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This presentationThis presentationThis presentation

 Electroweak processes look like the bread and 
butter of high Pt physics at hadron colliders
CWrong!

 They are the key to understand detectors and 
physics necessary to go beyond
CIn the discovery region

 Besides...
CWith large statistics you can perform precision 

measurements and..
ðLook for new physics (LEP legacy)

CThe “clean” theoretical background allows to use 
them as “standard” against which testing unknow 
pieces of the puzzle...
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TevatronTevatronTevatron
 Tevatron is a W & Z factory

1.7 fb-1 on tape

~5,000Z→ee

~50,000W→eν

Events/Week/Exp. 
(before trigger & 
cuts)

Mode
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CDF ExperimentCDF ExperimentCDF Experiment

η = -1

η = -2

 Tracking (Central Drift Chamber)
C δpT/pT = 0.0005 x pT [GeV]

 EM Calorimeter
C δET/ET ~ 13.5% / √ET ⊕ 1.5% [GeV, |η| < 1.1]

 Forward region now used 

Leptons from 
W/Z decays
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The acceleratorThe acceleratorThe accelerator
 Fundamental being able to collect data
CCurrently excellent performance
ð8 different machines running together (included 

e-cooling)
 The aim is an integrated luminosity plan 
Ccalled “Design”
ðbrings ~8 fb-1/exp. by FY 09

 We also have a “fallback plan”
Ccalled “baseline”
ðbrings to ~4.5 fb-1/experiment by FY 09

 
 The beams division is working well and the 

machine is performing!
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Slide del Aprile 2004Slide del Slide del AprileAprile 20042004
 Machine is performing…in the future:
CCDF &D0, designed for 132 ns  
ðwill have to work at 396 and ~2.7x1032 cm-2s-1

Chiarelli, IFAE  2004
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Accelerator StatusAccelerator StatusAccelerator Status
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Accelerator performanceAccelerator performanceAccelerator performance
225 1030

37.5 pb-1

800 pb-1 1800 pb-1
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CDF -performanceCDF CDF --performanceperformance
 CDF collects data with 

good efficiency
 At high instantaneous 

luminosity we need to 
act if we want to retain 
our physics capabilities

Offline increase

MET25+2JETS
Used by ZH, 
sbottom, gluino
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The environmentThe environmentThe environment
 We typically run at
 L=2x1032cm-2s-1..means
C several interactions per 

crossing
ðTough life

C ...we can go down in the 
ladder on the left
ðProvided that our 

triggers can select the 
needle in the haystack

with 1 
fb-1
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EWK precision testsEWK precision testsEWK precision tests
Test of the Standard Model
ðCheck for missing pieces (free parameters...)
ðAnomalies might signal new physics

CTest of new tools
ðWidenining of kinematics zones used, new 

channels
àEs: Zàττ , Wàτν

CSome channels are sensitive to PDFs
ðW asymmetry, dσ/dy(Z), W mass (!)
ðσ(w)centrale/ σ(w)forward

COthers can be used to understand backgrounds
ðW/Z+jets...
ðWW, WZ

CSeparation among topics not always clean
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QCD W and Z boson productionQCD W and Z boson productionQCD W and Z boson production
 Test of QCD 
CCan be used to check calculations
ðNLO since long time
ðNNLO
à(recently with 

full spin correlations)

σ = Σab ∫ dQ δ(Q - 2Epvxpxp)∫ dxp fa(xp,Q) ∫ dxp fb(xp,Q) σ(Q)

Sum over quarks, 
gluons

Kinematic 
constraint

Calculable hard 
scattering cross 

section

Parton distribution 
functions

^
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Old W, Z cross section measurementsOld W, Z cross section measurementsOld W, Z cross section measurements
 CDF measured Z, W cross section using 72pb-1

CσW=2775±10(stat)±53(syst)±166(lum) pb
CσZ=254.9±3.3(stat)±4.6(syst)±15.2(lum) pb
ðR=10.84±0.15(stat)±0.14(syst)
àCan be used to measure Γ (indirectly)
àCan be used to measure Vcs

R =
σW ⋅ BR(W → lν )
σZ ⋅ BR(Z → l+l−)

