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Overview

* Theory Introduction

* Physics at the Z-pole: LEP and SLC
 W-physics: LEP-1l & Tevatron

* Top physics: Tevatron & LHC

* Higgs Physics

* Fitting the Standard Model
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The Electroweak Lagrangian

LMsM = LQED +Liree v + Lqw + Lz + L3y + Lyy

+Liree 11 + Lt + Lyvir + Lyyin + L3411 Q: How do we relate
; this to observables
Lor = —=F F*" 4 f (104 ‘N F
QED = —gFul™ + LS8y, - m;)f; — Qi Aut;) that we can measure
1 . :
Lheey = —5Wp,W 4-m we wq_lz z in experiments?
[ Lgw = §; d{f, 1+ )W i Vi +h.c.}
)—u =
Lﬂz = 1 . + s ur ] .
[ 43@ ,Z.f’(”’ Y]y A: Take one piece at a
§ Cw .
[ £30- = e (—Zu g Au) (WaW’ o = W, W, + 0, (WHW* — wosyv)] ] time!
Loy = e'(g*g* g‘“’g”)[ . S WLW WL W, ;
: 2s2 _ Often need to consider
(3—;2,. . A,.) (:—"’Z - A‘,) w;w,} corrections from other
1 w
Ciree Il = =5 (,11) (0°11) = 3mi B terms
S e m; -
Cm{ = —E . _J-fjfjH
Lyyy = _-e—wW“W‘ H LEP1 + SLC: Z0 physics
2
Lyynn = :, “W‘,.H’—S—Z“Z H?
Lyag = —e* T _pa_a_mh ,

: o
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Parameters of the Electroweak Sector

* Three key parameters:
— The two gauge coupling constants: g,, and g’ ,
— The vacuum expectation value of the Higgs field: v

* These can be obtained through 3 measurements.

* Choose the 3 most precise:

— The electric charge, e-
 measured by the electric dipole moment

— The Fermi Constant, G (precision: 0.9x107)
* measured by the muon lifetime

— The mass of the Z boson, M, (precision: 2. 3x10‘5)
T

\/gW+gW

M % \/gw+gw GF_\/_V



Other Useful Combinations

M VgW GF — gI%V 1
* Mass of the W boson: N A
g
» Weak mixing angle: sin*§, = —="—=0.23
g wt 8w

* Relationship between W and Zmass: 3, _ M,
“ cos 6,



Physics at the Z0-Pole: LEP | & SLD

* What EWK theor g P e ?
y
tells us about Z W M
- z
 How to make and I N |
detect Zs 10
2
£
- - 510 e'e —hadrons 3
* Physics Topics: £ 5
— Z mass 03l ]
— Partial and Total : 5
Widths _
2| CESR_
— Z couplings to fermion  '* 7 |
pairs ke RSN QTLC _
— Asymmetries 0 F LEPI LEP I -
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Z%-fermion coupling

A look at the theory — tree level relations

Vector and axial-vector couplings for Z = ffin SM:

. . M,
D =g®+gt) =1l -2Q sin*0,,  sin’g,, _1_W
g<o> _ g<o> g<o> Il
Electroweak unification: relation between
weak and electromagnetic couplings:
a(0) , M2 f 87a
G, = , M), =—=-11+ >
Vamz(1- M2 /M2 2 G:M;

Gauge sector of SM on tree level is given by
3 free parameters, e.g.: a, M,, Gg (best known!)

Z/y

e f

Z—-lepton coupling
almost pure axial-vector

(y pure vector - large off-
peak interference - could
establish Z-fermion coupling
at PETRA, interesting for Z’
searches via interference)
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Radiative Corrections

Radiative corrections — f w
modifying propagators and vertices M %%m

fIf W/y,Z
Significance of radiative corrections H
can be illustrated by verifying tree level H
relation: , L VAR
sin20. —1_ M, W ZIW ZIW
w M2 ZIW
z e’ b
« Using the measurements: w
t
M,, =(80.399=0.023) GeV ¥Z W
M, =(91.1875+0.0021) GeV . b

one predicts: sin’g,, = 0.22284 = 0.00045

which is 18 o away from the experimental
value obtained by combining all asymmetry
measurements: sin®g,, = 0.23153 = 0.00016
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Radiative Corrections

Radiative corrections —

f W
modifying propagators and vertices M M%m

fIf W/y,Z
Parametrisation of radiative corrections: H
“electroweak form-factors™: p, k, Ar H
. Modified (“effective”) couplings at the Z pole: WWW\ MWVAANA-
Z/W Z/W Z/W Z/W
[ r faim2 nf
9vr=NPz (I3 -2Q sin Heff) 2
e’ b
_ fof
9ar = pZI3 p : overall scale W
in2 of f ein? k : on-shell mixing angle t
sin“0_ =k,sIN" 0, - 9 ang YZ
e b

 Modified W mass:

2 M: (1 J8ra )
e I e
Gt (1= ) |« ome.



Radiative Corrections
Radiative corrections — f v
modifying propagators and vertices WWN@MW NW%VWW
ying propag VZIW NS Y.ZIW 1.ZIW Y.ZIW
fif Wiy,Z
Leading order terms (M,, € M,) H
H //—\\
* pzand k, can be split into sum of universal ( |
contributions from propagator self-energies: M/\AWVW\ AAAAAAL VY AVVAVAVAVAY:
_ Z/W Z/W ZIW Z/W
3G.M? | m? M? Z/W
Ap, =—EW mtz ~tan’6,, In—g’—§ +... . i
8\2x | M, M? 6 e :
- W
3G.M? | m? M?
Ak, =—FF%4 ™ cot2¢9W—E PRAZRC] o t
8\2x? | M2, Z 6 Y
e b

» and flavour-specific vertex corrections, which
are very small, except for top quarks, owing to
large mass and |V,,| CKM element

G.m;

2277

Ap' = -2AK" = - +...



