Standard Model precision measurements

at high energies
basically: LEP, (SLC, ILC)

e te- acoliicrat@rtnlt Resi=Gs 06

e the OPAL experiment at LEP

e | EP final states

e /% resonance and the Standard Model of
electroweak interactions

* measurements of electroweak parameters

e some highlights ...

e search for the Higgs-Boson

e further topics at LEP
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Standard Model precision measurements
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g

* point-like particles

* well known quantum numbers and energies of
initial and final state

® no hadronic (strong) interactions in
initial state; no ,,underlying” or remnant event

<—> precision!

technical requirements: et %ﬁ,ﬂtq
e precise knowledge of e*e energies (accelerator) /Y ZO B
* precise knowledge of luminosity (special detectors) e/ .

* precise measurement & classification of all final states (detectors)
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LEP-Parameter

(Electron - Positron Collider at centre-of-mass energies E__ up to 209 GeV)

LEP-1 LEP-II

Strahlenergie bis 55 GeV = 100 GeV
Magnet-Dipolfeld 0.065T 0.111T
Beschl.-Spannung pro Umlauf 260 MeV 2700 MeV
Klystron Leistung 16 MW 16 MW
Hohlraumresonatoren Cu (normalleitend) Cu-Nb (supraleitend)

128 in P2 und P6 272in P24,6.8
Beschleunigungsspannung 1.5 MV/m 6 MV/m
Strahlstome 3 mA 5 mA
Zahl der ete- Pakete 4x4 4 x 4 (x 2 bunchlets)
max Luminositit 1.6-1031 cm-25-1 5-1031 cm2s-1
Energieunschirfe 70 MeV 280 MeV
sys. Energiefehler 14 MeV 25-30 MeV
Strahllebensdauer: =~6-8h =5h
Energiekalibration: durch resonante Depolarisation der sich

selbstindig aufbauenden Strahlpolarisation;
durchgefiihrt bei geeigneten Strahlenergien (z.Z.
bis ca 55 GeV), sowie Extrapolation auf héhere
Energien mit flux-loop-Messungen.

max. Strahlenergie: 104.5 GeV > Vs =209 GeV

(Herbst 2000)
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SLAC Linear Collider (SLC)

PEP li SSRL PEP II
Low Energy SPEAR IR-2

Ring (LER) Delactor
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* e up to 50 GeV; fixed-target program (until 1980’s)

e ¢ and e* for PEP-| storage rings (Ecm = 29 GeV, early 1980's)
¢ ¢ and e™ for SLC collider (Ecry = Mz ~ 91 GeV; 1989 - 1999)
e ¢ and e* for PEP-II 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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The OPAL Detector at

LEP (1989-2000) g 9

4 1. MUON-END CAP 6. MUON BARREL
1 5 2. HADRON CALORIMETER 7.VERTEX DETECTOR
3.JET CHAMBER 8.LEAD GLASS
4.MAGNET COIL 9. PRESAMPLER AND

5. FORWARD DETECTOR TIME-OF-FLIGHT DETECTOR
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final states of high energy reactions at LEP

. . | Bhabha-scattering
2
e

c /\éi-
e+
(s-channel) . (t-channel)
) —, T—pair-production
/ Y, ZO \ = T- . g P
e
h V. (Vs V) o -
c e ! Neutrino-pair-production
T — (“invisible”)
. / Z \/e (V> V)
+ q q
¢ . Quark-Antiquark-pairs

""" s T T g plus Gluons:
/ Y, 7" hadronic final states
= q q (dominant channel!)
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final states of high energy reactions at LEP

W/Z. - pair
production

0
- Y’ Z \\ 3 k\ N (LEP . II)
e/ \W / N &l / \\ZO

(s-Kanal) (t-Kanal)
M+( + 1:+) a
+ c +
with: -~ Y- - W (W-decays;
v (Vy, Vo) y
. Z-decays as above)
u

e_\ e
furth ‘({e - NN Bremsstrahlung
el v f 2-Photon - ©

. dant L in initial state
importan yo>—f Pprocesses / v, 70 (suppressed at Z0
e_ )

processes: /KJF resonance)
+ c
e
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hadronic cross section
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/V-Resonance and

the S?andar d IWOC]E] of

Electroweak Interactions

minimal SV in lowest order (,, Born Approximation ‘) describes
. + — - .

processes like e'e — ff using only

fine structure constant]

[Fermi constant; from u lifetime]
[weak mixing angle; from v-N-scattering]

’ * o |
and (SIHCE‘- anzel,;,rCOSze;,;a’ = =) )
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(e,e ), (W,pu)(T,1):;
(Ve s Ve)s (Vs Vi), (Vo Vo) s
(u, ), (¢, ©),

d, D, (s, 5, (b, b).

cross sections around Z° resonance (f # e):

sT,
(s-mﬁ)zwﬁ 2

Gf‘(g) — Gf“ _|_ 11‘,},1‘1‘ _|_ H‘.Y- L

gl = L2m Tely L _
f M2 T2 (pole cross sections; Y I'r=1T)
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Measurement of s-dependent cross sections
around the Z° resonance and adjustment of
o(s), o, provides model independent results
for:

(]
M;,_.h FI.,_.IF., G .

