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• First stage of investigation of weak interaction: identification of beta 

decay, continuous spectrum of electron in beta decay, neutrino hypothesis, 

   first idea of intermediate bosons, further examples of weak processes, 

   development of Fermi based theory of weak interaction, detection of  

   antineutrino and neutrino, V-A effective field theory of weak interaction.  

• Standard model of electroweak interaction: Glashow SU(2)xU(1) theory,  

   Nambu, Goldstone, works of Brout, Englert and Higgs, Weinbergs’s “Model  

   of leptons”, Veltman and t’Hooft proof of renormalisability, QCD,  

   lagrangian of standard model 

• Experimental confirmation of Weinberg’s theory: discovery of weak currents 

• Experimental confirmation of weak bosons W and Z: UA1 and UA2 at SPS 

• Investigation of W and Z at e+ e- colliders: LEP, SLC 

• Investigation of W and Z at Tevatron: CDF, D0 

• Selected results of : ATLAS 

• Conclusions 
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Outline 



Early history of investigation of weak 

interaction 

1896-1958 

• 1896, Ernst Rutherford : identification of beta component in the  

          radioactive rays emitted from uranium 

• 1914, James Chadwick : energy spectrum of beta rays is continuous 

• 1930, Wolfgang Pauli : postulation of neutrino hypothesis for the   

          explanation of the continuous beta spectrum 

• 1934, Enrico Fermi : formulation of the first field theory of beta decay 

           – Fermi theory 

• 1938, Oskar Klein  : first theory of weak interaction with weak vector 

         bosons. 

• Forties and fifties: further information on the properties of weak  

          interaction from weak decays of muon and strange hadrons,  

          prediction and confirmation of parity violation, universality of 

          Fermi theory 

• 1958, Robert Marshak and George Sudarshan and by Feynman and Gell-Mann 

         V – A theory 
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Standard model 
1961-1973 

 

• SU(2) x U(1) theory introducing weak neutral Z boson for the first time 

   (Sheldon Glashow 1961, Abdus Salam and J.C. Ward 1964) 

• 1961-1963, Jeffrey Goldstone, Abdus Salam, Steven Weinberg :  

         Goldstone theorem 

• 1964, F. Englert, R. Brout and Peter Higgs : BEH mechanism 

• 1967, Steven Weinberg : SU(2) x U(1) theory of electroweak interaction 

         with masses of weak bosons generated using BEH mechanism 

• 1971-1972, Gerard 't Hooft and Martinus Veltman: rigorous proof 

         of renormalizability of the massive Yang-Mills quantum  

         fields theory  with spontaneously broken gauge invariance 

• 1973, David Gross, David Politzer, Frank Wilczek : QCD 

• 1973, Steven Weinberg : Lagrangian of standard model including QCD and  

          electroweak part 
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https://doi.org/10.1007/JHEP07(2020)108  

http://www.nobelprize.org/nobel_prizes/physics/laureates/2013/advanced.html 



Discovery of neutral currents 

CERN 1973, Gargamelle 

6 CERN courier 1998 n. 8, 2004 n. 8 
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            CERN courier 2013 n. 7 

Discovery of neutral 

currents 

CERN 1973, Gargamelle 

 

Observation announced: 

Bonn 1973 

London 1974 

 
Observation triggered 

huge activity both in 

experimental testing SM and 

calculations providing exact 

predictions 

 

Nobel Prize in Physics 1979: 

Sheldon Lee Glashow, Abdus 

Salam and Steven Weinberg  
"for their contribution to the theory of 

the unified weak and electromagnetic 

interactions between elementary particles, 

including, inter alia, the prediction 

of the weak neutral current". 

 



Direct observation of W and Z 

CERN SPS 1982-1991, UA1, UA2 

540 – 630 GeV 

10 

               Z. Phys. 44, 15-61 (1989) 
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Interactions of interest: 

 

uD -> W+ and  

Ud -> W-  

uU -> Z  

dD -> Z .  