Radiative Corrections

Radiative corrections —
modifying propagators and vertices

2005

150

M, [GeV]

100 A

¢ Tevatron
I SM constraint -
68% CL

The LEP EWWG,
Phys. Rep. 427,257 (2006) 1

Direct search lower limit (95% CL)

50

Great success Standard Model (Nobel prize for

1990

1995 2000 2005
Year

f w
1w oz s,

fIf Wiy,Z

H

H I/ \\
// T \ ‘\ /’
aVAVAVAVAVAVAVAVS VAVAVAVAVAVAVAVS
ZI\W ZIW ZIW ZIW
ZIW

e’ b

‘t Hooft and Veltman)
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LEP Experiments

* 4 experiments:
— ALEPH
— DELPHI
— OPAL
— L3
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Beam energy precision 0.2 MeV from resonant depolarisation“‘i; :
But corrections needed due to: ‘

TIDES LEVEL LAKE TGV
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September 15

The ALEPH Detector

N de Groot — BND2015

Vertex
Detector

Inner Tracking
Chamber

Time Projection
Chamber

Electromagnetic
Calorimeter

. Superconducting
Magnet Coil

. Hadron
Calorimeter

. Muon
Chambers

. Luminosity

Monitors

14
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L3

L3

Magnet Yolke

Magnet Coil
Magnret Pole

* Large muon system
* BGG crystal calorimeter

* Excellentforyu, e,y
* Weaker for jets
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Delphi RICH: Kaon ID

particle

DELFHI particle 1D

. Meote Carto

3 dE /dx

Ch_efrenkov

=
%
-
g
dEdzfaEdelonip)

photo

electronb\ C,E, gas radiator - :
05 higuid RICH 4
M \l ‘ o 18 P

< UV photon detect_ °*

9's lrod)

Chemko‘:__—_ﬂ___ﬂ—"’_' \ / ;.n_u qas RICH
light Lo . au: ,
/ / CsFu liquid rad iator x> . - l’

piGev]

Cargakes g
~
-
o
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Why it is good to have more than one experim S

N;: K] Stondord Processes ALEPH “‘\U 7 3 h'\U 20 3
g _ [ Doto (© "7‘ 6 [ % ig
% W QO 5 | a) ALEPH 1995 g1% [ b)DLO199S
£ ¥ &k ¥ 12 .
o 3 ( 4 g“?ﬁ: v 10 :ﬁp;’;;.s
3 obs™ 8 I obs
g ALEPH 2 6 |
l 4 - S ol
: g ) F ] ‘N M v | = B .
Q_;l_v\ i \J;l 0 P o e A il ng ik ﬁ‘l_‘ru | 6 e T—[?‘ ! '1_‘—1‘« 1 ‘J—‘"hs:u_l
» LSRRI : 60 80 100 120 140 60 80 100 120 140
60 80 100 120 140 160 > .
M (Cev/c) Sum of di-jet masses (GeVic™) Sum of di-jet masses (GeV/c")
.« 4 ! a: F
©1995: 130-136 GeV 3 D aen| 2 |
§ N\ Standard Processes (b) 1 % 1
.4-Jet eve nts ‘{é 5| 1307136 GeV - 1997 g i E ADLO 1997
2 ~
eSum of di-jet masses ¢ € = [ N_=372
- z Y w b N, =38
with smallest AM . obs
*16 events (8.3 exptd) 1 .
eProb. accumulation in : o | =
. - - .r"»nf""‘r"r’:[—}‘—lg
6.3 GeV bin: 0.01% gl o EJELCE] Bl ik

75 100 125 150 20 0 70 50 90 100 110 130 130 130
M (GeV/c?)

Sum of di-jet masses (GeV/c')
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SLC & SLD

e SLAC Linear Collider
— Only linear collider to date

/euu
First detector: Mark I ns
— 1989: First to publish \/ &nnég...g

7 Posilron &

observation of e*'e”>7 _gF/(RuEEEs
—-1991: SIPD “

-

Source AG-pumped :
Apeamg Polarized Electron Source

Posilrons osers

‘- - . _ Bunch Intensity Left or Right
/— h’ =\ 1 / Control Circularty F?élarged Light
™ Arc Bend! ng ' '

\‘/ Magnets Partlcle Cetector o | T'("e";‘o'if’“‘.ce%)m
E ' unpolariz

b'. /
' 3N
‘k Final Focusing

\\. M agnets
~.

Buncher (100 ps)

‘ S-Band / 4

Buncher (20 ps)
Accelerator Section




SLD:

* Polarized beams P, = 80%

» Particle ID (like Delphi)

 Small beam spot

+ Best vertex detector in the world:

* Installed 1995

307 Mpixels

Layer thickness 0.4% X,
* Ry, =25 mm
* Resolution: 4u

But 600k Events only

at £ E
EEEEE

i)

21st August 2009 Ambleside School Chris Damerell 20






Run 33544, EVENT 6476
27-APR-1996 06:05

Source: Run Data FPol: R
Trigger: Energy CDC Hadron

Beam Crossing 1215252296




70 events




Measurements at the Z°%-pole

Example — electroweak cross-section formula for unpolarised beams (LEP)

28 1 dO’ (e+e_ - f?) 2 o N RS Pure yexchange
—— ew = ‘a(S)°Qf‘ (1+COS 9) L _.* yZinterference
7t N, dcoso .7 s PureZexchange

et

-8Re {a*(s)QfXBW (s) [gvyegvlf (1 +cos’ 6) +29,.9,,C0s 6]}

£16) sy (5)] [(\ 9.