SM ['. are no free parameters, they are parametrised as

functions of the vecior and axial vector constants:

(3" component of weak isospin: 1/2)
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radiation corrections in Standard Model:

photonic corrections: ><¥ +>?-< + §< +>f<+...

corrections ~ 100%, selection dependent;
factorisable: (1 +90,_,)

() +>< +>“j‘;7<+>,:_l‘f:<+ ><ﬁ€c .

 5in20_(s) e a(s)=—=—;  Aa=0064 bei s =M,
© 1-Aa
° (o o 2 f k
of 1+?+1.4 —| +. (fiir Quarks)
M3y > 1 M? My
© —-=p-cos B, mit  p=——; Ap=0.0026—:-0.0015 In| —=
MZ I-Ap MZ W
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insertion of running couplings in “Born”-approximation :

: : G M,
partial Z decay widths [y = 6f 5 [gai + 8y ,f:l ¢f (and also
cross sections) acquire dependence on: * M,
° MH
® (X’S

== indirect determination (fit) of M, , My, , and o from combination of all

available electroweak observables

(differential cross sections, partial decay widths, forward-backward
asymmetries, T-polarisation, left-right asymmetries (SLC))

8a,r =137 (3. Komponente schw. Isospin; ==1/2)

gV,f = 13’]0 - 2QSln2 HW
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Further Observables to be measured:

differential cross sections:
d& oc A-(l+cmszﬂ) + B-cosH
d cosB \ / F

A and B include terms for y- and Z°-exchange as well as for

v-Z°-interference, which depend on

§)

a3 Y g . . 1 P % i %
= = . = . . o SAF . A -
(L—’ e T8ve ) (.‘:’lr T 2y f ) (".:Tik gaf ) (._'C"'."..C-‘ Ev.t ) and on

S

s-M2+isI, /M,

the relativistic Breit-Wigner resonance,
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forward-backward asymmetries:

_Np—Npg N,:

- number of events with 8 < /-

Apg = N N_: number of events with 10/°
F +NB g- number of events with TU

on the Z° pole:

v"ltll Af . - .I o= AL : for l{?[}ti:‘l]]f{-

final state polarisations of leptons:
By = s=-(or(h=+)=0¢(h=-1)
P‘j" {'- = ”r: } - 4'_1 ‘]"

. .'lr:lj' P
1‘:\ ng 5= Ur: }
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measurements and determinations of elektrweak parameters

Measurement Fit  10™e@_QM|/pmeas

o 1 2 3

m,[GeV] 91.1875=0.0021 91.1874
r,[GeV]  2.4952:0.0023  2.4959
opg[Nb] 41540 =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
A° 0.0992 = 0.0016  0.1038
ASC 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

sin’07(Q,) 0.2324 £0.0012  0.2314

m,, [GeV]  80.385+0.015 80.377 ,
includes data

T, [GeV] 2.085 + 0.042 2.092
from Tevatron:
m,[GeV]  173.20 = 0.90 173.26
| | | M, Mw
March 2012 0 1 2 3
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measurements and determinations of elektrweak parameters

Top-Quark Mass [GeV]

CDF - 172.5+1.0

DY = 1749 +1.4

Average 173.2+0.9
x?/DoF: 6.1 /10

+ 135

LEP1/SLD 1726 o7

N + 11.7

LEP1/SLD/m,,/T\, . 179.7 1 4

‘16‘30‘ - ‘17‘0‘ | ‘12‘30‘ - ‘1£‘90‘ o
mt [GeV] March 2012

Particle Physics with Cosmic and with Terrestrial Particle Accelerators

Messung
(direkt)

Praz.-Fit

(indirekt)

TUM SS16 S.Bethke, F. Simon

W-Boson Mass [GeV]

TEVATRON 80.387 + 0.016
LEP2 80.376 + 0.033
Average 80.385 = 0.015
x2/DoF: 0.1 /1
NuTeV —a 80.136 = 0.084
LEP1/SLD - 80.362 + 0.032
LEP1/SLD/m, - 80.363 = 0.020
8‘0 | | 86.2 | | 80.4 86.6

m,, [GeV]

