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MotivationMotivation

MW is a key parameter in the Standard Model

Δr1sinθ
1

FG2
πα
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W −

=
α:  Electromagnetic constant
GF: Fermi constant
θW: Weak mixing angle

In the Standard Model radiative correction (Δr) depends on M as

F W θW: Weak mixing angle

In the Standard Model, radiative correction (Δr) depends on Mt as 
~Mt

2 and MH as ~logMH :

M 2 l MΔr ~ Mt
2 Δr ~ logMH
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Current PrecisionCurrent PrecisionCurrent PrecisionCurrent Precision

For equal contribution to the Higgs mass uncertainty we need:  
ΔMW ≈ 0.006 ΔMt
Top quark mass is known with an uncertainty ~1.3 GeV, which requires 
ΔM ≈ 8 MeV while currently ΔM ≈ 25 MeV M is the limiting factor!
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ΔMW ≈ 8 MeV, while currently ΔMW ≈ 25 MeV.  MW is the limiting factor!
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Experimental Setup: Experimental Setup: TevatronTevatron

Tevatron Collider Chicago

Experimental Setup: Experimental Setup: TevatronTevatron

g
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CDF
DØ

TevatronTevatron

6 km circumferenceMain Injector

2008 07 11 5Junjie Zhu

Proton-antiproton collisions with center-of-mass = 1.96 TeV
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Experimental Setup:Experimental Setup:
D0 D t tD0 D t tD0 DetectorD0 Detector

Tracking System
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Uranium/LiquidUranium/Liquid--argon Calorimeterargon Calorimeter

Energy measurement and identificationEnergy measurement and identification
for electrons, photons and jets
Central and Forward
Electromagnetic and Hadronic

Full coverage : |η| < 4.2 

46 000 h l~46,000 channels

Fine segmentation(towers): Δη x Δϕ = 0.1x0.1

(0 05x0 05 in third EM layer near shower maximum)
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Signatures in the DetectorSignatures in the DetectorSignatures in the DetectorSignatures in the Detector

W->eνW->eν : MW ~ 80 GeV

Z->ee : MZ ~ 91 GeV

)(υpT
r

)(pT

oZ->ee events served as the control sample for
energy response, resolution, efficiency, etc.
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ZZ-->>eeeeZZ-->>eeee

Electron

Positron

• Electron deposits most of its energy in the calorimeter, which can 
be measured with 0 5 per-mil precisionbe measured with 0.5 per mil precision

• is used to extract Z massmZ
2=(E1+E2)2‐ |p1+p2|2
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WW-->e>eνν

TTT u(e)p)(υp rrr
−−=

e+

)(υpT
r

• Neutrino escapes from detection, 
causing substantial missing energy

• pT(ν)(MET) : Missing transverse 
momentum
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Why MET?Why MET?Why MET?Why MET?

+x

+z

• Unknown initial and final momentum sum along the beam• Unknown initial and final momentum sum along the beam 
direction(|η| <4.2)

W t
22 |)(( )|))(E( )(EM rr

++
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• : W transverse mass
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WW Mass Measurement StrategyMass Measurement Strategy

• Transverse Mass(MT), transverse electron momentum (pT(e)) and 
missing transverse momentum(MET) are used to extract W mass

gygy

• A fast parameterized simulation(fast MC) is used to model the detector 
effect and offline selection, which takes the W mass as the input 

• Vary the input W mass and compare with the data to extract the W
mass value

• Do a blind analysis 

MW = 80 GeV
MW = 81 GeVMW  81 GeV

Binned log likelihood is used
to extract W mass
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Characteristic SpectrumCharacteristic SpectrumCharacteristic SpectrumCharacteristic Spectrum

mZ
2=(E1+E2)2‐ |p1+p2|2 MT

2=(ETe+ETν)2‐ |pTe+pTν|2

Z > W >Z->ee W->eν

• Z events are used to calibrate the electron energy response by 
forcing the measured dielectron mass peak to agree with the well-
known Z mass(91.1876 ± 0.0021 GeV). 

• We are essentially measuring the ratio of W and Z masses.
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Observables SensitivitiesObservables SensitivitiesObservables SensitivitiesObservables Sensitivities
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Material  in front of CalorimeterMaterial  in front of Calorimeter

Cryostat walls: 1.1 X0

EM1
~ 3.6 X0
f 0 0.9 X0

CPS: 0.3 X0 + 1 X0 of lead Cryostat walls: 1.1 X0

Interaction

for η=0

~ 5.0 X0
for η =1

0.9 0

inner detector: 0.3 X0

Interaction 
point

Energy loss in front of the calorimeter is estimated using 
detailed simulations based on Geant(full MC)
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detailed simulations based on Geant(full MC)