>

2)(‘9\/,,:‘2 + ‘gA’f‘z)(1 +cos® 0) +8Re {gv,eg;,e} Re {gv‘fg;,f} cos 6

2
+|g,,

Neglects photon ISR & FSR, gluon FSR, fermion masses
The o (1 + cos?6) terms contribute to total cross-sections

* Measure cross-sections around M, via corrected event counts: o= (NSel =N, )/sselL

The o« cosfterms contribute only to asymmetries backward | forward

* Measure Forward—-Backward asymmetries in angular electrons D
distributions final-state fermions: A_, = (NF -N, )/(NF + NB) / B

Other asymmetries (not in above cross section formula)
* Dependence of Z° production on helicities of initial state fermions (SLC) = Left—Right asymmetries
* Polarisation of final state fermions (can be measured in tau decays)

September 15 N de Groot —BND2015 24



Use Fit to Extract Parameters

': | | | | | ]
=, 40 L “Go?
* Fit G(E'I'e 3 i ALEPH [ i -
-—>hadrons) as © | pmm
function of s with 30 oM -
to find best value
for parameters: ol :
. m, .
' 1 Rl i o
* O had 10 [ — ¢ from fi / i

[ weeee QED corrected .~

-
-
-
-
-
-
-
-
-
——
-
-
-

i M

A S S N ST WA S N Ay A WA S
RA R 90 92 94
1 s[? E_ [GeV]

o(Z — hadrons) = o’
( )= O Ry (s=m})' + T2 /m] .



Number of light neutrino species

Total width of the Z° is sum of widths of all decay

mOdeS' F'/, - Fc(' + Fp;x + r’."." + Fhml + Finv

 Hadronic modes due to quarks: Chaa = Ty

— (top is too heavy) ER 2
. ] £, ALEPH
* Invisible width from v’s ¢ *[ peLpmi
e L3
1—‘in\' — 4\L/FL/T71 . OPAL
20 I
* M,= 91187.5+2.1 MeV  errorbars e

e T, = 2495.2 + 2.3 MeV 10}
* N, =2.9841 +0.0083

September 15

qQ=t

by factor 10
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Leptonic Cross Sections

Leptonic cross sections measured in a similar

way:
* o(ete-—>e+e-)

* o(ete->p+p-)
* o(ete->T+1-)

Use to extract values for

R’ =

e

1—‘haa’
I

ee

0
O 4a
59

ee

Equal up to QED, QCD corrections

R’ =

u

rhad
I

iz

R’ =

T

rhad
I

TT

2
175t & 1990 ete”
15F ¢ 1991
125 F

o (nb)

075 L
05 f

0.25 - -

s b b by by e a beaaa by aa laaag

of
87 88 89 90 91 92 93 94 95
Energy (GeV)

175
15F
195 |

0.75 |
05 f
0.25 [

(s
87 88 89 90 91 92 93 94 95
Energy (GeV)

o (nb)

176 | Wi

ALEPH

4+ -

N
87 88 89 90 91 92 93 94 95
Energy (GeV)

+ -
(M

ol
87 88 89 90 91 92 93 94 95
Energy (GeV)
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R, & R, : hadronic partial widths

R, = be /Fhad s 1 Hemisphere b-tag Performance
s I SLD VXD3
Re =T/ Thad 0o L . s % SLD VXD2
| ALEpg DPELPHI
* Identification of b and c jets [ (Pamass) (P¥massy)
e Lifetime tag évertex detector 0.96 B ALEPH (old IP)
* Lepton tags i
094 — v
* D* (charm) | OPAL  SLD (old IP)
- (Vtx)
0.92 —
SLD | DELPHI (old IP)
B-tag: 62% eff, 98% pure i
C-tag: 18% eff, 85% pure YL -
0.88 7\\(1\1‘1\1?;\1(:\':)\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

0.15 0.2 025 03 035 04 045 05 0.55 0.6

efficiency
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Tagging methods ¢ v
6000 s
(/]
c
Wertex Moss and Momentum Distributions g
il 400 £
I o 4000
.= - Y—
TI200 B uds <)
= - O charm s
a0 — B bottom .g
:_ =)
800 £ Z 2000
600
400
200 | 0
- 0 1 2 3 4 5 6
0= Muon transverse momentum (GeV/c)
0 1 2 3 4 5 6 1000
R, Cotrected Yertex Mass (Gev,/c%) 0 +
D i ALEPH
? ? &0 = ? 50 E 800 [
e s E - E
3 S A ,
(2] 1S 40 B © 40 F o
5 E 35 E 5 35 E Z i
e = 30 b a0 B Lonnn = 600
E s = s SRETERERTTI T « i
% g 25 E ED 25 E LERERER]Y] 175}
< < 20 = 20 Bl 2 '
< EREN ERERE %4007
- = F - =
10 3 10 i_ 8
3 E =l r
E ] [[11]
! o Eroia bl AL LLLLLLLU LN 200
0.> 1 1.5 2 0.5 1 1.5 2 0.5 1 1.5 2 I
Vertex Moaa (Gev /¢t vertex Moas {Gay /e Wartex Mass [Gev /™)

September 15
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M(Km) (GeV/c?)
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Double tag method (R, only SLD)

F.=¢,Rb+e-Rc+egy, (1-Rc-Rb)
Fy=¢,"Rb+edRe+e,3(1-Rb -Re)

G, =ngRb + ¢ Re+ 1y, (1-Rb-Re)

Gg=ng'Rb +nc? Re +myq¢ (1-Rb-Re)

M =2 (£:npRb + eencRe + &My
(1-Rb - Rc))

Correlations: ed =¢> + A (¢ - €?)

