01
- New CMD -2 reanalysed R T
——-— . | Burkhardt & Pietrzyk (03, prel )
e i | ;JegerlehneriDSH mtegral%
—— | | i Jegeriehner (03) (Euclidean
e : ! | HMNT (03) (excl )
e | | i HM ‘\ITFCIEN (incl.)
270 280 290
hep-ph/0312250 s 10
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EW Radiative Corrections
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Quantum loops generate corrections in three sectors:

sin4f, = 1 - m4,/m2,

DEFINITION

Vi

0"
. ams
-----

-------------
-----------------

ay .
........
---------------

. mmm) My sinz(é’w):\/za (1+Ar)

2G,

Ar = Aa + Ar, (mTOp, mHiggS)

k=1 + AKQED + AKW (mTop’ mHiggs)

e+ I v n ~1 + 0.038 + 0.002

1385/09/16
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EW Radiative Shift

* Four free parameters in gauge-Higgs sector
— Conventionally chosen to be
e 0=1/137.0359895(61)
» G =1.16637(1) x 10~ GeV -2
« Mz=91.1875 £ 0.0021 GeV

e Mn
— Express everything else in terms of these
parameters
Gy _ & o = Predicts My

N w2
2 w 2(1 B M Hi; ]41,{ é__
M2

1385/09/16
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Inadequacy of Tree Level Calculations

« Mixing angle is predicted quantity
— On-shell definition cos?6w=M,,*/Mz?
— Predict My

— Plug in numbers:
* M,y predicted =80.939 GeV

* M, (exp)=80.404 +0.030 GeV
— Need to calculate beyond tree level

1385/09/16
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Modification of tree level relations

o |
V2M ] sin” 6, (1-Ar)

G, =

JAr is a physical quantity which incorporates 1-
loop corrections

dContributions to Ar from top quark and Higgs

loops —
o Extreme sensitivity of
Art = — 2G| o8 HW'J precision measurements
827~ | s~ G, to m,
. LG.M2(, M? 5)
Ar" = T‘T_ “lIn—L—-=
2427\ M} 6

1385/09/16
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QED:

EW:

Vacuum polarization

Vertex correction

1385/09/16

QED and EW corrections

nr
Z0 [y
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Precision at the Z

= I
= .
- 40
© DELPHI
L3
30 i OPAL
20

increased by factor 10

10 — o from fit
QED unfolded W

.r'-",”

-
=
o

L @ IDeasurements, error hﬂl'y

F

‘M

The 4 exps. collected 15.5
million Z decays to quarks
plus 1.7 million decays to
charged leptons, integrated

L =200 |::nb'1 per exp.

— The final hadronic cross
section, measured and
QED deconvoluted.

Radiative corrections large
but v. well known.

. : . i L el L
86 88 90 L 7 94
E_[GeV]
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Tests of the EW
interactions
at LEP/SLC
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Electroweak Precision Data

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

Z-pole physics (LEP-1,SLD):
o Z lineshape and leptonic forward-backward asymmetries
2 Polarised leptonic asymmetries P, ALR(FB)

1 Inclusive hadronic charge asymmetry
6 Heavy quark flavour results (Z decays to b and ¢ quarks)

W boson & top quark physics — ongoing at Tevatron's Run-Il:
2 W boson mass and width (LEP-2, Tevatron)

1 Top quark mass (Tevatron)

1385/09/16 A1
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Interactions
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Z Physics

Cross sections:

gt f
. | : N,—N,
M, = 91.1875+0.0021 GeV e e I
— V 8 f f
1 L —

I 2.4952+0.0023 Ge

Z
Z - —
Nw — 29840i00082 ;.é LEP ’t/
g 3 N=2 "
— 30
go)
6 o
0.05
20-
/ AtMz wio QED:
/A= % A
10- 0 h
+ oA
FB
m A
0 : , . — FB
86 91 96 B B R T R
@ [GBV] Vs [GeV]
C 2 2 2 Bvr ! 8 A
F(Z=ff) < gyt8y Ay T S SO,
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The full set

of nearly uncorrelated pseudo-observables from EWWG.

e Total Z width: [';= 24952 +0.0023 GeV,

0 _ 127 . reerﬁma’

| oy, =
e Z peak cross section: " 2 2

e Ratios R’ = Tag/Tys for f = e,u,7; also Ry’ = [ye/Thaa for g = b,c.s,

e Forward backward asymmetries forf = e,u,t; b,c,s. At Z pole:

3 2818 4

x‘iggf E_i4gi4f 14'f — 2 f zf
4 grr T &ur
A (1+cos’@)+24, cosé

ication: P.(cos @) = — 5
e T polarisation: - ) l+cos’@+24 4 cosb

1385/09/16
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Z lineshape at LEP

Final results from LEP: E : 2v
m, = 91.1875 + 0.0021 GeV  Z;| ALEPH
[, = 2.4952 +0.0023 GeV ' DELPHI
¢’ = 41.540+0.037 nb S
R, = 20.767 +0.025 20 -
g, avﬂagmmmts,
G m | error n incr
C. o7 (07 (0))(2+ Agep) I B
Ap = 0.0054 + 0.0010 (5.4 0) :
u I | 1 I L | I I I | I L L |

86 38 90 92 94

E_, [GeV]
The invisible width defined as T, =T, - I, - (3+A7) T, = 499.0 + 1.5 MeV

allows to quote a limit on invisible non SM Z decays as:
AT, < 2.1 MeV @ 95% c.l.