March 2012
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Highlights at LEP:
line shape of the Z°- Boson at LEP:
there are exactly 3 generations of light Neutrinos

40 IIII|IIII‘IIII‘IIII|IIII|IIII‘IIII|IIII|IIII

r ¢ ALEPH
3V's
4y ¥ DELPHI
V's
®[3
m OPAL

35
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o
£ 20
©

15

10

N, =2.984 +0.008

0 IIII|IIII‘IIII‘IIII|IIII|IIII‘IIII|IIII|IIII

87 88 39 90 91 92 93 94 95 96
Vs = FE., (GeV)

d

e M, =(91.1875 £ 0.0021) GeV
(...after correcting for phases of the moon and for TGV time schedule!)
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Highlights at LEP:

precision resultats on electroweak axial- und vector couplings

1.0

1987

-0.032 L L

| LEP 2002 _

-0.0351 .
>
(@)}

-0.038 - A -

Ad

""T+T_ o7 |

26.041 e .68./0 (?L

-0.503 -0.502 -0.501 -0.5

9al
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direct Higgs searches in e*e” annihilations

Production: decay channel (e+e- —> HZ): background:
| WW -—-qqgqq,ZZ —bbqq
7 4-Jet- 51% QCD 4jets
e\ 7 Kanal
/
- X
€ ‘g S zw Neutrino- 15%  Ww—qqlv,ZZ—bbwy
Kanal
+ - v
€ ‘W 2.4%
N\
/) ______ H Tau- WW —qqtv,ZZ—qqtt
W- Kanal QCD (low-mult. jets)
- £ Vv
e 5.1%
Lepton- 4.9% z7_,ppi
Kanal
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direct Higgs searches in e*e” annihilations

analysis:

e ecach experiment determines 3 observables, for each hypothetical
Higgs-mass, and for each decay channel:

- N_,. (number of candidate events)
- N, (number of expected signal events - from model calculations)

— Ngs (number of expected background events - from model calcs.)

* statistical evaluation based on “likelyhood”parameters:
test-statistics; likelyhood functions; confidence intervals.

[Junk, Bock]

e combination of results from various decay channels and from
all 4 LEP experiments
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direct Higgs searches in e*e” annihilations

status July 2000: no hint for the Higgs; My > 113.3 GeV/c? (95% CL)
[final status July 2001: M, > 114.1 GeV/c?]

5. Sept. 2000:  ALEPH sees excess in 4-Jet channel, compatible with
M, ~ 115 GeV/c2.

LEP-combination: 2.2 ¢ excess over background

14. Sept. 2000: LEP-shutdown extended by 1 month, until 2. November 2000

3.Nov.2000: further candidate events increase significance to 2.9 o.
LEP-experiments ask for LEP run in 2001

[status July 2001 : after re-analyses (calibration) only 2.1 ¢ !]

8.Nov. 2000:  LEP irrevocably shut down.
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direct Higas searches in e e~ annihilations

[M917 value

b-fag probabilities 0.14 0.01

114 + 3 GeWV
112 v
m 33 Ge
ZZ hypothesis
g 102 GeV
m- 91.7 GeV
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indirect Higgs searches in e*e~ annihilations

(from radiation corrections / global fits)

1- S22 ~3- 4 - 5- 6 -
LEP including all Z-pole all Z-pole data | all Z-pole data all data all data
LEP-1I ymw. I'w data plus my plus mw,. I'w except NuTeV
my [GeV] 184+73 171+ 1736158 1803t 1754753 174,345
mu GV 228 S 99* 5 17hes 785 S1%53
log(mu/GeV) 2,361 04 Lo1+t937 1.99703 2.07+0-38 1.89H0 21 101033

ns(m%j

0.1199 4 0.0030

(L1186 £ 0.0027

01187 £ 0.0027

(0.1185 £ 0.0027

0.1181 £ 0.0027

(0.1183 £ 0.0027

/dof (P)

13.3/9 (15%)

14.8/10 (14%)

14.9/11 (19%)

17.9/12 (129%)

20.5/14 (11%)

29.7/15 (1.3%)

sin” Hleeépt (1.23160 0.23145 0.23145 (1.23135 (1.23131 (1.23136
£0.00018 +0.00016 +0.00016 +0.00015 +0.00015 +0.00015
sin? fyy (1.222584 0.22313 0.22299 (.22240 (0.22255 (.22272
+0.00053 +0.00063 40.00045 £0.00045 +0.00036 +0.00036

mw  [GeV] || 80388 £0.027 | 80.373 £0.032 | 80.380 £0.023 | 80410+ 0.023

80.403 £ 0.019

80.394 + 0.019

*

Table 16.2: Results of the fits to: (1) LEP data alone, (2) all Z-pole data (LEP-1 and SLD). (3) all Z-pole data plus direct ;. determinations, (4)
all Z-pole data plus direct myw and direct D'y determinations, (5) all data (including APV) except NuTeV. and (6) all data. As the sensitivity

. . . U _ . . oo plept .
to my is logarithmie, both myg as well as log(myg/GeV) are quoted. The bottom part of the table lists derived results for sin? Heﬁp . sin? fyy and
mw. See text for a discussion of theoretical errors not ineluded in the errors above.