 

Decay channels used for detection 

 

W+ -> e+ nu_e 

W+ -> mu+ nu_mu  

W- -> e- Nu_e 

W- -> mu- Nu_mu 

 

Z-> e+ e- 

Z-> mu+ mu- 
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CERN Courier 2003 num. 4 
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CERN Courier 2003 num. 4 
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CERN SPS 1982-1991, UA1, UA2 

results 

Observation of W and Z 

 

Production cross sections, decay channels 

 

Masses, widths, branching ratios 

 

Lepton universality 

 

Differential distributions 

 

Standard Model parameters 

 



17 
                    CERN Courier 2004 num. 4 

LEP, CERN 1989 – 2000 



18 Physics Reports 427 (2006) 257 – 454 p. 266 



19 Physics Reports 427 (2006) 257 – 454 p. 267 

OPAL  

𝑍 → 𝑞𝑞  
 

DELPHI 

𝑍 → 𝑒+𝑒− 
 

 

L3 

𝑍 → 𝜇+𝜇− 
 

ALEPH 

𝑍 → 𝜏+𝜏− 
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Physics Reports 427 (2006) 257 – 454 

LEP Run 1 : 1989 – 1995 

 

CMS energy 91 GeV 

each experiment collected 

4.5 millions of Z decays 

17 millions altogether 

 

SLC : 1992 – 1998 

experiment SLD collected  

600 000 of Z decays with 

polarised beams 

precision tagging of c and 

b decays of Z 

 

LEP Run 2 : 1996 – 2000 

 

CMS energy 161 - 209 GeV 

 

"Precision electroweak 

measurements on the Z resonance“ 



21 CERN Courier 2019, num. 5 

LEP II: 1996 – 2000, 161 – 209 GeV  
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                       Tevatron   

     Fermilab 1987 – 2011 1.8 – 1.96 TeV 

CERN Courier 2011 num. 9 



23 

D0, CDF 

 

Run 1: 1992 – 1996 1.8 TeV 

 

Run 2: 2001 – 2011 1.96 TeV luminosity x 10 

 

Each experiment collected 10 inverse fb with  

5 millions W and 400 000 Z. 

 



Results from Tevatron 

• W boson mass and width 

• Z boson mass and width 

• FB assymetry in Z decays 

• Lepton charge assymetry in W decays 

• W and Z boson production total and differential 

  cross sections 

• W+jets and Z+jets cross sections, cross sections 

  ratios 

• Diboson production WW, WZ, ZZ, Wgamma*, Zgamma* 

• Limits on aTGC and aQGC 
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LHC 
Large Hadron Collider 

• LHC is a proton-proton collider. It is situated in the 

tunnel of former electron-positron collider LEP. 

• Project was born in 1984, it was approved in 1995 and 

the construction started in 1999. 

• LHC is working from 2009. During the Run 1 in the years 

2009-2012 it took data at the energy 7 and 8 TeV. 

• Run 2 with CMS energy 13 TeV took place in the period 

2015 - 2018. The integrated luminosity is 139 fb.  

• Run 3 started this year at the energy 13.6 TeV and it 

will last until the end of year 2025. Planned integrated 

luminosity is 300 fbi.  

• HL-LHC will run from 1929 until 2040 with several 

shutdowns. Planned integrated luminosity is 3000 fbi. 
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ATLAS detector 
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W/Z and EW measurements at ATLAS 
 

More than 120 publications dealing with W and Z in total.  

Wide range of topics is covered: 

1) W mass, sin^2(theta_W) 

 

2) Production cross sections of W/Z , W/Z + jets, W/Z + heavy    

flavours, ratios of cross sections. 

 

3) W/Z differential distributions (Pt, rapidity, angular, ...) 

