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Electroweak Standard Model

1960s: S.L.Glashow, A.Salam, S.Weinberg:
Integrated gauge theory of QED
and weak interactions

Matter consists of fermions:

Left-handed weak-isospin
doublets (T5 =%1/2)

Right-handed singlets Increasing mass  Charge q,

3 generations of fermions only? u c t +2/3
d S b —1/3
Exchange particles are spin-1 bosons:
ys Zs W+5 W- Y| _ COSQW SiIlQW B
Mixing of neutral fields Z —sin@  cosO || W°
w w

Mixing angle Oy



Exchange Particles

Weak interaction is of short range:
Massive exchange particles

Charged spin-1 bosons W*
With universal couplings
Vo (V — A V) to fermions (V=A=1) Ve
(1/Myy)2

Neutral spin-1 boson Z ( #vy!)
Necessary in gauge theory => Neutral weak current

Vi | Vi Vi

Couplings g:
W /A Y (9vs— gaf V)

f f f f  Parity violation?




Discovery of Neutral Weak Currents

1973: Gargamelle experiment at CERN, Geneva:
Reactions without charge exchange  v,e — Vv e

Likewise: v / N— v N
Mediated by Z exchange
2009 EPS HEP Prize to Gargamelle collaboration!



Discovery of W and Z Bosons

1983: UA1 experiment at CERN, Geneva
pp — (W™ or Z) + remainder
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Electroweak Standard Model

~1964: Higgs-mechanism to generate masses:
Need new spin-0 Higgs boson
Theory to work: mass My < 1000 GeV

Predictions of the electroweak theory:
Relation between W and Z mass:

Z-Fermion couplings:

__ f -2 _ f_
9y, = T3—2qf51n 0., a = I, = =

1
2

Definite experimental tests through measurements:
Masses of W and Z, couplings gys and gas (parity violation)

Search for the Higgs boson, Boson self-coupling 7



*te™ Interactions

Cross-section (pb)
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Stanford Linear Collider (SLC)
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section only to maximise
number of events
(statistical precision)
0.5 M events collected
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CERN Laboratory, Geneva, Switzerland




LEP

LEP: Large Electron Positron Accelerator

CERN, Geneva

ete” interactions:

1989-1995 LEP-1
ete™ L 7

1996-2000 LEP-2
ete™ ., WHwW~™

Search for new particles (especially the Higgs boson)

Jura
Mountain

France

LEP

Geneva Airport




LEP Experiment L3

| Outer Cooling Circuit

Inner Cooling Circuit

| - Muon Detector 5

12
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The Z Boson

RUN NR 373203

EVENT NR 4307

2/5/92
06 1543

12 m

1.7-106 events
at LEP

14



The Z Boson

Run:event 4093: 1000 Date 930527 Time 20716Ctrk(N= 39 Sump= 73.3) Ecal(N= 25 SumE= 32.6) Hcal (N=22 SumE= 22.6)
Ebeam 45.658 Evis 99.9 Emiss -8.6 Vix ( -0.07, 0.06, -0.80) Muon(N= 0) Sec Vix(N= 3) Fdet(N= 0 Sumk= 0.0)
Bz=4.350 Thrust=0.9873 Aplan=0.0017 Oblat=0.0248 Spher=0.0073

ee — Z — qq
— two hadronic jets

© By 5 15.5-10° events at LEP

200, cm. 510 20 50 GeV

Centre of screen is ( 0.0000, 0.0000, 0.0000)

15



The Z Boson
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Final states (ee /W / © / Qg - hadrons) are well separated



The Z Boson

Lowest order cross section for CM energies Vs close to Mz:

O

Gp,q [Nb]

Z

40

30

20 |

10

120 I, T, sI'?

2 2 \2 2 2 2
M, I' I' (s—M,)" +s"I,/M,

. @ measurements, error bars

[ ----- QED corrected

A T TR S

ALEPH
DELPHI
L3
OPAL

increased by factor 10

o from fit

‘M

36 S8 90 92 94
E_ [GeV]

Note large QED corrections

Ff:F(Z—>f7)

partial decay width

Resonance curve:
Z parameters

Position: M,

r, =21,

Width: 3 ,
Ff C Gy TGar

Height: o o T, T,

17



The Z Boson

QED corrections (photon radiation):
Initial-state &  final-state  radiation (and interference)

VZ vz Y

Need 3" order QED calculations!

18



The Z Boson

Precise final LEP results: M, = 91.1875+0.0021 GeV
—_ —————— I'. = 2.4952+0.0023 GeV
0 |3 N =2 z
- Vv
o 30- Total width: fermion counting
©
L
O 20. Number of light neutrino
generations:
10- N, 6 = 2.9840x0.0082

- There are three generations of

— T fermions...
86 91 5 [GeV?6 (... with light neutrinos)!




