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The Tevatron 

•  1.96 TeV p-anti p 
collider 

•  Running since 2002, 
expect to end in 2011 

•  Further running 
2012-2014 is being 
considered 

2 



The Tevatron 

•  Has delivered ~9 fb-1 
of data per experiment 
since 2002, and 
running smoothly: 
expect ~12 fb-1 by end 
of 2011    
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The Tevatron Experiments 

•  Similar detectors in both experiments: 
▫  Inner trackers 

  CDF highlight: large volume, high precision, charged particle tracker 
▫  Calorimeters 
▫  Outer muon detectors 

  D0 highlight: high acceptance & low background 
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W and Z Production at the Tevatron 

First part of the talk Second part of the talk 
(not including top) 
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W and Z at the Tevatron 

•  Probe of QCD and EW interactions 
▫  Hard and soft gluon emission 
▫  Sensitive to Parton Distribution Functions 

•  Leptonic decay used for precision measurements 
▫  Extract EWK parameters: sin2θw, Mw, etc. 

•  In 1fb-1/per experiment: W→lν 106 events, Z→ll 105 events 
▫  High statistics samples and low backgrounds 

σ(pp→W± →lν) ~ 2700 pb σ(pp→Z0 →l+l-) ~ 250 pb 

       Essential to collider physics program to improve our understanding of the 
SM before discoveries 
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Detecting W and Z 
•  Z→l+l- 

•  Signature: pair of charged leptons with 
opposite-charge 
▫  Leptons are high pT and isolated 

•  Peak in l+l- invariant mass 

•  W±→l±ν 
•  Signature: single charged lepton and missing 

transverse energy (MET) 
•  Leptons are high pT and isolated 
•  MET from neutrino (W→µν or eν) 

•  pT
ν is inferred 

•  Peak in transverse invariant mass (mT) 

W±→e±ν 

Z→µ+µ- 

7 



Detecting Z and W 
•  Muons 
▫  Central tracker 
▫  Muon detector 
▫  CDF: |η|<1 
▫  D0: |η|<2 

•  Electrons 
•  Central tracker 
•  Calorimeter 
•  CDF: |η|<2.8 
•  D0: |η|<1.05 and 1.5<|η|<3.2 

W±→e±ν 

Z→µ+µ- 
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W MASS AND WIDTH 



W Mass 
•  Measuring the W boson mass and 

top quark mass precisely  allows 
for prediction of the mass of the 
Higgs boson  
▫  Constraint on Higgs can point 

to physics beyond the standard 
model 
▫  Constrains the Higgs mass 

now, precision check of the 
EW theory after/if Higgs is 
found 

(Summer ’10) 

Prediction of the Higgs boson mass and consistency check of the SM  

mtop=(173.3 ± 1.1) GeV   (0.6%)       

mW =(80.399±0.023) GeV (0.028%) 

ΔmW ~ 0.006 x δmtop ~ 7 MeV for equal 
weights in Higgs limits  
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W Mass Measurement Strategy 
•  At hadron colliders, rely on transverse variables: mT pT

e, missing ET = 
inferred neutrino pT

ν

▫  Requires precise measure of charged lepton pT and hadronic recoil 
▫  Requires detailed knowledge of detectors 

•  Fits to templates generated from calibrated simulation by varying mW 
▫  Constrained from control samples or calculations 
▫  Need  precise, parameterized and fast simulation 

Recoil measurement 
allows inference of 
neutrino ET 

precise charged lepton 
measurement  
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CDF: 
-  Calibrate lepton momentum scale 

using Y, J/ψ, Z  
-  Calibrate calorimeter against 

precision tracker (E/p) and MZ 

W→eν 

 Data 
 Simulation 

D0: 
-  Calibrate calorimeter using precisely 

known MZ from LEP 
-  Detailed corrections for un- 

instrumented regions  

Dominant systematic uncertainty (D0: 34 MeV, CDF: 17/30 MeV e/µ) 

Lepton Energy/Momentum Scale 
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Recoil Model 

Use Z→ee (D0 and CDF) + Z→µµ (CDF)  
balancing to calibrate recoil energy scale and  
to model  resolution   

DØ  1 fb-1 

GeV 

uT 

u|| 

Recoil due to :  
•  QCD radiation 
“recoiling” against W 
•  Underlying event 
•  Overlapping min bias 

 Systematic uncertainty on MW : 
 D0:   6 MeV mTW,   12 MeV pT 
 CDF: 9  MeV mTW,  17 MeV pT 
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Z/γ* pT  

Data does NOT support 
“small-x broadening”  

•  Z→ ll superb calibration sample 
•  Excellent testing ground for QCD predictions at hadron colliders 
•  Sensitive to multiple soft gluon emission 

•  Resummation allow calculation of low pT spectrum BUT needs 
additional non-perturbative form factors from data 
•  “small-x broadening” introduced to fit HERA data 
•  Could have an influence in W mass, Higgs searches, etc. 