=
σW

σZ

⋅
ΓZ

Γ
Z →l +l −

⋅
ΓW →lν

ΓW

SM : 3.370 ± 0.024 SM : 226.4 ± 0.3 MeV

LEP : BR(Z→l+l-) = 0.033658 ± 0.000023

ΓW = 2.092± 0.042  GeV
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VcsVcsVcs
 Indirect determination exploiting SM and world-

average of the other CKM ME involved:

Cαs=0.12,  Γ0
W=226.4 MeV/c2

CBetter than LEP (direct) alone (0.97±0.11), worst than 
LEP+Run I (0.996±0.013)

 R can provide precision constraints to SM parameters
CFind new ways...

ΓW = 3ΓW
0 1+ KQCD (αS

3) Vqq'

2

| no top|

∑
 

 
  

 

 
  

Vcs CDF
= 0.976 ± 0.030
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Indirect Width UncertaintiesIndirect Width UncertaintiesIndirect Width Uncertainties

Category Electron Muon  Correlation 
Stat error 0.1753 0.2705 0.0 
Acceptance stat error  0.0294 0.0480 0.0 
Boson pT 0.0019 0.0044 1.0 
PDF 0.0704 0.0851 1.0 
PT scale/resolution 0.0012 0.0170 1.0 
ET scale/resolution 0.0185 0.0000 0.0 
Material 0.0319 0.0000 0.0 
Recoil calibration 0.0267 0.0384 1.0 
Uncorrelated efficiency error 0.1203 0.1015 0.0 
Track reconstruction efficiency 0.0170 0.0445 1.0 
QCD background 0.0435 0.0397 1.0 
Uncorrelated EWK background 0.0089 0.0112 0.0 
Correlated EWK background 0.0042 0.0290 1.0 
Cosmic ray background 0.0000 0.0702 0.0 

 correction factor 0.0109 0.0112 1.0 
 

 

Raw uncertainties on R
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Improved MethodImproved MethodImproved Method
 Use a common set of selection criteria for both W and 

Z events by requiring a single high-quality lepton (fit 
+/- charges separately)
CNo efficiency or trigger uncertainties
CLarge reduction in PDF uncertainties

W

l

ν

Z

l

l
•Exclude 2nd EM 
object from 
recoil.
•Include all 
towers in ET
calculation.
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Precision R MeasurementPrecision R MeasurementPrecision R Measurement
 Cut on hadronic 

recoil |U| < 10 
GeV to minimize 
QCD background

 Use maximum 
likelihood fit to 
extract W and Z 
contributions to 
common 
candidate sample
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Recoil Energy (GeV)

∆R/R (%)

2.762.20Stat. + Syst.

2.61.50Total 
Systematic

0.5-Missing-ET

2.50.37Background
-1.10Efficiency

0.400.28Recoil
-0.28Material

0.310.65PDF
0.941.7Statistical

electron (300 pb-1) 
PRELIMINARY

electron 
(72 pb-1)

CDF
PRELIMINARY

Reduced by x2

Eliminated. 

Increased: needs better understanding

Preliminary systematic study & 
comparison with earlier analysis.

(syst) 26.09(stat)0.055.10 ±±=R
CDF e PRELIMINARY, 374 pb-1

Recoil distribution for signal 
& QCD background

R W/Z: new MethodR W/Z: new MethodR W/Z: new Method
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Constr. PDF-W AsymmetryConstrConstr. PDF. PDF--W AsymmetryW Asymmetry
 Asymmetric u,d quark 

momentum distributions 
within proton lead to 
asymmetric W+,W-

rapidity distributions

CV-A decay of W boson 
reduces the observable 
asymmetry in the lepton 
rapidity distributions

dσ/dθ ∝ (1 + cosθ)2
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Charge AsymmetryCharge AsymmetryCharge Asymmetry
 Equivalent definition for 

lepton asymmetry

A±
W(y) =

σW+(y) + σW-(y) 

σW+(y) - σW-(y) 

A±
W(y) =

u(xp)d(xp) - d(xp)u(xp)

u(xp)d(xp) + d(xp)u(xp)
≈ F  (d / u)  , (d / u)xp xp
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Old and new measurementOld and new measurementOld and new measurement