The Z Boson

D|ff+erent|al crfoss section: E DELPHI 95 — 95
° 8 + - + -
. 0 .. g e'e” > u'u (y)
vz s |
o- ¢ f } _ Peak
(ee/w / T final states) © o8y
2" order polynomial in cose: | R
do(s 3 :
dco<59) = o(s) §(1+c0529)+AFB(s)c059 N ;f;**'
0.4 "z, P+2 ,f:‘?-
Forward-backward asymmetry: B Y T
_ 0(cos0>0)—0c(cos0<0) o2 | T L
AFB<S) — . P-2 Bl o Sl
Ne—Ny
N.+N, =5 0o o5 1
cos(0,.)

Easy to measure precisely — systematic uncertainties cancel 2



The Z Boson

Forward-backward asymmetry: 3 0.4

_ 0(s;c080>0)—0(s;cos0<0) >
AFB<S> T O’(S) <
CM energy dependent
Special case at the Z-pole: 0 |
2 0 3
App(s=M3) = Ap; = ZAeAf '
/ 0.2+
A =2 v "9 s -~ sin’6,, |
1+<gi/gAf)

04 -

(plus QED radiative corrections)

1 I 1 1 1 I 1 1 1
P — AFB from fit

- ====== QED corrected

B * average measurements

0.2 -




The Z Boson

; - | | 1987: Status before LEP
) gy = O still possible

Parity violation?

1.0

Including other results

gy| =-0.03783 £ 0.00041 # 0 ! Parity violation also with Z!
gp| =-0.50123 £ 0.00026 #-1/2! A problem?

Final results for leptons:

22



Heavy Flavour Results at the Z

Heavy quarks (b,c): o 3590 ¢ T
Long lifetime of b/c hadrons — S
secondary decay vertex '§
£
d
L
0
0
pa

0 1 2 3 4 5 6
Mass (GeV/c 2)

Vertex mass:
Mass of particles from decay vertex

23



Heavy Flavour Results at the Z

. 0.15 N —
= |
% ALEPH —0—  0.1003 +0.0038 +0.0017
& LEP 1 powiwies
DELPHI ——— 0.1025 £ 0.0051 £ 0.0024
01 | leptons 1991-95 ["T
L3 A 0.1001 = 0.0060 = 0.0035
leptons 1990-95 T
OPAL —ki— 0.0977 £ 0.0038 = 0.0018
- leptons 19902000 7
0.05 .
' ALEPH S an 0.1010 £ 0.0025 £ 0.0012
inclusive 1991-95
DELPHI —- 0.0978 = 0.0030 = 0.0015
- inclusive 1992-2000
0 . L3 A 0.0948 £ 0.0101 £ 0.0056
L ‘ [ AFB jet-chg 1994_95 .................
| AC OPAL —%— 0.0994 = 0.0034 = 0.0018
i - inclusive 1991-2000 XL
A R R TR R TR T
\s [GeV] LEP £ 0.0992 £ 0.0016
. - . 008 009 0
Asymmetries are statistics dominated A

Central values very consistent

24



Heavy Flavour Results at the Z

ICombined LEP1/SLD results:

Ratio of cross sections:
Rb - rb/rhad 0.21629 + 0.00066

RC = FC/rhad 0.1721 £ 0.0031

Forward-backward asymmetries:
Asp(b) = %2 AgAp 0.0992 +0.0016

Aip(C) = ¥ AgAc 0.0707 £ 0.0035
Polarised asymmetries (SLD):

Ap 0.923 +0.020
Ac 0.670 +0.027

+ small correlations

0.08

3
c £
<

0.07 -

68% GCL

0.06
0. 095

0.1
0,b
Afb

SM comparison:
High Higgs-boson mass

0.10¢

25



Comparison of all Z-Pole Asymmetries

0.l

Effective electroweak At
mixing angle: A(P)
sin2@eff = (1-gyy/9p)/4
=0.23153 + 0.00016 At
x2/ndof = 11.8/5 [3.8%] v

A-posteriori observation:  average
0.23113+£0.00021 leptons 102
0.23222+0.00027 hadrons :

3.2 o difference

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

—— 0.23099 + 0.00053

—— 0.23159 £ 0.00041

—vV— 0.23221 £ 0.00029
* 0.23220 + 0.00081
X 0.2324 + 0.0012

I 0.23153 £ 0.00016
x?/d.0f.:11.8/5

g Aoc = 0.02758 + 0.00035
B my= 171 4121 GeV

3.2 o difference

0.232 t 0234
lep
sin Geff

26



Electroweak Processes at LEP-2

Benchmark signatures

10 ™5

of electroweak physics 10
Di-Boson processes:
77, Zy =
210
O
Top quark too heavy for ee - tT @
7))
g 10
O

W mass and triple gauge couplings

L3

® c'e se'e qq
* e'e —qq(y)
e'e U (Y)

3]

\V)

ete  SWW-
e'e =727
e'e sSWWy
® e vy
- e'e -HZ

m,, = 115 GeV
.............