 

4) W/Z polarisation 

 

5) W charge asymmetry, Z FB asymmetry 

 

6) Rich set of measurement of multiboson production  
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W/Z and EW measurements at ATLAS 
 

Recent analyses selected for this presentation: 

 

-  W/Z cross sections at 7 TeV using the full 2011 dataset 
 

 

-  W mass at 7 TeV using the full 2011 dataset 
 

 

-  WWW production using the full Run 3 dataset 
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Precision measurement and interpretation 

of inclusive       ,     and      production cross 

sections with the ATLAS detector 

1) Inclusive cross sections 

2) Test of lepton universality 

3) Differential cross sections 

4) Interpretation of data in NNLO QCD analysis 

5) Ratio of strange-to-light sea quarks densities determined 

6) New measurement of  the CKM matrix element |Vcs|  

ATLAS Collaboration: Eur. Phys. J. C (2017) 77:367 

                                              2011 7 TeV  ∫Ldt = 4.6 fbˉ¹  

W
W Z

Measurements are performed in electron and muon channels and finally 

they are combined. 
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Fiducial phase space definitions 

ATLAS Collaboration: Eur. Phys. J. C (2017) 77:367 

                                              2011 7 TeV  ∫Ldt = 4.6 fbˉ¹  
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0.6%, 0.5% and 0.32%, precision reached for       ,       and      , 

respectively, appart of the common 1.8% normalization uncertainty due 

to the luminosity specification. The differential measurements are 

nearly as precise except the edges of the phase space. 

WW Z

Improved precision 

ATLAS Collaboration: Eur. Phys. J. C (2017) 77:367 

                                              2011 7 TeV  ∫Ldt = 4.6 fbˉ¹  
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ATLAS Collaboration: Eur. Phys. J. C (2019) 79:901  
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  Test of electron-muon universality 

 

   Many systematic uncertainties  cancel  in the ratio. 
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This measurement is in agreement  with the combined result of LEP and SLC 

data and again, significantly more precise than the ATLAS measurements with 

the 2010 and 2015 data.  

This measurement is more precise than the combination of LEP results, CDF 

and LHCb Collaboration. It also significantly improves the previous ATLAS 

measurement. 

ATLAS Collaboration: Eur. Phys. J. C (2017) 77:367 

                                              2011 7 TeV  ∫Ldt = 4.6 fbˉ¹  
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The orange and blue bands correspond to the measurements for on-shell 

W and Z production as obtained at LEP and SLC. The SM expectation 

is indicated with an open circle. 

ATLAS Collaboration: Eur. Phys. J. C (2017) 77:367 

                                              2011 7 TeV  ∫Ldt = 4.6 fbˉ¹  
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NNLO QCD predictions with NLO EW corrections based on the ABM12, CT14, 

HERAPDF2.0, JR14, MMHT2014 and NNPDF3.0 PDF sets are compared to the data. 

PDF sets CT14, MMHT2014 and NNPDF3.0 give predictions that are lower both for the 

W positive and the W negative, and the same trend is observed also for Z.  

Fiducial cross sections discriminate between PDFs 

ATLAS Collaboration: Eur. Phys. J. C (2017) 77:367 

                                              2011 7 TeV  ∫Ldt = 4.6 fbˉ¹  
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The measured W positive / W negative ratio is well reproduced, but all PDF sets 

predict a higher W/Z ratio than measured in the data. 

Cross section ratios 

ATLAS Collaboration: Eur. Phys. J. C (2017) 77:367 

                                              2011 7 TeV  ∫Ldt = 4.6 fbˉ¹  
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The predictions with the ABM12 PDF set match data particularly well, while the predictions 

of NNPDF3.0,  CT14, MMHT14 and JR14 tend to be below and the HERAPDF2.0 set 

slightly above the W cross section data. 

