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•  I don’t remember when I last gave a talk including data from my 
experiment (probably around 1988-1989) when already working 
almost full time towards LHC ���
 a short historical perspective	


•  W/Z properties at the Tevatron and LHC ���
 differential measurements and sensitivity to pdfs ���
 W/Z transverse momentum measurements	


•  Dibosons at the Tevatron and LHC ���
 towards differential cross-sections (higher statistics needed!)   ���
 sensitivity to anomalous couplings 	


•  Precision EW measurements at the Tevatron and LHC:	


 recent measurement of AFB and sin2θw by D0/CMS ���
 recent measurements of mW by CDF and D0	


 prospects for future precision measurements at the LHC	



See talks by M. Pioppi, E. Le Menedeu, M. Cooke and C. Hays ���
in EW parallel session this afternoon, many more results will be shown! 	



Precision measurements in the EW sector: synopsis	
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•  2011: achieved Lmax ~ 3.4 1033, Ltot ~ 5 fb-1 at 7 TeV	


•  2012: already achieved Lmax ~ 6.7 1033, Ltot ~ 3.3 fb-1 at 8 TeV	


•  Very high average number of interactions excellent for discovery 
reach, but not so good for precision EW physics! 	



Precision measurements in the EW sector: an overview	


•  Will cover recent results from Tevatron and LHC with some 
historical perspective on hadron colliders	


•  Will discuss future prospects for such measurements at the LHC in 
the context of a possible discovery of the Higgs boson	



Example of Z  µµ decay in ATLAS with 20 reconstructed vertices.���
Total scale along z is ~ ± 15 cm, pT threshold for track reco is 0.4 GeV 

(ellipses have size of 20σ for visibility).	


In 2012, reach maximum of ~ 40 interactions per BX at L ~ 6 1033! 	
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From the beginning, with the observation of two-jet dominance 	


and of 4 W  eν and 8 Z  e+e- decays	



Historical perspective: the 80’s in UA1/UA2 at the SppS	



 √s = 546 GeV, L ~ 1029 cm-2s-1	



UA2 was perceived  
as large at the time: 

♥   10-12 institutes 
♥   from 50 to 100 

authors 
♥   cost ~ 10 MCHF 
♥   duration 1980 to 

1990 

Physics analysis was  
organised in two groups: 

1.  Electrons → 
electroweak 

2.  Jets → QCD  
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To the end, with first accurate measurements of the W/Z masses 	


and the search for the top quark and for supersymmetry	



Historical perspective: the 80’s in UA1/UA2 at the SppS	
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Software design in UA2	



Historical perspective: the 80’s in UA1/UA2 at the SppS	
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Software documentation in UA2	



Historical perspective: the 80’s in UA1/UA2 at the SppS	





8	

D. Froidevaux, CERN Blois Conference, 29/05/2012 

1984-1985 were exciting (and confusing) times!	


Beware false positive signals!!	



Historical perspective: the 80’s in UA1/UA2 at the SppS	



Over-abundance of Z  eeγ events	



Monojets	



Dijets with missing ET	



High-pT electrons with jets and 
missing ET	



Top quark “discovery”	



Bumps in distributions ���
(jet-jet mass in UA2, ���
W decay electron spectrum in UA1)	
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W/Z to jet-jet decays  
First observation ever 
Possibly last ever from 

direct production in 
hadron collisions	



Historical perspective: the 80’s in UA1/UA2 at the SppS	
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First ever EW fits in UA2 before LEP turned on	


Historical perspective: the 80’s in UA1/UA2 at the SppS	
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Most important results from 1987-1990 campaign with UA2: 
precise measurement of mW/mZ 
and direct limit on top-quark mass (mtop < 60 GeV) 
Transverse mass distribution for 
electron-neutrino pairs 

0019.00036.08813.0 ±±=
Z

W

m
m

Using the precise measurement of mZ (LEP): 

GeV 17.033.035.80 ±±=Wm
Indirect limits on top-quark 

mass in the context of the 
Standard Model:   

GeV 160 50
60
+
−=topm

(four years before the discovery 
of the top quark at Fermilab) 

Historical perspective: the 80’s in UA1/UA2 at the SppS	
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First W/Z events seen in April-May 2010 were very exciting! 
Historical perspective: first run at 7 TeV in 2010	
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W/Z differential measurements	



mT
eν for W to eν in ATLAS (1.0 fb-1)	

 mµµ for Z to µµ in CMS (4.5 fb-1)	



CMS-PAS-EWK-11-007	
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0.35% !!	