*R,: take R, from SM, ¢ ¢ 4, Ag from Monte

Carlo => Ry, ¢ from data, F_ and F; only
‘R.: take n 4., Mg, A’ from MC solve 5 equations

September 15 N de Groot —BND2015
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R, and R_ results

ALEPH mult  —@+— 0.2158 = 0.0009 = 0.0009 leptn on oy g 5
1992-95
ALEPH  —@+—
DELPHI mult —m— 0.21643 = 0.00067 = 0.00056  ,_ ALEPH — ———@7
] DELPHI ——@—
L3 mult A 0.2166 = 0.0013 = 0.0025 D-meson 199195 -
ey —c . — OPAL N
pmesonobL TR
OPAL mult ———k——— 0.2176 = 0.0011  0.0012
e e LD lo-
mass+lifetime 1993-98
SLD vtx mass ~ ——0—— 0.21576 = 0.00094 = 0.00076
mass  —_yr ALEPH
charm conc EPH QS . —
DELPHI —a—
charm count. 1991-95 et
LEP+SLD —da— 0.21629 + 0.00066 OPAL *
T charm count. DR TR
0.214 0.216 0.218
R
" 0182 — LEP+SLD "N
S 0.6 0.8
g R,
o
L
0.173+ —
68% CL
_ 95% CL
0.164 ; —T —
0.214 0.216 0.218

September 15

0
Ro=Tpp/Thag

0.1685 = 0.0062 = 0.0080

0.1682 + 0.0082 = 0.0082
0.161 = 0.010 = 0.009
0.177 £ 0.010 = 0.012

0.1741 = 0.0031 = 0.0020

0.1735 = 0.0051 = 0.0110
0.1693 = 0.0050 = 0.0092
0.164 = 0.012 + 0.016

0.1721 = 0.0030
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Asymmetries

The polarized differential cross section (Z° exchange only) :

o (1= P AY(1+cos>6)+24,(A - P)cosO LT
- +cos” 0) + — P)cos =L
d cos® e JRTe e Tovi+ag

Air : The left-right asymmetry A e : forward-backward asymmetry

1 o(e*e; = Z")-o(e*e; = Z°) (0,-0,) 3

Ay = = 4 A/, = 2AA
Pl olete; = Z) volete, > 2% " (o 40, 4
1 N, -N,
- })e NL + NR
A rep : left-right-forward-backward asymmetry Tau polarization
~ — —_ —_ 0 —_— —
A{RFB _ (O =O01p) = (Ogp = Ogp) :EIPe 1A, <P >=-A

(O, +0,)+ (0 +0,;) 4
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Asymmetries: what do we measure

i

b and ¢ quarks can be identified
efficiently by LEP / SLD 2 R,, R,

Especially R, is sensitive to new <~ 1 <<
physics connected to tb couplings ;

05
[ With the m, from the Tevatron the interest I
from SM is minor ] 0 I
SLC measures in addition the :
asymmetry parameters A,, A, 0.5 ¢
These parameters are only sensitive Ak ..

to new physics at Born level

Hence, these and the LEP A
measurements cleanly determine sinZ6

September 15 N de Groot —BND2015
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0.4

06

0.8 1
: 20
Sin“0 4
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A (SLD) 4

This is a counting experiment - no complicated final state identification is required,
no efficiency or acceptance effects. This contrasts with all other E/W measurements.

The polarization measurement is precise ( — 0.5%)

E/W radiative correction is small (<2%) - all other corrections (experimental) are
smaller (<0.2% total).

The measurement is statistically dominated.

e.g., for 1998 (N=224,962; N,=124,404; N.=100,558)

NL — NR
A = = 01060+ 0.0021
N, + N, y
 With polarization (P, =73.1% ) : AR = ?’" = 0.1450 = 0.0030

* An additional EW correction of ~¥2% is applied to

get from A;¢* to A° (the Z° pole) A}, =0.1487+0.0031=0.0017

* This corresponds to the 1998 effective weakmixing angle of

September 15 sin” 7 =0.23130 = 0.00039 = 0.00022| .,



do/dcos 6 [nb]

Lepton asymmetries

L3 efe” —=e'e ()

¢ peak-2
Q peak ;
[l peak+2 _.+

do,./dcos(®) [nbl

05 F +

DELPHI 93 — 95
1 e'e” > (y)
0.8
0.6
n ##
0.4 g P+2 4%
RN -
EEC IO +
0.2 A T
I P—2 ate o o
L T
cos(0,.)

Note: away from Z° peak interference with

v changes asymmetry

September 15
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events

events

events

2000

1000 f

500

600

400

200

400

200

: o left polarised e beam
- *right polarised e beam

- SLD e*e’—~e'e” 97-98

1500 ©

- SLD Z’—u*u 97-98

- SLD Z% ¢t 97-98

-0.8 -0.4 0 0.4
coso

0.8
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An aside: efeT—eTe"

 Complication for e+e——e+e- channel...

