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The Tevatron

• The Tevatron is a Proton-Antiproton Collider at 1.96 TeV
• CP symmetric initial states
•A factory of W and Z bosons 
•  DØ has >10 fb-1 on tape ~ 5 M reconstructed W→eν events 
•W and Z bosons are produced mainly by valence quarks (compared to LHC)
• Low PDF uncertainties
• Ideal for asymmetry measurements
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The DØ Detector

• Tracking
• 2 T magnet
• δPT/PT ~ 10% @ 45 GeV
• δη ~ 1.5×10-3 
• δφ ~ 4×10-4

• Calorimeter
• η coverage up to 4.2 
• δE/E ~ 4% @ 45 GeV 
• Thickness ~ 20 X0

• Granularity φ×η ~ 0.1×0.1
• Muon System
• η coverage up to 2
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Tracking
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- Precise measurements of W mass and Top mass constrain Higgs mass
- However, for equal constraint:

W Mass

4

Motivation: Currently, the W boson mass uncertainty is the limiting factor to 
tighten the constraint on the Higgs boson mass.

- W mass is a key parameter in the Standard Model (SM)
- Relation between W mass and other experimental observables:

δMW ~ 0.006 δMt

The limiting factor on the MH prediction is δMW
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Figure 2.9: Higher order correction on the W boson mass from a top-quark loop.

Figure 2.10: Higher order correction on the W boson mass from a Higgs loop.

from the cross-section ratio R. The direct measurement has very different systematics from the

indirect approach. Many of these systematics will scale down with more statistics in our calibration

samples. Direct measurement of the W boson width does not require theoretical inputs for σW /σZ

and Γ(W → eν) which might be sensitive to physics beyond the Standard Model. Because the

width measurement looks at kinematic regions high above the mass pole, it is sensitive to new

physics such as an additional heavy vector boson (W ’). The partial width ΓW (W → eν) is given

by:

Γ(W → eν) =
GµM3

W

6π
√

2
[1 + δSM ] , (2.12)

where Gµ = (1.16639± 0.00002)× 10
−5GeV/c2

is the muon decay constant, and δSM corresponds

to small higher-order SM corrections.

The measurement described in this thesis assumes the Standard Model value for the ratio

Γtot(W )/Γ(W → eν), predicted to be

Γtot(W )

Γ(W → eν)
= 3 + 6 [1 + αs(MW )/π] , (2.13)
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∆r ∝ M2
t ∆r ∝ lnMH

Radiative corrections Δr:

I. e. Current World average:
     accuracy of Mt  :   δMt = 1.1 GeV  needs  δMW = 7   MeV
     accuracy of MW :                                        δMW = 23 MeV
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W Mass

5Jan Stark Particle Physics Seminar, Brookhaven, Dec 3, 2009 3

Motivation

For equal contribution to the 

Higgs mass uncertainty need:  

    ! M
W

 "  0.006 ! M
t
 .

Current Tevatron average:

    ! #
t  
= 1.3 GeV 

!!" would need:  ! M
W
 =   8 MeV

Currently have:    ! M
W

 = 25 MeV

At this point, i.e. after

all the precise top mass

measurements from the 

Tevatron, the limiting factor 

here is ! M
W 

, not ! #
t
 .

Current world average 
central value of W mass 
(80.399 GeV) prefers a 

non-SM Higgs. 
(Knowing that SM 

MH>114GeV bound has 
been set by LEP)

If the central value of MW 
does not change in the 

future, a 15 MeV precision 
will exclude SM Higgs at 

95% CL. 

(P. Renton, ICHEP 2008)  
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W Mass
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Switching gears: recoil modelAnalysis Strategy

 Electron Energy   
Reconstruct three observables:

P e
T �ETMW

T

MW
T =

�
2P e

T �ET (1− cos∆φ)

A Fast MC model to generate templates of the 3 
observables with different W mass hypotheses. Fit 
the templates to the Data to extract W mass.  

Using Z->ee events for detector calibration 

The Fast MC model:
- Event Generator: Resbos(CTEQ6.1)+Photos
- Parameterized Detector Model (Essential!!)

