2.3 Number of light neutrino generations

In the Standard Model: (L _
e e >Z-v,

FZ:Fhad +3.F€+NV.FV — < e+e_—)Z%Vlu17’u

— . Z .
L e'e

invisible : T, | e
[, =0.4990 = 0.0015 GeV Ve T
5 ; 3 v's‘\\ ¢ ALEPH :
To determine the number of light 0L VS O0N el 3
neutrino generations: R N, 2 = OPAL =
P .
N = Liny :[Finv] [&} 0155 .
|4 F ]
FV,SM ]‘_‘f exp FV SM 10; i
- T 5[ ]
5.9431+0.0163 ~ 1/1.991x0.001 =T
95 96

(small theo. uncertainflgs g5 s 90 o1
from my,, My, S Ns=Em (GeV)

N, = 2.9840 + 0.0082

No room for new physics: Z—new
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Heavy Quark production

rate

Identification of b-Quark events:

b-quarks hadronize to b-hadrons (B’s, A,)
with typical lifetime of ~ 1 ps — decay length

Use displaced “2"9” B decay vertex as
signature.

F T T T | T T T | T T T T T T | T T T T T T T T T T T T
L OPAL
=+ 1994 data A
10 "L & Monte Carlo b 1 I
£ [] Monte Carlo ¢ SR
4f [ Monte Carlo uds gz [0
10 3 S
10
10 A i
?Hm,-, R et s .: [ e A e T U
-80 -6 -40 -20 0 20 40 60 80

decay length significance Lig;

Significance = L/ error

o

Mg
ATLFPH mult — 0,2158 + 0.0009 = 00009
1992-05
DELFPHI mult e o 0.21643 £ 0.00067 £ 000056
190205
L3 mult - 0.2166 + 0.0013 = 0.0025
190405 3 B
OPAL mult Tk 0.2176 + 0.0011 + 0.0012
100205
SLD vixmass ~ — 8 0,21576 £ 0.00094 £ 0,00076
190308
LEP+5LD —dp— 0,21629 + D.00066
' I[I_El-ll ' 'n.;:m' ' IEI.IIE':
Fy
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2.4 Lepton couplings to the Z boson

In the following ignore the difference between chirality and helicity:

good approximation as leptons are produced with energies >> mass.

Z boson couples differently to LH and RH leptons:

>

1 1
. :E(gv +0,) Or :E(gv —da)

‘ Coupling to LH leptons stronger

Z produced in e+e- collisions is polarized.

| | | et —Ig
Experimental configuration: / cosd),

e —m> «@m—ec’ = g
—-> <—-— = 0Og -

7“%@S+gﬂ
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Instead of measuring the spin averaged transition amplitudes try to
decompose the different “helicity” components to the cross section:

Chirality amplitude

¢l J |

L L | Mo grgid(0) > gr.g5, (1 + cos 0)
R| L | MpLocglgad (0+7) o glgs (1 —cosb)
Ll R | Mugoxghgid (0+7) xghgs (1 —cosd)
R| R | Mgr x ghohdi(0) x grgf (1 + cosb)




Observables:

O =0 T Ogrr

o =60t OR

G.= 0O T ORrL

O — Og

Og = Ogr. T OR A =

Or + Ojg
Forward-backward asym. (final)

_ 0L —0R
OR = OrL T ORrr ALR_O_ .
L R
Left right asym. (initial)
O, —0O_
0, = Orr T OLR G = N
O, TO_ 32

fermion polarization (final)



2.5 Forward-backward asymmetry and fermion couplings to Z

10

-1
th

d o /dcos 0 [nb]

2.5

e'e >Z > uu

ee —up(y

¢ peak-2
Q peak
[ peak+2

Diff.
_energy

5
= '["]"@
Al )
L) 0.

L 5-~0

- ]5}'--.‘._'@'9 = ot
Cola oee?