— Initial and final state are the same

— Two contributions: s-channel, t-channel

Bhabha Scattering

s Channel

t Channel

36



Angular Measurements of efe"—ete™ 7

G [nb]

L3

L+ - + -
ee —ee(y
I = srcec13e

O 1990-92
m 1993
A 1994
1995

t-channel 0=
interference

ratio
IIIII’_‘IIIII

'

88

90 92
Vs [GeV]

94

-0.05

L3 O 1990-92
Le'e >ee (Y " 1993
| 44°c0<136° A 1994
B + ® 1995
_ t—channel_u,.--""'..

difference
o

------- ;:;il-a-mlel S . Interference

l.l..*l..ﬁ.l.l.l.

88 90 92 94
Vs [GeV]

do/dcosH|nb]

o
il

L3 ee —see(y)
¢ peak-2
@ peak :
[ peak+2 ,-+
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Direction of quarks: thrust

* Thrust measures the distribution of jets in a event.

Z pi - fiT
T = max =1
> 1Bl

i=1.N

e The unit vector ftis where T is maximized is known at
the thrust axis

* Therange of Tis: /2<T<1
— T=): for an isotropic event
— T=1 for an event with 2 back-to-back jets
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Charge identification

1600
- o ALEPH Data
15000
1400 - — Simulation
%1200 -4 b forward
ElOOO 10000 b forward
% 800
I3}
<
< 600
§ 5000
400
200
0 | ! ! ! ! | 0 2 1
18 185 19 195 2 205 - —
— MGV é’ - (a) H OPAL |
~ (a) I H1400 - t Xp:>0.4 B
2 10000 | Z1200 |- 3-prong -
i) o= B :
= <1000 |- -
o8 I S - K .
ol “= 800 - E
5000 || : E 600 |- ]
£ - y
e ALEPH DATA z 400
— 1t§irnu11ation 200 |-
....... —_ B
0 | | L | L | | | L | 0 n 1 1
-0.5 0 0.5 1

Septembé} 15

N de Groot — BND2015
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QFB
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Vertex charge and Kaon

,E 1800 ;— SLD L polarization *E 1800 ;_ R polarization
% 1600 F- §16oo -
T, 1400 | g 1400 =
1200 | 1200
1000 [ 1000 =
800 [ 800
600 [ 600
400 [ 400 £
200 [ 200 |
0 r r

cosO cos0

thrust thrust
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A

S

*Use fast charged kaons and no secondary vtx

*Not very precise, but valuable check of b-type quark

120

100

40

20

September 15

neg. polarization

® data (1993-7)
Il cbbke. ++

T T T I T T T | T T T | T T T

T ]

FT
——
——

——
—
S

(=]
]
(=]
(=]
@

l

cos(eﬂ\rngt)

120

100

a0

60

40

20

pos. polarization

P —

——
—
—

e

L e Sy
——
.

T

4
(2

]
cos(eﬂ\rngt)
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Other measurements
From Delphi (kaons)
And Opal (A)
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Overview results A,, A,

SLD

vtx charge + Kaon

SLD
jet charge

SLD

0917 = 0.018 = 0.017

0.907 = 0.020 = 0.024

Kaon 94-95

SLD
lepton

SLD

0.855 = 0.088 = 0.102

—rQ— 0.939 = 0.030 = 0.023

nal

September 15

08

09

Ay

0.923 = 0.020

ALEPH
leptons 1991-95

DELPHI
leptons 1991-95

L3
leptons 1990-95

OPAL
leptons 1990-2000

ALEPH
inclusive 1991-95

DELPHI
inclusive 1992-2000

L3
jet-chg 1994-95

OPAL
inclusive 1991-2000

LEP

......

.....

........

0.08

N de Groot — BND2015

A0D
FB

0.09 0.1

0.1003 = 0.0038 = 0.0017
0.1025 = 0.0051 = 0.0024
0.1001 = 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 = 0.0016
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Problem or not ?

68.3 95.5 99.5 % CL
0.14 0145 015  0.155
AI

September 15 N de Groot —BND2015 43
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Overview results A_, A_"®

ALEPH —lo— 0.0734 = 0.0053 = 0.0036
1 1991-95
eptons SLD —0—  0.674+0.029 = 0.023
DELPHI  —— 0.0725 + 0.0084 + 0.0062 ¢\ charge + Kaon
leptons 1991-95
L3 A 0.0834 =+ 0.0301 = 0.0197 SLD e 0,689+ 0.035 = 0.021
leptons 1990-91 ®esehecccccccsscsscccccne D
OPAL  —k— 0.0643 = 0.0051 = 0.0037 SLD ———=0—— 0.587 = 0.055 = 0.053
leptons 1990-2000 7 lepton
ALEPH —@— 0.0698 = 0.0085 = 0.0033
D' 199195 SLD —d—  0.670 = 0.027
DELPHI —— 0.0695 = 0.0087 = 0.0027 S E—
D 1992-95 : A :
OPAL —k— 0.0761 = 0.0109 = 0.0057 0.22 ————
D 1991-95 |
LEP o 0.0707 = 0.0035 0.2- 8
006 008 0.1 >
A0,c 1 i
FB 0.181 .
0.16 68.3 95.5 99.5 %.CL ' '
0.47 0.5 0.53
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T-polarisation measurement

e Parity-violation (V-A) results in longitudinal
polarised fermions in e*fe"—Z->ff

At LEP tis the only fermion whose polarisation
can be measured
— That’s because taus can decay in the detector

— We can look at the decay modes to determine the
polarisation

September 15 N de Groot —BND2015 45



Polarisation, Helicity & Chirality

* Polarisation measures helicity states.