Number of light neutrino species: Nv=T, /T, * (I\/T )spm
Nv = 2.9840 + 0.0082

1385/09/16

(-1.96) 0.0054 (theor.) ® 0.0063 (exp.)
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The final result

210 accuracy for one of the most fundamental constants:

mz; = 91.1874 + 0.0021 GeV

This cannot be exceeded with any one of the future machines, not
even with a GigaZ Linear Collider!

Essential: 1990-1992
- Beam energy measurement O1190:£0.0063 o
. . 1993-1994
using the technique of 91.1882:40.0033 -
resonant depolarisation 199
91.186620.0024 <o
plus careful control of all average
machine parameters, still SLISTEDORL e
dominant error of +1.7 MeV, B
. . 91.135 91.19 mgllil:?es‘.']
- Close cooperation with theory. 2l

1385/09/16 26



Z Cross section

Requires precise
calibration of energy
of machine

g |
Z39[ ALEPH [
DELPHI
- L3 AN
[ OPAL \
) :+ WY CPUEY Iensurements, f: __.l rz
crror bars incicased | W
I vy factor 10 b
10 — : § \
L
0l et i
Mz

Number of light neutrinos: N,=2.9840+0.0082

1385/09/16
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Total Z Width from LEP

lotal £ wiatn
Experiment I, [MeV]
: g ALEPH > 24959 +4.3
@
Largest uncertainty is "~ E ok
from o 13 | assea
OPAL —to+ 2494.7 + 4.1
: ¥°/dof = 7.3/3
LEP aa 24952 +2.3
common error : 1.2
1
10 :
: 1
1
1
1
I
1
=10 "+
r =
= o, = 0.11820.003
linearly added to
I
M, =172.7+2.9 GeV
10 : :
2.483 2.495 2.507

r, [GeV]
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Forward-Backward Asymmetry

it
A = U 1- (;,1 -
J o

"_IFB Z—peak ( ol )=

4(1 R (L +R:§-}

Very sensitive to fermion
couplings

AFB.Z—pmk (]7) o (1 _ 4Sin2 Qﬁ" )(

Asymmetries are very small

1385/09/16
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I =

The measurements of Asymmetries at the Z pole are

determinations of the ratio: 5 gv
sin20,, = 1/4 (1-¢'/g") A = Ja
= x sin20, \/ f gv ;
1+
Average of g A
LEP: A'; , A% B
SLC: A, - s
A= 0.1501 + 0.0016 '
-0.035 —
sin20,, = 0.23113 + 0.00021 > _
<. - iy A -
and using the leptonic width, oo | —r ]
G,m =& s/ ]
=2 ()" +(90) )L+ Agen)  ooaq b 5% CL.
672'«/_ 0503 -0.502 -0.501 05

Il
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Z — quarks

0.19

| I R I N i
Preliminary

0.16 ————
0.214 0.216 0.218 0.22
Ro
Now R, agrees with SM!

1385/09/16

) r— f rhnd

Ry, contains higher order ew.

contributions - m¢.
nearly independent of QCD, QED
or other ew. corr.

Measurement of Ry, requires
extremely high quality of b
tagging.

— High resolution silicon

microvertex detectors + multi-tag
methods + control of hemisphere

correlations ...

41



Heavy Flavour Results at the Z-Pole

Finally: really final HF results available

0.21629 £ 0.00066
0.1721 +0.0030
Asp(b) = 72 AgAp 0.0992 = D.DD1*
Asp(C) = 7a AgAq 0.0707 +0.0035
Ap 0.923 +0.020

Ac 0.670 £0.027

+ small correlations

Rp =I'p/Thad
Re = T'eThad

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

Central values very consistent
Several systematic tests
dominated by MC statistics

1385/09/16

ALEPH
leplons 1991.95

DELPHI
leptons 1991.95

1.3
leptons 1990-95

OPAL
leplons 1990-2000

ALEPH
inclusive 1991.95

DELPHI
inclusive 19912000

13
jel-chg 1994.95

OPAL
inclusive 1991-2000

LEP

.

_l_

™

pppppppppppppp

0.08

0.1003 £ 0.0038 £ 0.0017

——— 0.1025 £ 0.0051 £ 0.0024

0.1007 = 0.0060 £ 0.0035
0.0977+ 0.0038 £ 0.0018

0.1010 £ 0.0025 £ 0.0012
0.0978 +0.0030 £ 0.0015
0,0948 + 0.0101 £ 0.0056
0,0994 +0.0034 £ 0.0018

0.0992 1 0.0016
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Comparison of all Z-Pole Asymmetries

Effective electroweak
mixing angle:
sin20¢ = (1-gv//gp /4
= 0.23153 + 0.00016
;{2/ndof = 11.8/5 [3.7%]

Subsequent observation:
0.23113+£0.00021 leptons

0.23222+0.00027 hadrons
3.2 o difference

But is really:
A|(SLD) vs. Aspb(LEP)

3.2 o difference

1385/09/16

0.l

A, —— 0.23099 £ 0.0005:
A(P.) —p— 0.23159 + 0.00041

0.

A - 0.23221 + 0.0002¢

0,

b * 0.23220 + 0.00081
Q" x 0.2324 + 0.001
Average 1+ 0.23153 £ 0.0001¢

103 __ 1ld.0f:11.8/5
S
o g7

- i

€ o2 = Aal? = 0.02758 + 0.00035
| EEm= 172.7 2.9 GeV
0.23 0.232 - 0.234
. o lep
SN0

43



2 fermion production above Z

Compared to othe; processes cross-section still high.

