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3. The LEP / SLC legacy

Machines and detectors



LEP

Gargamelle

Conceived 1976: Burt Richter
suggest a 200 GeV machine for
electroweak physics

— until then only studied with
neutrinos and Ecm = 10-20 GeV

Planned 1979: John Adams at Les
Houches
Approved 1982 L
First physics 1989 -
In the meantime: P Lep "
— 1978 approve SppS i

- 1981 have it built and o s

commissioned |
- 1982 discover W and Z (1983) e R
~ but no new quarks and leptons - 1 oo L

— 1987 Tevatron started, 92 HERA

Figure 2: John Adams’ first LEP construction plan
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Discovery of W and Z

EVENT 2958,

1279,

X 69578

e UA1l and UA2 experiments

e Masses of 80 and 90 GeV
— as predicted

o

Nobel Prize 1984
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Discovery of W and Z

EVENT 2958. 1279,

UAl UA2
W mass 82.7£1.0+£2.7 GeV 80.2 £0.6£0.5%1.3
/mass 93.1+1.0+3.1 GeV 91.4+1.2+1.7

W width < 5.4 GeV equivalent
/width 2.7£1.2+41.3 GeV  2.7£2.0£1.0 GeV

e UA1l and UA2 experiments

e Masses of 80 and 90 GeV
— as predicted
e Nobel Prize 1984
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LARGE Electron Positron Ring

o Accelerator physics very similar to PEP / PETRA / TRISTAN
e The challenge was in civil engineering and logistics

- 26,7 7km, 3368 dipoles, 816 quadrupoles, 500 sextuples and 700
correction magnets, P = 1/4 Geneva
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Optimising the circumference

Energy loss due to synchrotron radiation
- U = 4nremec?y* / 3R, R = 3096 m
— Per turn:

e 140 MeV at 47 GeV
e 2.33 GeV at 95 GeV

Cost:

- Tunnel, magnets, vacuum ~ L ~ R
- RF system ~ U ~ y*/R
C~a-R+b-vy*/R
dC/dR=a-b\(4/R2

= R ~y?2~E?, U~ E?, Cost ~ E?

Magnets: B~ 1/ E
- at LEP: 0.05-0.1T

— widely spaced iron lamination and
concrete
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Super-conducting cavities

e RF cavity has a shunt impedance
e Power = Ppeam + Pcavity =N-e:U / At + UZ/ Rshunt , €U = AEsync.rad
e At high E cavity losses dominate

W\ ] |
g .' " s“:, :

T3isisi8iai

oy AT v:.

e+e- Physics Felix Sefkow 10.-14. Oktober 2016



LEP parameters

Circumference
Centre-of-mass energy

Accelerating gradient
Number of bunches
Current per bunch
Luminosity (at Z0)
Luminosity (at LEP2)
Interaction regions

Energy calibration

~27 km
92.1 GeV(LEP1) to 209 GeV(LEP 2)

Up to 7 MV/m (SC cavities)

4 x4

~ 750 uA

~ 24x10°%cm™s™  (~1 Z0/sec)
~ 50x10cm™s™ (3 ww/hour)
4 (ALEPH,DELPHI,L3,0PAL)

< 1 MeV (at Z0)

e Collisions every ... ?

e+e- Physics
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LEP running

260
1999 = 254 ph-1
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, SI n Ce 998 = 200 ph-1
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- .
2160 1 O Physics95 Zo65-70GeV | ot o gedT
4 —0—Physics 96 80.5 - 86 GeV
%40 - T e 11 Rt | At LR P LR P T LR PP EEEPPEEEPTEREREERPE
0 —B—Physics 97 91 - 92 GeY
5120 +-|  —O—Physics 98 945068V  |meeemmmmmeeeeee T e e
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g 0 Physics 2000 100-104GeY
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Integrated luminosities seen by experiments from 1989 to 2000

VRO O BN P RE A RRESEEOODIORELELELIEEPS

number of scheduled days ( from start-up )

e+e- Physics

1990-
1995

~91 GeV
4 Million Z0's

1995

Test phase for
LEP2: 130 GeV

1996

161-172 GeV:
WW-threshold

1997

183 GeV
1000 W-pairs

1998

189 GeV
2500 W-pairs

1999

192-200 GeV
3000 W-pairs

2000

200-209 GeV
3000 W-pairs

Felix Sefkow
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Stanford Linear Collider SLC

PEP Ii SSRL PEP II
Low Energy SPEAR IR-2
Ring (LER) 5 Delactor

\, /"'

North Damping Ring Beam
Switch
Pesitron Retumn Line Positron Source  Yard End
1 1 (BSY) o Stapon A
e-gun /a-élj’ o (ESA)
- ' \’Zﬂ—: 3 T -—— Final Focus *SLD
200 MeV/ Linac . Te(?:l F!_BreBa;m
injecter X NLCTA
PEP Il o Et_nd 3
South Damping Rin High Energy ation
bl Ring (HER) (ESB)
- 3 km - ]

* e up to 50 GeV; fixed-target program (until 1980's)

e ¢ and e* for PEP-I storage rings (Ecm = 29 GeV; early 1980’s)
e ¢ and e* for SLC collider (Ecry = Mz ~ 91 GeV; 1989 - 1999)
e ¢ and e* for PEP-Il storage rings (Ecm ~10 GeV; 1999 - 2008)

SLC:

— substantially smaller luminosities and data statistics than LEP (e-, e+ are not
recycled but are dumped after each collision)

+ polarisation of e~ beam up to 80% (polarised e- -source; conservation of polarisation
due to ~absence of synchrotron radiation)
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SLD at SLC

e SLC physics tarted
with MARK-II in 1988

e Replaced by SLD in
1991

SLD
Support
Arches
Magnet Coil
Magnet Iron Liquid Argon
and Warm Iron Calorimeter
Calorimeter

Moveable Door
Luminosity Monitor

Cerenkov Ring
Imaging Detector
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Polarimetry at SLC

At SLC, can chose electron polarisation

Polarised source, spin transport and rotation

Polarimeter: Compton scattering of circular polarised photons on
longitudinally polarised electrons

— cross section dependence on scattered photon energy depends on parallel or
anti-parallel spin alignment

— detect momentum-analysed lector s in multi-channel Cherenkov detector

532 nm
Frequency Doubled
A B B L L L IR e YAG Laser
0.76 |- = .

g C 7] Mirror
2 [ ®PGC 12 1 Box N
g omaf- eQFC . - )
£ C P ]
8 3 - ]
& ol ( 4 ds Circular Polariser
O L % s d 1 V
& I H}/ ;
¢ 0.70— - — Focusing
o r - ] and
4 Z 7 ] -/Steering Lens
A, 0.68— -

o ] '

:./..E....I....I....I....I.: Mirror Box

0.68 0.70 0.72 0.74 0.76 (preserves circular
- polarisation)

N\

Primary Polarimeter Result Laser Beam 7
Analyser and Dump/ Compton
“Compton IP” #<. Back Scattered e~ Cherenkoy
Integrate over 1000 scatters per laser pulse Analysing 7 Detector

. . . Bend Magnet
Require highly linear detector

, AN ,
. . Quartz Fib
Cross-checks with calorimeter and gamma counter ~ "°/@fsed Gamma 7 @ Caorimeter
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LEP experiments