Experimental 
systematics are 

now dominant for 
luminosity 

determination 	


CMS already 

quote total 
uncertainty of 2% 
on luminosity for 

2011 results	



3376 Z to ee ���
with one forward electron	



9725 Z to ee ���
with two central electrons	



W/Z differential measurements	
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W/Z differential measurements	





16	

D. Froidevaux, CERN Blois Conference, 29/05/2012 

W/Z differential measurements	





17	

D. Froidevaux, CERN Blois Conference, 29/05/2012 

W/Z differential measurements	





18	

D. Froidevaux, CERN Blois Conference, 29/05/2012 

W/Z differential measurements	
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ATLAS electron identification: ���
preserve performance versus pile-up ���
2011 was difficult year, stability better in 2012	
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ATLAS electron/photon energy scale: ���
verify stability versus pile-up! ���

Stability in 2011 verified with mee for Z and E/p for W to better than 0.2%	
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W/Z differential measurements	


CMS-PAS-EWK-11-007	
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Measurement of lepton charge asymmetry in W decays	





23	

D. Froidevaux, CERN Blois Conference, 29/05/2012 

Measurement of lepton charge asymmetry in W decays	
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Trigger: preserve performance and physics!���
Difficult e.g. to keep inclusive single lepton trigger at ~ 20 GeV in 2011!���

Electron threshold in 2012 raised to 25 GeV (ATLAS) and lowered to 30 GeV (CMS)	



Trigger objects"
(ATLAS 2011)"

Offline Selection 
2011"

(pT thresholds)"

Trigger Selection" L1 Rate   "
(kHz)"

at 3 1033"

EF Rate 
(Hz)"

at 3 1033"
L1" EF"

Single leptons" Single muon > 20 GeV" 11 GeV" 18 GeV" 8" 100"

Single electron > 25 GeV" 16 GeV" 22 GeV" 9" 55"

Two leptons "
2 muons > 4 GeV" 11 GeV" 15,10 GeV" 6" 5"

2 electrons, > 15 GeV" 2x10 GeV" 2x12 GeV" 2" 1.3"

2 τ  h > 45, 30 GeV" 15,11 GeV" 29,20 GeV" 7.5" 15"

Two photons" 2 photons, > 25 GeV" 2x12 GeV" 2x20 GeV" 3.5" 5"

ET
miss" ET

miss > 170 GeV" 50 GeV" 70 GeV" 0.6" 5"

Multi-jets" 5 jets, > 55 GeV" 5x10 GeV" 5x30 GeV" 0.2" 9"

Single jet plus 
ET

miss"
Jet pT > 130 GeV & "
ET

miss > 140 GeV"
50 GeV & 
35 GeV"

75 GeV & 
55 GeV"

0.8" 18"

Total rate (peak): includes all trigger types, not only those above." 55 kHz" 550 Hz"
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Measurement of pT
Z and pT

W	



http://www-cdf.fnal.gov/physics/ewk/2011/
zpt21/cdf10699/index.html	



http://prd.aps.org/abstract/PRD/v85/i1/e012005	
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Diboson measurements: the beginning of the road for LHC	
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Diboson measurements: the beginning of the road for LHC	
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Diboson measurements	



Channel" ATLAS σ/σfid" CMS σ	

 ATLAS aTGC" CMS aTGC"

W/Z γ  lv/ll γ	

 1.0 fb-1" 36 pb-1" 1.0 fb-1" 36 pb-1"

WW  lνlν" 4.7 fb-1" 4.9 fb-1" 1.0 fb-1" 36 pb-1"

WZ  lνll" 1.0 fb-1" 1.1 fb-1" 1.0 fb-1" -"

ZZ  llνν" 4.7 fb-1" -" 1.0 fb-1" -"

ZZ  llll" 4.7 fb-1" 1.1 fb-1" 1.0 fb-1" -"
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Diboson measurements: Wγ and Zγ	



Wγ with pTγ > 15 GeV	

 Wγ with pTγ > 60 GeV	
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Diboson measurements: Wγ and Zγ	



Wγ inclusive in Njets	


Zγ inclusive in Njets	
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Diboson measurements: Wγ and Zγ	



Photon cluster	


ET = 56.9 GeV	



Conversion electron	


pT = 56.1 GeV	



Conversion positron	


pT = 4.0 GeV	



Conversion vertex	


R = 8.1 cm	
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Diboson measurements: 
Wγ comparison to MCFM"
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Diboson measurements: anomalous couplings	
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Measurement of Z forward-
backward asymmetry: ���
beyond the legacy of LEP and 
Tevatron?	
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Measurement of Z forward-backward asymmetry: ���
beyond the legacy of LEP and Tevatron?	



asasasasa
s	


a	



http://dx.doi.org/10.1103/PhysRevD.84.112002	



Note that largest experimental uncertainty is from alignment, even for muons!	


A long way to go still to compete with PDG value of sin2θw.	
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ATLAS alignment and calibration: inner detector	



Z to µµ in ID only (250k events)" Ideal" Only residuals 
used in minim."

