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Introduction

What are your questions?

The Answer To:

The
Universe
42
Everything

go to = www.menti.com

And put in the code I'll give you. You can write down questions any time!

Will also use this page for a Quiz and feedback.
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Introduction

oo
The Standard Model of Particle Physics

[ Bosons ]

Fermions

- electromagnetic interaction

- neutral weak interaction

- charged weak interaction

=> strong interaction

I IIL
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Introduction

oo
The Standard Model of Particle Physics

[ Bosons ]

Fermions

- electromagnetic interaction

- neutral weak interaction

- charged weak interaction

=> strong interaction

I1. IIL
=> 4th July 2012: Observation of
Higgs-like Boson at the LHC
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Introduction

_wodvetor
The free parameters of the Standard Model

agwm: electromagnetic coupling constant

©

@ as: strong coupling constant

o Gr: weak coupling constant
\ J
e a
o 6 quark masses
o 3 charged lepton masses
o Zy mass
o Higgs mass
\ J
[ o 3 mixing angles and 1 complex phase (CKM matrix) ]

-> for non-vanishing neutrino masses: 7 add. parameters (masses and mixing)
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Why is the Higgs-boson special in the SM?

- neither quark nor lepton, which are building blocks of other matter
- also not a gauge boson, so it does not carry any force

=> only scalar in the SM

- mechanism postulated long before many SM particles were known!

TELLUS ABOUT LARTDONTYOU | .0 TS || DOWTTELL USY0L
YOUR PROPOSAL- ALREADY FIND ITA | EMDARRPSSNG. | | LOBT IT ALREADY.
./ LERE REQUESTING YEAR OR T AGO? SETE L/ Lok
$3 BLUON NFMDNG | = YES LELL M. S [T o perms,
To FIND THE. HIGGS BOSON. ITs REALLY SMALL.

£ 61150

— Electroweak measurements —

xked.com
Andrea Knue
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Introduction

Now a question for

Now:
Open a new tab in your browser
Go to: www.menti.com

Put in new code!
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Introduction

So from our nice list of elementary particles here...

[ Bosons ]

Fermions

I IIL
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Introduction

... only these were known (postulated) in 1964
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Introduct:i

A little (pre)-hist
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Introduction

Historical context

My Life as a Boson

Peter Higgs

School of Physics and Astronomy, University of Edinburgh, James Clerk Mazwell
Building, King’s Buildings Mayfield Road Edinburgh EH9 3JZ, Scotland

Based on a talk presented at Kings College London, Nov. 24th, 2010

The plan of this talk is that T will introduce the ideas of spontaneous symmetry
breaking and discuss how these developed from condensed matter through the work of
Yoichiro Nambu and Jeffrey Goldstone to the work of Robert Brout and Franois Englert
and myself in 1964. That will be the main part, and other topics such as the application of
these ideas to electroweak theory are much better known to this audience. so I shall skim
through them.

- nice summary of the history of SSB from Peter Higgs
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https://inspirehep.net/record/1288273/files/MyLifeasaBoson.pdf

Introduction

Now:
Open a new tab in your browser
Go to: www.menti.com

Put in new code!
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Introduction

Spontaneous symmetry breaking papers
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Introduction

wodoeton
What is the difference between the approaches?
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Introduction

oo
When approaches are equivalent, why “Higgs"-boson?

-> one reason: people got order wrong and cited Higgs paper first
=> then: first version of Higgs paper got rejected

< when revising the paper for resubmission, Higgs added the following:

It is worth noting that an essential feature of
the type of theory which has been described in
this note is the prediction of incomplete multi-
plets of scalar and vector bosons.? It is to be
expected that this feature will appear also in
theories in which the symmetry-breaking scalar
fields are not elementary dynamic variables but
bilinear combinations of Fermi fields.®

-> first explicit mentioning of the scalar boson

- nowadays: Brout-Englert-Higgs (BEH) Boson!
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Introduction

wwernn
The BEH mechanism in simpler form

Introduce a doublet of complex, scalar fields ¢:

¢:i( o+ >:i< o1+ ip2 )
V2 \ %o V2 \ ¢3+ida

The corresponding Higgs potential is of the form:

V() = 120 + A(oT ¢)?

ur <0 V(9)
A >0

-v v

= get a non-vanishing vacuum-expectation value v = \/—pu2/X
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Introduction

Breakdown of Lagrangian for SU(2); x U(1)y

1 L1 L _— 4
Lsu(2), xU(1)y = =g Waw wHv — EB;WB” + Py (iD* ) + Pry* (0 *g'EBu)d)R

L"Gauge VL Fermions

+ |(iD*)p|? — V() — (\hrdr + AgibLdr + h.c.)