* Theory tells us about the chirality states
— Chirality: v, =% (1-y?)U Ve=ra(14y°) P
— Helicity: projection of spin on momentum: s-p

* In the relativistic limit: [~ = (o =o-)/(o4 +0o-)

— |left-handed chirality is same as -ve helicity

— right-handed chirality is same as +ve helicity

o-: —ve helicity of - (+ve for t+)
September 15

o+: +ve helicity of - (-ve for t+)
N de Groot — BND2015
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Polarisation Distribution

* Couplings of Z to chirality states:
g =V, +4,)/2 g,=(V,-4,)/2

g, =1 _QSin2 O, &r= _QSin2 0,

* The polarisation of a t- produced in e+te-——Z7—T
+T- depends on cosO:

A, (1 + cos®0,-) + 2A. cos b, -
(14 cos?8,-) + ALz cosb.—

P,(cosl, ) = —

* A, A are nearly uncorrelated. Insensitive to A%

s..Another measure of M=A.structure, sin%6,,, .



T—1v, Decays

Use momentum of © as handle on t polarisation

—
-
~ ~
> >
= Spin 0 Spin 0 L=
V. T T V.
- = — —

e Helicity of v is in same direction as t-helicity

— (True in limit of massless particles)

* — Effects resulting momentum distribution of

* |n T —1Vvdecay:

— If P(t-)=+1 momentum of TU— is higher than for P(t+)=-1

September 15 N de Groot —BND2015
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Fit to Obtain Helicity

* Event-by-event measurement of polarisation

not possible.
e Use statistical fit

e Sum of:

— T with +ve helicity

4 -

=1200 -

[ yvdof=30.3/ 42
1000 - t

800

0+

. . . 60
— T with —ve helicity g :
| dr 400 1 -
—_— = 1 (22, — 1 s :
T dz. +Pr(22, — 1) _ L
200 [H
.Tn — ‘n‘/ET | - ' :
| PR s rtetatatetete el Setatrietettetd ol slaleatelafatlrtatels ottt telintet it el el M=
0 0.2 0.4 0.8 1
TSIV p./E,

September 15

OPAL

} Data
— Fit
T Bkg
B Non-tBkg

«+ Pos. Helicity © |

-- Neg. Helicity ©

N de Groot — BND2015

|




Other Modes

 T—pv followed by p—mt
* t—a,v followed by a,—mut

* T—uvv and T—ewv

D

— v
= >
z DELPHI <
| 2 f ALEPH
T— UVv 5 4000 |
2000 ]
1500 |
1000L [ T 2000
500 |-
R o Sy — r

0 0.2 0.4 0.6 0.8 1 0
P""Pbeam
September 15 N de Groot —BND2015




Final t-polarisation Results

Measured P vs cosf,._

e Extracted values for a_a.

MLELE B UL L L L L LA L L L B
01 b ALEPH + ]
c DELPHI + : ALEPH ' 0.14510.0060
0k L3 + ] DELPHI T 0.1359:£0.0096
i L3 : 0.14760.0108
0.1 N OPAL + + 0.1456+0.0095
. A_(LEP) o 0.1439+0.0043
(%
02 |
[ ALEPH L 0.15040.0068
03 _ no universality . ,
[ - universality DELPHI - 0.138240.0116
i L3 ———+ 0.1678+0.0130
_04—...I...l...I...l...l...l...l...l...l...-
.1 08 06 04 02 0 02 04 06 08 1 OPAL : ' 0.14540.0114
cos_
A (LEP) o 0.1498:0.0049
e

'AT(1+(:OS267—)+2Ae(f()807— Lo oo b b vt b b b bl

3 06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24
. ~'2 - T »ACS - 2&e
(1+cos?0;-) + 3Afp o8O | 4 (1 FP)=0.1465+0.0033 ’

P,(cosb,-) = —

v DaF=4.7/7
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Putting it all together: Z0-pole

Measurement Fit  1Q™_QM|/gMeas
o 1 2 3

m,[GeV] 91.1875:0.0021 91.1874
r,[GeV]  2.4952:0.0023  2.4959
Opg[Nb]  41.540:0.037  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
AYP 0.0992 = 0.0016  0.1038
AL 0.0707 + 0.0035  0.0742
A, 0.923 = 0.020 0.935
A 0.670 = 0.027 0.668

A(SLD) 0.1513+0.0021  0.1481
sin07(Q,) 0.2324 = 0.0012  0.2314
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LEP & SLD: Before and After A

* Truly established the EWK theory as the correct
description of fermion interactions at vs < 100
GeV

1987

1.0

53



W measurements: LEP Il & Tevatron

* W- mass
 W-width
* TGB couplings



Di-boson production at LEP Il

e’ W* e" w*
e —=<—TVWWW W
ve Y <«—o Triple Gauge
Y .
-l w lin
© e W e A COUp g

Figure 1.4: Feynman diagrams (CCO03) for the process ete™ — WTW™ at the Born level.

Z
et —<—VW\W Z g —=—
e A e A

e ——/\VWW\ Z e —>— -

Figure 1.5: Feynman diagrams (NC02) for the process eTe™ — ZZ at the Born level.