80 100 120 140 160 180 200
Vs (GeV)

27



The W Boson

O

w
D
D

Jea

w

~

aqq

_|_

W — g

— W

e e

jets

four hadronic

18,000 events at LEP

28



The W Boson

.4) Heal (N=11 SutE= 9.6) @ /A
Ebeam 80.500 Evis 95.7 Emiss 65.3 Vix ( -0.06; . = 1) Fdet(N= 0 SumE= 0.0) |f&
Bz=4.027 Bunchlet 1/1 Thrust:O.723_8.Apré'n=0.0025 Oblat=0.5505 Spher=0.1174 e

=7 540 20 50 GeV

Centre of screen is 0.0000, 0.0000, 0.0000

ele - W W
— qqlv,

— two jets —+1

15,000 events at LEP

29



The W Boson

30



The W Boson

Winter 2005 - LEP Prelimin

ary

W Hadronic Branching Ratio

ALEPH
DELPHI
L3
OPAL

LEP

23/02/2005

& 67.13+ 0.40
i | 67.45+ 0.48
i B 67.50 + 0.52

- 67.91 + 0.61
Py 67.48 = 0.28

66 68 70

Br(W—hadrons) [%]

xZ/ndf = 15.4 / 11

Winter 2005 - LEP Preliminary

W Leptonic Branching Ratios

23/02/2005

ALEPH 10.78 + 0.29
DELPHI 10.55 + 0.34
L3 B 10.78 + 0.32
OPAL ] 10.40 + 0.35
LEP W—ev ° 10.65+ 0.17
ALEPH o 10.87 + 0.26
DELPHI _m 10.65 + 0.27
L3 —A— 10.03 + 0.31
OPAL i | 10.61 + 0.35
LEP W—pnuv ® 10.59 £ 0.15
ALEPH ° 11.25+ 0.38
DELPHI = 11.46 + 0.43
L3 —A— 11.89 + 0.45
OPAL | 11.18 + 0.48
LEP W—1tv Py 11.44 £ 0.22
x°/ndf =6.3/9

LEP W—lv o 10.84 + 0.09
xZ/ndf = 15.4 / 11

10 11 12

Br(W—lv) [%]

Branching fractions test universal W-ff coupling (V=A=1)
W-1 branching fraction ~2.8c above W-e/u average (a posteriori)

31



The W Boson

Sww (Pb)

17/02/2005

201

10+

'LEP

| PRELIMINARY

YFSWW/RacoonWW

I ’
.
.
s
.
»

_...no ZWW vertex (Gentle)
_...only v, exchange (Gentle)

& W

160

180

\s (GeV)

200

Triple-gauge boson coupling:
Self-coupling of gauge bosons

+ + ot +
” W+e W e W

Ve YWW ZWW

|exchange vertex vertex

Fundamental test of the SM
Unitarity at high energies

32



The W Boson

e cffective Lagrangian, the C and P conserving part (V=2,7):

V
9,
Ay
Ky
e electric charge
e magnetic dipole moment
e electric quadrupole moment
e SU(2)xU(T):
€ v o —
e SMyvalues: Kk, =1 i L I
g% — 1 W T e

A,,}_, — Q0 e v, € e




The W Boson

Triple-gauge boson coupling: OPAL
Analysis of 5 phase-space variables glell ————————3
W production angle S 1 WWoqb, =_+_
highest sensitivity gl000 p daa =+ '.
2| Mo
800 |
600 |

400 ¢




The W Boson

A-InL

A-InL

A-InL

Y
Z
dq

o0&
-0.1

OPAL LEP

LEP preliminary

=0.943 *J03°
= -0.020 *3-924

=0.998 *J023

Standard-Model
values:
3
0
1
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The W Boson

5007
I qqlv ee —» W'wW
| * Daa with W— T
400 L Signal _ .
[ 4fbackground Reconstruction of 4 fermions
S _ 2fbackground
(5 3001 Pairing to form two W bosons
9 |
C Invariant mass of decay products
S 2007
et
Peak position => W-boson mass
100—- Minv <ff') — Minv<W>
f Peak width => W-decay width
0 (plus detector resolution)

60 70 80 90 100
Mass [GeV]
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The W Boson

LEP-2: efe” — WFW™ — qqqq, qqlv, vlv  Invariant mass M (ff)

T
=
=

— | | I I I | I I I I —]
- WW — qqqq 0.7<Q<1.0 1
¢ OPAL data
"] WW right

200 - WW wrong [ |
[ ZZ
1 Zly

events / GeV
[\®)
wun
&

- - 0 1 1 1
60 80 100
Colour Bose- Cm )2 (GeV
Reconnection  Einstein (m 5, +m 5,)/2 (GeV)

Potentially large FSI systematics (CR,BE) in the gggqg channel:
My average dominated by qqglv channel (qqlv: 78%, qqqq: 22%)
FSI test: mass difference (calculated without FSI uncertainties):

M (qgqa) — Myy(galv) =-12 £ 45 MeV
Need final CR limit from dedicated studies to limit CR error on My,

37



Fermi National Laboratory, Chicago, USA




Event Signature

Tevatron (CDF, DO): 1.8 —2 TeV CM energy
Single-boson production q y
pp — W + recoil/spectator quarks,
do - W - ev, pv "