LHiggs Lyukawa

- We will look into many parts of this today and tomorrow
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Introduction

_wodwedon
Mistake often made:

= The Higgs boson is NOT the origin of mass!
< it allows for massive elementary particles in the theory

Example proton:

- mass proton: 938 MeV
>2- My —quark + Mu—quark + mg ~ 11.5 MeV
= missing a factor of ~ 82 !

= proton mass comes mainly from QCD confinement
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Introduction

_wodvetor
What happened after papers were published?

1965 Higgs:
=> Full review paper published

-> Ideas were shown by all authors in seminars

- Many people thought the idea was wrong, since the Goldstone theorem had
been fully proven.

1967: Glashow, Weinberg, Salam
-> applied SSB to electroweak theory

1970/1: Veltman and t" Hooft

> proof that Yang-Mills theories with masses from SSB in scalar fields are
renormalizable
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http://journals.aps.org/pr/pdf/10.1103/PhysRev.145.1156

Introduction

oo
Electroweak theory

o introduced by Glashow, Weinberg and Salam (GWS)
@ gauge group is the SU(2)r, xU(1)y

@ SU(2): non-abelian SU(2), U(1) abelian U(1)

o four generators: lead to four massless fields:

— Wi, WE WY generated by the weak isospin

— Bi generated by the hypercharge Y

Physical particles are mixtures of these massless bosons:
Z° _ cosfw sinfw B°
v )\ —sinfw cosfw wy'
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Introduction

Search for W and Z bosons * bieter Haidt

First sign of neutral currents: discovery at Gargamelle (bubble chamber) 1973:

Vu Vi

ZO

From neutrino experiments: measurement of electroweak-mixing angle sin Ow:

<+ allows a first constraint of the W boson mass:

— TOEM - 1 _ 3.7GeV ~ 70 GeV
V2Ggsinfw  sinfy
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http://www.desy.de/~haidt/wspCern60Haidt.pdf

Introduction

Search for W and Z bosons at the SppS

First estimate of W-boson mass gave motivation to build SppS!

transverse
pick-up

Lss 3
RADIO FREQUENCY

3

o production via ud, dd, ud and dd

o the three valence quarks account for =~ 50% of the proton momentum
< each valence quark carries therefore about 1/6
— the collider needs an energy at least 6 times the boson mass

o 1981: start with /s = 540 GeV, running until 1991: /s = 900 GeV
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Introduction

_wodvetor
The two main experiments at the SppS

— UAL experiment — — UA2 experiment —

o UAL: general purpose detector, 5.8 m long, 4.6 m high

o UA2: focused on electron detection, no muon detection

— high-granularity calorimeters for very precise measurements

22/ 72 — Electroweak measurements — Andrea Knue


https://home.cern/science/experiments/ua1
https://home.cern/science/experiments/ua2

Introduction

wwernn
Discovery of W and Z bosons in 1983

con nea. . e o (@) g
First Level Cuts
30 152 Events 1
20
0F
>
]
S oln /|n
N (v)
£ Second Leve uts |
g 6 6 Events
2 ]
5 L ]
B [ o
. g ©
2 L Final Cuts
WL 4 Events
a) b) L
( ( 2 , h .
0 50 100 150

Uncorrected invariant mass cluster pair (GeV/c?)

o January 1983: first 10 W boson events available
@ June 1983: Z boson discovery in Z — ee and Z — pp

o nobel prize in 1984 for Carlo Rubbia and Simon van der Meer
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Introduction

First limits on the my,, mass » Pewer

32 j 82
10 - 4
sinl B, 20230 2
30k L . ]
z UA2
g 8r 95% CL
B 5 L / s
3
g 2 ) =
£ = 1<)
s 8 %
= 3 [ uat’.uaz
K S uf 0%l E;
2
for: —- =313 é
79 B L
0 L L ; 100 200 300
20 L0 60 80 100
gy (GeV/cH) TOP MASS (GeV/c?) m top (GeV)

o UA2 measured the ratio my /mz with very high precision

o take now also into account high precision mz measurement from LEP:
mz(LEP) (UAl) =80.35+0.33 £0.17 GeV
Allows to set limit on meop: Meop = 160735 GeV
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https://lib-extopc.kek.jp/preprints/PDF/1988/8812/8812048.pdf

Introduction

Relations in the EW sector » PhysRept.427, 2006

Fermi constant:

_ QEMT
- 2 <2 Otree
ﬁmwsm o

po parameter (1 in the SM):

Gr

miy
po = 2 2 AOtree
m% cos? i
and

2 my

. t
sin“ 0y =1— —lg/
mz

< can determine everything if we know agm, mz and Gr
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https://arxiv.org/pdf/hep-ex/0509008.pdf

Introduction

Relations in the EW sec > Phys Rept.