98 OF
| P | 1 1 1

0.5 0 0.5 1

cos O

do 8
~(1+cos’ 0) +— A, cosd
dcoséd 3
_ O — O
with Ag=—F—2=
Or +0p
1(0) d
O
Ok @) = .f ———dcosd
oy dcCOSO
—~ B S e wpere s e e Cae
\+‘\ PEP PETRA TRISTAN LEP
?‘ 0.5 S OCELLO ®VENUS elL3
| * MAC JADE A TOPAZ
(¢)] * MARKII AM v AMY
+® ¢ PLUTO
~ TASSO
. 27 Qf -
0.5 .
20 40 60 80 0P

Vs [GeV]



Angular distribution: (see above)

Q.Q >
F_(cos @) = SR 20504 (1+ cos ) + 405a“ cos @
2(0080) = g [2050:( )+ 4g5gL cos 0|

1

e? e? 2 2 €€~ LU~
16sin* Q.. cos* a [(gv +0, )@y +9a )@+ cos’ 0) + 899,094 cos O
W W

F,(cos®) =

Forward-backward asymmetry AFB

« Away from the resonance large — interference term dominates

Acs ~ 0204 - “M2ZY + M2T2 — large

« Atthe Z pole: Interference = 0 (see energy dependence of interference term)
e €
3. %N9a 99
e\2 e\2 2 2
(9v)" +(9.)° (9v) +(94)

Ag =

34
— very small because g,/ small in SM



Asymmetrie at the Z pole

A ~ gig\?ggg\f/

Cross section at the Z pole

o, ~|(9e) +(02)?](ge)? +(a2y]

l

Lepton asymmetries together with
lepton pair cross sections allow the
determination of the lepton couplings

gaand gy, l

Good agreement between the 3 lepton
species confirms “lepton universality”

-0.032 —
[ Imz=178.0 A 4.3 GeV
.My 114..1000 GeV |

-0.035 -

>

o))

-0.038

o041+ 68Y CL

-0.503 -0.502 -0.501 -0.5

9al

Lowest order SM prediction:
Oy =T5— 2qsin2 Ay 9a=T;

Deviation from lowest order SM
prediction is an effect of higher-order
electroweak corrections. 35




2.6 Polarization of final state leptons: tau pol.

do, o
_dcos® dcosfd O r~LHRH o
F(cos0) = do. . o fermion pol. |
dcosd dcosd
—_ 0.1 S
2 A N A
A (1+cos’0)+2A,_ cos o 8 =
B (cos6) = T © I
(1+cos®0)+8/3 A cosd 02
2uig A, = A =-0.15
. ./'ZL =—— v Ai ()3 fmmmmmmmmmmmmmmeeeeeemmeee—— e eee——————
with (9y)° +(9,)°

Y4
P~ 229 _ o0_4sin’g,)

14

9a

(coso is the fermion scattering angle)

Lepton polarization measures directly sinZ6,,.
The only lepton for which polarization can be
measured at LEP is the tau! 36



- I':: 2
Experimental Method to measure X% ,,
tau polarization: =

1.7
T - 7z'_vT Spin %2 —»Spin %2 + Spin O [‘“:“* 1

}u‘t - +12

——— e ——— ) — —T=m

e
- . .
= th thh thh =t th thh Nt T

Vi

ld—r*zl(uﬂcosé’*) P

[dcosf” 2 1000 |-

l Boost into lab frame

1 dr

——=1+P(2x_-1) x_=E_/E

I_ dXﬂ_ T( T ) T 7[/ T
Fit of the two theoretical distribution to data n:
yields the polarization: ~ 0.15

Pos. helicity — a)
Neg. helicity

s00 |
600 -
400 H

200

0.6

X
T

' T T T —
OPAL ]

y idof= 20,30 42 b D:au
— Fit ]
{ 1Bkg -
M Noo-t Blg

- Pox. Helicityt |

—— Meg. Helicity ©

e | L l
0.2 0.4 0.6 B7
T—TV P’ [hl:n



Measured Tau Polarization

Measured PT VS CDSGT_

o1 L ALEPH + ]