LEP experiments

Electromagnetic

Vertex calorimeters

Detector Hadron calorimeters
and return yoke

Inner Tracking
Chamber

Time Projection
Chamber -2

Electromagnetic & . = U\ et
Calorimeter chamber

Superconducting ~ L Vertex
Magnet Coil e 4T chamber

Hadron - [ A Microverte
Calorimeter ? oo il ) detector

Muon
Chambers

Luminosity

. Z chambel
Monitors
Solenoid and

pressure vessel
Presampler

v g Forward Time of flight
v . detector detector
Silicon tungsten

luminometer
Magnet Yoke Forwud Cliwunber A ) Burwel Muon Chumnburs

Forvad RICH ] Barm] Hudroo Cadorimcter
Magnet Coil = Yo

Magnet Pole Forward Chamber B ] Scintillators
Muon Chambers |

Forwad EM Culudwster p Supcrcomducting Coil
¢ b
arward Hadron Calodmets k p / R ’ High Density Prajection Chamber
- ‘ lorward | Indosm_m\ ; Qurer | Xrector

.
Forward Muon Chambers:
_ BuneI RICH

! Sumound Muon Chambers

ﬂ“’“ Angle Tik Calotiurelon

Quadmpale

Yory Smull Angle Tugyer

i

* Beam Pipe
. Vertex Detector
A‘\
“Juner Detector

“1ime Projecrion (hamher




LEP experiments
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ALEPH TPC

TPC: time projection
chamber

central membrane

“no" material
r=1.8m,L=4.4m
41’000 pads

up to 480 dE/dx

measurements / track

particles from
collision

e+e- Physics

dnfting

wire chambers
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ALEPH TPC

e TPC: time projection
chamber
- “no" material
- r=1.8m,L=4.4m
- 41’000 pads

- up to 480 dE/dx
measurements / track

drifting
o
central membrane _ ereciro

(cathode)

ne, i,

............

endcap
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Silicon vertex detector

Then brand-new
technology

Added after first years
of running to all the LEP
detectors

ALEPH:
— 100 pm strips
- 12 pym resolution

Break-through in heavy-
flavour physics

— lifetimes, oscillations,
inclusive secondary
vertex tags

e+e- Physics Felix Sefkow 10.-14. Oktober 2016
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Silicon vertex detector




2. The LEP legacy

Physics highlights
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Physics Highlights

e Electro-weak precision studies at the Z
e W boson physics

e QCD and heavy flavours

e+e- Physics Felix Sefkow 10.-14. Oktober 2016
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Cross sections at LEP

Cross section (pb)

10

e+e- Physics

141 ® e'e oy

L3

® c'e e'eqq
® e'e —qq(y)
° e'e spu(y)

| ® e'le sWW
ete 277
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/

- eteToHZ
m, = 115 GeV

|
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|
| '| !
|

80 100 120 140 160 180 200
Vs (GeV)
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Electro-weak physics
at the Z resonance
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Electro-weak interactions

Weak interaction couples to LH

doublets of weak isospin I Ve

e

().

Local SU(2) gauge invariance: 3
gauge bosons

— charged and neutral currents

Igw :

Add neutral spin 1 field B

IWgW :

neutral current

Coupling to hypercharge Y

Hypercharge Y = 2Q - 2I3

%

vy and Z super-positions of W3
and B

Z, = —B,sinB
Weak mixing angle Bw : g "

_ . o _
Couplings related e = gw Sin By = g’ cos By

e+e- Physics

Ay = By cos By —I—W3 sin Oy

Felix Sefkow 10.-14. Oktober 2016
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Z boson couplings

W= couples to LH only Lz °L . Cr8z °R
Z couples to both LH and =7 Q R Q
RH, but differently Z Z

cL:ISV—QsiHZGW cr = —Osin® Oy
T t i)
|
W3 part of Z couples only to B, part of Z couples equally to
LH components (like W¥) LH and RH components

In terms of vector and
axial vector Cv=CL+Cr = lz-2Q sin2 Bw

. — g%mZ 2 2
Width F(Z—>ff)=m(cv+CA) cA=CL_—Cr=I3

e+e- Physics Felix Sefkow 10.-14. Oktober 2016 22



Z boson couplings

—Qsin” By

i)

B, part of Z couples equally to
LH and RH components

e W= couples to LH only e €L
e Z couples to both LH and = ':1:
RH, but differently Z
cL:Ia,—QsinZGW
T )
W3 part of Z couples only to
LH components (like W¥)
e In terms of vector and
axial vector Cv=CL+Cr =l3-2Qsin2 Bw
e Width rz— f7= gz L+ ) [oa=oiocn=l
Fermion | O K, cL CR Ccy CA
Ve,Vu,Ve | 0 43 4+ 0+ 43
et [—1 -1 —027 023 —0.04 -1
u,cot | +3 45 0.35 —0.15 z+0.19 44
dsb |—3 —3 —042 008 _()35 ~1

e+e- Physics
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Z boson couplings

e W= couples to LH only cr-gz _—°L cr-8z _~ °R
€ (S
e Z couples to both LH and L R
RH, but differently Z Z
cL:Ia,—QsinZGW cr = —Osin® Oy
Lt ——
W3 part of Z couples only to B, part of Z couples equally to
LH components (like W¥) LH and RH components

e In terms of vector and
axial vector Cv=CL+Cr = lz-2Q sin2 Bw

e Width rz— f7) = gz L+ ) [oa=oiocn=l

using sin2 Bw =0.23

Fermion | O Ia, CL CR Cy CA C%v + C2A

VeVi,Ve | 0 1 44 0 §+% +1 ] 050

....................................................................................................................................................

e, um,t =1 —14 3—027 023 —0.04 -1 | 025

.....................................................................................................................................................

u,cit |+2 0 +1 035 ;—015 @+019 +5 | 029

....................................................................................................................................................

dys,b |-% -3 —042 008 —035 -3 | 037
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Z boson couplings

W= couples to LH only Lz . Cr8z
Z couples to both LH and =7 Q R Q
RH, but differently Z Z

= —Qsin’ Oy

In terms of vector and
axial vector

Width 'z — f?)

Cr. :Ia, — Qsin29W

Cc
1 ' ——'

W3 part of Z couples only to
LH components (like W¥)

B, part of Z couples equally to
LH and RH components

2 Q sin2 Bw

Cy=CL+Cr =I3-

AL

CA=CL—Cr=I3

using sin2 Bw =0.23

Fermion | O L, cL CR Cy CA C2v + C2A
VeVusVe | 0 4+ 41 0 #1411 050
s o B i s et e O
......... S +%+%035—015+019+% o
.......... T om0 e 1| o

e+e- Physics
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AI‘BPH DALI_D4 BCH=91 .28 Pch=34.6 Rfl=39.]1 Rwi=26.7 Eha=4.52 ABR3I02E 92-08~1S 6:11 Run=1599S Rvt=3958
Nche2 EVie_.999 EV2=_.553 EViI= 038 ThTel.13 Detb= EIFFFF

— 05>
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Evt=5906

Run=15768

8 ALEPH onr

26
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ALEPH "
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Z branching ratios

e C(Classify events and count them

: : : Experi R=T, /
e Normalise to luminosity kb 1= Fraa
ALEPH  —e}—! 20.729 + 0.039
- Bhabha events DELPHI o — 20.730 + 0.060
- only QED, exact L3 L 20.809 + 0.060
- but experimentally non-trivial ? Cliia A Rl
: x?/dof = 35/3
* Or to each other LEP : 20.767 + 0.025
- cancel systematics common error 0.007
e e i 103:
ENATAS
~ 1 /Sin4 6/2 Y € .1:——'1/ """ “ﬁ = C+
N j
ot ot =
3 2
ALEPH . O
SiW calo =

og = 0.118+0.002
linearly added to

M, = 174.345.1 GeV

Masses of top and Higgs 1 : '
enter through radiative 20.65 20.75 20.85
corrections, e.g. virtual loops R
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Counting neutrinos