ZO

Coupling of fermions to Z-boson: et !

gfree _ \/pT)( T3f _ Qf sin2 eil;/rvee)
gft?ree _ _\/KTOQf sin2 e'lsAr/ee

< T3: third component of weak isospin, Q: electric charge.

Expressed as vector and axial-vector couplings:

g\t/ree _ \/‘%( T3f _ 2Qf sinz Htmr/ee)
g =V Ts
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https://arxiv.org/pdf/hep-ex/0509008.pdf

Introduction

Now need to include radiative corrections

» Phys.Rept.427, 2006

f W
y,ZIW ~ y,ZIW y,ZIW v,ZIW

f/f Wh,Z

’ N

‘H‘ 1 1
Z/W Z/W Z/W Z\W
Z/W

Propagator self-energies and flavour-dependent vertex corrections:

8v2m2 | my,  cos?Ow

A = 3Grmiy {mﬁop sin®fw (In m% 5) N ]
Ane = 3Grm?y {m&op sinfy 10 ( m} 5) N }

m2, cos?fy 9

8272
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https://arxiv.org/pdf/hep-ex/0509008.pdf

Introduction

Radiative corrections

Real effective couplings:

gvr = /pr(T4 — 2Qrsin” 0lg)
gar=T4

Effective mixing angle:

.2 .2
sin” O, = Kfsin” Oy

with:
o form-factor for overall scale: pr =1+ Apse + Apr
o form-factor for EW mixing angle: kr = 1 4+ Akse + Akr

28/ 72 — Electroweak measurements — Andrea Knue



Introduction

Observables to measure at the Z-pole

( o mgz, Iz )
o M(had), I(inv), F(£t¢7)
® Ohad
© Re, Ry, R-, Ro, R
o sin g*
o several forward-backward asymmetries Arp
0 A, AL, Ar, Ap, Ac, As
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Measurements at the Z-pole

_ Memwemensottvezpl
Measurements at the Z-pole

@ LEP: Large electron-positron collider, Run 1 from 1989 — 1995
— circular collider
— 4 experiments
— different CME around Z-pole

< no longitudinal polarisation

@ SLC: Stanford linear collider, 1989 — 1998
— linear collider
— Mark-II detector 1989-1991, SLD from 1992-1998
— running on Z-pole

< electron beam longitudinally polarised (up to ~ 80 %)
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Measurements at the Z-pole

Experimental setup at LEP |

Year || Centre-of-mass | Integrated
energy range | luminosity
[GeV] [pb~]
1989 88.2 -94.2 1.7
1990 88.2 - 94.2 8.6
1991 88.5 —93.7 18.9
1992 91.3 28.6
France p 1993 894, 912, 93.0 40.0
p 1994 91.2 64.5
1995 || 89.4, 91.3, 93.0 39.8

First data taking period: LEP |

@ make scan of Z line shape: different CME

o for each new fill of collider: change CME — more stable!

@ in 1995: lumi so high that one gets 1000 events per hour per experiment
o for all experiments together: about 17 million Z events

o precision in CME: only 2 MeV
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Measurements at the Z-pole

What can affect the beam?

o affected by tide (sun, moon)
o geological changes in region after long raining periods
o water level in lake Geneva

o TGV: causes leakage currents — impact on dipole magnets

e Energy calibrations TQY leaves
0 4 Geneva
o Xyre >

— Lake level fit

20 F ° 4

I L I I
120 140 160 180 200 220 240
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https://www.sciencedirect.com/science/article/pii/0168900294015260
https://www.newscientist.com/article/mg14820060-300-the-particle-now-leaving-platform-4/

Measurements at the Z-pole

at can affect the beam?