10 }
.I :
_1 I
10
re) i
E |
e -2
10
3l
10
i my=114 GeV
10 A &F = HZ i

=

w2 8 — fZ — qdly)

Ba—s W
—+ 0aq

ees ZZ )
— qaqg
1

L3

rel iy

80100 120 140

160 180 20

/5 [GeV]

0 520

Cross section (pb)

Gme a EJIIGE- h

preliminary
575 >0.85 LEP
104
-\-H-\"'\-\_
‘\\“‘M_-._____
10 ™~
e o
--i'-—
Thrayg |
s e'e”_shadronsiy
Ty E*E'—»u?u'[*:’] 7
1= efe sty
1,25 + T
1.1
. ﬁ] f ¢
13 T
09 T t
0.8
120 140 160 180 200 220

Vs (GeV)

Cut on vs'/s
selects
interesting
events.

Combined for
hadrons, uy,
11, bb, CC

by EWWG.

Agreement with SM, but hadronic cross-section 1.8 ¢ high.

1385/09/16
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W*W" Production

Focus of SM tests at LEP2: Measurement of my,, investigation of
structure of triple boson couplings.

i

CCO3
diagrams

Each LEP experiment has collected about 10000 W"W" events.
Five decay classes: Fully hadronic (45.6%), 3 semileptonic (each 14.6%),
fully leptonic (10.6)%.

Powerful tools to separate four fermion events originating from W
production from background, e.g. neural networks.
Typical efficiency for WW selection 85% at v. high purity.
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W-Pairs at LEP

1 702005

20 1

Syww (PD)

| ' | '
| EP  PRELIMINARY
YFSWW and RacoonWW

10- H
-"f 17
f.'l 164 -
/
U | | 190 15.5 200 : 205
160 180 200
\s (GeV)

ALEPH, DELPHI, L3 final, OPAL prel.

Winter 2005 - LEP Preliminary

W Leptonic Branching Ratios

23/02/2005
ALEPH _J_ 10.78 + 0.29
DELPHI —al 10.55 + 0.34
L3 i 10.78 + 0.32
OPAL ——— 10.40 = 0.35
LEP W—ev ol 10.65+ 0.17
ALEPH s 10.87 + 0.26
DELPHI - 10.65 + 0.27
L3 e 10.03 + 0.31
OPAL —irdh 10.61 £ 0.35
LEP W—puv ° 10.59+ 0.15
ALEPH | o 11.25+ 0.38
DELPHI - 11.46 + 0.43
L3 —di 11.89+ 0.45
OPAL | 11.18 &£ 0.48
LEP W—1tv - 1144 + 0.22
¥indf=6.3/9
LEP W—lv ® 10.84 £ 0.09
windf = 15.4 / 11

10 11 12

Subsequent maximisation of discrepancy:
W-tau branching fraction ~2.9c above W-e/u average

1385/09/16

Br(W—lv) [%]
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W mass

Before crossing W-pair threshold precise my, value from Z data
using SM relations. Updated indirect value using measured m; :

my =80.373+ 0.023 GeV.

Small error sets scale for direct mass measurements.
In SM my depends on m;, my and Aa (complete 2-loop, Freitas et al.):

me. = 803767 +0.5235(—"—) — 1)~ 0.05613 I ) — 1.081(—2%

174.3 100 0.05924

Significant deviation of direct meas. from indirect value would
indicate new physics and existence of new fundamental particles.

At LEP2 two independent methods:
e Meas. of the total cross-section near threshold at B, = 161 GeV:
my = 80.40 + 0.21 GeV. (Estimated error for GigaZ: Amy, = 0.006 GeV)

1385/09/16
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ZZ production

» New test of SM. Search for existence of anomalous neutral gauge

boson couplings (ZZZ, ZZy).

DE/OTI2001

LEP Preliminary

12 0% uncertamty
| — YFSZZ
| — ZZTO

1385/09/16

Combined results (NC02, only t-
and u-channel exchange).

All experiments analyse ZZ — qqqq
(4 jets), qqvv (2jets + missing
energy), qql’l" (2jets + 2 isolated
leptons),
4 lepton final states;

statistic v. limited.
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Contributions to QCD

Clean environment, hadronic cm. energy well defined, well collimated
jets, enough statistics to investigate even rare topologies.

Typical early topics:
- Tests of QCD, measurements of o5, understanding of fragmentation,

Later: Global studies (up to which level can the accurate data be described).

Ew precision quantities depend on os:

2 3
R, = (Z=hadrons) _ g 534, 1+1.045i+0.94(ﬁJ —15(5)
P T(Z — leptons) T T T

With final Rye = 20.767 + 0.025:
o, (m,) =0.124+0.004(exp.) £ 0.002(m,, . m,) o oo (OCD)

—0.001
Best measurement?
¢ Relies on electroweak sector of MSM,
« Convergence, at my o -term = 63% of a*-term.
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All LEP o, measurements

Studies of

_ e DuidlWide e gauge structure of QCD,
T EW fit (5 Param. to LEP data) o - e running b-quark mass,
5 T D e e colour coherence,
T & e e hadronisation models,
S djes O() .l e power c:_orrectlnns as
- alternatives to hadronisation
# 3-jet like O(0)+PC = + models
E 3-jet like O(0)+Models e _ ’
S SjetlkeNZA . , g dn‘ferences_ between quark
£ 3-et like NLLA+O(05) log(R) - and gluon jets,

FPG 2008 2 o T are all consistent with QCD

0.11 0.115 012 0.125 0.13 predictions.
a, (M)

For this fig.: Theoretical uncertainties for all o from event shapes
evaluated from change in renormalisation scale u by factor 2.
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Before LEP

What was known or expected in summer 1989 before start of LEP
(G. Altarelli; LP, Stanford and R. Barbieri; EPS, Madrid):

m; =9112+016GeV my =80.0+£0.36 GeV

sin“6y = 0.227 + 0.006 N, =30zx09
Quantity | Expected error Achieved
mz 50 to 20 MeV 2.1 MeV
My 100 MeV 39 MeV
N, 0.3 0.008
AP o 0.0035 0.0013
A% g 0.0030 0.0017
A 0.0110 0.0043

In the end, all measurements are much more precise. SM
continues to be in good shape.