 CDF measurement 
breaks data into 
separate ET ranges
CElectron Channel only

pp → W → eν

|η|

|η|
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Measuring with 1 fb-1Measuring with 1 fbMeasuring with 1 fb--11

 Reconstruct W production 
asymmetry A(yW) directly

 Two kinematic solutions using 
MW constraint

 Weight solutions taking into 
account production & decay

 Resolve dependence on yW
iteratively

p

l

p 

ν 2( y 2)ν1( y1)
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dσ/dy Z- Selectionddσσ/dy/dy ZZ-- SelectionSelection
 Z selection with two central electrons : Zcc

ðKinematic selection : ET ≥ 25 GeV ,  |η|<1.1
ðTwo electrons with tight and loose ID 
ðOpposite charge electrons required

 Z selection with a central and forward 
electron : Zcp
ðKinematic selection : ET≥ 20 GeV

|η|<1.1 for central, 1.2 < |η|<2.8 for plug
ðtight central electron and one plug electron

 Z selection with two forward electrons : Zpp
ðKinematic selection : ET ≥ 25 GeV , 1.2 < |η| < 2.8
ðTwo plug electrons
ðSame side events required
ðOne leg must have a silicon track

central

plug

central



Giorgio Chiarelli,  INFN Pisa Firenze, 16 novembre 2006 

Mass and RapidityMass and RapidityMass and Rapidity

Mass window : 66 < M < 116 
GeV

Zcc Zcp Zpp

165894667628097Events
Z(PP)Z(CP)Z(CC)

Probe high y region ( ~ 2.9 )

CDF preliminary result 
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dσ/dy distribution IIddσσ/dy/dy distribution IIdistribution II
 dσ/dy distribution of Z/γ*

§ NNLO calculation with NLL CTEQ6.1 PDF
§ σ (Z→ee) : 265.9± 1.0(stat.)±1.1(sys.) pb
§ No PDF or luminosity uncertainties included

CDF Run II preliminary
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dσ/dy distribution (data/theory)ddσσ/dy/dy distribution (data/theory)distribution (data/theory)

§ NNLO calculation with NLL CTEQ6.1 PDF

§ NLO calculation with NLL MRST PDF

§ NLO calculation with NLL CTEQ PDF

NNLO calculation with NLL CTEQ6.1 PDF
describes data best

No PDF or L uncertainties included in data
Theory prediction scaled to measured σ (Z)

χ2 = 11.7

χ2 = 31.2

χ2 = 23.8

CDF Run II preliminary

CDF Run II preliminary

CDF Run II preliminary
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W in forward regionW in forward regionW in forward region
 Traditional measurements 

in CDF involved central 
leptons (e, µ)
CThanks to improved tracking 

and new calorimeter 
|η|> 1 region is now used for 
e (to a lesser extent for µ)

CChallenge due to use of 
silicon seeded tracks and 
to background

ET > 25 GeV

ET
e > 20 GeV

1.2 ≤ ηe ≤ 2.8

pblumsyststat )(162)()(132796 95
90 ±±= +

−σ

Nev=48165, background<5%
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25 years of EWK cross sections25 years of EWK cross sections25 years of EWK cross sections
 In one slide..

Luminosity unc.=5.8%

4% from extrapolating ppar cross section from 1.8 to 1.96

4.4% from CLC calibration
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Parton Distribution FunctionsParton Distribution FunctionsParton Distribution Functions
 Parton 

momentum 
fraction 
within the 
proton 
depends on 
quark type 
and is 
different 
for valence 
and sea 
quarks u

d

d

u

x →
0.01 0.1 1

f (
x)

 →
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PDF ParameterizationPDF ParameterizationPDF Parameterization

 PDF functions are based on fits to 
experimental data made by two 
independent groups (CTEQ & MRST)
 Parameters are determined for Q0 = 1.3 

GeV and the Q dependence is modeled 
by QCD evolution equations
 The Ai parameters are correlated and 

eigenvectors are determined to 
facilitate uncertainty calculations  

xfa(x,Q0) = A0 xA1 (1-x)A2 e(A3)x (1 + A4x)A5

Separate functions 
for u,d,g,u,d

30 total parameters 
(10 fixed)