La Versoix

Lausanne

Geneve

Cornavin

Correlation versus IP
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https://link.springer.com/chapter/10.1007%2F978-94-011-4689-0_4

Measurements at the Z-pole

Experimental setup at SLC » paper

Stanford Linear Collider

o first linear e e~ collider, 120 Hz
o positrons created by colliding electrons with target
@ bunch energy is = 46.5 GeV — loose about 1 GeV in arcs
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https://link.springer.com/chapter/10.1007%2F978-94-011-4689-0_4

Measurements at the Z-pole

Experimental setup at SLC » paper

532 nm
Frequency Doubled
Y. aser

Mirror,

Box TN

Circular Polarizer

Focusing

and
e Steering Lens

Mirror Box ;
(preserves circular

Laser Beam s P latization)

Analyzer and Dump compton

“Gompton 1P 4 Back Scattered &

Cerenkov
Detector

Analyzing 7

Bend Magnet

Polarized Gamma_* \ Quartz Fiber
Counter ‘/ Calorimeter

o very good vertex detector

Support

Arches

Magnet Coil
Liqluid Argon
Calorimeter
Moveable Door
Luminosity Monitor
Cerenkov Ring
Imaging Detector

Magnet Iron
and Warm Iron
Calorimeter

Vertex
Detector

98
s791A2

o from 1992 - 98: 600.000 Z events recorded by SLD

o important difference to LEP: electron beam longitudinally polarised!
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https://link.springer.com/chapter/10.1007%2F978-94-011-4689-0_4

Measurements at the Z-pole

Advantage at SLC: beam polarisation

e _ Beam Polarization SLD 1992-1998 Data
S
100
—>{ Final Focus fe— E
| Stesined Latic Cathode. Strained Latice Cathode
£ 90 for 1994 SL.D Run 1997 SLD R,
3
==}

Colider Arcs

=

=]
E 60 | 1996 Run
2 2 |}
_ = 50 |
Linac .
ot
e \ - © 40 "N Srained Lattice Cathode
= for 1993 SLD Run
o n S0l
saé £k
82
ot
Sl
- [=}
- . m 0 L L L L L L
b Fetum une 0 1000 2000 3000 4000 5000,
Z Count x10
Spin Rotation
Solenoids
&~ Spin . . . .
Ve, 5 o large improvement in electron polarisation:
o Damping Rings
S ftaton — above 70% for most data

i
Longitudinal . . . e
| o polarisation allows to enhance/suppress specific processes

Thermionic
Source €~ Source
o polarisation needs to be well known
arXiv:hep-ex/9611006
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Measurements at the Z-pole

Now:
Open a new tab in your browser
Go to: www.menti.com

Put in new code!
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Measurements at the Z-pole

What ties to measure?

38/ 72

_ N = Niig
eselA»C

Nser: number of selected events
Nypxg: number of expected background events
€sel: selection efficiency

A: acceptance

e © 6 o o

L: luminosity — precise knowledge important!

-> measure total cross-section for different CME: line shape

— Electroweak measurements — Andrea Knue



Measurements at the Z-pole

Measurement of the Z-line shape *terewwe

+ - -

e T g* T
¥ z
e f e f
~10° T T T T T T
2
5 Year | Centre-of-mass | Integrated
%104 .- energy range | luminosity
2 e’e > hadrons [GeV] [pb~!]
© 1980 | 882942 17
10° 1990 88.2 -94.2 8.6
1991 88.5 — 93.7 18.9
R 1992 91.3 28.6
10 1993 || 89.4, 91.2, 93.0 40.0
SRR §LC 1994 91.2 64.5
— _ 1995 || 89.4, 91.3, 93.0 39.8
v E 1 1 1 II_‘IEI)II 1 1 LIIEP III 1 E 7 ’

0 20 40 60 80 100 120 140 160 180 200 220
Centre-of-mass energy (GeV)
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http://lepewwg.web.cern.ch/LEPEWWG/

Measurements at the Z-pole

Event displays LEP » tepewws

QZ_)qa —)Z—>e+e_
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http://lepewwg.web.cern.ch/LEPEWWG/
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http://lepewwg.web.cern.ch/LEPEWWG/

Measurements at the Z-pole

The components of the ete™ — ff production »ver ewws

2s 1 do _ =
=2 ¥ (etem »ff)=0,+ oyz +o0z
f ¥ v/
7 NI dcosf Nl
interference
210°
] 2
E z 0 04 (14 cos 0)
%104l o
H e'e ->hadrons
U.,.s o 0,7 « x(s)[factory - (1 + cos’ #) + factorz - cos )]
2 2
i, 1 o oz « |x(s)|*[factors - (1 + cos® #) + factors - cos 6]
0 LEPI LEP T 4 with: v(s) = 2F7z s
30730 e R 10 120 10 160 0 200 20 X( ) 8mV2 5_’"22+’5r2/""2
Centre-of-mass energy (GeV)
< (1 4+ cos® ): contributes to total cross-section
< cos @: contributes to forward-backward asymmetries
42/ 12
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Measurements at the Z-pole