\ 120
ol e ®  Corrected doto 7
Theoretical cross sections y %
100 N,=3.14 from the likelihood fit  / N=F"
o 80 {
a S
~ N,=3
N L
T 60 J‘f'
o N,=2
[3] P
o 40
/ &
A
]
20
.v",- g
&
0 75 J
88 89 S0 91 92 93 94 95
vs (GeV)

'\/3=2 Ebeam' Ey
e prefers N = 3, but...

e smarter way.:
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Counting neutrinos

\ 120
ol e ®  Corrected doto 7
Theoretical cross sections y V .
100 N,=3.14 from the likelihood fit  / N=F"
o 80 f
a S
SN N’___‘}
s
[ ]
: .
,]\ 60
o N,=2
[3] FANE
o 40
/ &
A
]
20
&
0 75 J
88 89 S0 91 92 93 94 95
vs (GeV)

'\/3=2 Ebeam' Ey
e prefers N = 3, but...
e smarter way.:

I’mt=Fee+FW+Fﬁ+qu+N I

families™ vv
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he Z resonance

et f
Z Y~ o imt p—T1/2
Z cross-section: ~ ;

1 g%S e\2 e\2 M2 M2
Ge+e*—>Z—>)u+‘u* — 19271 (s—m%)z—l—m%F% [(CV) +(CA) H(CV) +(CA) H

- ) . .,
Recall: do 1 [Pl 2 p= 1 / Mo 2dO
dQ  64rns |pi] My 32m%m2 . IMjil
i i + _ g%mZ— u 2- 12
Partial width: N(Z—-putu )= ST [(ey)”+(c}y)7]
] 12z S ey -
Relation: =2 Gomdpamrg e e M2 =)
. . + o — 127 S
For any fermion pair: olere = Z= )= T e
At the peak: o T m 12

Full width half maximum FWHM: Iz =1/ T2
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Total cross section

Y—exchange Y—Z-interference Z-exchange

de
Ve
as

vf

{(1 + cos® 6) [QF — 2x1vv5Q; — x2 (al + vI) (a} + v})]

+2cos O [—2x1G.a5Q 5 + 4Xx2Cca5v-v5]}

1 s(s — M32)
16 sin® Ow cos2 8w (s — M2)2 + M2T'%
1 s?
256 sin® Ow cost Ow (s — M2)2 4+ M2T%
-1
—1 4 4sin® 6w
2Ts s

273 — 4Q 5 sin? Ow

et+e-

Physics Felix Sefkow 10.-14. Oktober 2016
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Total cross section

o
| >N\M\< V3 > _____ Z < ‘ - ‘>Nvm< Sk >Am/\< >--.Z---< - >_Z<
e T~ | Z-exchange
PEP PETRA  TRISTAN LEP ee —>uu
AMY L3
MAC JADE TOPAZ
MARK I —MARK J VENUS
¢ PLUTO

¢ TASSO

e+e- Physics
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Z line shape analysis

— and for electrons: t channel

o In practice, radiative corrections are ¢ v 7
important ”
e f

T T T T T
1 1 1 . 0 1
e Assuming lepton universality: wl e 0. 3
® [z = 3 liepton + Madrons + Nv vy [ ALEPH
® T[lepton, Mhadrons from oo, Ny calc. I f?LPHI
e Ny = 2.9840 % 0.0082 of om ; :
2 2 i
| ALEPH = ol ]
DELPHI 2 :
30 © :
L3 L @ measurements (error bars .
OP AL increased by factor 10) '
10 ___Gfromfit E 7
S L i = ==: QED corrected E
5 20 B '
= r '
& | ts, f sy vy WD,
& [ et hars merensed | 86 88 90 92 94

by factor 10

i E_ [GeV]
10

N<5.9
before LEP

0 ™% 88 90 92

e+e- Physics Ecm [GeV] Felix Sefkow 10.-14. Oktober 2016



Z line shape analysis

e In practice, radiative corrections are ¢'\gwW“Y f wt N
important 2 i / \
- ‘ 30 L OPAL .
— and for electrons: t channel ) r ) g
e Assuming lepton universality: ER
o mmmmes e/ [
d rZ =3 rlepton + rhadrons + NV rVV 10 F— onomric /
® Tiepton, Mhadrons from og, Ny calc. Q
e N, =2.9840 + 0.0082 TET e
2v L3 O 1990-92
L ALEPH r e+e7—>e+e7('y) m 1993
DELPHI I 4 ce<136° A 1994
30 ‘ L3 i ® 1995
OPAL —
R ;
S i © 05 ',."'s—channel
S 20 [ ‘
% [+ average measurements, | i chamnel P
o) error bars increased ool
| by factor 10 or interference
10 1.05F
N<5.9 g If + i I
before LEP . | | | | 0osE . L L
0 86 88 90 92 94 88 %0 92 4

s [GeV]
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The Z mass

From the line shape

Precision 2 x 107

Need to understand many tiny effects
Crucial: beam energy calibration

NB: Z width much less affected
40 -_ ----------- g?--?
: : ALEPH
ALEPH | —— 91.1893+0.0031 I DELPHI
: : I L3
1 1 L OPAL -
DELPHI —&—! 91.1863::0.0028 30 1
L3 | —&—  91.1894+0.0030 !
: | = 20 7
OPAL —&— ! 91.1853+0.0029 & |
. e b e 0
LEP —0— 91.1875+0.0021 whk . _
Lo common: 0.001 [ --= QED corrected |
Y*/DoF = 2.2/3 " _
. . oy W,
T 86 88 90 92 94
91.18 91.19 91.2 b Gev
m, [GeV] o
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The Z mass

From the line shape

Precision 2 x 107

Need to understand many tiny effects
Crucial: beam energy calibration

NB: Z width much less affected

ALEPH  {—6—  91.1893:0.0031

DELPHI —o—! 91.1863+0.0028

L3 | —&—  91.1894:+0.0030
OPAL —&— ! 91.1853+0.0029
LEP o 91.1875+0.0021
' ! common: 0.001
v*/DoF = 2.2/3
9118 919 912
m, [GeV]
e+e- Physics Felix Sefkow

DELPHI
L.