Theory predictions include full
O(a,,,,) corrections;

theory error ~ 0.5%
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WW cross section & BR

~ R(D*)=0.336£0.027(stat) £0.030(syst) HCb-PAPER-2015-02

arXiv:1506.08614

» |[n agreement with previous measurements.

» 2.1 o higher than SM

R(D*)SM = 0.252+0.003
Abstrac
Based ¢
Nu)/B(B
a charge
exceed
disagree
in the ty New HFAG average

of 6.8 si
http://www.slac.stanford.edu/

xorg/hfag/semi/eps15/
eps15 dtaunu.html

Se,

| L) I I

BaBar
0332 +0024 =+ 0018

Belle
0.293 £ 0.038 £ 0.015

LHCb
0.336 = 0.027 = 0.030

Average
0322 £ 0018 £ 0.012

SM prediction
0252 £ 0.003

HFAG

1 L I L

I L 1 I L 1 ' I

o

) Irrnof

oson
icance

02

0.3 0.4
R(T*) 5



Single W

e o, —>—"
< ('
Y G J
s g :
< w
{)
<

..
DN
=
= =
~
-2
AN AN
~
-
~

I1 Z/07/2002

! | ! I
LEP PRELIMINARY
WPHACT and GRACE

Quartic Gauge Couplings

—_ T T ' |
2 | EP PRELIMINARY
3 0.6+ EEWWG
=
6

— RacoonWW

13/07/2003
! |

a /A*=0 2 -

) ) DLO
180 190 200 210 180 190 200 210
Vs (GeV) Vs (GeV)
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W mass reconstruction

e Reconstructed directly from the decay products
eConstrained fits improve mass DELPHI Preliminary

resolution from ~8 GeVto~3 GeV ¢ | o F
% 100 + qqu,\/ ® data
9 I PO T [ WW (p = 80.35)
1200 LI B B L B B B | LN B B I B B B T T ] : 80 ; + ‘ 100 i . Y74 4]
- ] £ i . M acp
1000 - E S | m s
800 [ = P - o |
: : z | "| adag
coo = before 4C fit E © ;
400 |- — i “ .
: E o f ol e o
200 F comntill M. - _t e
Q C =) 0 55 60 65 70 75 80 85 90 95 100 105 050 55 60 65 70 75 80 8 90 95 100
12(X) rrrr | 7t 1T | 1t 1.1 1] W mass (GeV/CZ) W mass (eéy/
) f_ —f DELPHI Preliminary DELPHI Preliminary
N . N§ 9
800 E 8 s qqTv
- . - o~ o
600 - Gf.‘-er 4C fl'r E g 70 e o
400 | = : @ -
- n 50
- . _
200 - B 40
0o LC ] 30 b
(o) 20 40 60 80 100 2 -
. . 2.
invariant mass (GeV/c™) 10 ] i _
P = == “ma ) ___....:" e
» Large FSI (“CO|OUF reconneCtion”) SyStematiCSO 55 60 65 70 75 80 85 90 95 100 10555 g0 &5 70 75 80 8 00 95 100 105
in hadronic channel (35 MeV) W mass (GeV/c’) W mass (GeV/c?)
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W mass: LEP combined results (2006)

Summer 2006 - LEP Preliminary

ALEPH [final]

DELPHI [final]

L3 [final]

OPAL [final]

LEP

LEP EWWG

80.439+0.050

80.333+0.063

80.263+0.058

80415+0.052

80.376+0.033

yCldof = 49 1 41

80.0

September 15

81.0
M, [GeV]

LEP W-Boson Width

ALEPH —— 2.14 + 0.11
DELPHI —— 2.40 = 0.17
L3 —e— 218 + 0.14
OPAL —— 2.00+0.14
LEP —— 2.195 =+ 0.083

%?/DoF = 37.4/33

N de Groot — BND2015
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Extracting W Mass at Tevatron

events / 0.5 GeV

1500

1000

500

Value of M, is sensitive to P; of lepton and Missing-E;

The combination of both quantities in the Transverse Mass (M;) has best

sensitivity to M,

Generate lots of MC samples with different M,

Fit each one to date to find test M,, value

5 i
- W}* KL
i bttt +'gﬁ Transverse Mass of muon and neutrino.
- wmﬁ ‘ Invariant mass only using components of the
! &*fﬂ %ﬂ momentum transverse to the beam
s Rt
4 L

i *t‘”& )

I
- ﬂﬂ %
'/ %ot = ¥
- 4 y/dof =64 /58 *
| J 3..%
e e

60

M, (uv) = JE(w) EV) - p ()" p,(V) = p, (1) p,(v)



Largest W Mass Systematics

* How well do we understand energy scale of
calorimeter?

— Use Z—>e+e- to calibrate detector

* How well do we understand hadronic recoil
— Effects resolution

200 |—

of missing E;

events /0.5 GeV




Precision Measurement of the W mass"

H > soo,a -1 i —~ Data
DO measurement of M, in W — ev N
- Analysis relies on energy calibration with Z — ee > § ..
- Result: M, = (80.401 £ 0.021 £ 0.038) GeV "F .
. . " X ‘y‘uu
. Greatly deserves the label “precision measurement .%WWWWW
70 75 80 85 90 95 100 105 11(]
m,, (GeV)
= 10000 5 — = 20000 5 — = 20000 5 —
& -(a) Do, 1 1b ~PAST MC & -(b) DO, 11b ~PAST MC & -(¢) DO, 1 b _PAST MC
0 - mBackground 0 mBackground 0 mBackground
%; 7500 — +2/dof = 48/49 %150005 »2/dof = 39/31 o 15000~ +2/dof = 32/31
- g 510000
$ 5000 £ 10000} 210000
w r 11} r w L