Inclusive W-|v:
Single high-energy lepton (e, )
Missing (transverse) energy (V)
Hadronic recoil, possibly jet(s)

Similar: Z production (calibration)

Use the transverse plane (only)
e.g., transverse mass:

m, = 2E.E,cos¢(e,v)

+

7| is-. Neutrino

Linderlying cvent

39



W Boson at the Tevatron

- Data

(a) DO, 1 fb™

m Background
= 48/49

—FEAST MC
v?/dof

W ev

70 80 90 100

0

o
=,
=,
S
1
A

9D G'0/SIUSA3

Transverse mass M(ev) 50

m; (GeV)

cosgp(e,v)

v
T

E

e
T

m;=2E
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W Boson at the Tevatron

CDF, DO:pp - WX, W = ev, pv

~Data

32/31

—FAST MC
mBackground

v?dof

25 30 35 40 45 50 55 60

~Data

39/31

—FAST MC
mBackground

v2/dof

>

=

95 30 35 40 45 50

E; (GeV)

Transverse missing energy (v)

Transverse lepton energy

41



W Boson at the Tevatron

CDF,DO: pp - WX, W = ev, pv
Transverse mass

m, = 2E,E cos¢(e,v) 104 - Mw
% { vy = 1.6 GeV
O aly = 2.1GeV
g 10° | Ty = 2.6 GeV
Uncertainties dominated by: o DO data

- [
Statistics L% 102 _ Shaded - background
Lepton energy scale - :
calibrated with Z events -
will improve with more data
Then: Signal model
PDFs, gluon radiation 1

QED corrections in W = v

10

40 60 80 100 120 140 160 180 20C
Run-Il expectation: 8Myy < 25 MeV mr (GeV)




The W Boson

Good agreement between all six experiments:

: ’ eI "Prelimina
ALEPH[fnall  H=  S0M0N0051  —b— 2141011 i reminary
s 5 myy = 114...1000 GeV
3final] 4+ | 80.270:0.055 e 22015 i
OPALfina] A B0416:0.053 —-— 20014 > 227 |
LEP Preliminary + 8037640033 L ogp00 2
yIdof = 49/41 . x/dof 37133
"""""""""""""""""" = SM
; ~21m, A -
D - 80419:0009 ~ —%— 2.10:0.11 | t
Teton Runzle  S0AZAGH i 2050:0088
' yIdof= 2.7/5 : ydof=1.4/4 ]
................................... ) 68% CL
Overallaverage # 8030040028 =+ 2.098:0.048 80.2 803 804 805
80.0 810 20 25 M, [GeV]
W (GeV) Fy[Gel] SM comparison:

Small Higgs-boson mass

43



Comparison: Theory & Experiment

. . @
Z-fermion couplings:
.2 1 9w | _
sin" 0,, = —|1———| = 0.23153£0.00016
4 dai

Masses of W and Z bosons:
2

. 2 MW
sin’0,, = 1-—- = 0.22262+0.00045
MZ

Comparison of the sinzew results:

Qualitative: same order (about 4)
Quantitative: ~20 std. dev. discrepancy!

44



Comparison: Theory & Experiment

I Highly precise measurements:

V<L

Sensitive to radiative corrections A:
~1% eftect, e.g., loops with virtual particles

Ve

! A oc M° H H A oc lnﬁ
A NA o ’\/VVVVVV\/VV\/\/ MW
W b W ZIW  Z/W W ZIWN

Couplings gys and gas become effective couplings:
High sensitivity (quadratic) to Mtop
Lower sensitivity (logarithmic) to My

45



Effective Couplings

20032 e
m=170.9+ 1.8 GeV

.. m,=114..1000 GeV -

-0.035 - mH )
o |
-0.038 = A
Ao

_0041 | T r I : : I . .68% (?L
-0.503 -0.502 -0.501 05

Jal

For charged leptons:
e

U
T

Lepton universality

Assume SM — allows
to make predictions
for top-quark and
Higgs-boson mass

46



Top Physics

Tevatron (1.8 — 2 TeV): only source of top quarks in the world!

Mainly top-pair production  pPotEX, timbbW W
1)

W —qgq,l v
W+
proton y _ - -

q g Top Pair Branching Fractions

b

~ “44.-0/0 ]
g : b alljets™ 44%

antiproton

ttHets 15%

Q]

Total cross section: ~7.5 pb

Event signature given by

. utiets 15%
W-pair decay modes W

] c+jets 15% _
"dlle(ptons" "Ieptoon+jets"
o o

47



Top-Quark Mass

“Separate final states:

171.4 £+ 2.7 GeV di-leptons
172.7 £ 1.3 GeV lepton+jets
175.1 £ 2.6 GeV all-jets

Reduction of JES systematics:
In-situ calibration
using W-mass constraint

Systematic theory errors:
Mass definition (in MC)
Signal model
Colour reconnection effects

Mass of the Top Quark (*Preliminary)

CDF-I di| 167.4+10.3+ 4.9
DO- dii-| ’ 168.4+12.3+ 3.6
'CDF-Il di- B | 171.2+2.7+2.9
'DO-11 di- T 1747429424
CDF-I I+] T 1764451453
DO-1 I+ T 180.1+3.9+ 3.6
CDF-Il 14 1 1721+ 0.9+ 1.3
DO- 4] N 173.7+ 0.8+ 1.6
CDF-l all-j 186.0410.0+ 5.7
‘CDF-Il all- T 1748417419
‘CDF-Il trk °

175.3+ 6.2+ 3.0

*Tevatron March’09 173.1+ 06+ 1.1

(stal.)* (syst.
x°/dof = 6.3/10.0 (79%)

150 160 170 180 190 200
My, (GeV/c?)