3
30 OPAL

Opaq [Mb]

10.-14. Oktober 2016
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LEP beam energy calibration

E [MeV]
"t "% e Resonant depolarisation
1~++ ......... % ..... P
05 | +

measure Polarisation with Compton Polarimeter

: Photon detector

of Laser
i - -
: I T RN R e

0.48 0.482 0.484
v-101

Pfinal /P initial

per manent

synchrotron radiation
polarizes beam

weak radial oscillating
B-field destroys
polarisation if in resonance

with Larmor frequency
spin precesses

T . v
~——a_in B field
2
)— &4 E "
L a 5 (Larmor frequency)

111
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Beam

energy variations

e+e- Physics

200

ppm

100

-100

-200

Felix Sefkow

LEP TidExperiment

11 Nov. 1992

T 1 T e & |
m Relative energy change
measured by resonant depolarization

— Tide Expectation . —strain/a,

T

S S O L (L R PRl A 1 Vo |

I R

4 8 12 16

Time (hours)
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Beam energy variations

AE (MeV)

-10

o
S
T

e Energy calibrations

= Horizontal Orbit (X, ;)
Lake level fit

120

140 160 180 200 220 240

e+e- Physics

200 —
ppm

100

-100

-200

LEP TidExperiment

11 Nov. 1992

T 7 1 T |
m Relative energy change
measured by resonant depolarization

— Tide Expectation . —strain/a,

|

| RS S N T PSR AR P S |

I R

0 4 8 12 16

Time (hours)
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Beam energy variations

e Tidal effects in the rock move
the magnets and change the
orbit, thus RF phase and
energy

e 1mm larger radius — 10 MeV
more energy
e Similar effect by Lake
Geneva water level
% e Energy calibrations
% 0 & = Horizontal Orbit (X, ;) |
% Lake level fit
-10
-20 - o
120 140 160 180 200 220 240
Days

e+e- Physics
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100

AE

E(Tidc-O)

-100

Felix Sefkow

LEP TidExperiment

0

11 Nov. 1992
L T To B G T U R BT |
m Relative energy change
measured by resonant depolarization
— Tide Expectation . —strain/a,
- ‘J 4 ]
-
4 \_/ x
v :
/ \
/ ‘
&
] !
/ l\\
# \

” \
__?; _
. e o T L i | v v | PR T e |
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More energy variations

Correlation between trains and LEP

17.11.1995 LEP Polarization Team

Voltage on rails [V]
o
R
eyrin b
f

] ‘l"' 4 E.
3 s §
v "W i
RAIL N

-0.012 -

-0.016 |-

Voltage on beampipe [V]

-0.024

Bending B field [Gauss]
5
v
o)

" LEP NMR

16:50 16:55
Time
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More energy variations

Electrical ground loops

e+e- Physics

Voltage on rails [V]

Voltage on beampipe [V]

Bending B field [Gauss]

746.36 |-

T46.34 |

746.32 |-

746.20

746.28

Correlation between trains and LEP

17.11.1995 LEP Polarization Team

LEP NMR *“

16:50 16:55
Time

Felix Sefkow 10.-14. Oktober 2016



Differential cross section

Recall QED case

Now replace e with ¢ and
introduce propagator

Since RH and LH couplings are
different, the cos 6 term does not
drop out anymore

Asymmetry

AFB - 3/8 B/A - 3/4 AeAp
cv/ca =1-4|Q]| sin?Bw

Asymmetries measure weak
couplings and Weinberg angle

All depend on Ae
Use A% = 3/4 A% or AR

e+e- Physics

do
dQ

1 y 1
4" 64m2s
(A.‘n'a\z

>~ (2(14c0s0)*+2(1 —cos0)?)

25672s

Felix Sefkow

(IMgr|* + |Mge|* + |Mrg|* + |M7,|)

10.-14. Oktober 2016
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Differential cross section

Recall QED case

Now replace e with ¢ and
introduce propagator

Since RH and LH couplings are
different, the cos 6 term does not
drop out anymore

Asymmetry

AFB - 3/8 B/A - 3/4 AeAp
cv/ca =1-4|Q]| sin?Bw

Asymmetries measure weak
couplings and Weinberg angle

All depend on Ae
Use A% = 3/4 A% or AR

e+e- Physics

do 1 1
00 = 1% Gy Mrel M M M7
(4max)? 5 ,
T 956712s (2(1+cosO)“+2(1 —cosB)”)
dORr ] : gis € \2( M2 .o\2
dQ  64n? (s—m%)2+mil"%(("’) (cg)*(1+cos8)
doyr 1 g7s N3¢ Jind .
- AV ) (cy ) (1 +cosB)”
dQ  64x2 (s—m;)j+m%l"§<(") (cz)™( )
doig 1 g8 o2 , 5
dQ ~ 64n? (.s—,;z§)§+;;éri(c") (cR)(1 = cos6)
dor ' s e jy2 2
== 3 ¢y ) (cp) (1 —cosB)~
dQ 647 (s—m%)2+m%1“%( L)"(cr)’( )

10.-14. Oktober 2016 38
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Differential cross section

B 4, F

Recall QED case :
WRI.\z b M|

Now replace e with ¢ and
introduce propagator

o

Since RH and LH couplings are :

different, the cos 6 term does not : |MRR|2+:|MLL|2

drop out anymore : N
-1 cosO +1

Asymmetry

AFB - 3/8 B/A - 3/4 AeAp
cv/ca =1-4|Q]| sin?Bw

Asymmetries measure weak
couplings and Weinberg angle

All depend on Ae
Use A% = 3/4 A% or AR

e+e- Physics Felix Sefkow 10.-14. Oktober 2016 38



Differential cross section

Recall QED case

Now replace e with ¢ and
introduce propagator

Since RH and LH couplings are
different, the cos 6 term does not

drop out anymore
Asymmetry

AFB - 3/8 B/A - 3/4 AeAp
cv/ca =1-4|Q]| sin?Bw

Asymmetries measure weak
couplings and Weinberg angle

All depend on Ae
Use A% = 3/4 A% or AR

e+e- Physics

B 4, F

WRI.!Z + My g|?

o

|Mgg|? + M |?
T —>
-1 cos0 +1
do )
1o = KX [A(1+cos“0)+ Bcos6
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Differential cross section

Recall QED case

Now replace e with ¢ and
introduce propagator

Since RH and LH couplings are

different, the cos 6 term does not

drop out anymore
Asymmetry Afp =

AFB - 3/8 B/A - 3/4 AeAp
cv/ca =1-4|Q]| sin?Bw

Asymmetries measure weak
couplings and Weinberg angle

All depend on Ae
Use A% = 3/4 A% or AR

e+e- Physics

B 4, F

\MR/.|2 + My g|?

o

|Mgg|? +;|MLL|2
T —>
-1 cos0 +1
d 5
d_g = K X [A(1+cos”0)+ Bcos O
A =[(cf)*+ (cg)?(c)* + (cg)*
B =[(c§)* — (cg)*l(c})* — (cg)?]
Felix Sefkow 10.-14. Oktober 2016 38




Differential cross section

Recall QED case

Now replace e with ¢ and
introduce propagator

Since RH and LH couplings are
different, the cos 6 term does not
drop out anymore

Asymmetry Afp =

AFB - 3/8 B/A - 3/4 AeAp
cv/ca =1-4|Q]| sin?Bw

Asymmetries measure weak
couplings and Weinberg angle

All depend on Ae
Use A% = 3/4 A% or AR

e+e- Physics

B 4, F

\MR/.|2 + My g|?

o

|Mgg|? + M |*
T —>
-1 cosO +1
do )
1o = KX [A(1+cos“0)+ Bcos O
A = [(c§)*+ (cg)l(cr)* + (cp)?
B =[(c§)* — (cg)*l(c})* — (cg)?]
f.r
Ap= (cf)* = (cg)? _ 2oy
(c))*+(cr)*  (c])?+(ch)?
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Differential cross section

Recall QED case

Now replace e with ¢ and
introduce propagator

Since RH and LH couplings are
different, the cos 6 term does not
drop out anymore