Cross-section of the ete™ — Z — ff production e ewwe

z 1 127 Teel47 sT%
o' F = —
ff
Roep m%2 T2 (s —m%)2+s2T%/m?
0
TF
— T T T T
= o
From fit to line shape can obtain: = 40} \ 2
=<}
= ALEPH /
o myz o) DELPHI / \
L3 H \
(] rz 30 F OPAL i 4
0 _ 127 Teelhaa
© Ohad = 52~ 2
& mz Tg
0
4] RIZ = rhad/ra 20
* RS/
10 [ o from it ,/
..... QED corrected ’_/’
"1‘- L 1 MZl L
86 88 90 92 94
E_ [GeV]
- cm
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http://lepewwg.web.cern.ch/LEPEWWG/

Measurements at the Z-pole

Number of neutrino generations *Lerewwe

rZ - ree + rpu + r-r‘r + rhad + rinv
- rse + ruy. + rTT + Z rqd + Nurmx

q#t
=
127 RO £ N
Ry =1/ %) — RO — o,
" \/<Uﬁadm§> e=(3+0) QE s3o| ALEPH
DELPHI
Compare measurement with SM expectation: L3
OPAL
0 rinv 20
Rinv = NV ( r > + average measurements,
e SM erll)‘;ln;_;);?r lilgreased
10
= N, ~ 2.984 + 0.008
< no additional light neutrino generation! 0 L L

86 88 920 92 94

E,, [GeV]
44/ 72
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http://lepewwg.web.cern.ch/LEPEWWG/

Measurements at the Z-pole

_ ewvewewsttezpde
Z-coupling: V — A

vertex factor = %7“ (g0 — gh7°)

Can now measure the effective mixing-angle from the ratio:

g\f/ Qr 2 f .2 f
— = 1—27'. sin GW’eﬁ‘ = 1—4|Qf|5|n ewﬂeff
&a Ts

and also define the asymmetry parameter Ay (final-state):

A —o_ EVIEh
1+ (g} /84)?
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Measurements at the Z-pole

Vector/axial-vector couplings from electron-neutrino scattering * ter ewwe
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http://lepewwg.web.cern.ch/LEPEWWG/

Measurements at the Z-pole

e —
Vector/axial-vector couplings from LEP/SLD » e ewws

"0.032 e 1780243 6o
mH= 114...1000 GeV
0035 e -
_ ]
m -4
-0.038 A
— T o
~ee” E
T T A
-0.041 — : S8Rt
-0.503 -0502 -0501 -05

9l
= Z-coupling compatible for three lepton generations!
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http://lepewwg.web.cern.ch/LEPEWWG/

Measurements at the Z-pole

Measurement of asymmetries

— forward — — backward —

Nr — Ng

Arg — F— T
F8 Ne + Ng

can be also expressed as product of asymmetry parameters:

A[f:B = %AEAf

48/ 72 — Electroweak measurements — Andrea Knue



Measurements at the Z-pole

Measurement of angular distributions * tepewwe

] : —
S DELPHI 93 — 95 2000 ¢ SLD e*e—e'*e 97-98 #
g f 1500 o
G 1 e'e” = u'u(y) .g left polarised &" beam
8 S 1000 | ° right polarised & beam
3 'l
3 Peak 500
D 08| e
/ 600 - SLD Z°—u*u 97-98 b
0.6 ﬂ
Sl =
i
4
i3 +
e P+2 4+
IESS ot
ﬁt+ﬂ++# ey
0z | et e p
P-2 . e :
04 05 0 05 1 b,
COS(G“F) cosf
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http://lepewwg.web.cern.ch/LEPEWWG/

Measurements at the Z-pole

How to measure the polarisation

Chirality: handedness

1

Ve =3

1
L+, Wi=Z(1-7)V

Helicity: projection of spin in direction of momentum

For E >> m:

o right-handed chirality = positive helicity
o left-handed chiralicty = negative helicity
y T T
1z 7L

- 8 + - 0 .
e ——> e e —> e

e e

T T
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Measurements at the Z-pole

2
Pr(cosf) = _ A¢(1 + cos” §) + 2.Ac cos 0

(14 cos?6) + 2ArAe cos @

At LEP: can only measure 7 polarisation — decays very quickly (= 0.3 ps).