Run-l+1l preliminary: Mtop =173.1 £ 1.3 (total) GeV (0.75%!)
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The Top Quark

Since 1990:
Prediction of the
top quark mass

1995: Discovery
at the Tevatron
CDF, DG

200

{EEI+ 5:...%

¢ Tevatron
| SM constraint
68% CL

1/ Direct search lower limit (95% CL)

50 -

990

1995 2000 2005 2010

Year

49



Heavy Particle Masses W and Top

Direct measurements:
LEP2 and Tevatron

/-Pole measurements:
Constrain electroweak
radiative corrections

Allow to predict Myy |
and My, within SM \

Good agreement:
Successful SM test
at loop-level!

Both data sets prefer a
light Higgs boson

August 2009
I I

-
---------

1 —LEP2 and Tevatron (prel.)
80.51 -~ LEP1 and SLD

68% CL

.

-
-

-®

‘C
'0
*

200
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Standard Model Analysis

Fit results:

Aopag = 0.02768 + 0.00033
ag(Mz) = 0.1185 *0.0026

M = 91.1874 £ 0.0021 GeV
Miop =173.2 +1.3 GeV
log1 My = 1.94 + 0.15

MHiggS = 87+35_26 GeV

AOpaq Marginally improved
ag(Mz) one of the best

Mz
Miop

~ unchanged
error improved by few %

Miop measurement cruciall

Correlations:

0.02
-0.01 -0.02
-0.02 0.03 -0.02

-0.56 0.0/ 0.11 0.32

Strong correlations with:
fitted Aapgq - reduced to

-0.23 with pQCD Adapgqg
fitted Mtop -

15 % shift Iin MHiggs for

2 GeV shift in meas. Mtop
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Standard Model Analysis

My = 87+3° 56 GeV 6 T2 o B
. ' NO
Incl. theory uncertainty: 51\t _ e . _
My < 157 GeV (95%CL) L - 0.02749£0.00012

% %Yeee incl. low Q® data

Direct search limit (LEP-2): ., 4_
My > 114 GeV (95%CL) <

Probability My>114 GeV: 24%

| Excluded ., Preliminary |
30 100 300
m, [GeV]
Theory uncertainty:
Dominated by two-loop

Renormalise probability 0
for My>114 GeV to 100%:

My < 186 GeV (95%CL)

calculations for Sinzeeff
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Higgs-Boson Constraints

Each observable yields a
constraint on Myjiggs:

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

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

Result from global fit:
MHiggS = 87+35_26 GeV

Lower limit from Higgs search:
MHiggs > 114 GeV

A(SLD)
sin®0P(Q,,)

Q,\(Cs)
sin“Oys(ee))
sinzew(vN)

" August 2009
-
—e—i
o
“preliminary
10 10° 10°

M, [GeV]



Higgs-Boson Sensitivity

A(SLD)
sinzeff?t(be
mW*

FW*

M.*

*preliminary

o)

025 0.5 075 1
100"%/9logM,,| 0.2/c™°?°

1.25

Relative Higgs Sensitivity:

Sensitivity of each observable
(derivative) — divided by its
measurement uncertainty
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Global Standard Model Analysis

Measurement Fit  |O™*-0
m,[GeV] 91.1875+0.0021 91.1874
[,[GeV]  2.4952+0.0023  2.4959
Oy [Nb] 4154010037  41.478
R, 20.767£0.025  20.742
A 0.01714 +0.00095 0.01645
A(P) 0.1465+0.0032  0.1481
R, 0.21629 + 0.00066 0.21579
R, 0.1721£0.0030  0.1723
A 0.0992+0.0016  0.1038
AL 0.0707 £0.0035  0.0742
A, 0.923+0.020 0935
A, 0.670£0.027  0.668
A(SLD)  0.1513£0.0021  0.1481
sin'(Q,) 0.2324+0.0012  0.2314
m, [GeV] 80.399+0.023  80.379
Iy, [GeV]  2098+0.048  2.092
m [GeV]  173.1+1.3 173.2

August 2009

Fit to all 17 observables
+ AO(hadZ

x2/ndof = 17.3/13 (17%)

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

Decided in favour of
"leptons” by Myy

Afb(b) has largest pull: 2.90

Predict observables measured
In reactions with: Q2<<va
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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(Z,N) =-2[ (2Z+N)Cq + (Z+2N)C14]1]
with C1q=20pe9vq at Q2 - 0 (g=u,d)

Qyy(Cs) = -72.74 + 0.46 SM fit: -72.91 + 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 = (OR-0L)/(og+o) U Qy(e) = -4gpe0ye at Q2~0.03 GeV?