DELPHI + ]

: + 1 A =0.1439+0.0043

B A, =0.1498 £ 0.0049
-0.1 -

: A, = 0.1465 + 0.0033
-0.2 -

sin®@" = 0.23159 + 0.00041

-0.3 I no universality

A universality

[ hep-ex/0509008
04 17708 06 04 03 0 02 04 06 08 1

cosO_
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http://www.arxiv.org/abs/hep-ex/0509008
http://www.arxiv.org/abs/hep-ex/0509008
http://www.arxiv.org/abs/hep-ex/0509008

2.7 Left-Right Asymmetry at SLC

Measure cross section o, (o) for LH (RH) initial state electrons:

Polarization of
electron beam:

P~70 — 80%
1 — o,
Ax P, o, + oy,
A 20505 2(1-4sin’4,)
A ( Ve)2 +(ge)2 1+(1-4sin%4,)?

Powerful determination of sin?6,,.
Requires longitudinal polarization of colliding beams
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SLAC Linear Collider

Elecirofflisim}

<l N STITPAT]
ST

] ElECITOnS I HiEes
ies

Polarized Electron Source

Tk Sapphra Lasars {3ns)
~ - T50-870 nm
Pl Fueisgg i

ki - g Bunch Intensity

Left or Right
1y Cantrol / Circularty Polarized Light

-

el I]t-.tt-i'::tnr i H"E-— e / /

Thermionic Gun
{unpolanzed)
Wirror Box

(presamnves circular
pelarization

Linear
olarized Light

Laser Pulse
Chopper2ns  Combiner

Typical beam polarization of 70%.

Shroud

Load Lock
Polaized Cumeher (10 pe} /
G
u 5-Band
Buncher (20 ps)
THaihl Accelerator Sect::ﬂ'o



Precise determination of beam polarization using a Compton Polarimeter

532 nm
Frequency Doubled
YAG Laser
Mirror ,f;
Box el
e LY
el Circular Polariser

Focusing
- and
#  Steering Lens

Mirror Box
< (preserves circular
polarisation)

~

Laser Beam -

Analyser and Dump
7 Compton

Back Scattered e—

“Compton IP"—
Analysing A
Bend Magnet

Cherenkowv
Detector

Polarised Gamma 7 \‘f Cuartz Fiber

Counter Calorimeter

Figure 3.1: A coneeptual diagram of the SLD Compton Polarimeter. The laser beam, consisting
of 532 nm wavelength 8 ns pulses produced at 17 He and a peak power of tvpically 25 MW, were
circularly polarised and transported into collision with the electron heam at a crossing angle of
10 mrad approximately 30 meters from the 1T Following the laser/electron-beam collision, the
electrons and Compton-scattered photons, which are strongly hoosted along the electron beam
direction, continue downstream until analysing bend magnets deflect the Compton-scattered
electrons into a transversely-segmented Cherenkov detector. The photons continue undeflected
and are detected by a gamma counter (PGC) and a calorimeter (QFC) which are used to
eross-check the polarimeter ealibration,
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Leptonic final states:

EUDD

1500

1000 ¢

events

500

0 prlnbinlon
600 |

400

events

200

400

events

Eﬂﬂ

. SLD e'e'—e’e 97-98

: - left polarised & beam
L +right polarised e beam

4
T

+

i Fhgs w4
. AR sdat et

- SLD Z STT 9?-93

N\T v ,Ilc.,-:....:ff-_

SLD

Asymmetry
clearly seen for
LH and RH
Cross section.

SLD

All data:

A . =0.1513+0.0021
sin® g, = 0.23098+0.00026

With 0.5x106%

Z-decays
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SLD versus 4x4.5 x10° Z-decays at LEP

- 2
sin® @,
Ag e 0.23099 A 0.00053
) 0.5M Z events
(*) Ay —v— 0.23221 A 0.00029
Ay * 0.23220 A 0.00081
Qe X 0.2324 A 0.0012
Average i 0.23153 A 0.00016

(*) similar to R, one can also determine the forward-backward

asymmetry for bb-events.