1385/09/16

51



1385/09/16

@

&

PART i

52



1385/09/16

@

&

Tests of the EW
interactions
at Tevatron
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Tevatron

Tevatron running pp at Vs=2 TeV

Scheduled to shut down 2009-2010

Year 2002 20M03 2004 005 20
Monmthl 4 7 10 1 4 101 4 7 14710

=
E’lﬂlﬂ
E4400
&
‘Ellﬂﬂ
E1000
]
TE 800
o
S 600
400 1
Delivered
200 To tape
0

1000 1500 2000 2500 3000 3500 4000 4500
Store Number
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Z-production 99 > £ —>e'e

Z’'s at the Tevatron

Amplitude has pole at M;

Invariant mass distribution

of ete-
3

m, =

ee

1385/09/16

1

(pe—l_pe_)z

(p,+p.) ~M;

Number of Events

500 [

300

200

100

700 [-
= 177pb-
600 -

D@ Run Il Preliminary

* Data
— MC sig + bkgd
Total bkgd
— QCD bkgd

i |_| IIlll.l

10 120 140
Mee (GeVi/c?)
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W’s at the Tevatron

Consider W—ev
Invariant mass of the leptonic system

Wlfv :(Ee’ +Ev)2 _(ﬁef -I_ﬁvf)z _(pf’f: -I_pV-')E

Missing transverse energy of neutrino inferred from
observed momenta

Can’t reconstruct invariant mass
Define transverse mass observable

m; = (EeT "'Evr )2 _(159.1" "'f?vr )2
=2p, Py =2E E (1-cosg)

el —vT
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events 08 GaV

10448

W Mass Measurement

500

m
#
AT h
y |
it
!,.+-'-
4 !
b i
b 1
f":"- CDT Fam T Preliminary R
4 !
i-ll "
g 'dof = 64 / 58 -
sy
g™
—_———— — — 4 . L .l..""'\.-\.ﬂ-,,._.,_
&0 £ 100
mApivh (Gelf)

L ocation of peak gives M,

Shape of distribution sensitive to I'w

Statistics enough to best LEP 2
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W boson properties

Decay width

3
I\ —>ev):(2igl7"z" (1+6)~226MeV 5~ -.35% Small

: z706’\/ij‘2 MeV F = NC(1+ as(j’:ﬂW))quarks

=1 leptons

TW* —ud,)= FG%I\:LW ’Vij

I, (theory)=(3+2F)T'(W — ev) =~ 2.0936 +0.0022 GeV

Largest contribution to error is
error on as and My
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W/Z Physics at the Tevatron

Leptonic decay modes of W and Z (including tau leptons!):

4,000-14,000 Z's per e/u 40,000-120,000 W per e/u
CDF and D@ Runll Preliminary CDF and D0 Runll Preliminary
a5 350
I pp— WX = lv+X [
SW:— pp—Z+X - Il +X }
3 | I
2 250 ' Jfr/
o | b
| |
© 200
BDGe; @ DO i mD0{e] ® DOy
i Runll [OCDFfe] o CDF{u} [ Runll 4 DO(z) CDF{p)
15} AGOF(Y 150— CDF(e) » CDF(z)
[ Runl MD3(ei  ® DO [ Runl WDO(e]  ® DO{y)
CICDFe] < COF{a) [ OCDF(e) © CDF(u)
1IIIIIIIIIIIIIIIIIIIIIIII 1uIIII|IIII|IIII|IIII|IIIIIIIII|IIII
1.75 1.8 1.85 19 1.95 2 17 175 18 185 19 195 2 205
Center of Mass Energy (TeV) Center of Mass Energy (TeV)

Largest uncertainties:
Luminosity (~6%)
Lepton id efficiencies and PDFs (1-1.5% each)
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W Boson - Mass and Width

Tevatron (CDF, DY): pp —> WX, W — ev, uv
Transverse mass

m, = 2E,E)cos¢(e,v) 104 - Myy
> ¥  vTy=16Gev
Final Run-I combination O aly=2.1GeV
Awaiting Run-Il results! ;103 3 a Ly =26GeV
I= o DO data
Uncertainties dominated by: Emz I Shaded - background
Statistcs |l
Lepton energy scale -
will reduce with more data 10 t VY,
Then: Signal model il |
PDFs, gluon radiation 1 H|
QED corrections in W — v j

60 80 100 120 140 160 180, 20C
Run-Il expectation: 5Myy < 25 MeV my (GeV

LRl
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W Boson - Mass and Width

Very good agreement between all six experiments:

23T

ALEPH[10082000] =+  QO3TO0088  —d—  213:0.14 Preliminary
) N " ! | my =114..1000 GeV '
DELPHI [1997-2000] —"_ 80.40440.074 _l"_ 2.1140.12 _
319662000, —  QOATBNOTT  ——e— 220:010
OPALIOGA999]  ~=  BANAO065 ——— 20058 2.2 -
E i [0
LEP Preliminary +  80,412:0.042 —— 21500001 ©
1 ‘idot = 2956/ 3? dﬂf 19?12-1
CDF [Run-1 —F— 60.43310.079 —l— 2.0510.13 L.EE 1- -
D2 (Rune1 +-— BABHO0M  ——— 223017
Tevation [Run] = B04E2:0080  —a— 210240106
yidot=02/1 ! x'ﬂﬂf 071 ] -
_ ..................................... ' 5 68% CL
Overallaverage #  80425:0034  —+—  2133+0.069 802 803 804 805
80.0 B0 20 25 M, [GeV]
M, (GeV] I, [GeV]

SM comparison:

Small Higgs-boson mass
Correlation Myy-I'yy: -0.07
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World Average for W mass

Direct measurements
(Tevatron/LEP2) and
iIndirect measurements
(LEP1/SLD) in excellent

agreement

Indirect measurements
assume a Higgs mass

1385/09/16

W-Boson Mass [GeV]

TEVATRON 80.452 £ 0.059
LEP2 80.388 £ 0.035
Average 8[]:4D4 +0.030
¥ADoF 0.8/ 1
NuTeV  —a— 80.136 + 0.084
LEP1/SLD - 80.363 £ 0.032
LEP1/SLD/m, - 80.363 L 0.021
80 80.2 80.4 80.6
my, [GeV]

LEPEWWG home page, 2006
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Top Physics

Tevatron: only source of top quarks in the world! b
Primarily top-pair production ) w
q t 1Afb<
9 ﬁ { M
q i pp—tiX, ti=»bbW W~
ge annihilation (85%) W —qq.l'v
,[ 4%
gt fy /
) | ] ) 15%
fi ooren W tau+X
B mu+ets 1% 3 12 15%
_ i \ Hetjets
QW_.‘._ t -613 i Hete
{ He+mu
luon fusion (15% Omutmu
9 (15%) Ball hadronic
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Top-Pair Cross Section

m =175 Gevic *

1
[ Caceinri al al. JHER ma:a {2004}

CDF Run 2 Praliminary

| CDF: 160-200 pb™"

Dilepton: Combined 7.0 +81+12

fl= SNb )
Dilepton: MET, # jets 8.6 +55+11

L= #23nh .l

A - 1.8 ~ 18 -~ 12
Leptnn+Jels Klnemaﬂn 4.7 H4E T8 I's]
(L= 183ph n
Lepton+Jets: Kinematic E; 6.7 + )] =13 bt
fl= (83p0 )
Lepton+Jels: Vertax |=Q+HII’!.GI‘H-EII|G 6.0 L F 118 E
(L= /&GSl 1“
Lepton+Jets: Vertex %n s6+]3 33 T
fLa fE20E ) in
Lepton+Jets: I:Imgle Vertex Tag 50+33+41 o
fle {83ph ) L=
LeptonsJets: Jet Prng Tag 5.8+13 =13 e B
L= fESpD .'
+ & - i

Leptum.dm Soft Muon Tag s2+384]2

(L= t@3pn ") 5

L

fL= tempb ')

DS Run 1l Preliminary

All Hadronic: Vertex Tag 7.8 38 437
I |

dilepton

i
L

L=748 pisT

l+jets {tﬂpﬂlﬂglcﬂl)

all hadrqnlc:

LemTad® gy’ +a.1 +2.0
I+jets (soft 1 tag) 1.4 e aa P
L=93 pb! H i H
¥ 44.q *3B 14
el (Vertex tag) : _ql_ia 1.4
H—

L=i58 pio’ +1.3 +1.9
I+jets (Impact parameter) T o e P 2
L—784 pi"

am *i3sia S
I+jets (Vertex tag) -1.3 -1.a

-1 ——a——

L=V & Db +3.4 +4. 7T

i 4 pb

L TES i " t - y

Cacciard =t al. JHEP D‘Dﬂ- uuu{zm:u}
i T ! |

o 28 B 75
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10 125 15 17.5 ED

o(pp —> t0) (pb)

D@: 90-160 pb™

?
£
3
:
o

" COFRunt

-----

Comb ;

Dilepton

Leplilons.Jets: Ve

L] ot l.JEP 004068 2104 m 175 Gl

|

----

1850

0

1950
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Channels

Top Quark Mass Measured in Many

‘Lapl:un*dﬂts: Matrix EIEmnnt 1 ?2.0 + 2.6

(L= 318 p0") — 2.6

—
+Jets: DLM 2.6
Leptorde 1732 +3%

Lepton+Jets: Moo +W —+ H 173.5 + %E

(Run 1 anly}

L . I I
Tevatron EPS 2005 172.7 + 1.7
(COFeD ﬁun i#li) | | o 1|.T

CDF ("Preliminary)
Digton; MatXEement 165.3 453+ 3.6
Otegton ;;m..m.:' 1706473+ 44
Ditepton; g of v 169.8+22+3.8
Diepton: i} 170.2+78+ 3.8
-:IFIiI.E.EﬁII:;::_JAII Combined 168.3 + :g +3.3

=318 nh } + E-E
Run 1 All-hadroni 10.0
m‘;ﬂ”nw adronic ”1 86.0 t100 T 5.7
Run 1 DIl ) 10.3
m‘;ﬂ ; w;"““ 167.4 tio3t 49