5iN2@4¢(Q=M) = 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)

Paschos-Wolfenstein relation (iso-scalar target):

_ O-NC(V)_O'NCW) _ 2
k= 0. (v)=0..(V) - 4gLVZqV

2 2 1 « 2 n(on—shell)
91,"9rq E—sm 0,

= PyPyy

+ electroweak radiative corrections

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

Historically result quoted in terms of: sin2@yy = 1-(Myy/Mz)?
Factor two more precise than previous VN world average
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NuTeV's Result

o v y—(175GeV)’ M., ~
sin’0,, = 1-—% = 0.2277+0.0016 —0.00022 —— +0.00032In— ez [5—p |
M. (50GeV) 150GeV

SM fit: 0.2230 + 0.0003 Difference of 2.9 ¢!

68%.,90%,95%,99% C.L. Contours, Grid of SM 10 mtop, My 68%,90%,95%,99% C.L. Contours
Large mggq, 8
0.034 | —> Large m,, i pf - pO pf
| ' SM [pg=1]
0.032 [ \
f;.-’/ o 1 F SM
~ & Q i
(@)
0.03 | [
0.99
0.028 -
. . . ; ! . . . . I . . [ . ! . ! . ! . !
0.295 0.3 0.305 0.215 0.22 0.225 0.23 0.235
2 (eff) Si n2 (on-shell)
g. w

Quote result in terms of effective couplings, not sinzew nor Myy!
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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 - CHARM II et al.
1.00 +/- 0.02 LEP I Direct vVvYy
0.995 +/- 0.003 #e= | LEP I Lineshape [ jny
0.988 +/- 0.004 — | NuTeV
Lo s by v s o s P sy by v v s by s ol
0.96 0.98 1.00 1.02 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
Collective nuclear effects -



Crucial Observables

Fit to all measurements but excluding either:
Adphag(Mz)

0.032 uuuuuuuu

— High Q% except Ao®),  68% GL
0.03 1 .
©
o8
3
3
0.028 =
0.006 1 2xcluded .
10 10 10

Future constraints with increased precision:
Tevatron/LHC

my, [GeV]

ILC/GigaZ

m, [GeV]

Miop

200 August 2009
— High Q® except m,
68% CL
180 - n

Exdydgdl_'l

160

-
10 10

m, [GeV]

Mw

805 uuuuuuuu

— High Q except my,/T,
| e8%cCL

-EXdyded....

80.3 T
2
10 10

m, [GeV]

10
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Future Prospects

2009

MHiggs constrained to 37%  °T:

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

=> MHiggs to 28%

ILC/GigaZ:
My to 7 MeV

Mtop to 0.1 GeV

. —2007
L TeV/LHC

----- ILC/GigaZ

4 _ —
N _
2
< n
2 _"\“ _
0 ' e Preliminary |
50 100 200
m, [GeV]

Direct Myjggs measurement at discovery: [11% accuracy



Previous Searches for the Higgs Boson

I Higgs production at LEP:
ete™ o HZ

Kinematic mass reach: My - Vs — Mz

e- Z

Need highest possible collision energies!

Direct search for the Higgs boson (Vs — 209 GeV):
H—-bb dominant Higgs decay mode in this mass range
z—fF
Lower limit for its mass: My > 114.4 GeV (95% CL)

In 2000, at the end of LEP-2 data taking:
Few events found, compatible with My of 115 GeV

e e > HZ—bbqq (ALEPH) e e > HZ—bbvv (L3)
However: statistically not significant (background compatible!)



Higgs Boson Candidate Event

DaLI Fl ECM=206.7 Dch=83.0 Ef1=194. BEwi=124. Fha=35.9 r01979_2 Fun=54698  Evt=4881
ALEPH Nch=2 8 EV1=0 B2 =0 EW3=0 ThT=0 61-4 — 2:32 Detb= E3IFFFF

—3 _Gev EC
——1.5Gew HC
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Higgs Boson Candidate Event

most significant Hvv candidate

Secondary vtx’s view

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




Current Searches for the Higgs Boson

' Higgs decay modes

.9 1 | 1 T T \
< [ bb ]
(o= | ]
(@)
£ ww
i
()
c
o
(a'a]
0.1F ZZ
F T g9
cc
102}
Yy ZY
10—3 . . 1 . 1 . 1 .
100 120 140 160 180 200

Higgs Mass (GeV/c®)

Low Higgs-boson mass:

I_

H+W/Z assoc. production
igh Higgs-boson mass:

H - WW - Ivlv decay mode

10

gg-H

T I T T

0(pp—H+X) [pb]
Ys=2TeV

E_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|IIII|||I M[: 175 GeV

CTEQ4M

T I T T

120

140
M, [GeV]

160 180

Production cross section @ Tevatron
I
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Current Searches for the Higgs Boson

"Run-l of Tevatron (2001-200117?):