Asymmetry Afp =

AFB - 3/8 B/A - 3/4 AeAp
cv/ca =1-4|Q]| sin?Bw

Asymmetries measure weak
couplings and Weinberg angle

All depend on Ae
Use A% = 3/4 A% or AR

e+e- Physics

o

[Mral? + MLz
i —>
-1 cosO +1
j—g =k % [A(1 +cos*6) + Bcos 0
A = [(cf)* + (cr)?][(cL.)* + (k)]
B =[(cf)* — (cg)’][(cL.)* — (ck)*
pp= (P2 20y
(cf)? +(cR)*  (c])?+(c})?
_ cv/ca
| 4+ (cy/ca)?
Felix Seflow  10.-14. Oktober 2016 38




Forward backward asymmetries

For data above and below Z peak
interference with y change enhances
ArB

Need to account for QED here, too
— and t channel interference for ee

Off-peak runs enhance EW sensitivity,
but less statistics or everyone else

Running strategy not trivial

e+e- Physics

DELPHI 93 — 95
1 e'e” > uw(y)
_ o038
o]
=
o
3 o0
O y
<
d i / Vas
C o4y P+2 4t
ﬁfﬁiﬂ*ﬁ“ﬁ e
L A T
cos(0,.)
Felix Sefkow 10.-14. Oktober 2016 39



Forward backward asymmetries

A (W

For data above and below Z peak
interference with y change enhances
Ars
Need to account for QED here, too

- and t channel interference for ee
Off-peak runs enhance EW sensitivity,
but less statistics or everyone else

Running strategy not trivial

ALEPH
DELPHI
L3

OPAL

F = Agp from fit

[ ==== QED corrected
* average measurements

: N - : :
88 90 92 9

E,, [GeV]
e+e- Physics

dg,,/dcos(0) [nbl

Felix Sefkow

DELPHI 93 — 95

e'e” > u'u (y)

#+
## P+2 4%
&iiﬂ++++ 444
i S T
—1 —65 | é | 0‘5
cos(0,.)

10.-14. Oktober 2016 39



Forward backward asymmetries

A (W

For data above and below Z peak
interference with y change enhances

Ars

Need to account for QED here, too
— and t channel interference for ee

Off-peak runs enhance EW sensitivity,
but less statistics or everyone else

Running strategy not trivial

ALEPH
DELPHI
L3

OPAL 1 1

- —— App from fit
[ ==== QED corrected

dg,,/dcos(0) [nbl

* average measurements

Lefe” > e'e ()

0.5

O 1990-92
m 1993
A 1994
® 1995

t-channel

0.05F

difference

: N - R
88 90 92 9

-0.05 B

E,, [GeV]
e+e- Physics

92 94

Felix Sefkow

DELPHI 93 — 95

e'e” > uu(y)

//T*L
ﬁ | pr2 4
%3# )
Tttt a
| 29604 .. )

10.-14. Oktober 2016 39



Left Right Asymmetry

At SLC, can chose electron polarisation
Average over positron polarisation states

— e \2 M, )2 M, )2 -
oL = 1/2 (ow + ow) ~ (c)” [(c") + ()] 2000 ©  SLD e*e’e’e’ 97-98
ALr depends on c® only: AR = Ae 1500 |
. . % E_OIt_eft polaris_ed e t_>eam
Additional observables: polarised forward ¢ 1ooo | *"ohtpolarised e'beam
backward asymmetries 500 |
0?.I...I...I...I...I...I...I...I...I.
600 | SLD Z°—u*u 97-98
92 =— 0.100 + 0.044 * 0.004 :
£ 400
03 —=—|0.1656 + 0.0071 + 0.0028 3 ;
200 |
94-95 - 0.1512 + 0.0042 + 0.0011 0é...................................
- SLD 2°»1*t" 97-98
96 —=~ [0.1593 <+ 0.0057 + 0.0010 :
400 |
[Z2] [
97-98 - 0.1491 + 0.0024 + 0.0010 ] :
@ 200 -
Average - 0.1514 + 0.0019 + 0.0011 i
. |x?/DOF=7.4/4 Prob.=11.4% 0 bbbt
0.10 0.12 0.14 0.16 cos 6

0
e+e- Physics Alr Felix Sefkow 10.-14. Oktober 2016 40



Before - after

-0.041

68% CL

l«
e,
0
«

-0.506  -0.503

-d.5 -0.497

-1.0
-1.0

e+e- Physics

Felix Sefkow

0.5 1.0

10.-14. Oktober 2016
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Measurements of Z couplings

Qv

Extracted from FB asymmetries

Lepton universality confirmed with
per-mil precision

-0.032 N
[Im,=178.0 + 4.3 GeV
e THT 114...1000 GeV
-0.035 |
-0.038 s
Ao
-0.041 — 68% (I:L
-0.503 -0.502 -0.501 0.5

9al

e+e- Physics

Yvp

ch

Felix Sefkow

I I I
-0.3 71 .
-0.32 1 -
-0.34 1 =
SM
036 68.3 I95.5 .99'5 I% CL. . .
-0.54 -0.52 -0.5 -0.48
Y
0.22 T
0.2 =
0.184 =
0.16 68.3 95.5 99.5 % ICL
0.47 0.5 0.53
gAc
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Heavy flavour tags

e Initially: leptons, D*

e Si vertex detectors:
statistically much £ o
more powerful tags 8

! DELPHI

107!

1072

o data
-+ MC uds
--- MC udsc
— MC all

-0 -8 -6 4 2 0 2 4 6 8 10
S

e+e- Physics

No. of Hemispheres

2
Muon transverse momentum (GeV/c)

3500

1000

L3

® Data
£X uds

[ fake I
B bl
b—c—l

e

=

L

2
T

¢ b—D*

2 0.008 + """" .
<4 ,%1; ++ = boD* fit
| L _ e H goee

£ o006 T
3 o + :
2 h

= 0.004 i t

/“// et v

Felix Sefkow

3 4 5 6 00 01 20 A DT e 08 e

Xp

C SLD

:_ ®  Data

:_ — MC

: 1 1 1 1 | L1 1 1 | 1 1

0 1 3 4 5 6

Vertex Mass (GeV/c?)

10.-14. Oktober 2016

OPAL |

0.01 - * ¢ D=*signal |
I * + .. D* signal fit |
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Impact parameter

—

=~ o Secondary
Impact ',' d ~ - - vertex
parameter | L O .o

et
.
.......