A Typical W→eν Event
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W Mass
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Results 
DØ RunIIa 1 fb-1, Center Calorimeter (CC) Electrons

to Z ! ee events by one statistical standard deviation
including correlation coefficients. The electron energy
resolution systematic uncertainty is determined by varying
resolution parameters determined in the fit to the width of
the observed Z ! ee mee distribution. The shower model-
ing systematic uncertainties are determined by varying the
amount of material representing the detector in the detailed
simulation within the uncertainties found by comparing the
electron showers in the simulation to those observed in
data. No effect was seen when studying possible systematic
bias for the energy loss differences arising from the differ-
ing E or ! distributions for the electrons from W and Z
boson decay. The quoted systematic uncertainty is due to
the finite statistics of the event samples from the tuned
detailed simulation that are used to transport calibrations
from the Z to the W sample. The electron efficiency
systematic is determined by varying the efficiency by 1
standard deviation. Table II also shows the MW uncertain-
ties arising from variation of the background uncertainties
indicated above.

Among the production uncertainties, the parton distri-
bution function (PDF) uncertainty is determined by gen-
erating W boson events with the PYTHIA [17] program
using the CTEQ6.1M [18] PDF set. The CTEQ prescrip-
tion [18] is used to determine a 1 standard deviation
uncertainty [8] onMW . The QED uncertainty is determined
using WGRAD [19] and ZGRAD [20], varying the photon-
related parameters and assessing the variation in MW and
by comparisons between these and PHOTOS. The boson pT

uncertainty is determined by varying g2 by its quoted
uncertainty [13]. Variation of g1 and g3 has negligible
impact.

The quality of the simulation is indicated by the good "2

values computed for the difference between the data and
FASTMC shown in the figures. The data are also subdivided
into statistically independent categories based on instanta-
neous luminosity, time, the total hadronic transverse en-
ergy in the event, the vector sum of the hadronic energy,
and electron pseudorapidity range. The fit ranges are also

varied. The results are stable to within the measurement
uncertainty for each of these tests.
The results from the three methods have combined

statistical and systematic correlation coefficients of 0.83,
0.82, and 0.68 for (mT , pe

T), (mT , E6 T), and (pe
T , E6 T),

respectively. The correlation coefficients are determined
using ensembles of simulated events. The results are com-
bined [21] including these correlations to give the final
result

MW ¼ 80:401" 0:021ðstatÞ " 0:038ðsystÞ GeV
¼ 80:401" 0:0:43 GeV:

The dominant uncertainties arise from the available statis-
tics of the W ! e# and Z ! ee samples. Thus, this mea-
surement can still be expected to improve as more data are
analyzed. TheMW measurement reported here agrees with
the world average and the individual measurements and is
more precise than any other single measurement. Its in-
troduction in global electroweak fits is expected to lower
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FIG. 2 (color online). The (a) mT , (b) p
e
T , and (c) E6 T distributions for data and FASTMC simulation with backgrounds. The " values

are shown below each distribution where "i ¼ ½Ni & ðFASTMCiÞ'=$i for each point in the distribution, Ni is the data yield in bin i, and
only the statistical uncertainty is used. The fit ranges are indicated by the double-ended horizontal arrows.

TABLE II. Systematic uncertainties of the MW measurement.

!MW (MeV)
Source mT pe

T E6 T

Electron energy calibration 34 34 34
Electron resolution model 2 2 3
Electron shower modeling 4 6 7
Electron energy loss model 4 4 4
Hadronic recoil model 6 12 20
Electron efficiencies 5 6 5
Backgrounds 2 5 4
Experimental subtotal 35 37 41
PDF 10 11 11
QED 7 7 9
Boson pT 2 5 2
Production subtotal 12 14 14

Total 37 40 43

PRL 103, 141801 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

2 OCTOBER 2009

141801-6

P e
T �ETMW

T

Phys. Rev. Lett. 103, 141801 (2009).

