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Tests of the Standard Model
of electroweak interactions 

•  Standard Model and motivations
•  W, Z production cross sections
•  W mass
•  W width
•  triple-gauge couplings

lectures 9/10:

lecture 8:

lecture 7: • QCD, Jets, structure functions

• Top Quark physics

•  Higgs Boson

this lecture:



Tevatron und  LHC          WS13/14 TUM        S.Bethke, F. Simon                     V3: Standard Model tests 2

Quarks

Leptons

Generation

u
d

ν

e

c
s

t
b

ν
µ

ν
τ

µ τe

1 2 3

Elementary Particles Elementary Forces
exchange boson

Strong
el.-magn.

Weak
G

g
γ

W±, Z0

Gravitation

The „Standard Model“ of Particle Physics 
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... as well as anti-particles

... is rather simple (und „übersichtlich“):

... describes the unified electro-weak interaction and the Strong force 
with gauge invariant quantum field theories;

... is extremely successful in consistently and precisely 
      describing all particle reactions observed to date

... provides a consistent (yet incomplete) picture of the evolution
   of the very early universe  –> particle cosmology 
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 - e.w. SM describes, in lowest order perturbation theory 
	
   (“Born Approximation”), processes like
	
   with only 3 free parameters:	
α,  GF  und  sin2θw .

€ 

f1 f2 → f3 f4

The elektroweak standard model
at hadron colliders

	
 - based on the gauge group SU(2)xU(1)
	
 - with gauge bosons Z0, W+, W- (SU(2)) and γ (U(1)) 

	
 - left-handed fermion fields transforming as doublets 
	
    under SU(2)  ; there are 3 fermion families

	
 - a complex scalar Higgs doublet, φ = (φ+ , φ−), is added for 
	
    mass generation through sponateous symmetry breaking,
	
    with one neutral Higgs scalar H as physical particle 
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•  mainly physics with 
	
 - el.-w. gauge bosons (W, Z, γ) 
	
 - with top-quarks     ->  V8
	
 - with hadron jets (QCD)     -> V7

•  measurements of:
	
 - production cross sections
	
 - masses
	
 - decay rates / widths
	
 - decay asymmetries
	
 - gauge boson couplings (WW, Wγ, WZ, ZZ, Zγ)

Tests of the elektroweak standard model
at hadron colliders
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motivations for these measurements:
•  in general: consistency checks with SM

•  search for deviations from SM:
	
 production, decays and properties of gauge bosons 
	
 are modified by “new physics”:

•  SM processes used to measure LHC luminosity
•  precisely define SM background for signals of new physics

•  indirect Higgs mass limits  (from precision measurements
	
of  M top and  Mw )
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Νν = 2.984 ± 0.008

MZ = (91.1875 ± 0.0021)  GeV
ΓZ = (2.4952 ± 0.0023) GeV 

precise determination of Mz und Γz from LEP data (e+e– - annihilation):

• this precision cannot be achieved at hadron-colliders

• therefore at LHC:  – LEP-results used as input 
   – Z0-decays used e.g. for calibration

Z0
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production and decay of gauge bosons 

(missing energy)

• hadronic final states cannot be used, 
  due to  dominating QCD background 

• theoretical uncertainties mainly due 
  to quark-structure of protons 
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LHC:  Beobachtung von Z/W (lept. Zerfall)
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Z –> µµ

with 20 secondary
vertices ...
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–>
–>
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ATLAS / LHC:

 5

Tevatron:
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measurements of production cross sections
•  Z selection:	
–  one lepton with tight criteria 
	
 	
     (high energy, isolation, in central region,
	
 	
       unambiguous detector signature)
	
 	
 –  a second lepton with relaxed criteria

• W selection:	
–  one lepton with tight criteria 
	
 	
 –  missing transverse energy / transv. momentum

• counting of events; corrections according to:
	
 	
 – Trigger-efficiency (from data: redundant triggers,
	
 	
 	
 	
           2-lepton-events etc)
	
 	
 – reconstruction- and selection-efficiencies
	
 	
 – luminosity

€ 

σ Z =
N

Ldt∫ ⋅Br(Z0 → e+e− ) ⋅εee
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Messung der Produktionsquerschnitte
(Tevatron)

(„R“)
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ATLAS Analyse der W/Z Produktionsquerschnitte
arXiv:1010.2130v1

transverse mass distribution 
ohne Schnitt in ETmiss 

transverse mass distribution 
mit Schnitt in ETmiss > 25 GeV

ATLAS Analyse der W/Z Produktionsquerschnitte

arXiv:1109.5141
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W/Z Produktionsquerschnitte

Nov. 2012
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measurements of boson masses

auch verwendet:

„transverse mass“:
invariant pair mass
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ATLAS Analyse der W/Z Produktionsquerschnitte

arXiv:1109.5141
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modelliere

Templates

modelliere
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D0:  W -> e ν
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Zusammenfassung MW Messungen



Tevatron und  LHC          WS13/14 TUM        S.Bethke, F. Simon                     V3: Standard Model tests 24

Aktuelle Ergebnisse und Kombination von Mw:
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LEP1 and SLD
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March 2012
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W

Direkte
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W-Boson Width  [GeV]

ΓW  [GeV]
2 2.2 2.4

χ2/DoF: 2.4 / 1

TEVATRON 2.046 ± 0.049

LEP2 2.195 ± 0.083

Average 2.085 ± 0.042

pp−  indirect 2.141 ± 0.057

LEP1/SLD 2.091 ± 0.003

LEP1/SLD/mt 2.091 ± 0.002

March 2012
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triple gauge couplings:

γ, Z –> W+W-

W –> WZ, W γ

γ, Z –> ZZ

SM: time-like diagrams
with same final states
are allowed (n.b.:
no triple-gauge!)

• SM: space-like diagrams are =0 if 2 of the 3 bosons are identical

these are SM 
„background“ to signals of
triple-gauge couplings!

• BSM: may contribute to triple gauge couplings in non-standard ways



Tevatron und  LHC          WS13/14 TUM        S.Bethke, F. Simon                     V3: Standard Model tests 29

Di-Boson production cross sections
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Zusammenfassung:

• erwartet bei design-Luminositäten: 108 W/a, 107 Z/a

• wichtige Tests des SM: präzise Bestimmungen von
 – Massen 
 – Zerfallsbreiten
 – Wirkungsquerschnitten
 – Produktionsasymmetrien
 – triple-gauge Kopplungen (grob)

• Ziel am LHC:  ΔMw ~ 15 MeV  (ATLAS & CMS combined;benötigt
     extreme exp. Genauigkeit)

• Z-Boson Parameter (MZ, ΓZ) als input von LEP; Z0s als tool zur Kalibration

•Δmtop ~ 2 GeV und ΔMW ~ 15 MeV werden im SM MHiggs auf ca. 25% festlegen

• erste Messungen der triple-gauge Kopplungen werden indikativ für Neue Physik

• am LHC wurden detaillierte Messungen mit W und Z Bosonen durchgeführt:
  Produktionsquerschnitte in Übereinstimmung mit theor. Erwartungen.
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