•  Recent D0 result (7.3 fb-1)  
 uses new variable Φ*  
 based on the two  
 lepton directions   
•  Less vulnerable to  

 detector resolution  
 limiting pT(Z)  
 precision  

(P. Nadolsky, D.R.Stump, C.P. 
Yuan, Phys. Rev. D 64,114011 
(2001)) 
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W Mass Results 
•  D0 combination of 3 results 

•  CDF combination of 6 results 

D0 (1fb-1) mW=80401±21(stat)±38(syst) MeV 

CDF (200 pb-1) mW=80413±34(stat)±34(syst) MeV 
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W Mass Combination 

▫  Update previous CDF result 
to modern PDFs 
▫  Correct to same ΓW 

▫  PDF, QED, ΓW uncertainties 
correlated  
▫  More precise than LEP II 

combination! 

World average (Summer 2009): 
                mW=80399 ± 23 MeV 

Tevatron mW=80420±31 MeV 
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W Mass Systematic Uncertainties 
Systematic Source δmW 

(MeV) 

Electron energy scale 34 

Electron energy resolution model 2 

Electron energy nonlinearity 4 

W and Z electron energy loss differences 4 

Recoil model 6 

Electron efficiencies 5 

Backgrounds 2 

PDF 9 

QED 7 

Boson pT 2 

Total 37 

D0 mW Systematic Uncertainties (1 fb-1) 

Limited by the size of the 
Z sample. Will improve 
with more data 

Tevatron measurements 
improving the precision of 
parton distributions 
functions (ex. W charge 
asymmetry previously 
shown)  
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W-Width Γw 
•  The high mT tail contains information 

on Γw 
▫  Exploit slower falloff of Breit-Wigner 

compared to Gaussian resolution 

World average (Winter 2010): 
                ΓW = 2085 ± 42 (stat + syst) MeV 
Theory: ΓW = 2089 ± 2 MeV 
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Asymmetries 



W Charge Asymmetry 
•  At the Tevatron, Ws mainly 

produced by valence quarks 

•  On average, u quark carries 
higher momentum than d quarks 
▫  W+ boosted in proton direction 
▫  W- boosted in anti-proton 

direction  

•  W asymmetry [A(yW)] 
▫  Sensitive probe of the difference 

between u and d quarks at 
Q2=mW

2 

W - W + 

←anti-proton direction   proton direction→ 

The parton distribution functions (PDFs) describing the internal structure of the 
proton are constrained by measuring A(yW) 
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Lepton Charge Asymmetry 
•  Since  W→lυ lepton charge asymmetry [A(ηl)] is experimentally more 

accessible 
•  Convolution of both the W charge asymmetry and V-A W decay structure 
▫  Tend to cancel at |η| > 2.0, weakens and complicates the constraint on the 

proton PDFs 

€ 

A(yW ) =
dσ + /dyW − dσ− /dyW
dσ + /dyW + dσ− /dyW

Measurements of A(yW) and A(ηl) introduce why we will show both techniques   
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A(yW) measurement 
•  CDF measurement using W→eυ in 1 fb-1   
•  Apply weighting method: 

•  Use W mass constraint to infer pZ
υ 

•  Calculate W rapidity from both two solutions and weight them  

P P̄ θ
* 

A. Bodek at al.  Phys.Rev D 79 031101 (2009) 

Precision MUCH better than error band =>  Improve global fits     
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A(ηl) measurement 
•  D0 measurement using W→µυ in 4.3 fb-1   
•  Muon charge asymmetry data confirms previous deviation from theory 
▫  Trend more pronounced for higher pT

l bin 

•  Agree with results from CDF (0.17 fb-1) and in the electron channel 
•  Global fitters (MSTW,CTEQ) have problems incorporating these results 
▫  Tension with low-x data (see e.g. CTEQ arXiv:1007.2241[hep-ph]) 
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W and Lepton Charge Asymmetry 
•  Preliminary re-analysis of CDF result A(yW) → A(ηl) confirms D0 result! 