3. Precision tests of the W sector (LEP2 and Tevatron)

e'e” 5> WW — ffff

Threshold behavior of the

cross section (kinematics,

phase space) for ee—->WW
production:

!

Phase space factor = f(M,,, Vs):

— Allows determination of M,

I ~10K WW events /

experiment
é;-"} %j:::_...;
e ;o Sw N7z Swy
VWAAAAAANANY AAAARAARAAAN 3
f

I1 A OV OO

I T T T
201 LEP PRELIMINARY -
B YFSWW and RacoonWw + i
o
-
/*/’
10 A / .
/ Kinematic threshold
¥
J’Jrl’l'-
0 T . '
160 180 200

Vs (GeV) 44



W decays W F

Vé’qu

IIIIIIIIIIIIIIIIII

qqflr

olejele
iy

Lepton Ngutrino

HﬁlIIIIIIIIIIIIIIIII;{

ﬁ||||||||||||||||||:\ \p Qp\
Run# 945004 Event# 4035 DAQ Time : 02.11.2000 4:2534 h

\\
N\
\\
Easiest signature for a mass measurement: g * 6%

W, —lv W,—JetJet: use JetJet invariant mass 45




W leptonic branching fractions

ALEPH
DELPHI
L3
OPAL

LEP W—ev

ALEPH
DELPHI
L3
OPAL

LEP W—pnv
ALEPH
DELPHI

L3
OPAL

LEP W—tv
LEP W—lv

T
— ek k%

. 10.74 + 0.09

10.95+ 0.31
10.55 + 0.34
10.40 = 0.30
1040+ 0.35

10.59+ 0.17
11.11+ 0.29
10.65+ 0.27
9.72+ 0.31
10.61+ 0.35

10.55+ 0.16
0.57+ 0.38
146+ 0.43
1.78+ 0.43
1.18+ 0.48

11.20+ 0.2

0 11 12
Br(W—lv) [%]

Lepton universality tested to 2%

Br(W —qq)=(67.77%+0.28)%
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Invariant W mass recontruction

"L’QDD_""I""I""I'"'I""I""I""I""I -0390 L L L L L L L L L LA DL L
\ : * Fl \ » Fl
=apo £ ALEPH Preliminary gqqg = ALEPH Preliminary evqq
o L e Data (Luminosity = 682.6 pb™) 250 - e Doto (Luminosity = 682.6 pb™)
700 - . MC = | — MC
EEDD ;_ [l Background E §200 | [l Background
T n E 1 t
o L 3 7] -
25500 [ =
- 0, 150
400 | 0, I
30¢ More difficult: 2 100 -
zoc pairing ambiguities I
50 -
100 | o
0 0 - ] ] | | ] | |
B 65 70 75 80 85 90 €5 100 70 72 74 7 78 BO 82 84 86 88 890
My (GeV/c?) My (GeV/c?)
; W-Boson Mass [GeV] March 2009
ALEPH [final —-— SO.440+0.051
TEVATRON {-*— 80.432 +0.039
) i - - LEP2 —- 80.376 + 0.033
L3 |final] —— _ 8. 270E0.055
: Average ==  80.399+0.025
OPAL [final] --— 80.4716+0.053 »¥3/DoF: 1.2/ 1
: NuTeV A 80.136 + 0.084 5
LEP + 80.376x0.033 G,J
: o rdof 4941 LEP1/SLD a—| 80.363 + 0.032 =
LEP EWWG ©
R LEP1/SLD/m, -8 80.364 £0.020 | C
80.0 81.0 80 80.2 80.4 80.6 47
M, [GeV] mW [GeV] Narch 2009




Effect of triple gauge coupling

Data confirms the
existence of the y/ZWW
triple gauge boson vertex

£ 2 P

—— A " Y
v. | %w :_'i
Ei- . tmﬂ“lll:{""--\_ I.:J E; w-:L/tf‘::—"‘-\-\_ fd
+ ZWW Vertex DR/D7/ET0
LEP Preliminary
20
RacooWW /YFSWW L.16
L] .
- =3
o) $ b
2 15
3 +
10
18 =
WESWW |15
—  RacoonWw +
5 1T F +
Hl'
16 -
0
160 170 180 150 200

E,. [GeV]



Test of trilinear gauge boson coupling in WW production

W~ e W™
— g >M B Z < g __cosd,
A AW sing,

W et W

Triple gauge coupling an important result of the non-abelian gauge structure.