2500

5000 5000

e — ‘ . L -
2§-‘+J7‘++\‘ i \J.:"f‘-‘T\\L\%i\HM ‘U\‘Jg \%mu ‘-H 0! = 2;1.1:.\“1“\\\,1\\ Lo ;"‘l‘ + IR ‘\1'4\ ++ g‘ = 25 o :" “.:\“\ ‘ “ | o) “.;‘:.;‘“‘TH‘ +:+“"‘\ ;“y;'\
A et i A St A
= ! ) ) . ) ) ) ! ) ) ) ] ! !
50 60 70 80 90 100 25 30 35 40 45 50 e55 60 25 30 35 40 45 50 55 60
m; (GeV) p; (GeV) E; (GeV)

The (a) my, (b) p°r, and (c) Er s distributions for data and fastmc simulation with backgrounds. The x values are shown
below each distribution where x; = [N, — (fastmc;,)]/o; for each point in the distribution, N; is the data yield in bin i and only
the statistical uncertainty is used. The fit ranges are indicated by the double-ended horizontal arrows.
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W-mass summary

W-Boson Mass [GeV]

TEVATRON T 8038710016 )\ oo NuTeV

LEP2 —=-  80.376+0.033  result(vscattering)
Very good

Average ol 80.385 + 0.015 Ve ;

¥*/DoF:0.1/1 agreemen

NuTeV A 80136 +0.084  PEtween directand
indirect

LEP1/SLD Cat 80.362+0.032  measurements

LEP1/SLD/m, - 80.363 + 0.020

éO 80.2 80.4 86.6

mw [GeV] March 2012
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W-width summary

W-Boson Width |GeV |

TEVATRON —e—
LEP2

2.046 = 0.049

Average

pp indirect
LEP1/SLD
LEP1/SLD/m,

2

o 2.195 = 0.083
2.085 £ 0.042

+?/DoF: 2.4 / 1

A— 2.141 = 0.057

2.091 = 0.003
2.091 + 0.002

2.2 2.4

FW [GeV] March 2012

September 15
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September 15

Charged triple gauge bosons
ALEPH  DELPHI L3 OPAL LEP
_=| 3
3
E ADLO TGC Combination
<
0.042
K, =0.982 0o
0.019
h,  =-0.022 %0010
0.018
gf =0.984 5o
Parameter ALEPH | DELPHI L3 OPAL || SM
g7 0.99679:030 1 0.97579:035 | 0.96570:038 | 0.98570:03 || 1
iy 0.98370:060 1 1.02279:982 | 1.02070:5% | 0.89970:0%
Ay —0.01470:029 1 0.00119936 | —0.023%9:932 | —0.06175:537 | 0
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Neutral TGC

LEP ALEPH+DELPHI+ L3+OPAL

In SM they
Should be 0.

There is no ZZy
or Zyy vertex.

5 66

5 N de Groot — BND2015
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All together now

September 15

Measurement Fit

]

2

|O”nﬂdb_olll|/0lll(ﬂdb

3

0,b
Al
,C
Afb
A
A

(¢

A(SLD)

b

91.1875 + 0.0021 91.1874
2.4952 + 0.0023  2.4959
41.540 = 0.037 41.478
20.767 = 0.025 20.742

0.01714 + 0.00095 0.01645
0.1465 = 0.0032 0.1481

0.21629 + 0.00066 0.21579
0.1721 £+ 0.0030  0.1723
0.0992 + 0.0016  0.1038
0.0707 £ 0.0035  0.0742

0.923 = 0.020 0.935
0.670 = 0.027 0.668
0.1513 = 0.0021 0.1481

sin®0°"(Q,) 0.2324 +0.0012  0.2314

m,, [GeV]
Iy [GeV]

80.385 + 0.015 80.377

2.085 = 0'94dgGroot - 8%92%%
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BACK UP
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Beam Polarisation at SLC

e Polarised beams means that the beam are composed of more

[a—y
S
[—]

=]
(=]

70

60

50

40

30

20

10

Polarization of Electron Beam (%)

(=]

e, than e;, or vice versa

(P),

Beam Polarization SLLD 1992-1998 Data

Strained Lattice Cathode Strained Lattice Cathode

B for 1994 SLD Run for 1997 SLD Run

| Source /

Laser . .

Waveleng = . . -

Optimized * L B gdeiays e

L T R SR
| m 1996 Run
B 1\ Strained Lattice Cathode
for 1993 SLD Run

¥ |<P_>|: (0.244 +0.006) in 1992

i (0.7616+0.0040) in 1996

L | | | | |

0 1000 2000 3000 4000 50002
Z Count x 10

_ N(eR)_N(eL)
- N(e)+N(e,)

®|<P_>| =100% for fully
polarised beams
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Cross-section

f nb— N 2
L= =X bunch _p revolving frequency: f  =11245.5/s

N — Jl_,dt ‘€0 4 #bunches: n,__,=2808
wo. O bunch
obs - 7y #protons / bunch: N,= 1.15 x 101!

Area of beams: 476,6,~40 um

background
number of contamination in
observed events the sample

N

NObS _ kag Number of observed events
£ - f Ldt proportional to luminosity

/ \ and analysis efficiency.

analysis efficiency g I'Iumirc]iots)ityLHC
elivered by

cross section: ;] —

E =Etr *Ereco " E€ID * Esel

1 barn = 107 m? = 107* cm?
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