.
CLAd

Jet direction

Almost a Lorentz invariant
d=Lsind,L=ByT
sind=pr/p,p=RBym,pr=p*r

=d=1+ p*/m - but of course pr still varies from event to

event e+e- Physics

Felix Sefkow

>

—

10.-14. Oktober 2016
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Inclusive charge tags

150

L3 ® Data 1994

e Inclusive: jet charge

100

50 1

e b quarks: vertex charge

Number of jets / 1000

Jet charge

1000 L e ALEPH Data 1800 SLD L polarization , 1800 ;— R polarization
- — Simulation 1600 1600 £
:IZ b forward " 1400 " 1400 ;—
b forward £ 1200 £ 1200 £
Z 1000 % 1000 |
?.3 800 ?.3 800 £
& 600 & 600 F
400 400 F
/ 200 200 |
03795 2 0 Y S S 0 _0‘5- e L ; ==

QFB

cos0

thrust thrust

e+e- Physics Felix Sefkow 10.-14. Oktober 2016 45



tau polarisation

e All fermions are
produced in polarised
state

e But observable only
for tau via decay
distributions

(1 + cos?0,-) + 2. cos 0,

P(cosl,-)=—
‘ ‘ (1 +cos?20,-) + %AIEB cos 0,-

e Can extract Arand Ae

more complex observable for p and a;
muons less sensitive

e+e- Physics

= =
T T
— —
= Spin 0 Spin 0 L
Ve T T Ve
1200 - OPAL |
v2ldof=39.3/ 42 t Data ]
I — Fit ]
1000 — + T Bkg m
r B Non-t Bkg
I - Pos. Helicity t |
800 — - - Neg. Helicity T —
. L ,
a
S 600 .
= L "~ ,
15
>
m - i m
400 - 3 "_‘ -

sk}

| oo
200 [

F RS SRS
s s
T s T
0 R BLLLCOLLNES 100 00,8 S8 SO LI CLON GO NES, CO.8 S 6482 =
T—>nV pn / Ebeam

Felix Sefkow 10.-14. Oktober 2016
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Weak mixing angle

0.7 per-mil accuracy

The A Ab tension is
still there...

e+e- Physics

0,
Afb

A(P.)

m,, [GeV]

0.23099 + 0.00053
0.23159 + 0.00041

0.23221 + 0.00029
0.23220 + 0.00081

0.2324 + 0.0012

0.23153 +£ 0.00016
x°/d.0.f.:11.8/5

Ao = 0.02758 + 0.00035
R m,=178.0 £ 4.3 GeV

sin®0
10.-14. Oktober 2016
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T T T

I
0.234
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Electro-weak physics
at LEP2

48



LEP2: W boson pair production

Y Y
+ + Y Ve
e W~ e W~ e

No resonance: much smaller cross
section than at LEP1

— only few 1000 events / year
Precise standard model predictions
— mass

- fermion couplings

— gauge (self) couplings

e+e- Physics

N

A4
>

® o' e’eqq
* e'e —qq(y)
° e’ ()

Cross section (pb)

1]
10 S
] m, = 115 GeV ' | : . : .
80 100 120 140 160 180 200

Vs (GeV)
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Fun:event 7830: 82338 Ctrk{N= 52 Sump=101.1) Ecal(N= 60 SumE= 82.7
Ehbeam 85.181 Vtx {-0.07, 0.06, 2.38) Hcal(N=21 SunE= 35.4) Muon(N= 0}

Fu)

narsd

e+e- Physics Felix Sefkow 10.-14. Oktober 2016



Run:event 7500: 9003 Ctrk{N= 37 Sump=102.5) Ecal(N= 41 SumnE=111.3
Ebeam 86.158 Vtx {-0.09, 0.056,-0.13) Hcal(N= 8 SumE= 3.2) Muon(N= 0)

I 12 2 D
Catre of soemnis { 164K .74, 0,000 11 TT
e+e- Physics Felix Sefkow 10.-14. Oktober 2016




Run:event 7402:203018 Ctrk{N= 2 Sump= B8.4) Ecal(N=

8 SumE= 49.9

]
1
]
1
]
1
1
1
1
1
1
1
1
1
1
]
1
)
[

-

-
-
s

BT —

an, an,

Cartre of soreanis € 0,000, WEA00, 0,000

e+e- Physics

Felix Sefkow

.

e ————
e e g =

-——

-

10.-14. Oktober 2016



W decay modes

Fun:event 70309: 62338 Ctrk( s Run:event 7402:203918  Ctrk{N= 2 Sump= B8.4) Ecal(N= Run:event 7590: 9003  Ctrk{N= 37 Suzp=102.5) Ecal(N= 41 SumE=111.3)

Ebeam 86.168 Vix {-0.09, 0.06,-0.13) 1{N= 8 SunE= $.2) Muon(N= 0}

Ebeam 85.181 Vtx {—0.07, 0.08, 2.38) Heal( [ ! Ebeam 80.674 Vtx { 0.00, 0.00, 0.00) Heel(N= 3 SuE= 5.1)

1) G
i
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W decay modes

Run:event 7402:203918 Ctrk{N= 2 Sump= B8.4) Ecal(N= 9 SumE= 49.9 on Run:event 7500: 9003 Ctrk{N= 37 Sump=102.5) Ecal(N= 41 SumE=111.3)
Ebeam 80.874 Vix { 0.00, 0.00, 0.00) Hcal(N= 3 SumE= 5.1) Muon(N= 1} [\ Ebeam 88,168 Vix {-0.0%, 0. 0.13) Heal(N= 8 SumE= 3.2) Muon(N= 0} |{|

0, an, [

- 12 5 DY
el Gatre F———— 7 ™

12
il

e ev, yv, TV: 1/9 each
e u d-bar, c s-bar: 3/9 each
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W decay modes

Run:event 7830: 82338 Ctrk{N= 52 Sump=101.1) Ecal({N= 80 SuxE 1N Run:event 7402:203018 Ctrk{N= 2 Sump= B8.4) Ecal(N= 9 SumE= 49.9} £ T Run:event 7580: 0003
Ebean 85.181 Vtx {-0.07, 0.06, 2.38) Heal(N=21 SusE= 35.4) Muo l Bbean 89674 Vtx { 0.00, 0.00, 0.00) Heal(N= & SwsB= 5.1) Muonin= 1} |{ ﬂl‘
{ . 0.08, 2. 2 | 7

Ebeam 86.168 Vix {-0.09, 0.0
ywll

2 DI

e hadron hadron: 45%
e |epton-hadron: 44%

e ev, pv, Tv: 1/9 each e |epton lepton: 11%
e u d-bar, c s-bar: 3/9 each e e, ponly: 5%

e+e- Physics Felix Sefkow 10.-14. Oktober 2016 53



W branching ratios

e Again: count and normalise to luminosity

W Leptonic Branching Ratios

W Hadronic Branching Ratio

ALEPH | 10.78 + 0.29
DELPHI _ 10.55 + 0.34
L3 ) 10.78 + 0.32
OPAL i | 10.71 + 0.27 :
LEP W—ev 10.71+ 0.16  ALEPH o 67.13+ 0.40
ALEPH 1 10.87 + 0.26 |
DELPHI - 10.65 + 0.27 DELPHI - 67.45+ 048
L3 e 10.03 + 0.31 ;
OPAL - 10.78 £ 0.26 L3 1 B 67.50 £ 0.52
LEP W—pv . 1063+ 0.15  opAL (] 67.41+ 0.44
ALEPH | o 11.25+ 0.38 ’
DELPHI . 11.46 + 0.43 :
L3 A 11.89 + 0.45 !
OPAL L 1114+ 0.31 LEP 4 67.41 + 0.27
LEP W—1tv - 11.38 + 0.21 X/ndf = 15.4/ 11

2 '

x2/ndf = 6.3 /9 :

Vcs r)
LEP W—lv ® 10.86 £ 0.09
x?/ndf = 15.4 / 11 66 68 70
10 11 12 Br(W—hadrons) [%]

Br(W—-lv) [%]
T agreement with e, 1 average only 2.6 o
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W branching ratios