Run 1 Lepton+Jets 176.1+ ;} +53

+3.3
+ 3.2

+2.4

150 160 170 180 190
Top mass (G EVfEI}

200
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Heavy Particle Masses: Top Quark

. 2
Top-Quark Mass [GeV] —High Q" except m,
68% CL
200 - a
CDF 172.3+ 3.8
D@ 1738+36 < | Correlation: +93%
[h]
Average 1727+29 O
wDoF: 645/ 7 E_ 180 - |
LEP1/SLD 17282 %%
LEP1/SLD/m,,/T, 179.4° &)
[
140 160 180 200 150|EKC';‘dEfd,__m12 -
m [GeVi 10 10 10
t m,, [GeV]

Predicted Mtop In very good agreement with measurement

Measured Mtop more than 3 times as precise as prediction

1385/09/16 67



Top Quark mass pins down Higgs Mass

 Data prefer a light Higgs

|

{ —LEP1 and SLD
80.5 -~ LEP2 and Tevatron (prel.)
68% CL

1385/09/16
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Heavy Particle Masses W and Top

Direct measurements:
LEP2 and Tevatron

Z-Pole measurements:
Constrain electroweak

radiative corrections

{ —LEP1 and SLD
LEP2 and Tevatron (prel.)
T old

68% CL

Allow to predict MW %
and Mtop within SM ‘

Good agreement:
Successful SM test

Both data sets prefer a
light Higgs boson

1385/09/16
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SM Analysis
and NuTev
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Slobal electroweak fit

Z pole parameters:

(LEP+5LE

Mz
Iz

ot

25
Ay
Al

1385/09/16

PP: My

Heau.'-:,' Flavars (LEP+ SLD)
Ej-l
RO,
AD
e
Ac
Ab
-:l'_'qu:-

MuTew: sinfy,

AFV: @, (Cs)

R, A, (m)

LEPZ {(+ Tewatron)

MMy
Nw
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Winter 2002
Measurament  Pull [07"-0%)a "

Global electroweak fit

g-101 2 3
my [Ge¥)  9108TS £0,0021 o1
oLy e .
= NEW inputs: [GeY]  2AR52 400023 -42 =
j'".."h*-'H" g, Inbd 41 580 +0.037 i.8% —
_ 3 TET+0,085 1,05 —
* Tw direct meas. A DOITI4 +0.00085 .70 -
for the first time wP | 1468 + 0,003 .
R, 021648 + 000063  1.06 -
-IIA'\.LF lp!i'\.-\. 'meLEp '1: ﬂ.-'hlg'nl]l]:lll -1' I
A" Q0904 £ 0007 264 em—
L ale Q0707 +0,0034 1,05 -
. 9, from MNuTev A, 0822 + 0,020 B4 -
final result A, Q6T 1 0.026 06
[EEE talk |'.'I";.I' H.MEFEF'ﬂl"Hﬂ ASLDY 01513 40,002 1.50 —
]lEP-Ph.-"':'l 11059, it 6 2324 + 0,001 i -
Phoys FevLatt. 88 (2002) m,(Bav] B0&51:0.093 173 f—
L IGe¥) 2134 +0,069 59 -
- m, [BaV] 1743+ 5.1 08 l
v Ol Cs) from APV ' i - .

hep-ph/0111015
F2 01 £ 3

12 /NDF=28.8/15 Prob.=17%
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Standard Model Analysis

SM: Each observable calculated as a function of:
AOR4d: G{S(Mz), Mz, Mtop= MHiggs (and GF)
Aoy 5g-  hadronic vacuum polarisation [0.02761+0.00036}
og(M>): given by I'h,4 and related observables
M>: 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 5, o« G, M, H FHC

top el ' ::6H o In

W b W /N ZIW 2N Z/WN

Calculations by programs TOPAZO and ZFITTER

Higps
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Standard Model Analysis

Fit results:

Aopag = 0.02767 + 0.00034
ag(Mz) = 0.1186 =+ 0.0027

M = 91.1874 + 0.0021 GeV
Miop = 173.3 + 2.7 GeV
l0g1oMy = 1.96 + 0.18

MHiggs = 91 +45_32 GeV

Aop,q Marginally improved
og(Mz)
Mz

Mtop

one of the best
~ unchanged
error improved by few %

Correlations:

0.01

-0.01 -0.02
-0.02 0.05
-0.51 0.11

-0.03
0.07 0.582

Strong correlations with:
fitted Ao 54 - reduced to

-0.20 with pQCD Aoy 54
fitted Mtop :

20 % shift in MHiggs for

3 GeV shiftin meas. Mg,

Mtop measurement crucial!