Proton-antiproton collisions at 2 TeV CM energy

Relative cross section limit GLimit/GSM on SM Higgs production:

Tevatron Run li Preliminary, 1=0.9-4.2 fb”

' Tevatron
i Exclu9|on

+26 Expe

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

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

95% CL Limit/SM
o

/ March 5, 2003

100 110 120 130 140 150 160 170 180 190 200
m,(GeV/c )

Combined CDF+D@ results
using up to 4.2/tb/analysis

SM Higgs boson with mass
between 160 and 170 GeV
excluded (at least 95% CL)

Currently: 6/fb/exp on tape
Expect 12/tb at end of 20114,



Rare EW Processes at the Tevatron

Benchmark signatures
of electroweak physics

W and Z bosons
Di-Boson
Top-Quark pairs
Single-Top
Higgs boson

definite processes, with
decreasing cross section,
and final states similar to
Higgs production

Challenge to experiments

Cross Section (picobarn)

Tevatron Run I pp at\s =1 36TeV

— —

L= L —]
=% o
I I

—
<=
T

—
L —
IIIII| T TTTITT I T TTTI I TTITT

—.
IIIIII| T

—
—
—_—
||| ||

—— COF Run
Y

—&— Tevatron Run || Combined

H

Wz H/}«z}/Wwfl‘ Wz

@

OGW
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Single-top Production

s-channel: ©, = 1.04 £ 0.04 pb W - tb decay vertex
|Vip| determination

NNNLO ,m =1725 GeV
approx top

b Jet

. 0_=226%0.12 pb
NNNLO ,m_=172.5GeV
approx top

q q @jets
[ ? lepton

Neutrino

V @ missing E;

b
* b-jets

Signal << Backgound:
Multivariate techniques
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Single-top Production

Event Yield

Yield [Events/30GeV]

D@ Single Top 2.3 fb"
Data ¢ W+jets Il

3 tb+tqgb I tf Il

600 o background XY Multijets I

400

200

(0) 0.2

W
@)

N
@)

=
o

o

SF'gnaI Region

0.4
Discriminant Output

0.6 0.8

High Signal Region — my,

DO 2.3 fb™

Ranked
Combination
Output > 0.92

100
Top Quark Mass [GeV]

200 300

> 5 std. dev. significance

Single Top Quark Cross Section August 2009
|
CDF Lepton+jets 3.2M0° | 217 fg% pb
I
i
CDF MET+ets 21fh" | 3.0 fg pb
|
naad | +0.88
DO Leplontels 231 | 3.94 papb
I
g | +0.58
Tevatron Combination 2.76 _y 47 pb
Praiminary |
I B, Hars et al., PRD 66, u:.-iu;e-i:;::y:n:w e
N. Kidonakis, PRD 74, 114012 (2006) Mgy =170 Gel
|
| | [T
0 2 4 6 8

6 (pp = th+X, tgb+X) [pb]

Result: |Vyp| = 0.88 + 0.07
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WW/WZ/ZZ Production

WW/WZ/ZZ decay
modes with jets or
neutrinos

Same final states as
In most Higgs search
channels

Last steps before finding
the Higgs boson

H_-WW or ZZ: best
channel to search for
heavy Higgs bosons

—_—
—
Y

—
L

—_—
—
Za

Cross section < Branching Ratio [pb]
=

Prediction for Tevatron Run Il at /s = 1.96 TeV

i

- R

- i

3 Ozl

= WWHZ) - bjj —_—
T

o T WS
: Wl

E WHohbb )
i == Howbb | W
B M||-'|Zﬂ GeV : —
5 I RTINS

i : 5 M,=120 GeV

Wi i b
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Z/Z Production

ZZ - I

Striking event signature
Selection:

2 high-mass pairs of leptons

DO 2008:1.7/tb — 3 events
CDF 2009: 4.8/fb — 5 events

Process observed:

Significance of 5.7 std. dev.

INn each case

Events/50 GeV

o
tn

DS Run ll, 1.7 fb'

=)

® Je data
v 4u data

[ ]signal
B background

N e S

_ Events/s0 GeVic’
b R o %

p—

o o ©
A O

o
§)

o

o

1 1 I 1 1 —
100 200 400
Four lepton invariant mass (GeV)
-1
CDF Run II Preliminary L dt=4.8
:_ D MC Signal
:_ . Background
:— K- Data
— KK XK
%I v by P |

50 100 150 200 250 300 350 400 450 500
4-leptons mass [GeV/c?]