Differential distributions 

ATLAS Collaboration: Eur. Phys. J. C (2017) 77:367 

                                              2011 7 TeV  ∫Ldt = 4.6 fbˉ¹  
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Differential Drell-Yan production 

cross-sections are studied in 

combination with the final NC and 

CC DIS HERA I+II data within 

the framework of perturbative 

QCD. New set of PDFs obtained: 

ATLAS-epWZ16 

QCD analysis 

ATLAS Collaboration: Eur. Phys. J. C (2017) 77:367 

                                              2011 7 TeV  ∫Ldt = 4.6 fbˉ¹  
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Recent global fit analyses ABM12, MMHT14, CT14 and NNPDF3.0 

predict both ratios to be significantly lower than unity, with values 

between 0.4 and 0.6.  ATLAS data sees enhanced  strangeness. 
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Strangeness enhancement 

ATLAS Collaboration: Eur. Phys. J. C (2017) 77:367 

                                              2011 7 TeV  ∫Ldt = 4.6 fbˉ¹  
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ATLAS specification is compared with the determinations  obtained from the 

leptonic Ds decay and semileptonic D meson decay obtained from data of CLEO-c, 

BABAR and Belle Collaboration. In addition, an early determination by the 

NNPDF Collaboration from the QCD fit is shown. 
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Competitive determination of the value of  || csV

ATLAS Collaboration: Eur. Phys. J. C (2017) 77:367 

                                              2011 7 TeV  ∫Ldt = 4.6 fbˉ¹  
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Measurement of the W-boson mass   in pp 

collisions at √s = 7 TeV with the ATLAS 

detector 

  This measurement is very interesting from the point of view 

of new physics. 

   

  The W mass is a unique prediction of standard model. At the 

tree level, its value is determined by the values of weak 

mixing angle and mass of Z boson. 

 

  Gauge couplings and masses of other SM particles, 

especially those of top quark and Higgs boson, enters into 

higher order corrections. Existence of new particles and new 

interactions might modify W mass value, thus providing signal 

of new physics. 

ATLAS Collaboration: Eur. Phys. J. C (2018) 78:110 

                                              2011 7 TeV  ∫Ldt = 4.6 fbˉ¹  
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The method:       was obtained from the fits to the transverse momentum of the 

charged lepton and to the transverse mass of the W boson. Templates including signal 

and background were simulated for several values of W boson mass. The templates 

were compared to the measured distributions by means of      test. The measured value 

of         is determined by the analytical minimization of the      distribution. 

2

Wm
2

Wm

Uncertainties: dominant part of the overall uncertainty of the W mass measurement is 

formed by the modelling uncertainties. Especially better knowledge of the PDFs and 

improved predictions for the Drell-Yan production is needed for future measurement 

of the W-boson mass at the LHC. 

ATLAS Collaboration: Eur. Phys. J. C (2018) 78:110 

                                              2011 7 TeV  ∫Ldt = 4.6 fbˉ¹  
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The W-boson mass measurement is compatible with the current world 

average 80377±12 MeV and is similar in precision to the currently leading 

measurements performed by the CDF and D0 collaborations 

the measurement CDF2022 excluding 

MeV
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W boson mass measurement 

ATLAS Collaboration: Eur. Phys. J. C (2018) 78:110 

                                              2011 7 TeV  ∫Ldt = 4.6 fbˉ¹  

7.9 millions of W in muon channel, 5.9 millions in electron channel 



46 

R.L. Workman et al. (Particle Data 

Group), Prog. Theor. Exp. Phys. 2022, 

083C01 (2022) 

 

CERN Courier May/June 2022 

 

ATLAS measurement most precise 

from LHC measurements, similar in 

precision in pre-CDF 2022 Tevatron 

measurements 

 

LHC challenges compared to Tevatron: 

non-symmetric initial state , different 

kinematic region => sea component c and 

s of  PDF including more important 

 

pileup 

 

At higher c.m.energy, stronger 

dependence on modelling of p T_W 

spectrum 
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Observation of WWW production  in pp 

collisions at √s = 13 TeV with the  

                       ATLAS detector 

The first observation of the simultaneous WWW production. 