W Leptonic Branching Ratios

ALEPH | 10.78 = 0.29
DELPHI _ 10.55+ 0.34
L3 iy 10.78 + 0.32
OPAL A 10.71+ 0.27
LEP W—ev 10.71 £ 0.16
ALEPH 1 10.87 + 0.26
DELPHI mt 10.65 + 0.27
L3 A 10.03 + 0.31
OPAL . i 10.78 = 0.26
LEP W—puv ° 10.63+ 0.15
ALEPH L o 11.25+ 0.38
DELPHI . 11.46 + 0.43
L3 —A— 11.89 + 0.45
OPAL Lo 11.14 + 0.31
LEP W—1v - 11.38 + 0.21
x%/ndf = 6.3/ 9

LEP W—lv ¢ 10.86 + 0.09
x?/ndf = 15.4 / 11

10 11 12
Br(W—-lv) [%]

T agreement with e, 1 average only 2.6 o

e+e- Physics

e Again: count and normalise to luminosity

W Hadronic Branching Ratio

ALEPH o 67.13+ 0.40
DELPH| & 67.45+ 0.48
L3 i 67.50+ 0.52
OPAL H 67.41+ 0.44
LEP < 67.41 + 0.27
§ ¥2ndf = 15.4 / 11

66 68 70

Br(W—hadrons) [%]
1 _3li4 |4 as(My,)
BW — v,) +[+ T }

10.-14. Oktober 2016

> vl

i=(u,oc,
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W pair cross section

Dramatic evidence for
non-Abelian nature of
electro-weak interaction =

O

. o

- without Z exchange =
cross section would

violate unitarity

Sww

Rise ~ B = V(1 - 4m?w/s)
— mass measurement

— intrinsically as precise as
direct reconstruction

— but only 3% of statistics
near threshold

e+e- Physics

30 | . .
LEP
20 —]
) ¢
¢ ot ’
t
10 —]
i YFSWW/RacoonWW
* - no ZWW vertex (Gentle) T
F AN only v, exchange (Gentle)
0 . , . .
160 180 200
Vs (GeV)
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W pair cross section

Dramatic evidence for

non-Abelian nature of

electro-weak interaction

- without Z exchange
cross section would
violate unitarity

—~
O
Q

SN—"

Sww

Rise ~ B = V(1 - 4m?w/s)

— mass measurement

— intrinsically as precise as

direct reconstruction

— but only 3% of statistics

near threshold

e+e- Physics

30 | . -
LEP
N . - il
W
20 - e—’ W \/ —]
e ¢
e S
10 - -
i YFSWW/RacoonWW
* -~ no ZWW vertex (Gentle) i
F AN only v, exchange (Gentle)
0 T | ' |
160 180 200
Vs (GeV)

Felix Sefkow 10.-14. Oktober 2016
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/Z pair production

z

et —<—\\VVW Z g —=—
1 l 1 l 1 l 1
e A e A
?% LEP
e —>— N\, Z o —>— ] i

z ZZTO and YFSZZ

e No ZZZ or yZZ vertex

’.g_ i
~ Ve
N
o
0.5 ! =
0 T T T T
180 190 200
Vs (GeV)
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Single W, single Z production

ef —= -, " —= < ¢’ e" —= - v,
W vZ W
w* W~ v/Z
YZ w W
e > > o e > > Vg e > »— Vg
. , : , . ' | |
Striking signature, 151 LEP . LEP
found in SUSY search WPHACT and GRACE I 14 WPHACT and GRACE a
Sensitive to electromagnetic 1 } J T I I ]
properties of W 3 [ I 8
(el. dipole, magn. quadrupole 7z | 1 % os- -7
moments) .. | | [
e
qw = — > (Ky_iy)
mW 0 T T
0 ' ; ' ; ' 180 1s|;o 260 ' 210
MW 2mw (1 _|_ K'Y _|_ }vy) e e Vs (GeV) 200 “ Vs (GeV)
. . . . +0.042
e Powerful constraints also from WW angular distributions k, =098 ..,
and correlations » =-0022 001
e Putting everything together, constrain anomalous triple YZ ot
gauge couplings gy =0984
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W boson mass

Cross section
threshold

Direct reconstruction
— hadronic or semi-

leptonic

Limited by jet energy

resolution
Use kinematic
constraints:

— energy,
momentum: 4C

equal: 5C
in s.l. case:

reconstruct neutrino |

momentum and
perform 2C fit

2 masses in 1 event

ALEPH
o 700 F T T ™
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W mass results

LEP W-Boson Mass Ni-Bleson iides) JEBV] <08
ALEPH —o— 80.440+0.051 TEVATRON T*— 80.452+0.059
DELPHI —— 80.336+ 0.067 LEP2 —m- 80.392 £ 0.039
L3 —— 80.270+ 0.055  Average 80.410 £ 0.032
x%/DoF: 0.7 /1

OPAL ' B0415£0.052  NyTeV — —a— 80.136 = 0.084
LEP -o- 80.376+0.033 LEP1/SLD —A 80.363 £ 0.032

HIRR 4SS | EP1/SLD/m, " 80.364 + 0.021

8(;.0I - 8(;.2I - 8(|).4I - 8(|).6I - 8(|).8I - 81|.0 | 8IO - 80|.2 - 80.4 - 80|.6 |
Mo [GeV] m,, [GeV]

e indirect: cos Bw = mw/ mz
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W mass results

LEP W-Boson Mass

ALEPH —— 80.440 + 0.051
DELPHI —— 80.336 + 0.067
L3 —— 80.270 + 0.055
OPAL —o— 80.415+ 0.052
LEP - 80.376 + 0.033
%2/DoF = 48.9/41
| 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
80.0 80.2 80.4 80.6 80.8 81.0
M,, [GeV]

e+e- Physics

W-Boson Mass [GeV]

1 TEVATRON
| LEP2

t Average

M NuTeV
L LEP1/SLD -
L LEP1/SLD/m, -

80.387 £ 0.016
80.376 £ 0.033
80.385+0.015

¥*/DoF:0.1/1

80.136 + 0.084
80.362 + 0.032
80.363 + 0.020

80 80.2 80.4

my, [GeV]

80.6

March 2012

e indirect: cos Bw = mw/ mz
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Constraints on the standard model

Heavy particles enter via loops into
radiative corrections

— top: quadratic, Higgs: logarithmic

210 1 1 1 1 1 LI
168 % CL
190 M
] I i NN - - / ‘7‘7‘ 7
1 L f7'7’—f 7 # 4 A
b7
170 V2% =
Srel i
1501 <SS =
ey~
y i
130 - -
10 102 10°
m,, [GeV]

e

b

e

e+e- Physics

M, [GeV]

200 T -
150 T

1 ¢ Tevatron 1

B SM constraint

68% CL .