Material Material in front of in front of calorimetercalorimeter

• ~3.6X0 dead material in front of the calorimeter
• Need to know number of X0 in front of calorimeter preciselyNeed to know number of X0 in front of calorimeter precisely
• Measurement method:

– electron energy fraction in each layer is sensitive to the material 
in front of calorimeterin front of calorimeter

– Construct a model to predict EMF distribution for different nX0
– Compare predictions with data

E = 45 GeV
η = 0
( l
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Before Tuning of Model MaterialBefore Tuning of Model Material

• distributions of energy fraction deposits do not quite match

Before Tuning of Model MaterialBefore Tuning of Model Material
Fractional energy deposits, electrons with |η| < 0.2

distributions of energy fraction deposits do not quite match 
between data and the simulation.
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Final ResultFinal Result

• Take data/MC ratios vs 15 categories(based on two electrons’ η) for EM1, EM2 and 
EM3 and fit each one (separately) to a constant.
Add th hi d f th th fit V t f t t i l t i i i• Add the chi-squareds from the three fits. Vary amount of extra material to minimise 
the global chi-squared

Additional material by fitting for
three EM layer together:

Cross check:
Fitting each of the three EM layer 
separately gives consistent result
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n=0.1633 +- 0.0095
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Impact of Adding Missing MaterialImpact of Adding Missing MaterialImpact of Adding Missing MaterialImpact of Adding Missing Material

Aft t i f i i t i l
Fractional energy deposits, electrons with |η| < 0.2

After tuning of missing material
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Data Samples:Data Samples:

• Common Selection for both Z->ee and W->eν :

Data Samples:Data Samples:
1fb1fb--11(2002(2002----2006)2006)

Common Selection for both Z >ee and W >eν :
– |Vtxprimary|<60 cm
– Single electron trigger fired
– Electron in central calorimeter: |ηd t|<1.05Electron in central calorimeter: |ηdet|<1.05
– Fiducial region
– pT(e) > 25 GeV, iso<0.15, emfrac>0.9, shower shape, track match
– Recoil p < 15 GeV– Recoil pT < 15 GeV

• Additional Selection for Z->ee (~18k):
70 GeV < Invariant Mass(e e) < 110 GeV– 70 GeV < Invariant Mass(e,e) < 110 GeV

• Additional Selection for W->eν (~500k):
50 G V M 200 G V– 50 GeV < MT < 200 GeV

– MET > 25 GeV
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Generator: RESBOS + PHOTOSGenerator: RESBOS + PHOTOSGenerator: RESBOS + PHOTOSGenerator: RESBOS + PHOTOS

• QCD process: RESBOSQCD process:  RESBOS 
(C. Balazs and C.-P. Yuan, Phys. Rev. D 56, 5558 (1997))

Gluon resummation gives reasonable description of the transverse 
momentum of the vector bosons at low boson pmomentum of the vector bosons at low boson pT

• Photon Radiation: PHOTOS 
(E. Barbiero and Z. Was, Comp. Phys. Commun. 79, 291 (1994))

It only simulates the final photon radiation(FSR)
Effect of full EWK correction is studied using W/ZGRAD
(U. Baur, S. Keller and D. Wackeroth, Phys. Rev. D 59 013002 (1999))
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Selection EfficiencySelection EfficiencySelection EfficiencySelection Efficiency

El t l ti i bj t t lti l f t d t t• Electron selection is subject to multiple factors: detector 
geometric, electron intrinsic features and contamination from rest 
of the event

• Study the effect from different sources using different methods.
– Geometric acceptance(primary vertex and η)
– Intrinsic pT(e) dependence(internal photon radiation, etc.)
– u|| efficiency(relative direction between “e” and “recoil”)
– Scalar ET efficiency(overall hadronic activity effect)T y( y )
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uu EfficiencyEfficiencyuu|||| EfficiencyEfficiency

• Efficiency is measured using the tag-and-probe method on Z->ee• Efficiency  is measured using the tag-and-probe method on Z->ee
events

Th il f th b ff t l t id tifi ti i ll h• The recoil of the boson affects electron identification, especially when 
the recoil is close to the electron
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Electrons Energy ResponseElectrons Energy ResponseElectrons Energy ResponseElectrons Energy Response

• Final energy response calibration using Z -> e e the known Z• Final energy response calibration, using Z -> e e, the known Z 
mass value from LEP, and the standard “fz method”:

Emeasured = α x Etrue + β

• Use energy spread of electrons in Z decay to constrain α and βgy p y β
for β E(e1) + E(e2):   

m(ee) = α x mZ +fZ β
f (E(e1)+E(e2))(1 cos( ))/mfZ = (E(e1)+E(e2))(1-cos(γee))/mmeasured

γee is the opening angle between the two e’s

• Templates of m(ee) vs fZ are generated for variant α and β values
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Electron Energy ResponseElectron Energy ResponseElectron Energy ResponseElectron Energy Response

χ2/dof:
150.1/160150.1/160

ΓZ ~4 GeV

α= 1.0111 ± 0.0043
β= -0.404 ± 0.209 GeV
correlation: -0.997

• This is so far the dominant systematic uncertainty in the W mass 
(li i d b Z i i 18k)measurement (limited by Z statistics : ~18k) :  

– Δm(W) = 34 MeV,  100 % correlated between all three observables
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Recoil SystemRecoil Systemyy

Recoil: everything else in the event except theRecoil: everything else in the event except the 
electron(s).