1385/09/16
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Prediction of my

Higgs limit

6
Ao, = :
. — 0.02761+0.00036
1 === 0.02747+0.00012 }
Fit to all data: 4 1 ) l".. """ LLEEL T N
— dark-blue: ZFITTER 6.36 o~ i
— one-sided 95 % CL limit at = _
Ay? =2.69 (1.64 5) |
— light-blue band: syst. theory error = _
— dashed magenta: without NuTeV f )
small effect: limit ~15 GeV lower ] J,:"' )
— dashed red: theory-driven a{mz) o LExcluded . £~ Preliminary
curve shifted, smaller error, limit 20 100 400
almost unchanged m,, [GeV|
my = 96150 GeV

my < 219GeV @ 95 %CL (1-sided)

Giinter Quast EPS Aachen July 2003
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Standard Model Analysis

Mijiqgs = 12673 45 GeV

Incl. theory uncertainty:

MHiggs < 280 GeV (95%CL)

does not include:

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

Renormalise probability

for MH:’114 GeV to 100%:
MHiggs < 300 GeV (95%CL)

1385/09/16

6
- ﬁ“ﬂd =
O - — 0.02761+0.00036 N
: = 0.02749+0.00012
4 «++ incl. low Q° data —
3 N
5. N
1- \ .
D - EXCIUdEd ‘-;‘.'-": i ]
T T T T T !
30 100 500
m,, [GeV]

Theory uncertainty:

Dominated by two-loop

: 2
calculations for sin Off
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Standard Model Analysis

Measurement Fit:  jo™=p s

0 1 2 dFitto17 high-Q2 observables
m,[GeV] 91.1875+0.0021 91.1874 | plus Ao 4;
[,[GeV] 24952+00023 24959 2 e G
oL4nb]  41.540£0.037 41478 x“/ndof = 18.6/13 (13.6%)
R, 20.767£0.025  20.742
ALY 0.01714 £0.00095 0.01643 Largest 72 contribution:
A(P) 0.1465+0.0032  0.1480 A SLDL A b(LEP
R, 0.21629 + 0.00066 0.21579 (SLD) vs. Af,b(LEP)
AL 0.0992+0.0016  0.1038 lentons by M
A 0.0707 £0.0035  0.0742 P y My
Ay 09230020  0.935 | Afb(b) has largest pull: 2.8!
A, 0.670£0.027  0.668
A(SLD)  0.1513£00021  0.1480
sin“0. (Q,) 0.2324:0.0012 0.2314
my[GeV] 80.410+0032  80.377 Predict observables measured
[y[GeVl  2123:0067  2.092 . . . 2.
m [GeV]  1727+29 1733 m in reactions with bw‘? o
Q<M

[
—
w.

20
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Predictions for L'::ra.fv-(.l2 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)

QU(ZN) = -2 [ (2Z+N)Cqy + (Z+2N)Cqq]
with Cqq = 29pe0vq @t Q2 - 0 (g=u,d)

Q(Cs) =-72.74 + 0.46 SM fit: -72.91 £ 0.03 v

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

Apy = (0R-0)l(6R*0 ) = Quy(e7) = -4gacdye at Q%~0.03 GeV?2

sin204(Q=Myz) = 0.2333 + 0.0015 SM fit: 0.2314 + 0.0001 ¢/
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sin@. at low Q2 (E-158)

sin®0 & (Q)

Mogller scattering :

z°y z°
e e e _— e
Scatter polarized (up to 80%) 50 GeV

electrons off unpolarized atomic
electrons, and measure the asymmetry

pG.  16sin° @ (1
A, =mE
J27a (3+ €05 6)?

~—x(Q%)sin* 4,

0.242

0.24

0.236

0.234

0.232

KIIE

However, k(Q?) completely dominated by Aa(Q?),

hence mostly sensitive to new physics at born
level (eg. Z', LFV, Contact Interactions, ..)

1385/09/16

E158 (Preliminary)

I

Qw(Cs)

Czarnecki &

Marciano
(2000)

SLD+LEP
IIIIII L L IIIIIII L L IIIIIII L IIIIIIII L IIIIIIII L IIIIIIII 1

-

1072 107 1 10

10° 10°
Q (GeV/c)

Sin?0,4(Q%=0.026 GeV?) =
0.2403+0.0010 (stat)+0.0009 (syst)
(Run I + II + 111, preliminary)

x(Q* =0.026)
x(m;)

=1.038+0.006
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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):
Ty (v)=0y (V)

Um(“")_acn(?)

j 1
= 48,2 |€1,8] = Pybu h

+ electroweak radiative corrections

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

s 2 —shell
R = —sin’ gy "

Historically result quoted in terms of: sinzfé)w : ‘1-(MW/MZ)2

Factor two more precise than previous vN world average
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NuTeV's Result

Strength of v coupling p,, (assuming sin2®W ok):

X' /dof = 1.7/3
1.00 +/- 0.05 v . CHARMII et al.
100 +/- 0.02 = LEP I Direct VAP %
0.995 +/- 0.003 #e< ! LEPI Lineshape [,
0.988 +/- 0.004 s | NuTeV
Looo o booo o by o DO s 1y u o lyyayl
096 098 100 102 p,

Neutrino NC Rate/Prediction

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

1385/09/16
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Conclusions and
future prospects
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Electroweak Theory is Precision

Theory

We have a model....

And 1t works to the 1% level

predict the future!

Gives us confidence to

1385/09/16

2005

Mg s rement Fit dll:,n:.;_,:,wrgn...“;j

211875+ 0.0031 Q11874 |
2.4952 & 0.00Z3 24580

1. 5440 + 0,037 i1 ATE  a—
20 76T +0.025 20 T2
DT 14 + 0 FAES A ATRAT -

021620 £ 0.00086 DI2I5TY j—
04721 £0.0030  0.49723 §
009592 £ 0.0006  0.0038 | ———
0,070T & 0,003 Q0T | —
QUEES + 0,020 (935
CUETG & 0027 oGED )
09513 + 0.0021 09400 |(ee——
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Q The standard model of ElectroWeak interactions
describes all precision measurements, O(0.1%). The
precision is such that one needs to add the EW
radiative corrections sensitive to heavy particles:

m,, =172.712.9 GeV
Mypegs = 126 + 72 _ 45 GeV

Myisss < 280 GeV  @95% c.l.