Events/0.025

5
8

E

200

OPAL

$dof=39.3/ 42

“Big
W Non-s Bkg
-+ Pos. Hellcity ©

-~ Neg. Hellcity ©

i L L
0.2 04 0.6 08
TV

1
P/ Bpeam

Perform template fit to distribution:

g
R DELPHI
g b
T — UVV

2000 K
1500 -
1000 - .
500 L Wj

L T
0z 0a o6 08

o easier in decays with hadrons, especially two-body decays like 7 — v,
o leptonic tau decays have 3 final-state particles, two of them invisible
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Measurements at the Z-pole

_ Memvemewsottezpge
Measurement of left-right asymmetry at SLD

— left-handed — — right-handed -
_ — N _ — .
e———>> <«———¢ e—» <« e
N — N, 1
ALr £ R Ae

TN+t Ng<P.>

— with P. being the magnitude of the electron polarisation.

Arr only depends on the initial state!

Also accessible:

N{r + Nks — Nig — Nke _ EA'{
Nr + Nig + Ng + N~ 4

f
ArB,LR =
=> in both cases: simple counting experiments
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Measurements at the Z-pole

_ Memvemewsottezpge
Measurement of A,bZ-B using b-jet identification > terewwe

> AL result from LEP differs by about 30 from SLD result
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Measurements at the Z-pole

Results asymmetry measurements

observable | collider | value  total unc. SM expectation pull | corresponding sin® 6
Ae LEP 0.1498 0.0049 0.1473 £ 0.0012 0.5 0.23117 £ 0.00062*
Ay LEP 0.1439 0.0043 0.1473 £ 0.0012 —0.8 0.23192 £ 0.00055
Ag-'é LEP 0.0145 0.0025 0.01627 £ 0.00027 | —0.7 0.23254 £ 0.0015*
Ag,’; LEP 0.0169 0.0013 0.01627 £ 0.00027 0.5 0.23113 £ 0.0007*
A?{; LEP 0.0188 0.0017 0.01627 £ 0.00027 1.5 0.23000 £ 0.0009*
A?lfi LEP 0.0171 0.001 0.01627 £ 0.00027 0.8 0.23099 = 0.00053
A?é LEP 0.0699 0.0036 0.07378 £ 0.00068 | —1.1 0.23220 £ 0.00081
A‘;‘g LEP 0.0992 0.0017 0.10324 £ 0.00088 | —2.4 0.23221 & 0.00029
A SLD 0.1516 0.0021 0.1473 + 0.0012 2.0 0.23094 + 0.00027*
A, SLD 0.142 0.015 0.1473 £ 0.0012 —0.4 0.23216 + 0.002*
Ar SLD 0.136 0.015 0.1473 £ 0.0012 —0.8 0.23259 =+ 0.002*
Ay SLD 0.1513 0.0021 0.1473 £ 0.0012 1.9 0.23098 + 0.00026
A SLD 0.67 0.027 0.66798 £ 0.00055 0.1 0.231 £ 0.008*
Ay SLD 0.923 0.02 0.93462 £ 0.00018 | —0.6 0.25 £ 0.03*

0.23099 = 0.00053

m 0.23159 + 0.00041
—v— 0.23221 + 0.00029
——— 0.23220 + 0.00081

[—*%—— 0.2324 = 0.0012

- 0.23153 £ 0.00016
#d0f:11.8/5

£ Aa?);= 0.02758  0.00035

wEm=178.0 = 4.3 GeV

@ can translate asymmetry measurements into electroweak mixing angle

o Abg result from LEP differs by about 3¢
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The electroweak fit

Compare measured values with result from EW fit

Measurement Fit  |ome=_Qfgmea
0 1 2 3
m, [GeV] 91.1875+0.0021 91.1874
T,[GeV]  2.4952+0.0023 24959 m
ol [nbl  41.540+£0.037  41.475 —
R, 20.767 £0.025 20742 |jm—
AY 0.01714 +0.00095 0.01645 |
A(P) 0.1465+0.0032  0.1481 [mm
R, 0.21629 + 0.00066 0.21579
R. 0.1721+0.0030  0.1723
g 0.0992 +0.0016  0.1038 —————
AgS 0.0707 £0.0035  0.0742 mm—
A, 0.923 + 0.020 0.935 mmm
A, 0.670 £ 0.027 0.668
A(SLD) 0.1513£0.0021  0.1481 ——
sin®657(Q,) 0.2324+0.0012 02314
m,, [GeV] 80.385+0.015  80.377 jmm
Iy [GeV]  2.08510.042 2.092 &
m [GeV]  173.20 +0.90 173.26

o
—_
n
. i

March 2012
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The electrowea

Now:
Open a new tab in your browser
Go to: www.menti.com

Put in new code!
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The electroweak fit

What do we gain from the LEP | and SLC results?