Most general Lagrangian for VWW:

Ax,Ag, #0
Deviation from SM

E;Cl’{_;’xﬂx" f gVWwW = gﬁlt;llfp [:I{"}EII'F_N o 11:;11——2;) :1,
all others 0

i Ay ] i
S itk Pl T THYTA T —
+ | Ky HP W, VH + Hi W, PHF‘P

Interpretation for yYWW

gy e ((PW )W — W H(@PWHY)) V7

r : : — 4
+ gy WHW, (VY + 8°VH) qw =*gy charge
e
;{'1-" iv : Hy = W(l‘l‘ K7 ‘|‘ﬂ7)
A ¢ Fat i 11000 rr— 1 ~vpaly s
W W eV — = W, W, e PR M
: Miy Dipol moment




W-polarization in e* e > W* W~ W polarization
Transversely: +, -
Longitudinally: 0

TGC Parametrisation

AN (AN) AY,,
L (+,0) Y(gY + kv + Av —ig) + Bg¥ + L(Rv — Av))
1 (0,-) Y(gY +rv + Av +ig) + Bgy — 5(Rv — Av))
0 (+.+) 9y + 292y + LRy — Ay
0 (0,0) gV + 2v%ky
0 (—, —) gy + 27\ ——f Ky —/‘h)
-1 (0,4) V(g + kv + Av +ig) — BgY — 4(Rv — W)
-1 (=0 Yoy + Ky + v —ig) — Bgy — L(Rv — Av))
Angqlar dist.ribution of the corregponding heli.city d
amplitude given by rotation matrices (d-functions): o,AL

Electron/positron helicity: +c/2 , -6/2, J, = max(|c]|, |ALA|)
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'_I.
=

do/dcos® [pb]

Vs=200 GeV

Figure 1.2: The differential cross section
for the process ete”—WTW™ at 200 GeV
as tunction of the cosine of the W~ pro-
duction angle. The separate contributions
from different helicity combinations of the

e N e .. —————

o
TR
LY T

produced W bosons are also given, with
IT= (=, +) + (+, =) + (= =) + (+. 1),
TL+LT= (—,0) + (+,0) + (0, =) + (0, +)
and LL= (0,0),

LL",

R N

o S T =

1 -0.5 0 0.5 1
cos®

M.E.T. Dierckxsens, Thesis, Nijmegen, 2004



LEPEWWG/TGC/2005-01

Triple Gauge couplings:

Assuming electromagnetic gauge invariance as well as C and P
conservation, the number of independent TGCs reduces to five.
Common set: { g%, &z, K, Az A, }

: Ly
Parameters used by the LEP experiments are: g4, x,, A,

With additional gauge constraints kz = g7 — (K, — 1) tan® Oy
A, = A

From a fit to the angular distribution of the WW:

Parameter 68% (L.

g7 0.984" (1% |
AT Y YV =1in SM

K- 0.9737 045

A 0.028 0 15) =0 in SM

Standard Model structure of VWW triple boson coupling confirmed.
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4. Higher order corrections and the Higgs mass

2
sin® 4, =1—M—V‘2’ sing, = >
Z
m2 Including radiative
p = L/ =1 |=| p=1+Ap corrections
m> cos? By
sin6y = My inZ Oy = ) sin®
By = 3 =>|  SIN" B = (1 + Ax) SIN“ By
y4
> Ta o
miy = = my = (1+Ar)
N V/2sin?6wGE N /2sin0wGE
o, a(0)
Lowest order a(0) = a(msz) = T
SM predictions _ ©)
with : Aa = Adyept + Aoty + Aoy

sin® @,
9a Oy

Ap, A, Ar = f (m2,log(m), ...)