100 -

Direct search lower limit (95% CL) 1

50 — —

1990

Felix Sefkow

1995
Year

2000
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Testing the Standard Model

— T T T T 6 T T
| —LEP1 and SLD 2006 -Ther%/ uncertainty B
& a
80.5 - LEP2 and Tevatron (prel.) 5 5 0270'58+0 — -
68% CL T s 32 0.02749+0.00012
; : 4 - *+ incl. low Q° data —
q) .
Al
©, 80.4- = 34 -
=
S o a
80.3- 14 \%, /7 2006 -
_ ) | . |Excluded "\ < _
150 175 200 30 300
m, [GeV] m, [GeV]
G, mna 1 1
V2 2 mlsinug 1-Ar H__ o
W.Z \ contribution to Ar, ~log mH
1-Ar = (1- Ao)(1-Ary) /\A/\/\,
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Testing the Standard Model

(5)
A0y =
— 0.0275040.00033
- 0.02757+0.00010

+ incl. low Q° data

80-5 1 1 1 1 6
[ ] LHC excluded
| — LEP2 and Tevatron |
LEP1 and SLD >
68% CL 1
4 —
g 80.4 - -
—_ N}{ 3 —]
> <
= ]
2 —
1 -
80.3 ]
Excluded
, , : . 0 :
155 175 195 40
m, [GeV
v [GeV] 2012
G, mna 1 1
V2 2 mlsinug 1-Ar H__

1-Ar = (1- Ac)(1-Ary)

e+e- Physics

m contribution to Ar, ~log mn

Felix Sefkow
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Sensitivity to My

Higgs mass [GeV]

400

200

0 —t
1995

A(SLD)

Sinze:;'f)t(be)
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\
1
J
|

i | Q,/(Cs)
| sin“Oyg(e7e)
\

sin°8,,(VN)

£ o grvN)
1996 1997 1998 1999 2000 2001 ng(VN)
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QCD and Heavy Quarks
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Running coupling constants

Q) “ -

a QYD ,
® @+Qo @ q — + + o

& @@ =<
Vs
(o

e Screening by vacuum ; = 3 + é + gifg + 3@3 *...
polarlsat|or! in N S \ =
Feyn man dlagram Fermion Loop Boson Loops
|a N g ua g e: Renormalisation group equation )

| . s’

e Summing the series: () = —f o2 ai(q2)= ; .
effective “running” S 1+/32—0ai(u2) ln%
coupling

. Q!Eﬁ: alpha increases s N.=0 ) N fum )| <— QED
Wlt energy - /30 =E 3 NCEZ —5 Nfam _NHiggs % <« weak

e QCD: self-interaction, N.=3 N;/2 0| <— QCD
boson and fermion . w '
loops: alpha-s N A=200Mev oot M= T
decreases with acp QED a(My) = 1/128
ener .

gy | Bo=+23/6m f Po=-12/6m
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Measurements of running couplings

QED
P 1. 3 —
= | TOPAZ peepy and gq average:a ]
"-'5 150 | Fits to leptonic data from: .
! “ DORIS.< PEP, O PETRA, A TRISTAN
145 ;
140 | f
- .-..1
135 § H
130 | o5u(@ L Sak ]
125 | LOPAL 0 ]
. |1Tl‘|il1'l.:':
120 - >
115 | ;
OPAL 2-fermion fits: C
110 3 average: ® 1
105 R PETEE PETTE PETTE PEETE PR T FETEE PETTe b
0 25 50 75 100 125 150 175 200

Q/GeV

o y(Q%)

03

0.2t

0.1¢}

QCD

April 2016
v T decays (N3LO)
a DIS jets (NLO)
o Heavy Quarkonia (NLO)
o e'e jets & shapes (res. NNLO)
® c.w. precision fits (NNLO)
v pp —> jets (NLO)
v pp = tt (NNLO)

= QCD 0,4(M,) = 0.1181 + 0.0011 ‘

10 Q [GeV] 100 1000

e Confirmed with precision over wide energy range

e alpha-s at LEP:

— jet rates: common analysis with JADE data
- event shapes, Z hadronic width, tau decay rates and spectra

e+e- Physics

Felix Sefkow 10.-14. Oktober 2016 65




3-jet rates

R3(hadrons)

R3(partons)

Historically, already seen at PETRA

e Jet algorithm must reflect parton configuration

— “hadronisation correction”

JADE Jet finder:
small and (almost) energy independent
hadronisation corrections:

= B = =2 =
S b B & &
N

=
%

=
=)

£ Yoy = 0.08 (E, EO, P)

Yeut=0.03 (D)

JADE/E(

[y
clll

| SlOl | 100 260
E_ [GeV]

e+e- Physics

R, (Y, = 0.08) [%]

30 T 7T r r r r 1 r T Tt r 1 7
[ B JADE X AMY
[ + TASSO * VENUS
} O Mk-II ,
25~ ,/ ' , ) .
i \ /,‘/Abehan O(ay)
- Y \H* // O(s:COI'lSt
e A
20+ {i\‘H‘\ 1
: QCD Ay =251 MeV '
15 ) P B P B S T )
20 40 60 80 100
E ., [GeV]
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3-jet rates

R3(hadrons)
R3(partons)

e Historically, already seen at PETRA

e Jet algorithm must reflect parton configuration
— “hadronisation correction”

JADE Jet finder: R;(Yeue =0.08) [%]
small and (almost) energy independent 30 —— ——— _
hadronisation corrections: A B JADE x AMY A ALEPH
18 , N , * + TASSO * VENUS 0 DELPHI |
E Yeur=008 (E.E0.P) _ O Mk-II . : ]6% AL
1.6 Yeut=0.03 (D) ’ 25 Y , (1990) ]
- | /. __Abelian O(ay) |
14} : g % il .
i - \i-:[- / o = const.
12} ] : 4 ¥
- ADE/E(Q ' . — e
: N : 20+ {i\‘¥%— .
1.0 L / \
[ , /4 }%&\
0.8
i QCD Ayjs =251 MeV
0.61L - N s
10 20 50 100 200 20 40 60 80 100
E. . [GeV] E ., [GeV]
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Structure of QCD interaction

7000
L3

Spin of the gluon 8 | e data *
(«P] _ .

- Ellis Karliner s
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Structure of QCD interaction

M /Vq
e Spinofthegluon 8 | e daa + d- ‘e%e‘
=% _ .
~ Ellis Karliner g g
3500 )
angle 0
boost }»/
i &
° Non_Abellan 0||||||||||||||||||| ) e
0 0.25 050 0.75 1 B L3 (1990) 7]
nature of QCD cos A I -
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o+ ® [ ,l i
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B mixing again: time dependence

mixed fraction R

Lepton Decay tracks

Boost allows observation of decay
length i iy @D
y ecay
Need to convert to proper time: Beam spot // verex
W
reconstruct momentum event by event / Primary  Lragmentation
’ vertex
— use tracks from secondary vertex, $ 4
missing energy techniques for the ; Lepton
neutrino plus an estimator for the P :
neutral energy of B decay products L@ 4 i ) ;
Observe Bq oscillations vs time £ f B o i M
Set stringent limits on Bs oscillations =
&
G
Ej-351''|"'|"'|"f|f"r1--."'r"|j =
0.7 E (b)+ OPAL data 3 =
6 L — [t prediction 3 §
0.5 F — - é‘""‘
0.4 E 4 f
0.3 —f
-2 _5: -1.5“' 25 5 75 10 125 15 175 20 rzz.s La
01 E Amg (ps1)
(1 =Y I TIPS IR R SEPERPI PRI TP IR T
2 0 2 4 6 8 10 12 14 e CDF (2006) Ams = 18 ps'l
reconstructed proper time (ps)
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Wrap-up LEP:

LEP and SLC were a triumph for the Standard Model.

Tests with per-mil precision prove that it is correct at the
one-loop quantum level.

This IS a discovery.

The precision resulted in quantitative predictions for the
discovery of new particles, which were confirmed.

Many text book experiments made - electro-weak and QCD.

Clean environment, well defined initial state, polarisation,
kinematic fits made that possible.

New experimental techniques - vertex detectors - unfolded
the potential of heavy flavour observables.

In the end, the redundancy of using many observables and
the possibility to perform internal cross-checks were crucial
for the success.

e+e- Physics Felix Sefkow 10.-14. Oktober 2016

69