MW = 80.401± 0.021(stat.)± 0.038(syst.) GeV

= 80.401± 0.043 GeV
Most precise single experiment measurement

80.401 ± 0.023 (stat.) 
            ± 0.037 (syst.) GeV

80.400 ± 0.027 (stat.)
            ± 0.040 (syst.) GeV

80.402 ± 0.023 (stat.)
            ± 0.043 (syst.) GeV

A ~19 MeV precision would be achieved with 10 fb-1 full DØ dataset.
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W Mass
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Uncertainties from 
observable MT

Statistical

SystematicSystematicSystematicSystematic
Uncertainties from 

observable MT
Statistical Experimental

(e.g. Energy Response) 
Experimental

(e.g. Energy Response) 
Theoretical 
(e.g. PDF)

Theoretical 
(e.g. PDF)

RunIIa 1 fb-1  23 MeV 35 MeV 12 MeV

RunIIa+RunIIb 10 fb-1 
(expected) 8 MeV 13 MeV 12 MeV

Let’s take the result from observable MT, and project to 10 fb-1 full data set:

Theoretical uncertainty will be a more important 
contribution to the precision in future measurements

Need to improve our knowledge of PDFs.

Decrease Decrease
(Z→ee statistics)

Remain the same
(independent of this 
particular analysis) 
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W Charge Asymmetry
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Motivation:  Directly constrain valence quark PDFs

u d
P P

W+ d u
P P

W-

• W Boson is mostly produced by valence quark pairs at Tevatron
• u(ubar) quark carries more momentum than d(dbar) quark
• Thus: 

• W+ preferentially boosted along proton direction
• W- preferentially boosted along anti-proton direction

!  If u quarks carry more 
momentum than d quarks, the 
W+ will head in the proton 
direction preferentially. 

!  Unfortunately, the V-A 
interaction means that the 
charged lepton from W decay 
heads backwards in the W 
frame 

April 11, 2011 

4 

DIS2011 
4 

W asymmetry in p-pbar collisions  
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W Charge Asymmetry
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• Where, u(x) and d(x) are the PDFs of the valence u 
quark and d quark in the proton
• And, x1 and x2 are the momentum fractions in the 

proton and anti-proton

W Asymmetry in p-pbar collisions 

April 11, 2011 DIS2011 

5 

!  Where u(x) and d(x) are the u and d quark parton distribution 
functions in the proton and  

!  x1 and x2 are the momentum fractions in the proton and anti-proton. 

A(yW ) =
dσ(W+)

dyW
− dσ(W−)

dyW

dσ(W+)
dyW

+ dσ(W−)
dyW

� u(x1)/d(x1)− u(x2)/d(x2)
u(x1)/d(x1) + u(x2)/d(x2)

W charge asymmetry
• At the Tevatron, W and Z bosons mostly 

produced by valence quark annihiliation.

• e.g. W+ mostly via u(proton) and d(antiproton).

• Valence u(u) quarks have harder PDFs than d(d) 
quarks.

• W+ Boosted along proton direction.

x1,2 =
M√

s
e±y

W+

P(u) P(d)

A(y) =
dσ(W+)

dy − dσ(W−)
dy

dσ(W+)
dy + dσ(W−)

dy

≈ u(x)
d(x)
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Lepton Charge Asymmetry

3

Directly constrains PDFs, but the 4-momentum of W is not easy to 
reconstruct, because the neutrino longitudinal momentum (Pz) is not 
directly measurable at hadron colliders. 

Alternative observable is the charge asymmetry of the lepton from the W decay. 

W Charge Asymmetry:

One can of cause try to infer the W longitudinal momentum from the W mass constraint within a two fold ambiguity.
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W Charge Asymmetry

11

W charge asymmetry
• At the Tevatron, W and Z bosons mostly 
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Lepton Charge Asymmetry

3

Traditional Lepton method 

!  Lepton Asymmetry 

!  Experimentally very well 
defined 

!  Theory comparison depends on 
good knowledge of helicity 
structure and modeling of PT, 
rapidity distributions. 

April 11, 2011 

7 

DIS2011 

A(ηµ) =
dσ(µ+)

dηµ
− dσ(µ−)

dηµ

dσ(µ+)
dηµ

+ dσ(µ−)
dηµ

Lepton Charge Asymmetry:
Directly observable but counterbalances 
the W charge asymmetry, due to the V-A 
asymmetry and angular momentum 
conservation.