Add E/p constraint 
from e+ vs e- "

Both µ in barrel ID" 1.60" 0.98 ± 0.01" 0.71 ± 0.01"
Both µ in same end-cap ID" 3.42" 3.03 ± 0.03" 1.16 ± 0.01"

Additional contribution to exp. resolution ���
from data (to be added quadratically)	



Exp. resolution ���
 expected from MC (GeV)	



•  Unfortunately, alignment work for “light-weight” inner detector does not stop at 
minimising residuals	


•  Need to eliminate distortions which affect track parameters, especially impact parameter 
and momentum measurements (residuals are insensitive to a number of these possible 
distortions). Use E/p measurement for electrons and apply to muons!	


•  This has led to large improvement on Z to µµ experimental resolution, a factor three in 
end-caps (much weaker initial constraints from cosmics)	
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 CDF: Tracker Linearity Cross-check & Combination"
Final momentum calibration using the J/ψ, ϒ and Z bosons"

Combined momentum scale correction:"
  Δp/p = ( -1.29 ± 0.07independent ± 0.05QED ± 0.02align ) x 10-3"

ΔMW = 7 MeV	



W-boson mass measurements: Tevatron versus LEP2"



38	

D. Froidevaux, CERN Blois Conference, 29/05/2012 

 D0: use only central electrons and achieve similar accuracy! 
W-boson mass measurements: Tevatron versus LEP2"
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W-boson mass measurements: Tevatron versus LEP2"

Previous world average:	


 80399 ± 23 MeV	



New Tevatron result is significantly more precise than LEP average	



World average  
computed by TeVEWWG 

ArXiv:0908.1374 
FERMILAB-TM-2439-E 
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Measurement of mW at the Tevatron: beyond the legacy of LEP!	



D0: W to eν (4+1 fb-1)" CDF: W to eν (2.2 fb-1)	

 CDF: W to µν (2.2 fb-1)	



55k Z to ee" 16k Z to ee (!!)" 60k Z to µµ	



1.7M W (|η| < 1.05!!)" 0.5M W" 0.6M W"

δmW(stat) = 13 MeV" δmW(stat) = 13 MeV" δmW(stat) = 13 MeV"

δmW(syst) = 22 MeV" δmW(syst) = 18 MeV" δmW(stat) = 16 MeV"

Combine with 1 fb-1 result" Combine J/ψ&Υ to µµ with mZ from LEP!!"

δmW(tot) = 23 MeV" δmW(tot) = 19 MeV"
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Measurement of mW at LHC: ���
beyond the legacy of Tevatron?	
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Precision EW measurements: measure mW to ~ 5 MeV: 
very difficult! What for??	
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Precision EW measurements: measure mW to ~ 5 MeV: 
very difficult! What for??	



•  From 2012 to 2014 when LHC 
will restart at 13 TeV, our 
understanding of how well the 
SM describes fundamental 
interactions is quite likely to 
change	


•  The Tevatron community will 
further improve their fantastic 
results on mW (and mtop?)	


•  The LHC community will profit 
hugely from the sheer amount of 
excellent data the machine and 
detectors are delivering	


•  And there might already be 
riddles to solve such as the exact 
nature of a possibly observed 
scalar boson, or even better of a 
whole family of new particles …	



http://arxiv.org/pdf/1112.3026.pdf 	

See eg 	
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Short summary	


♥  Today we are able to ask questions we were not able to formulate 25-30 
years ago when I was a student. This together with what nature has in store 
for us over the next years of physics at the LHC is what is so exciting about 
our field, and probably any field in fundamental research	


♥   The  more  we  progress,  the  longer  will  be  the  gap  between  the 
reformulation  of  fundamental  questions  in  our  understanding  of  the 
universe  and  its  complexity.  This  gap  is  already  ~  equal  to  the  useful 
professional lifetime of a human being. This poses real problems.	


♥  But the first few years of LHC performance and physics studies have 
been an incredible reward to all those of us who have worked so long and 
so hard towards this goal.���
It is even more rewarding to see that the LHC detectors are slowly picking 
up the challenge for precision measurements in the SM.   	


♥  In particular, it is a huge pleasure for me to be with all of you discussing 
physics again after so long without any data… 	


♥  Even if we find the Higgs boson as early as in 2012, only the third year of 
LHC  operation,  it  will  be  a  while  before  it  is  discussed  in  a  SM  EW 
overview talk although this is where eventually it will belong.	
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Back-up slides	
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Measurement of pT
Z and pT

W	
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Electrons from J/ψ decay	
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Electrons from photon conversions	
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SM physics: W/Z differential measurements	
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•   Summary of W Mass Fits	
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• New CDF Result (2.2 fb-1)���
Transverse Mass Fit Uncertainties (MeV)	



• Systematic uncertainties shown in green: statistics-limited by control data samples 	
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   Combined W Mass Result, Error Scaling	
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Measurement of mW at LHC: ���
beyond the legacy of Tevatron?	
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Measurement of mW at LHC: ���
beyond the legacy of Tevatron?	