•   

•  Currently being investigated by theorists and experimental teams  

The data for leptonic asymmetries are agree among channels and experiments 
but theory does not reproduce the leptonic asymmetries even though they do 
agree with the W boson asymmetry 
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Z Cross Section and Rapidity 
σ=256.6±0.7(stat)±2.0(syst) pb  
      + 15.4 (lum) pb 
Theory:  
 σ = 238.7 +7.1 

-7.0 pb (CTEQ6.6M NLO) 
 σ = 248.7 +5.1 

-4.0 pb (MSTW2008E NNLO) 

Shape well described by NLO QCD 

•  CDF measurement, Z->ee in 2.1 fb-1 

•  Electron coverage up to |η|<2.8 
•  Select ~170k events 
•  Cross section measurements (|y| <2.9)  

•  dσ/dy  
▫  High rapidity (y) probes  
high-x parton region  

▫  Z-boson rapidity  
reconstructed from leptonic 
 decay 
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Z Forward Backward Asymmetry 
•  Afb determines the relative strengths of V-A boson-fermion couplings as 

well as sin2θW 

•  Sensitive to new resonance (f.g Z’) via interference with Z/γ* 

Phys. Rev. Lett. 101,191801 (2008) 

New CDF measurement with 4.1 fb-1 

sin2θW (1fb-1)= 0.2326±0.0018(stat.)±0.0006(syst.) 
World             = 0.23153 ±0.00016 
Future Tevatron precision (10 fb-1) ~ 0.0005 

Afb= (NF – NB) / (NF + NB) 

cos θ > forward 
cos θ < backward 
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W and Z Processes  
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Diboson Final States 
•  Charged: WW, WZ, Wγ and  Neutral: ZZ, Zγ, (γγ) 

•  Test the electroweak sector 
•  Cross-sections, kinematic distributions, gauge-boson couplings 

•  In general, the signatures are chosen similar to expected new physics 
(SUSY, Higgs, etc.) 

•  Until recently measurements were done in the leptonic channels 
▫  Cleaner samples, smaller values σ•Β 

•  New signatures with jets were added to the diboson program 
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Diboson Signatures 
  Signatures  with jets 

are interesting because 
they are backgrounds 
in Higgs boson 
searches  

  Establishing processes 
in different channels 
  Allow us to combine 

to improve 
precision 

  Gives us confidence 
in different 
modeling and 
techniques 

  Establishes 
consistency among 
channels 

29 



Zγ→llγ and ννγ  
  Zγ→llγ, produced as ISR and FSR 

  Require EγT> 7 GeV, mll> 40 GeV 

  Theory: 4.5 ±0.5 pb(NLO) 

D0 (3.6 fb-1): 
σ(Zγ→ννγ).BR =32 ± 9(stat+syst) ± 2(lum) fb 

CDF (1 and 2 fb-1): 
σ(Z→llγ) =4.6 ± 0.2(stat) ± 0.3 (syst) ± 0.3 (lum) pb 

 First observation of Zγ→ννγ 
 Require EγT> 7 GeV 

 Theory: 39 ±4 fb 
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WW→lνlν 
•  Essential background to understand for Higgs boson searches 

•  Theory: 12.0 ±0.7 fb 
Systematic 
uncertainties 
dominated by 
backgrounds 

D0 (1.0 fb-1): 
σ(WW->lνlν) =11.5±2.1(stat+syst)±0.7 (lum) pb 

CDF (3.6 fb-1): 
σ(WW->lνlν) =12.1 ± 0.9(stat) +1.6 

-1.4 (syst) pb 
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WZ→lνll 
•  New measurements: 3 exact leptons pT> 15 GeV and MET > 20 or 25 GeV 

•    

▫  Theory: 3.25 ±0.19 pb 

CDF (6 fb-1): 
σ(WZ→lνll) =4.1 ± 0.6(stat) ± 0.4 (syst) pb 

ee, µµ combined and measure 
σ(Z)•B(Z→ll) = 247±4 pb consistent with 
NNLO prediction of 251.3 ±5.0 pb 

D0 (4.1 fb-1): 
σ(WZ→lνll) =3.9 +1.0

-0.8(stat+sys) ± 0.3 (lum) pb 
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ZZ→llll and llνν 
•  Previous result (includes llνν) 

•  New measurement with 4 
leptons: 
▫  Tiny background 0.01 events 
▫  Normalize to Z cross section 

D0 (1.7 fb-1): 
σ(ZZ) =1.60 ± 0.63(stat) +1.6 

–1.7 (syst) pb 

CDF (6 fb-1): 
σ(ZZ) =1.7 +1.2 

-0.7(stat) ± 0.2 (syst) pb 

•  Theory: 1.4 ±0.1 fb 
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WW/WZ→lνjj 
•  Dijet mass fit 
•  Require MET>25 GeV, di-jet pT> 40 

GeV to produce a smoothly falling 
background in signal region 

•  Matrix Element 
▫  Form EPD from ME prob. for 

WW,WZ and W+jets, single top  
•  Exactly 2 jets, ET>25 GeV, |η|<2.0 

CDF (4.3 fb-1): 
σ(WW/WZ) =18.1 ± 3.3(stat) ± 2.5 (syst) pb 

CDF (4.6 fb-1): 
σ(WW/WZ) =16.5 ± 3.3(stat) ± 3.0 (syst) pb 
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WW/WZ/ZZ→jets + MET 
•  Search for VV (V=W,Z) where 

one boson decays 
hadronically 
▫  Signal / Background ~ 3% 

  EWK background: V
+jets + top (~85%) 