Future: Large Hadron Collider




Future: Large Hadron Collider

2009+: ATLAS and CMS at the Large Hadron Collider (LHC):

Jura LHC CMS

Mountain

France

“ps Geneva Airport

Proton-proton collisions up to 14,000 GeV CM energy:
Successful search for the Higgs boson and/or other new physics
in the full mass range
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Expected cross sections

o (nb)

10"

E

Teva 2; on LHC

0, (E;™ > s/20)

> 100 GeV)

6 (E" > Vs/4)
(M, = 150 GeV)

ooelM,, = 500 GeV)

Fermilab Tevatron: 2 TeV

LHC: 7 TeV (November 2009) to
14 TeV (2011+) CM energy

LHC at 1E33 luminosity:
150 Hz W
50 Hz Z
1 Hz tT

In 10/pb of luminosity (2009 startup):
150k W-ev
15k Z—-ee
10k tT

Event samples are LARGE!
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The CMS Detector

Compact
Muon
Solenoid

Detector to
measure

particle collisions

> 36 countries

> 180 Institutes

> 3000 physicists
and engineers

Total weight 12500 tonnes
Diameter 15m

Length 21.6m
Magnetic field 4 Tesla

As much iron as the Eiffel Tower

Cost: 380 MEuro
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The CMS Detector

| | | |
Key:
Muon
Electron
Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon
Tracker

! Electromagnetic
}j! ] ' Calorimeter

Hadraon Suparconducting
Calorimeter Solenoid

Iran return yoke intersparsead
with Muon chambers

Transverse slice
through CM5

- s T 1 I ] i
T By, CERM, Felwiepayp 20048

Charged  Electrons Hadrons 3.8 Tesla Iron yoke (return flux)
Particles  Photons Solenoid Muons
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Simulated Collision Event in CMS
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ATLAS and CMS Detectors

B field: 2.6 T (Solenoid), 4 T (Toroid) 3.8 T (Solenoid)

e
‘.‘ { ——
A\ ‘ L e A T ' /
i I TR Ll i |
:\ | = : 5 R
i w Ay . 1 |
B \ ¥ 1 ‘* -

o _‘- '; /
\ e
e 27 ' l
h‘n"l" - |

Inner tracker: In| coverage 2.5

o(pr)/pr at pr1=100 GeV 3.8%
EM calorimeter: |n| coverage 3.2 3.0

O'(E)/E 9%/VE + 0.5% 3%/VE + 0.25%
HAD calorimeter: |n| coverage 4.9 5.2

o(E)/E (EM+HAD combined) 70%/VE + 3.3% 70%/VE + 8%
Muon system:  |n| coverage 2.7 2.4

o(pr)/pr at pr=1 TeV 7% 5%
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CMS Cavern (2004)

.——————'_W”

Lengt

|
e —— __.__,__——'——_ P —— -
R - — £l = ——
— et = g3

h: 53m. width:

m, height: 24m
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The CMS Detector

.;‘ \'-_.;1.' I,"
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Lowering pre-assembled CMS parts of up to 2000 tons weight ...
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The CMS Detector




The CMS Detector

| -‘/ g s P oh \ = g

-z Endcap before closure




Simulated Collision Event in CMS

Productlon and decay of a H|ggs boson in the CI\/IS detector

Analysis of collision event by computer (the “GRID”):
Reconstruct each event
Search for the interesting events (1 in 1 billion)
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Future Searches for the Higgs Boson

' Luminosity needed for discovery: 1/tb — 10/fb

-1

.|........I......1.

CMS

..|..........

-
@)

IIIII|I|\III

—o— H—vyvy cuts

=— H-—vyvy opt

Luminosity for 5o discovery, fb

1 —— H—>ZZ—>4l —
A = H—-WW =212V _
ro L

100 200 300 400 500 6@0

M,,.GeV/c

Measurement of the Higgs-boson mass:
0.1% — 1% accuracy expected for 30/tb
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Precision Higgs-Boson Physics

Electron-positron linear collider: ~500 - 1000 GeV (ILC)
Higgs-boson mass and decay width, quantum numbers, . . ..

COUp“ﬂgS to §1'2 ] | ' |
fermionsand % [ ]
bosons ;; m, = 120 GeV LHC 1o

1.1 Z
1.05 - .

1 | p—

i AN LG 6E% CL
0.95 |- ‘ ’ LC 16 |

09 | AF MSSM prediction: _

300 GeV <m, < 1000 GeV
0.85 200 GeV <m, < 300 GeV _

100 GeV < m, < 200 GeV

0-8 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1
0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2

gtop/gtop(SM)
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Summary

" Electro-Weak Standard Model:
From radioactivity to the electroweak interaction

Mathematically consistent description:
Gauge theory with massive gauge bosons Z and W

Precise experimental tests of the electroweak theory:

Accuracy per-mille and better

Determination of masses and couplings
Analysis of radiative corrections including loops
Theory passes tests successfully

Many “rare” processes observed

Higgs boson as fundamental ingredient:
Not yet found in direct search!
Hints in direct search at LEP-2 - but not significant!
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Outlook

I Search & discovery of the Higgs at the Tevatron(?) & LHC
Which type of Higgs boson? How many?

Detailed measurements at LHC & ILC
Stringent tests of theory: heavy particles and Higgs boson

Open questions of the Standard Model
Why are there three fermion families?
Calculation of all particle masses?
Unification with strong interaction (QCD)?
Unification with gravity?

Extended theories:
Supersymmetry, superstrings, extra dimensions?, . . . .
Final judgment by experiment
Search for and find(!) such new phenomena at LHC and ILC

o1