(CTEQ)
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Complementary acceptance
CENTRAL ⇔ FORWARD

|η |<1 1.2<| η |<2.8 

Forward/central can be used Forward/central can be used Forward/central can be used 
 To constrain PDFs:
CDefine partial cross 

section
ðDo not correct for A

(PDF, NLO-NNLO 
effects removed from 
definition)
ðσf=718±3±21 pb
ðσc=664±3±11 pb

C Luminosity uncertainty
cancels in the ratio

CRexp=0.925±0.033
CRth=Acent/Aforw=

0.924±0.037 (CTEQ6.1)
0.941±0.012 (MRST01E)

CRtn(NNLO)= 
0.9266±0.0019

Yw at LHC
W mass
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Their impact is not trivial…Their impact is not trivial…Their impact is not trivial…
 W boson mass PDF uncertainty
CImproving/constraining will reduce uncertainty

valence up 
quark

A1: low x 

valence down 
quark,

sea quarks
A1: low x 
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W Mass MeasurementW Mass MeasurementW Mass Measurement

l

W

ν

pp

Production and 
Decay Model

Momentum/Energy 
Scale & Resolution

Recoil & Underlying 
Event Energies

 Requires a detailed 
understanding (~10 
MeV) of all aspects of 
W boson production 
and detection

W→eν

MT

CDF blinded Mass fit
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W Mass UncertaintiesW Mass UncertaintiesW Mass Uncertainties

 CDF preliminary 
syst. uncertainties 
for 200 pb-1

 Currently, estimate 
a combined 76 MeV 
uncertainty

 Finalizing analysis 
and completing 
exhaustive cross 
checks
CMy prediction:
ðBelow 60 MeV

6085105Total

5045Statistics

253030
Production 
and Decay 
Model

2020Backgrounds

505050Recoil Scale 
and Resolution

253070
Lepton Energy 
Scale and 
Resolution

CommonMuonsElectronsSystematic 
[MeV]

Improved understanding of the W events will 
put statistics back into being the most 
significant contribution to uncertainty
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More fb-1…More fbMore fb--11……

 Beyond 1 fb-1 overall uncertainty does not improve 
significantly without better understanding of 
systematics. However I predict a WA with < 30 MeV
soon…
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Mw, Mtop, Higgs...Mw, Mtop, Higgs...Mw, Mtop, Higgs...
 a

n CDF aims at controlling individual 
uncertainties to 10 MeV level to produce 
overall δMW=25 MeV. 

n D0 expects to achieve δMW=40 MeV.

CDF, best Mtop:

170.9±1.4(stat)± 1.9(syst) GeV/c2

[170.9±2.4 GeV/c2] 

TeV combined: 171.4±2.1 GeV/c2
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CDF II 
Preliminary
337 pb-1

Drell Yan processDrell Yan processDrell Yan process
A standard measurement at hadron colliders :

•control sample for searches (Z’, SUSY dilepton channels)
•PDF constraints.

Triggers/cuts distort low mass region

pp → Z /γ * → l+l−  (+ X)

Z Z/γ*γ*
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W à τν, Zà ττ channelW W àà τν, τν, ZZàà ττττ channelchannel
 Channel interesting to 

look for lepton 
universality etc
CExperimental challenge
CTest bed for Higgs 

(MSSM) searches

 W (“easy”)
 Z (difficult)

BR(W →τν)
BR(W →eν)

=0.99±0.04 (stat)±0.07 (sys)

Z → τ (e)τ(h)

σZ ⋅ BR(Z → ττ ) = 265 ± 20 (stat)
      ± 21 (sys) ±15 (lum) pb

σW ⋅ BR(W →τν)=2.62±0.07 (stat)
      ±0.21 (sys)±0.16 (lum) nb



Giorgio Chiarelli,  INFN Pisa Firenze, 16 novembre 2006 

AFB ResultsAAFBFB ResultsResults

 Current measurements are statistics limited
 The high mass region is of particular interest since 

this is where new physics can interfere with 
Standard Model to produce deviations 

p

l −

p 

l +

) θ *

 The relative strengths of the 
axial and vector couplings of 
quarks to the Z boson can be 
extracted from measurement 
of forward-backward charge 
asymmetry (AFB)  