(1) Hard component: from W/Z boson pT

(2) Soft component:
--Spectator parton interactions
--Additional ppbar interactions and 

electronic noise, etc.

(3) Recoil energy lost in the electron cones 
d l t l k t id thand electron energy leakage outside the 

electron cluster

(4) FSR outside the electron cones(4) FSR outside the electron cones

Additional parameters are introduced and 
tuned to the Z->ee data
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tuned to the Z->ee data
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Recoil response and resolutionRecoil response and resolution

Project the uT(recoil pT) and Z boson pT on η axis (bisector of the two 

pp

j T( pT) pT η (
electron directions)

Introduce a optimized variable called η-imbalance: uη+pη(ee)
Mean value of η-imbalance: sensitive to hadronic response parameters
Width of η-imbalance: sensitive to hadronic resolution parameters

(introduced by UA2)

η-imbalance
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HadronicHadronic Recoil Recoil SystemSystem

Final adjustment of free parameters in the recoil model is done in situ
using balancing in Z -> e e events and the standard UA2 observables

yy

using balancing in Z -> e e events and the standard UA2 observables.

χ2/dof : 3.1/7 χ2/dof:
91.8/90

χ2/dof : 4.5/8
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Monte Carlo Closure TestMonte Carlo Closure Test
ZZ-->>eeee : 6 fb: 6 fb--11

WW-->e>eνν : 2.3 fb: 2.3 fb--11

• Treat full MC as data for closure test: Test methods we developed for 
efficiency, response, resolution etc measurementsy, p ,

MW (MT): 80.441 ± 0.015 (stat) ± 0.011 (EM scale) ± 0.010 (E-loss bias)
Fit range: [65 90] GeV
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Fit range: [65, 90] GeV
In good agreement with the input W mass: 80.450 GeV



Monte Carlo Closure TestMonte Carlo Closure Test
ZZ-->>eeee : 6 fb: 6 fb--11

WW-->e>eνν : 2 3 fb: 2 3 fb--11WW-->e>eνν : 2.3 fb: 2.3 fb

MW (pT(e)): 80.441 ± 0.019 (stat) ± 0.007 (EM scale) ± 0.010 (E-loss bias)
MW (MET):  80.429 ± 0.019 (stat) ± 0.011 (EM scale) ± 0.010 (E-loss bias)
Fit ranges: [32 48] GeV
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Fit ranges: [32, 48] GeV
In good agreement with the input W mass: 80.450 GeV



ZZ-->>eeee datadata
DØ Preliminary, 1 fb‐1 DØ Preliminary, 

1 fb‐1

p (e)

m(Z)

pT(e)

GeVGeV

DØ Preliminary, 1 fb‐1 DØ Preliminary, 
1 fb‐1

uTpT(Z)

GeVGeV

d b i d d llid d
Jun Guo
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Good agreement between parameterized MC and collider data
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Backgrounds to WBackgrounds to W-->e>eννBackgrounds to WBackgrounds to W-->e>eνν

QCD (di j t)((1 49±0 03)%) j t f k d l t• QCD (di-jet)((1.49±0.03)%): one jet faked as electron

• Z -> ee((0.80±0.01)%): one electron lost in ICR(between central (( ) ) (
and forward calorimeter)

• W -> τν((1.60±0.02)%): mostly from τ decays into “eνν”W > τν((1.60±0.02)%): mostly from τ decays into eνν
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Mass fitsMass fitsMass fitsMass fits

MTZ Mass

Z->ee : ~18k W->eν : ~500k
m(W) = 80.401 ± 0.023 GeV (stat)m(Z) = 91.185 ± 0.033 GeV (stat)

(Z mass value from LEP was an input to 
electron energy scale calibration,
PDG: m(Z) 91 1876 ± 0 0021 GeV)
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PDG: m(Z) = 91.1876 ± 0.0021 GeV)
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Mass fitsMass fitsMass fitsMass fits

pT(e)

m(W) = 80.400 ± 0.027 GeV (stat)

MET

(W) 80 402 ± 0 023 G V ( )
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m(W) = 80.402 ± 0.023 GeV (stat)