QO Any improvement on this indirect determination
of my;,,s needs an improvement on the uncertainty
on My,
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0 The biggest discrepancy is on the interpretation of the
ratio of NC and CC as measured by NuTeV as a
determination of sin2%0,,. However this interpretation
depends on theoretical uncertainties that must be
reevaluated, before the 3o discrepancy is taken at face
value.

0 The medium-term future is bright in our field. The EW
precision measurements tells us that something has to
happen at energy scales of O(1 TeV).. which happen to be
the energy scale of LHC and e* e- linear colliders.
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Science Timeline

Tevatron LHC LHC Upgrade 1ILC

2006 2007 2012
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Large Hadron Collider (LHC)

* proton-proton collider
at CERN (2007)

* 14 TeV energy

— 7 mph slower than the
speed of light

— ¢f. 2TeV (@ Fermilab
( 307 mph slower than
the speed of light)
* Typical energy of

quarks and gluons 1-2
TeV

Q7
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The Large Hadron Collider

Lake Geneva

)

Haln CERN si'te

p;‘*_p

14 TeV" /

QqQ



LHC 1s Big.. ..

 ATLAS 1s 100 meters underground, as deep
as Big Ben 1s tall

* The accelerator circumscribes 58 square
kilometers, as large as the 1sland 01
Manhattan 7 Nl sl “

1385/09/16
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LHC Will Require Detectors of
Unprecedented Scale

* CMS1s 12,000
tons (2 X’s
ATLAS)

« ATLAS has 8
times the volume
of CMS
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Standard Model Higgs

Discovery for all possible masses T N
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Beyond discovery, we need to verify iy N
that the Higgs actually provides w

a) vector bosons and b) fermions _ e e
i i W, Z bremsstrahlur
with their masses 7 bremsstrahiung

Measure various ratios of Higgs couplings and branching fractions
by comparing rates in different processes

e uncertainties ~ 25-30%
J<
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By 201x at the LHC, if all goes well
— We will observe at least one and maybe several Higgs bosons
» Test their properties at the 20% level
* Not always able to differentiate SM from MSSM Higgs
— But almost always expect to discover SUSY directly in other ways
— Or we will observe some other signal of EWSB
» Technicolor
» Strong WW scattering
— And we will know a lot more about physics at the TeV scale
o SUSY?
» Extra dimensions?
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The next steps

We know enough now
to predict with great
certainty that
fundamental new
understanding of how
forces are related, and
the way that mass is
given to all particles, will
be found with a Linear
Collider operating at an
energy of at least 500
GeV.
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The Linear Collider

Highest priority new HEP facility

Costs $5-7B

Requires an international effort
@ Operation by 2015-2020?
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The power of e*e- Colliders

Electron-Positron Linear Collider offers

Bum:event 11 7B7: 50883 CtrkiN=

e well defined initial state M $4.086 Fix. { -0 §) Ncal(Neio fus 36.7) Mnonie 3) |
collision energy Vs well defined LEP(OPAL) .
collision energy Vs tuneable o
precise knowledge of quantum numbers
polarisation of e- and e* possible

e Clean environment
collision of point-like particles
» low backgrounds

e precise knowledge of cross sections

e Additional options: ee-, ey, yy collisions

Machine for
Discoveries and Precision Measurements
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Generalities of ete Interactions

« 22 processes, ox1/s

olee >y )=

Vector boson fusion
processes, cx1/M\?2
log2(s/My?)
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Precision physics of Higgs-Bosons

Discovery and first measurements at the LHC (perhaps at Tevatron?)

The Higgs boson is a new form of matter
a fundamental scalar
a hew force coupling to mass
Therefore, need to establish Higgs mechanism as the mechanism
responsible for
giving mass to elementary particles
breaking of the electroweak symmetry

Task of the Linear Collider:

Precision measurements to determine

mass(es)

quantum numbers (spin zero)

couplings (proportional to masses of bosons, quarks, leptons)
self-coupling (- reconstruction of Higgs potential)
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Higgs at a Linear Collider

No longer about discovery; about precision
— Plays the role that LEP did to the SPS for W/Z

Exploit

— Aggressive detector technology (charm tagging, calorimetry)

— Polarization
Higgs production at a LC:

For Vs = 500 GeV (fewx100fb! per year)
my, = 120 GeV, ¢ ~ 80fb
my, = 240 GeV, c ~ 40fb

(cf. total ete” —» qq cross section few pb)

HZ process allows H reconstruction
in a model independent way (from Z)

For an 800 GeV machine,
HZ is suppressed, Hvv dominant 3
- g
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Precision physics of Higgs bosons

Dominant production processes at LC:

o(ete™ — Higgs) [fb] HZ —
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Precision electroweak tests

high luminosity running at the Z-pole
Giga Z (10° Z/year) = 1000 x “LEP” in 3 months

@ with e- and e* polarisation
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« Shape of the Higgs potential can be tested if

Higgs self-coupling

the HHH coupling is determined

Extract from ZHH production (— 6 jets)

Cross section wy ~ 0.2 fb
— requires O(1 ab1)
guuy at the 20 - 30% level
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Precision physics of Higgs bosons

Conclusion

The precision measurements at the Linear Collider
are crucial to establish the Higgs mechanism
responsible for the origin of mass and for revealing
the character of the Higgs boson

If the electroweak symmetry is broken in a more
complicated way then foreseen in the Standard Model
the LC measurements strongly constrain the
alternative model
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