i

ZIW

ZIW ZIW 5
Ja=VPT° G, =p (T°-2Qsin’6,,)

Sin® O

T Jar Ov

ZIW 3



Top mass prediction from radiative corrections

2 2 2
e.g. Ar(mt,MH):—30“:0_540W mtz — 11.052 In Mg +...
16zsin* 6, M, 48zsin“6, My,

Top-Quark Mass [GeV|

CDF —ef— 176.1+6.6 | Direct
measurement
The measurement of the Do L 170.0+51 [ o o
radiative corrections: t
Average —- 178.0+4.3
) 1 - 42 IDoF: 2.6 4
SIN® Oy = Z(l_ Ov /gA)
LEP1/SLD — 1726 7 132
sin® 6, = (1+ Ax)sin® 4,
o ~ LEP1/SLD/m,/T, —— 18117
Allows the indirect determi-
nation of the unknown "5 180 175 200
parameters m, and M, m, [GeV]

Good agreement between the indirect prediction of m, and the value obtained
In direct measurements confirm the radiative corrections of the SM

Prediction of m,by LEP before the discovery of the top at TEVATRON.
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Observation of the top quark at TEVATRON (1995)

q t

pp @ 2TeV :

—

q
ge annihilation (85%)

Top decay (decays before hadronization)

g=1

WAYAYAY xf-<_

=

Channel used for mass reconstruction:

m =m_(b—jetW — jet+ jet)

Events/(10 GeV)

W —>—t % / t
0}
- Ly
)
A é{dﬁmw/
QIS 7 \{
!

gluon fusion (15%)

D@ Run Il Preliminary

14}

e {1 4 B GHOTOUIN
i T ===+ Background
12— — Data
10p-
8
8-
i

2:-' .0, T T LLLLITL

L, 'rE I A P | .“.+ i b AL R T I'l.-
%0 100 120 140 160 150 200 220 240 260 280
Fit Mass (Ge'§5




Higgs mass prediction from radiative corrections

Final
Ar e} 0.23099 + 0.00053
Take the top mass from direct
A(P) e 0.23159 + 0.00041 measurements and use the radiative
Q" X 0.2324 £0.0012 corrections to determine the Higgs mass.
Preliminary
Ay —v— 0.23212 + 0.00029
0c
A +—+——  0.23223+0.00081 2 2
Atera e qr 0.23150 + 0.00016 Ar(m,M,;) = - 30[(:()-840W mtz -
10:?__ dof 10515 1672' Sin QW MW
~ -
S 1o M2
2 ——In—>-+
= 48zsin“g,| M,
E 02 wm Ac'® = 0.02761 + 0.00036
i EEm,=91.1875 £ 0.0021 GeV
4 _ m= 1?|4_3 £5.1 GeV
023 0232 0.234

. lept
Sin“0,; = (1 — gy/g,)/4

Theoretical prediction of sin?6 4 as
function of the Higgs mass.



http://lepewwg.web.cern.ch/LEPEWWG/

5 July 2010 m, . =158 GaV
- ' |

Fits to electro-weak data:

(5
Aoy =

my = 89 +35-26 GeV Sl — 0.02758+0.00035 7
’ r':_ === 0.0274910.00012
m, < 158 GeV (95% CL) 4- %« incl. low QF data -
e g _
Assumption for fit: <
* SM including Higgs 2 .
* No confirmation of Higgs ' _ |
mechanism 0 | Excluded F"reliminarﬁ_.r-
If existing, Higgs seems to be light! 30 100 300

e Direct searches at LEP:
my, > 114.4 GeV @ 95 % CL

* Direct searches at Tevatron

Unfortunately this mass region is the most difficult to explore!
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