Summary of UncertaintiesSummary of UncertaintiesSummary of UncertaintiesSummary of Uncertainties
s
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statistical 23 27 23statistical   23                       27                     23
total  44                       48                     50

M : 80 401 ± 0 043 GeV (Combined)
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MW : 80.401 ± 0.043 GeV (Combined)



Consistency ChecksConsistency ChecksConsistency ChecksConsistency Checks

• uT cut(shown below)
• Fit ranges
• Instantaneous luminosity
• Time
• Scalar ET

• Phi fiducial cut
• u||

Jun Guo
SUNY @ Stony Brook

Fermilab
06/09/2009 36



Comparison to previous resultsComparison to previous results

D0 d W bD0 group measured W boson mass 
using 1 fb-1 Run II data with a 
precision of 0.05%, which is in good 
agreement with previousagreement with previous 
measurements.

Single most precise measurement 
f th W b t d tof the W boson mass to date

Expect the world average to be 
reduced by ~10%y
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SummarySummarySummarySummary

D0 d W b i 1 fb 1 R II d t ith i i• D0 group measured W boson mass using 1 fb-1 Run II data with a precision 
of 0.05%:
80.401 ± 0.023(stat) ± 0.037(syst) GeV= 80.401 ± 0.044 GeV (MT)
80 400 ± 0 027(stat) ± 0 040(syst) GeV 80 400 ± 0 048 GeV (p (e))80.400 ± 0.027(stat) ± 0.040(syst) GeV= 80.400 ± 0.048 GeV (pT(e))
80.402 ± 0.023(stat) ± 0.044(syst) GeV= 80.402 ± 0.050 GeV (MET)

•• 80.401 80.401 ±± 0.043 0.043 GeVGeV (Combined)(Combined)

• Single most precise measurement of the W boson mass to date and in 
good agreement with previous measurements

• Will be submitted to Phys. Rev. Lett. 
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OutlookOutlook

Run II aRun II a

• As just pointed out, the systematic uncertainty is mainly driven by the 
Z ee statistics(1 fb-1). With 5 fb-1 data, we expect to measure the W
boson mass with an uncertainty ~ 25 MeV.
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boson mass with an uncertainty  ~ 25 MeV.
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• Backup Slides
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Timeline of W Mass MeasurementTimeline of W Mass MeasurementTimeline of W Mass MeasurementTimeline of W Mass Measurement

CDF Run II result used 200 pb-1 data
in electron and muon channels

D0 RunII expectation was getting better
thanks to the improved calibration
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Calorimeter CalibrationCalorimeter CalibrationCalorimeter CalibrationCalorimeter Calibration

• Electronic calibration using pulsers
• Inter-phi calibration using inclusive electron sample collectedInter phi calibration using inclusive electron sample collected 

with special triggers to make response uniform in phi
• Apply energy loss corrections for electrons due to the dead 

material in front of the calorimeter corrections measured usingmaterial in front of the calorimeter, corrections measured using 
full MC

• Inter-eta calibration: Z->ee data to do absolute calibration
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EM fraction(each of 4 layers) vs. category
for data and simulation
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Before tuning of missing material After tuning of missing material
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Electron Energy ResolutionElectron Energy ResolutionElectron Energy ResolutionElectron Energy Resolution
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Geometry AcceptanceGeometry AcceptanceGeometry AcceptanceGeometry Acceptance

ηη

Vtx z (cm)

Effi i t d i t i d i th t

Vtx_z (cm)

• Efficiency vs eta and primary vertex is measured using the tag-
and-probe method
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Final Efficiency CheckFinal Efficiency CheckFinal Efficiency CheckFinal Efficiency Check

Th SET d ( ) d d f ffi i i t di d i• The SET and pure pT(e) dependence of efficiency is studied in 
details using full MC(6 fb-1) truth, which cannot be performed in 
data due to the method and limited statistics 

• Use tag-and-probe method to measure pT(e) dependence in full 
MC and data as a final check 
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ηη--imbalanceimbalance
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Examples: Examples: ηηi bi b DistributionsDistributions

1 < pT(ee) < 2 GeV 20 GeV < pT(ee) 

Examples: Examples: ηηimbimb DistributionsDistributions

DØ Preliminary, 
1 fb‐1

DØ Preliminary, 
1 fb‐1

imb [GeV] imb [GeV]
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imb imb
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e νe

recoil
θ

ν

recoil
θ

recoil recoil

ν e
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Consistency ChecksConsistency Checks

Changes in the fitted mW when the fitting range (mT observable) is varied.
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Consistency ChecksConsistency Checks

Instantaneous luminosity (split data into two subsets – high and low inst. luminosity)

Time (i.e. data‐taking period)
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Consistency ChecksConsistency Checks
Scalar ET (“global event activity as seen by calorimeter”)

Consistency ChecksConsistency Checks

Electron distance from phi cracks 
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