* My < 185 GeV (95% c.l.)
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Particle Physics with Cosmic and with Terrestrial Particle Accelerators

indirect Higgs searches in e*e~ annihilations

6 March 2012 M i = 152 GeV
5 - Aagd =
— 0.02750+0.00033
----:0.02749+0.00010
4 - -+ incl. low Q° data
T
3 3
2 _
1 -
{LEP s LHC
0 excluded . A excluded
' ' ]
40 100 200
m,, [GeV]

from direct search: 114.1(LEP) 115.5 (LHC) <M, < 131 GeV/c?(LHC)

indirectly radiation corrections: My; < 186 (157) GeV/c2 (95% CL)

Juli 2012: Higgs discovered at LHC; 2015: My = 125.09 £ 0.24 GeV
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comparison of direct measurement with fit of radiative corrections:

80.5 March 201IZ | | | | | .
[ 1LHC excluded

| —LEP2 and Tevatron
{ - LEP1 and SLD
68% CL

(m,, m,, measured)

(fit, from rad. corr.)

.
"‘
-
.
-
-
-
"
-
.
-
-
-
-
-

-
am="
-------

175
m, [GeV]

e good agreement
e Jlight Higgs* preferred from rad. corr.
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further topics at LEP:

e Tests of Strong Interaction (QCD)

® Physics of heavy Quarks

® Search for new particles (SUSY et al...)
e 2-Photon Physics

o .. (~ 1400 Publications 1989 - 2002)

Future: ILC (?)
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International Linear Collider (ILC)
500 GeV c.m. e+e-
L ~ 2:10%* cms™ (400 x LEP)

project under discussion at Japan;
operation starting 20287
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International Linear Collider (ILC)
physics menu

Energy Reaction Physics Goal Polarization
91 GeV ete” = Z ultra-precision electroweak A
160 GeV ete - WW ultra-precision W mass H
250 GeV ete- - Zh precision Higgs couplings H
350400 GeV ete™ —tt top quark mass and couplings A
ete - WW precision W couplings H
ete— — vvh precision Higgs couplings L
500 GeV ete” = ff precision search for Z' A
ete— — tth Higgs coupling to top H
ete~ — Zhh Higgs self-coupling H
ete™ = XX search for supersymmetry B
ete” — AH, H"H~  search for extended Higgs states B
700-1000 GeV ete™ — vvhh Higgs self-coupling L
ete” - vVV composite Higgs sector L
ete— — viitt composite Higgs and top L
ete™ — it* search for supersymmetry B
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ILC: precision ot Higgs coupling

Mode LHC ILC(250) ILC500 ILC(1000)
Ww 41 % 1.9 % 0.24 % 0.17 %
ZZ 45 % 0.44 % 0.30 % 0.27 %
bb 136 % 2.7 % 0.94 % 0.69 %
qq 8.9 % 4.0 % 2.0 % 1.4 %
yy 7.8 % 49 % 43 % 33 %
rtr— 114 % 33 % 1.9 % 1.4 %
cT ~ 4.7 % 25 % 21 %
tt 15.6 % 14.2 % 9.3 % 3.7 %
prup— - - - 16 %
self - - 104% 26 %
"BR(invis.) <9% <044% <030% <0.26%
Cr(h) 20.3% 4.8 % 1.6 % 1.2 %
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ILC: precision ot Higgs coupling

_é 1= t
= F Full ILC Program
2 [ 250fb” @ 250GeV
s 500fb” @ 500GeV
810" 1000fb” @ 1000GeV
10% T
= c
3
10 -:_- i
:Lll L 11111111 1 1 llJLLlL L llllllll 1 L
107 1 10 10°
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Standard Model, Phys. Rept. 403-404 (2004), 189-201,
hep-ph/0404165
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.... kompletter Uberblick iiber LEP Physik in: Phys. Rept. 403-404 (2004)
LEP Electroweak Working Group: http://lepewwg.web.cern.ch/LEPEWWG

www.linearcollider.org

next lecture: ,,QCD and Jet-Physics at e+e- colliders®, 23.5.15
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