E.g. for W+:

u d

P P

W+
left-handed right-handed

μ+/e+
right-handed

left-handed

ν

angular momentum

in the rest frame of W+
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(a) pT,µ > 20 GeV, pT,ν > 20 GeV
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(b) 25 < pT,µ < 35 GeV, pT,ν > 20 GeV
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(c) pT,µ > 35 GeV, pT,ν > 20 GeV

FIG. 4: Combined CP folded muon charge asymmetry as a function of pseudorapidity for pT > 20 GeV, 20 < pT < 35 GeV,
and pT > 35 GeV. The brown line and yellow band are the central line and error band of CTEQ6.6 prediction. The top right
windows show the difference between the muon charge asymmetry and the central value of CTEQ66.

W Charge Asymmetry

12

DØ Note 5976-CONF (2009)

Results: Muon charge asymmetry, DØ RunIIb 4.9 fb-1

• Good agreement with theoretical predication
• Much smaller uncertainty achieved than PDF 

uncertainty. More than 5 times more precise for η > 1
• Direct constraint on PDFs 
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Z/γ* Forward-Backward Asymmetry 
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• In the process: 
• fermion-γ* coupling contains only vector component
• fermion-Z coupling contains both vector and axial-vector components

Vector coupling:
Axial-vector coupling:

effective weak 
mixing angle

!  !"#$%#&'(%)*$%#&+%,-../0#-+1+
•  +++++1+02/+)#",,+,/)3"4+5"#+/6/40,+$702+
•  +++++1+02/+)#",,+,/)3"4+5"#+/6/40,+$702

!  82/+&79/#/43%:+)#",,+,/)3"41++

Introduction
!  ;/)0"#+%4&+%<7%:'6/)0"#+)"=>:74?,+

"5+@+(","4+0"+5/#.7"41++++++++++++++++++
%4&+++

!"#$%&'()*+&,-'' ./0&,-''+&1234&5$3 2

82/+>#/,/4)/+"5+("02+6/)0"#+%4&+%<7%:+
6/)0"#+)"=>:74?,+?76/,+#7,/+0"+4"4'A/#"+!"#$

!"#$%#& B%)*$%#&

• Give rise to non-zero Forward-Backward Asymmetry (AFB) in the final states

functions of vector and axial-vector couplings.

dσ(qq̄ → e+e−)

d cos θ∗
= A(1− cos2 θ∗) +B cos θ∗

qq̄ → Z/γ∗ → e+e−

gfv = If3 − 2Qf sin
2 θW

gfa = If3

Forward: Backward:cos θ∗ > 0 cos θ∗ < 0

AFB is a direct observable of :

AFB =
σF − σB

σF + σB
=

3

8
· B
A

= f(gfv , g
f
a , sin

2θw, . . . )
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Z/γ* Forward-Backward Asymmetry 
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Z/Υ* AFB

• Coupling of Z/Υ* to fermions contains both vector and axial-vector components.

• Leads to asymmetry in the polar angle θ* of the negatively charged lepton in the 
dilepton rest frame (or Collins Soper frame).

• AFB dominated by Z/Υ* interference above and below the Z pole.

• Sensitive to additional heavy gauge bosons.

gf
v = If

3 − 2Qf sin2 θw

gf
a = If

3

AFB =
σF − σB

σF + σB

F : cos(θ∗) > 0
B : cos(θ∗) < 0

dσ

d cos θ∗
= A(1 + cos2 θ∗) + B cos θ∗

12

• At Tevatron, Z/γ* is mostly produced by light valence quark pair, u-ubar or d-dbar
•  From the observable AFB, we can:

• Precisely measure sin2θw based on Z to light quark couplings
• Directly probe the coupling of Z/γ* to light quarks 

Motivation

• Investigate possible new phenomena, 
e.g. new neutral gauge boson Z’ 
• Around Z-pole, AFB is dominated by 

interference of  vector and axial-vector 
couplings of Z to quarks

• Far away above Z-pole, AFB is dominated 
by Z/γ* interference, which is sensitive to 
new physics. 