Direct probe of the strength of triple gauge coupling and quartic gauge 

coupling. 

ATLAS Collaboration: PHYSICAL REVIEW LETTERS 129, 061803 (2022) 

                                              2022 13 TeV  ∫Ldt = 139 fbˉ¹  
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ATLAS Collaboration: PHYSICAL REVIEW LETTERS 129, 061803 (2022) 

                                              2022 13 TeV  ∫Ldt = 139 fbˉ¹  
                              CERN Courier November/December 2021 

Representative LO Feynman diagrams for the production of  

three masive W bosons, including diagrams sensitive to 

triple and quartic gauge coupling  
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ATLAS Collaboration: PHYSICAL REVIEW LETTERS 129, 061803 (2022) 

                                              2022 13 TeV  ∫Ldt = 139 fbˉ¹  
                              CERN Courier November/December 2021 

four processes at tree level  

final states 𝑊𝑊𝑊,𝑊𝑊𝑊∗ 

 

decay channels 2-lepton:   𝑊𝑊𝑊 → 𝑙±𝜈𝑙±𝜈𝑞𝑞 

               3-lepton:  𝑊𝑊𝑊 → 𝑙±𝜈𝑙±𝜈𝑙∓𝜈  
                              no SFOS lepton pair  

                 𝑙 = 𝑒, 𝜇 
 

Dominant background : 𝑊𝑍 + 𝑗𝑒𝑡𝑠 
Further background  : nonprompt leptons , electrons with  

                      misidentified charge, 𝑊𝛾/𝑍𝛾 with 𝛾 
                      misidentified as electron 

SM processes with prompt leptons: 

 𝑡𝑡 𝑊, 𝑡𝑡 𝑍, 𝑡𝑍𝑞, 𝑡𝑡 𝐻,𝑊𝑊𝑍,𝑊𝑍𝑍, 𝑍𝑍𝑍,𝑊±𝑊±𝑗𝑗 
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ATLAS Collaboration: PHYSICAL REVIEW LETTERS 129, 061803 (2022) 

                                              2022 13 TeV  ∫Ldt = 139 fbˉ¹  
                              CERN Courier November/December 2021 
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 𝜎𝑚𝑒𝑎𝑠 𝑝𝑝 → 𝑊𝑊𝑊 = 820 ± 100(𝑠𝑡𝑎𝑡) ± 80 𝑠𝑦𝑠𝑡 𝑓𝑏 

 𝜎𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑝𝑝 → 𝑊𝑊𝑊 = 511 ± 18𝑓𝑏  

     NLO QCD and LO EW  

Standard model background only hypothesis rejected with an 

observed (predicted) significance 8.0 (5.4) sigmas. 

 

Measured cross section is 2.6 standard deviation far from the 

predicted one  

 

Run 3 : expected to double available statistic 

 

Clearifying the compatibility with SM: more precise cross 

section measurements, differential distributions, EFT approach 

 

ATLAS Collaboration: PHYSICAL REVIEW LETTERS 129, 061803 (2022) 

                                              2022 13 TeV  ∫Ldt = 139 fbˉ¹  
                              CERN Courier November/December 2021 



Conclusions 

 

•    Weak bosons W and Z played crucial role in the creation  

       and establishment of electroweak and Higgs sector of  Standard Model 

•    Bosons W and Z are present in  decay chains of discovered/hypothetical particles of interest 

•    W and Z related measurements form essential part of physics program of all past, current and 

     future large accelerator HEP experiments 

•    Established physics topics related to weak bosons:  

           testing of QCD predictions 

           constraints on PDFs 

           testing of parton emission calculations and  resummation models 

           strong and stringent tests of QCD using exclusive final states 

           extraction of Standard  Model parameters 

           sensitivity to the new physics 

•    Future: more precise tests of SM using Run 3 data and HL-LHC 

•    Inclusion of W/Z related data into EFT analyses 

52 Phenomenology 2017 Symposium 