  QCD background: 
instrumental (~15%)  

▫  No charged lepton 
requirement 

▫  Includes ννqq’ as well as 
lνqq’ final states 

CDF (3.5 fb-1): 
σ(WW/WZ/ZZ) =18.0 ± 2.8(stat) ± 2.6(syst) pb 
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Anomalous TGC measurements 
•  Test of the SM and search for New Physics  

•  Diboson channels are used to test the SM description of gauge boson 
interactions 
▫  Tevatron results complementary to LEP 

  Sensitive to deviations at higher Q2 

  Separately probe WWZ and WWγ vertices 
▫  Continue to add final states to probe triple-gauge couplings 

t-channel 
dominates cross 
section 

s-channel 
sensitive to new 
physics through 
TGCs 
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Anomalous TGC measurements 
• Wγ → lνγ 
•  Zγ → llγ 
•  Zγ → ννγ 
• WW → llνν 
• WW → lνqq 
• WZ → lνqq 
• WZ → lllν 
• WZ → qqνν 
•  ZZ → qqνν 
•  ZZ → llll 
•  ZZ → llνν 
•  ZZ → llqq 

Photon ET 
sensitive 
variable 

37 



Anomalous TGC measurements 
• Wγ → lνγ 
• Zγ → llγ 
• Zγ → ννγ 
• WW → llνν 
• WW → lνqq 
• WZ → lνqq 
• WZ → lllν 
• WZ → qqνν 
•  ZZ → qqνν 
•  ZZ → llll 
•  ZZ → llνν 
•  ZZ → llqq 

Photon ET 
sensitive 
variable 
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Anomalous TGC measurements 
• Wγ → lνγ 
•  Zγ → llγ 
•  Zγ → ννγ 
• WW → llνν 
• WW → lνqq 
• WZ → lνqq 
• WZ → lllν 
• WZ → qqνν 
•  ZZ → qqνν 
•  ZZ → llll 
•  ZZ → llνν 
•  ZZ → llqq 

Lepton pT 
sensitive 
variable 
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Anomalous TGC measurements 
• Wγ → lνγ 
•  Zγ → llγ 
•  Zγ → ννγ 
• WW → llνν 
• WW → lνqq 
• WZ → lνqq 
• WZ → lllν 
• WZ → qqνν 
•  ZZ → qqνν 
•  ZZ → llll 
•  ZZ → llνν 
•  ZZ → llqq 

Dijet pT 
sensitive 
variable 
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Anomalous TGC measurements 
• Wγ → lνγ 
•  Zγ → llγ 
•  Zγ → ννγ 
• WW → llνν 
• WW → lνqq 
• WZ → lνqq 
• WZ → lllν 
• WZ → qqνν 
•  ZZ → qqνν 
•  ZZ → llll 
•  ZZ → llνν 
•  ZZ → llqq 

Z pT sensitive 
variable 
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Anomalous TGC measurements 
• Wγ → lνγ 
•  Zγ → llγ 
•  Zγ → ννγ 
• WW → llνν 
• WW → lνqq 
• WZ → lνqq 
• WZ → lllν 
• WZ → qqνν 
•  ZZ → qqνν 
• ZZ → llll 
•  ZZ → llνν 
•  ZZ → llqq 
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Conclusions 
•  Tevatron making precision measurements to help constrain SM 
▫  W and Z samples essential 
▫  Most precise single measurement of W mass and W width (both D0 in 1 fb-1 )  

  Both collaborations working on updates (2.4 fb-1 CDF, 5.0 fb-1 D0) 
  < 25 MeV single experiment W mass uncertainty possible in Run II 

•  New techniques 
▫  New method  to unfold pT(Z) spectrum  at low PT (D0) 
▫  Direct unfolding of W charge asymmetry (CDF)   

•  W charge and lepton asymmetry present an interesting puzzle 
▫  Experimental data agree but difficulties in global fits 
▫  Data is quite precise and will constrain PDFs much further  
▫  A measurement unique to the Tevatron 

•   Still large potential for more precise electroweak measurements in Run II 
▫  Towards a competitive Afb measurement => sin2 θW and light quark axial and vector couplings 

•  All expected diboson processes have been observed and are in agreement 
with SM 
▫  Some have large statistical uncertainties – still room for surprises 
▫  In the last year we have expanded our experimental reach on signatures 

  Confidence in our experimental tools while establishing challenging processes on 
our way to the Higgs boson 

▫  Triple gauge couplings are being explored in all channels 

Legacy measurements for years to come! 
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