Z-pole
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Z/γ* Forward-Backward Asymmetry 
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Accepted 6/29/11:  Phys. Rev.D,   arXiv:1104.4590

 (GeV)eeM
100 1000

FB
A

-0.5

0

0.5

1

50 70 100 300 500 1000

PYTHIA
ZGRAD2

Statistical uncertainty
Total uncertainty

DØ 5.0 fb-1

Z/Υ*→ee AFB (DØ)
• Unfolded AFB agrees well with PYTHIA/ZGRAD2.

• No evidence for new physics at high mass

• sin2θw measurement at hadron collider which doesn’t look 
out of place on world average plot!

• Final Tevatron precision approaching single LEP experiment!

Source Δsin2θw

Statistical 0.00080

Systematics 0.00061

PDF 0.00048

EM scale/resolution 0.00029

MC statistics 0.00020

EM efficiency 0.00008

Charge mis-id 0.00004

Higher orders 0.00008

Total 0.00102

16

• Unfolded AFB agrees well with 
theoretical prediction
• No evidence for new physics at high mass

• Extracted sin2θleff

= 0.2309 ± 0.0008 (stat.) ± 0.0006 (syst.)

• Statistical uncertainty is still dominant
• PDF uncertainty (0.00048) is dominant in 

systematic uncertainty

• Most precise measurement based on Z 
to light quark couplings

http://arxiv.org/abs/1104.4590
http://arxiv.org/abs/1104.4590
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Z/γ* Forward-Backward Asymmetry 
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Accepted 6/29/11:  Phys. Rev.D,   arXiv:1104.4590

Most precise direct measurement of couplings 
of Z to light quarks u and d.

Z-u quark couplings Z-d quark couplings

http://arxiv.org/abs/1104.4590
http://arxiv.org/abs/1104.4590
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Conclusions

•W Boson Mass: constraint on the SM Higgs boson mass

•W charge asymmetry: direct constraint on the valence quark PDFs

•AFB: precise measurement of sin2θW and direct probe the Z-light 
quark couplings 

•All the three analysis could not be easily challenged by LHC:

• Tevatron is a Proton-Antiproton collider

17
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Backups
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W Mass
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to Z ! ee events by one statistical standard deviation
including correlation coefficients. The electron energy
resolution systematic uncertainty is determined by varying
resolution parameters determined in the fit to the width of
the observed Z ! ee mee distribution. The shower model-
ing systematic uncertainties are determined by varying the
amount of material representing the detector in the detailed
simulation within the uncertainties found by comparing the
electron showers in the simulation to those observed in
data. No effect was seen when studying possible systematic
bias for the energy loss differences arising from the differ-
ing E or ! distributions for the electrons from W and Z
boson decay. The quoted systematic uncertainty is due to
the finite statistics of the event samples from the tuned
detailed simulation that are used to transport calibrations
from the Z to the W sample. The electron efficiency
systematic is determined by varying the efficiency by 1
standard deviation. Table II also shows the MW uncertain-
ties arising from variation of the background uncertainties
indicated above.

Among the production uncertainties, the parton distri-
bution function (PDF) uncertainty is determined by gen-
erating W boson events with the PYTHIA [17] program
using the CTEQ6.1M [18] PDF set. The CTEQ prescrip-
tion [18] is used to determine a 1 standard deviation
uncertainty [8] onMW . The QED uncertainty is determined
using WGRAD [19] and ZGRAD [20], varying the photon-
related parameters and assessing the variation in MW and
by comparisons between these and PHOTOS. The boson pT

uncertainty is determined by varying g2 by its quoted
uncertainty [13]. Variation of g1 and g3 has negligible
impact.

The quality of the simulation is indicated by the good "2

values computed for the difference between the data and
FASTMC shown in the figures. The data are also subdivided
into statistically independent categories based on instanta-
neous luminosity, time, the total hadronic transverse en-
ergy in the event, the vector sum of the hadronic energy,
and electron pseudorapidity range. The fit ranges are also

varied. The results are stable to within the measurement
uncertainty for each of these tests.
The results from the three methods have combined

statistical and systematic correlation coefficients of 0.83,
0.82, and 0.68 for (mT , pe

T), (mT , E6 T), and (pe
T , E6 T),

respectively. The correlation coefficients are determined
using ensembles of simulated events. The results are com-
bined [21] including these correlations to give the final
result