@ so: need high precision measurements
< 15 observables from LEP-EWWG (mz, Iz, ...)
— 4+ mz, [z, myp and low-energy observables
o from indirect searches: Higgs mass most likely around 100 GeV

— would be still in reach for LEP experiments!

L . ;=101 cev 80,5 ‘
[CJLHC excluded
Aif) =
5 0_0';;50 1£0.00033 E — LEP2 and Tevatron
0.02749:0.00010 -~ LEP1 and SLD
44 incl. low Q° data . < 68% CL
" 8
3 b h —_—
X 3
=z
2 - S
1 |
80.31 my, V] a B
Excluded 1 e A
30 300 155 175 195
m, [GeV] m, [GeV]
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LEP-11: Upgrade to 209 GeV

The LEP-II upgrade: a rich physics programme

o LEP-II: running from 1995 — 2000, total lumi all experiments: 3 fb-1

o required update of cavities: replace copper RF cavities by superconducting cavities
— replacement done over several years

Year Mean energy | Luminosity L 3
V5 [GeV] [pb~") 104
1995, 1997 130.3 6 o
136.3 6 . e:ef—)ere qq
140.2 1 10 o e e 2adly)
: — e e'e ()
1996 161.3 12 2
172.1 12 c
510 %
1997 182.7 60 5
1998 188.6 180 b
[}
1999 191.6 30 210 |
195.5 90 o
199.5 90 o o6 S WW- o
2018 40 T1eeenzz v 1
2000 204.8 80 e'e SWWy /| |, 44
41 e efe dyy |
1
206.5 130 10 et
208.0 8 m-vseev/  f/ ]
Total 130 200 745 80 100 120 140 160 180 200

s (GeV)
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LEP-11: Upgrade to 209 GeV

WW pair production

gt —<— NN
Ve M M
e ——/WVW\ W~

Measurement of my and I'w: two approaches
Q at WW threshold: only 3% of data statistics
S oxf=+/1-—4m},/s
— mw (threshold) = 80.42 £ 0.20(stat.) & 0.03(ELep) GeV

Q direct reconstruction:
— mainly qgqg and qg/lv; final state
— LUyl stats limited, but no uncertainties from jets
< unbinned LH fit to data, combination of results with BLUE method
— mw(direct) = 80.376 + 0.025(stat.) + 0.022(syst.) GeV
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L Upgrade to 209 GeV

High precision also for the W boson

ALEPH —— 80.440 + 0.051
DELPHI —— 80.336 + 0.067
L3 —o— 80.270 + 0.055
OPAL —— 80.415 + 0.052
LEP Rl 80.376 + 0.033

#2/DoF =48.9/41

| IR Y IR AR S RN S ST N BT R R R
80.0 802 80.4 80.6 80.8 81.0
M, [GeV]
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rel. uncertainty: 0.04 %

— Electroweak measurements —

ALEPH —— 214+ 0.11
DELPHI —— 2.40+0.17
L3 —— 218+ 0.14
OPAL —— 2.00+0.14
LEP —— 2.195+ 0.083

+*/DoF = 37.4/33

T ST S S B! L L
1 ‘5 2.0 2.‘5 3.‘0
Iy, [GeV]

rel. uncertainty: 3.8 %
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LEl grade to 209 GeV

Triple gauge boson couplings

W e* w*
Y z
e W™ e W~
+ - + + +
e A e e e Vg
w y/IZ w
w* W yZ
Yz w W
e e e Ve e

- can measure di-boson or single boson production

- can express via 5 independent couplings: g, Kgamma, Kz, Ay, Az
SinSMi gl =k, =kz=1, \y=Xz=0
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Upgrade to 209 GeV

Cross-section measurements

—~ . ; 5 30
8 201LEP ] =
= YFSWW and RacoonWW =
O; ) DE
201 E
104 &
104 E
'YFSWW/RacoonWW
no ZWW vertex (Gentle)
only v, exchange (Gentle)
160 180 200 180 200
Vs (GeV) Vs (GeV)
— 3 T
8 15{LEP b = LEP
\; WPHACT , GRACE , WTO g 14 WPHACT and GRACE 1
3 g
: ¢
14 - N
& 5
0.5 E
0.5 B
0 ; ; 0 . ,
180 190 200 210 180 190 200 210
Vs (GeV) Vs (GeV)
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LEP-11: Upgrade to 209 GeV

e vpgseo209Gev
Single parameter fits for charged TGC

ALEPH DELPHI L3 OPAL LEP

N N /A T
NN \ 11/
AR Y \ N1/
AN ) , [/

MA\W AN ANV

0:9 0.95 1 1.05 g‘f‘ 0. -0.05 ) 0.05 ;\:1
[ / ADLO TGC Combination

0-InL

©
L

~_
iy
[N

T~

1

0-InL
»
o W
|

/| |« -oss2 wue

[
|
/|
\ /) | & -0z
J
/

0.018
93 =0.984 J:u.ozu

- charged triple-gauge couplings in agreement with SM prediction
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LEP-11: Upgrade to 209 GeV