 At Tevatron AFB is measured 
at the Z-pole as well as above 
and below

BF

BF
FBA

σσ
σσ

+
−

= Function of quark & 
lepton axial and 
vector neutral 
current couplings



Giorgio Chiarelli,  INFN Pisa Firenze, 16 novembre 2006 

Diboson productionDiboson productionDiboson production
 Production of dibosons in the final state 

characterize SM processes 
CIn some cases a crucial test of the structure
CDeviations can signal new physics
CAbsence can set boundaries

 Production cross section is tiny
CO(10)-O(1) pb
ðIn some cases smaller than the ttbar xsec

 Nevertheless they constitute a background 
towards the Higgs discovery 
CWγ,Zγ,WW,WZ,ZZ
ðWγ,Zγ measured and published (200 pb-1):
àWγ: s(ppbar -> W + ?) = 18.1 ± 3.1 pb
àZγ: s(ppbar -> Z + ?) = 4.6 ± 0.5 ± 0.2 p 
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DibosonsDibosonsDibosons

 Probe non-Abelian nature 
of SU(2)L⊗U(1)Y via gauge 
boson self-interactions 
(triple, quartic)
CTevatron (ppbar) is 

sensitive to different 
combinations of tri-linear 
gauge couplings than LEP 
(e+e-) and explores higher s

q(')

q

W,Z,g

W,Z,g

W,Z,g

^

qq′ → W* → WZ  : WWZ only
qq′ → W* → Wγ : WWγ only

qq → Z/γ* → WW  : WWγ , WWZ
qq → Z/γ* → Zγ :  ZZγ , Zγγ
qq → Z/γ* → ZZ  : ZZγ , ZZZ

Absent in SM
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Z+γZ+Z+γγ
 Z+g is a complementary 

channel to W+γ
CSimilar SM features but 
ðThere is no radiation 

amplitude zero
 Selection starts with a Z 
CAt least one central electron

 Then require a γ
CET>7 GeV, |η|<1.1
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W+γ, 1 fb-1W+W+γγ, 1 fb, 1 fb--11

 Recently CDF blessed 
new results for the W+g 
analysis with 1 fb-1

COld result:
 With increase statistics 

one can look for
CDeviations from SM
ðKinematics is sensitive 

to anomalous couplings
ðExcess in high pt g

CEffect of the 
interference of ISR with 
s-channel (radiation 
amplitude zero)
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Results W+γResults W+Results W+γγ
 Strategy: 

W first, then γ
 Select W->µν (20,20)
CBackground/yield check

 Select g in a given 
kinematical range 
CEt>7 GeV 
C |η|<1.1
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WW ProductionWW ProductionWW Production

 New CDF cross section 
measurement (825 pb-1)

 Require two opposite 
sign leptons and large 
missing ET

 Expect 38±5 background 
and 52±4 signal events

 Observe 95 events

Z0

q

q

W

W

γ∗

q

q

W

W

Involves WWγ and WWZ TGC

σ(pp → WW) = 13.6 ± 2.3(stat)
± 1.6(syst) ± 1.2(lum) pb

NLO cross section: 12.4 ± 0.8 pb
Campbell,Ellis, Phys.Rev. D60 (1999) 113006
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WZ ProductionWZ ProductionWZ Production
 Involves a single tri-linear 

gauge coupling not accessible 
at LEP

 Measure WWZ coupling 
independent of WWγ

 CDF searched using three 
lepton plus Missing ET
signature (825 pb-1).

 Observe 2 events with an 
expected background of 
0.9 ± 0.2 events and signal 
of 3.7 ± 0.3 events

σ(WZ) < 6.34 pb (95% C.L.)