MW ¼ 80:401" 0:021ðstatÞ " 0:038ðsystÞ GeV
¼ 80:401" 0:0:43 GeV:

The dominant uncertainties arise from the available statis-
tics of the W ! e# and Z ! ee samples. Thus, this mea-
surement can still be expected to improve as more data are
analyzed. TheMW measurement reported here agrees with
the world average and the individual measurements and is
more precise than any other single measurement. Its in-
troduction in global electroweak fits is expected to lower

 (GeV)Tm
50 60 70 80 90 100

χ

-2
0
2

E
ve

nt
s/

0.
5 

G
eV

2500

5000

7500

10000 Data
FAST MC
Background

-1(a) D0, 1 fb

/dof = 48/492χ

 (GeV)e
T

p
25 30 35 40 45 50 55 60

χ

-2
0
2

E
ve

nt
s/

0.
5 

G
eV

5000

10000

15000

20000 Data
FAST MC
Background

-1(b) D0, 1 fb

/dof = 39/312χ

 (GeV)TE
25 30 35 40 45 50 55 60

χ

-2
0
2

E
ve

nt
s/

0.
5 

G
eV

5000

10000

15000

20000 Data
FAST MC
Background

-1(c) D0, 1 fb

/dof = 32/312χ

FIG. 2 (color online). The (a) mT , (b) p
e
T , and (c) E6 T distributions for data and FASTMC simulation with backgrounds. The " values

are shown below each distribution where "i ¼ ½Ni & ðFASTMCiÞ'=$i for each point in the distribution, Ni is the data yield in bin i, and
only the statistical uncertainty is used. The fit ranges are indicated by the double-ended horizontal arrows.

TABLE II. Systematic uncertainties of the MW measurement.

!MW (MeV)
Source mT pe

T E6 T

Electron energy calibration 34 34 34
Electron resolution model 2 2 3
Electron shower modeling 4 6 7
Electron energy loss model 4 4 4
Hadronic recoil model 6 12 20
Electron efficiencies 5 6 5
Backgrounds 2 5 4
Experimental subtotal 35 37 41
PDF 10 11 11
QED 7 7 9
Boson pT 2 5 2
Production subtotal 12 14 14

Total 37 40 43
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W Charge Asymmetry
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FIG. 4: Combined CP folded muon charge asymmetry as a function of pseudorapidity for pT > 20 GeV, 20 < pT < 35 GeV,
and pT > 35 GeV. The brown line and yellow band are the central line and error band of CTEQ6.6 prediction. The top right
windows show the difference between the muon charge asymmetry and the central value of CTEQ66.
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FIG. 4: Combined CP folded muon charge asymmetry as a function of pseudorapidity for pT > 20 GeV, 20 < pT < 35 GeV,
and pT > 35 GeV. The brown line and yellow band are the central line and error band of CTEQ6.6 prediction. The top right
windows show the difference between the muon charge asymmetry and the central value of CTEQ66.

DØ Note 5976-CONF (2009)

20<PT(μ)<35 GeV

• However, disagreement if split sample 
according to PT(μ)

• Need better understanding of PT(W) 
before drawing definite conclusions

PT(μ)>35 GeV

Muon asymmetry predictions 
CTEQ6.6M with RESBOS 
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0, c
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0, b
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 (SLD)lA  0.00026±0.23098 

)τ(PlA  0.00041±0.23159 

0, l
fbA  0.00053±0.23099 

FIG. 10: sin2 θW results from different experiments.

FIG. 11: The Z-light quark couplings measured by DØ , CDF, ZEUS and H1 experiments.

gu
A gu

V gd
A gd

V

SM 0.500 0.196 -0.500 -0.346
DØ 0.543 ± 0.045 0.216 ± 0.016 −0.335 ± 0.047 −0.491 ± 0.025

TABLE VII: Measured Z to light quark couplings compared with SM values.
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Outline

•The Tevatron and DØ Detector

•W Mass and Width Precision Measurement 

•W (muon) Charge Asymmetry using W➝μν events

•Forward-Backward Charge Asymmetry using Z/γ*➝e+e-  events
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