Search for neutral triple-gauge couplings
0.5 :

Lep | ' ' T T |
0.25- osd
N 0 INE I
-0.25- § -0.5 i
— 68%CL e — e8%cL 7
------- 95% CL e 95% CL
053 ' : ' ' T o5 8 o5 i
-04 -0.2 0 0.2 0.4 . .
fy ¥
4

@ no neutral triple gauge-coupling present at tree-level in SM

< no evidence found in two-parameter fits, everything is consistent with zero
64/ 72
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Upgrade to 209 GeV

¢ gauge boson couplings

e w* e’ w*
y z
y/Z Yz
e W- e W~
3 T T
g2 |LEp
> 0.61 EEWWG ]
§ — RacoonWW
o]
0.4
0.2
0 T T T
180 190 200 210
Vs (GeV)
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Higgs hunting at LEP

1975/76: The hunt begins...

Paper on Higgs profile:

CERN LIBRARIES, GENEVA

CM-P00061607

A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

+)

*
John Ellis, Mary K. Gaillard ) ana D.v. Nanopoulos
CERN -- Geneva

Summary:

We should perhaps finish with an apology and a caution. We
apologize to experimentalists for having no idea what is the mass of the
Higgs boson, unlike the case with chamm 2)7%) and for not being sure of
its couplings to other particles, except that they are probably all very
small, For these reasons we do not want to encourage big experimental
searches for the Higgs boson, but we do feel that people performing expe-

riments vulnerable to the Higgs boson should know how it may turn up.
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http://cds.cern.ch/record/874049/files/CM-P00061607.pdf

Higgs hunting at LEP

The hunt begins...

WANTED

HUNTER'S _DEAD 1R ALIVE

Guipe ﬁ%

Tue Hices

-
’f-~-—-< (i s o ) Ty e
s
QO mass: free parameter, no prediction
AlP . 4
. O spin/parity: JCP = ott |
John F. Gunion
Howard E. Haber @ couplings, production/decay modes:
Gordon Kane -

< depend on my!

Sally Dawson
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Higgs hunting at LEP

e wigorree
What if the Higgs boson did not exist?

o Higgs field has 4 degrees of freedom

— after W and Z bosons get mass: 1 degree of freedom left

o look at scattering of longitudinal W bosons: Wt W, — W/ W,

L

- if the Higgs boson does not exist, cross-section diverges!

T
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Higgs hunting at LEP

Indirect Higgs searches at LEP

o assume: search for new particle at accelerators

— too heavy to be directly produced and observed

@ but: if particle appears in higher-order loop corrections

— will alter the actual measured quantities

o effect quite small here (< 1 %)

— but constraints possible in high-precision measurements!
H N
L i |
. VWA
W zZw zZw
Z/W

69/ 72 — Electroweak measurements — Andrea Knue



Higgs hunting at LEP

g wetogortepr
Direct searches at LEP

o since Higgs seemed to be still in reach for LEP:

— upgraded accelerator to reach up to 206 GeV

o since Higgs coupling increases with particle mass:

— search for associated production with Z-boson
o with /s <206 GeV and mz ~ 91 GeV
< can only find Higgs if my ~ 115 GeV

o I'(H — bb) =~ 70 %

oM(H—=1Tr7)~8%

©

combine data taken at ALL LEP experiments

- reached a lower limit of &~ 115 GeV
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Higgs hunting at LEP

Summary for today

Electroweak sector

o observation of W and Z bosons at SPPS

o high-precision measurements of particle masses at LEP and SLD
o see discrepancy for weak mixing angle between LEP and SLD

@ measurements show that the SM is consistent so far

What did these measurements tell us?

o could establish number of light neutrino generations
o first bounds on top mass already

o lower limit for Higgs mass from LEP Il

— indirect measurements give promising outlook for future colliders
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Higgs hunting at LEP

Just one more min

@ Mentimeter

2x 2 Grid
Lecture 1

Easy: 0 --- Difficult: 10

@ .

Slow: 0 Fast: 10
@ .

Now:

Open a new tab in your browser, Go to: www.menti.com, Put in new code!

@ both scales are between 0 and 10
@ 0: too easy/ too slow
@ 10: too difficult/ too fast
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