OLD
 RE

SUL
T

Poor acceptance for leptons
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Electrons: eta-phiElectrons: etaElectrons: eta--phiphi

OLD

NEW
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Muons : eta-phiMuons : etaMuons : eta--phiphi

NEW

OLD
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WZ selectionWZ selectionWZ selection

 WZ->lllν Selection:
C 3 leptons (e,µ) with Pt > 

20,10,10 GeV
C Z mass region:
ð=1 opp-sign, same flavor

lepton pair in (76, 106)
ðZZ Veto: Mlep,trk not in 

Z mass region (76, 106)
ð ep,trk = invariant mass 

of non-Z ("W") lepton and 
an additional track high 
pT loose (> 8 GeV)

C ∆φ(MET, nearest lepton or 
jet) > 0.16

C MET > 25 GeV
 Backgrounds from Z+jets

estimated by applying our 
P(jet+fake lepton) to dilepton
+ denominator data
C Other backgrounds 

estimated using Monte Carlo
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W? Z0 → l±l+l - + ET Signal Region:

? Z region (76 < Ml l < 106)
? ET > 25 GeV

Low MET Region:
? Invert MET cut

Z Veto Region:
? Invert Z mass cut
? Invert MET cut

Zγ ISR, Z+jet fakes

Zγ FSR dominated q

q

− γ
Z0

+

q

q

γ

Z0

l −

l +

ISRFSR

Signal

LowMet

Z Veto Z Veto

+ Z+jet fakes

Dilepton (Drell-Yan) Region:

Trilepton Control regions:

W/Z Control/Signal RegionW/Z Control/Signal RegionW/Z Control/Signal Region
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Results: WZ->lllνResults: WZResults: WZ-->lll>lllνν
 Signal Region (MET>25 GeV) 

1-bin counting:
C Prob(background only) < 1.5 

10-7 (5.1 σ)
 Two bins in MET:
C Nobs(25 < MET < 45 GeV) = 

9
C Nobs(45 < MET <  ?  GeV) = 

7
ðProb(background only) < 2 

10-9 (5.9 σ)

First observation of WZ 
production!

CWe also note that our 2-bin 
result is ordinary for 
SM WZ+bkg. 
ðWe find 49% of 10k 

pseudo-exp's have a joint 
2-bin probability smaller 
than our data
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Results: WZ→ll+l-νResults: Results: WZWZ→→llll++ll--νν

consistent with NLO 
σ(WZ) = 3.7±0.3 pb

pbsyststat ).(0.5 8.1
6.1 += +

−σ
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Check: backgroundCheck: backgroundCheck: background
 We performed a number 

of checks to verify our 
understanding of the 
back. Contr:
C Low ET region in trilepton 

sample, Z mass window
ðContribution from Z+γ

ISR, Z+jet
C Low Et region in trilepton 

sample, Z mass veto
ðZγ FSR

241215Observed
225.9±43.2226.3±35.7Total exp.
0.32.8WZ
23.363.8Z+jets
201.6157.5Zg
0.42.2ZZ
Z VetoLow METSource
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WZ cand: eee event (PEM)WZ cand: eee event (PEM)WZ cand: eee event (PEM)
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Alcune misure in corso -IIAlcune misure in corso Alcune misure in corso --IIII
 Single top
C Produzione EWK di top
Cσ(s+t)<3.4pb@95%CL

[ 0.7 fb-1]
C t channel < 3.1 pb
C s channel < 3.2 pb
ðLimiti nell’ipotesi di 

assenza di single top
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Recent resultsRecent resultsRecent results
 CDF recently blessed two analyses on the 

search for single top (s+t  combined), both 
based on 955 pb-1
COne uses a multivariate method.
ðNegative result (limit <2.7 pb@95% CL)

CThe other sees “evidence” 
(2.3 s) (consistent with background only at 1%)
ðUpfront: given the statistics they are consistent
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Next...HiggsNext...HiggsNext...Higgs
 This is our 

conttribution..
CMH< 199 GeV/c2

@95% CL

 Of course we can do 
better

∆MW?

Nobody knows where the Higgs is
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ConclusionConclusionConclusion
 CDF is exploiting the good performance of the 

Tevatron to explore the features of the EWK 
processes 
CPrecision tests of the SM
CProbe to better understand QCD processes
CTesting new tools for O(1pb) physics
ðHiggs?

CLast but not least...
ðBetter define what is “Beyond the Standard 

Model”..


