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S. Sarkar,52b,52a L. Sartori,47a K. Sato,18 A. Savoy-Navarro,45 P. Schlabach,18 A. Schmidt,27 E. E. Schmidt,18

M.A. Schmidt,14 M. P. Schmidt,61,a M. Schmitt,39 T. Schwarz,8 L. Scodellaro,12 A. Scribano,47c,47a F. Scuri,47a A. Sedov,49

S. Seidel,38 Y. Seiya,42 A. Semenov,16 L. Sexton-Kennedy,18 F. Sforza,47a A. Sfyrla,25 S. Z. Shalhout,59 T. Shears,30

P. F. Shepard,48 M. Shimojima,56,r S. Shiraishi,14 M. Shochet,14 Y. Shon,60 I. Shreyber,37 A. Sidoti,47a P. Sinervo,34

A. Sisakyan,16 A. J. Slaughter,18 J. Slaunwhite,40 K. Sliwa,57 J. R. Smith,8 F. D. Snider,18 R. Snihur,34 A. Soha,8

S. Somalwar,1 V. Sorin,36 J. Spalding,18 T. Spreitzer,34 P. Squillacioti,47c,47a M. Stanitzki,61 R. St. Denis,22 B. Stelzer,34

O. Stelzer-Chilton,34 D. Stentz,39 J. Strologas,38 G. L. Strycker,35 D. Stuart,11 J. S. Suh,28 A. Sukhanov,19 I. Suslov,16

T. Suzuki,56 A. Taffard,25,g R. Takashima,41 Y. Takeuchi,56 R. Tanaka,41 M. Tecchio,35 P. K. Teng,1 K. Terashi,51

J. Thom,18,i A. S. Thompson,22 G. A. Thompson,25 E. Thomson,46 P. Tipton,61 P. Ttito-Guzmán,32 S. Tkaczyk,18

D. Toback,54 S. Tokar,15 K. Tollefson,36 T. Tomura,56 D. Tonelli,18 S. Torre,20 D. Torretta,18 P. Totaro,55b,55a S. Tourneur,45

M. Trovato,47a S.-Y. Tsai,1 Y. Tu,46 N. Turini,47c,47a F. Ukegawa,56 S. Vallecorsa,21 N. van Remortel,24,c A. Varganov,35

E. Vataga,47d,47a F. Vázquez,19,o G. Velev,18 C. Vellidis,3 M. Vidal,32 R. Vidal,18 I. Vila,12 R. Vilar,12 T. Vine,31 M. Vogel,38

I. Volobouev,29,u G. Volpi,47b,47a P. Wagner,46 R. G. Wagner,2 R. L. Wagner,18 W. Wagner,27,x J. Wagner-Kuhr,27

T. Wakisaka,42 R. Wallny,9 S.M. Wang,1 A. Warburton,34 D. Waters,31 M. Weinberger,54 J. Weinelt,27 W.C. Wester III,18

B. Whitehouse,57 D. Whiteson,46,g A. B. Wicklund,2 E. Wicklund,18 S. Wilbur,14 G. Williams,34 H. H. Williams,46

P. Wilson,18 B. L. Winer,40 P. Wittich,18,i S. Wolbers,18 C. Wolfe,14 T. Wright,35 X. Wu,21 F. Würthwein,10 S. Xie,33

A. Yagil,10 K. Yamamoto,42 J. Yamaoka,17 U.K. Yang,14,q Y. C. Yang,28 W.M. Yao,29 G. P. Yeh,18 J. Yoh,18 K. Yorita,58

T. Yoshida,42,n G. B. Yu,50 I. Yu,28 S. S. Yu,18 J. C. Yun,18 L. Zanello,52b,52a A. Zanetti,55a X. Zhang,25

Y. Zheng,9,e and S. Zucchelli6b,6a

(CDF Collaboration)

1Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China
2Argonne National Laboratory, Argonne, Illinois 60439, USA

3University of Athens, 157 71 Athens, Greece
4Institut de Fisica d’Altes Energies, Universitat Autonoma de Barcelona, E-08193, Bellaterra (Barcelona), Spain

5Baylor University, Waco, Texas 76798, USA
6aIstituto Nazionale di Fisica Nucleare Bologna, I-40127 Bologna, Italy

6bUniversity of Bologna, I-40127 Bologna, Italy
7Brandeis University, Waltham, Massachusetts 02254, USA

8University of California, Davis, Davis, California 95616, USA
9University of California, Los Angeles, Los Angeles, California 90024, USA

10University of California, San Diego, La Jolla, California 92093, USA
11University of California, Santa Barbara, Santa Barbara, California 93106, USA

12Instituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain
13Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA

14Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA
15Comenius University, 842 48 Bratislava, Slovakia; Institute of Experimental Physics, 040 01 Kosice, Slovakia

16Joint Institute for Nuclear Research, RU-141980 Dubna, Russia
17Duke University, Durham, North Carolina 27708, USA

18Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
19University of Florida, Gainesville, Florida 32611, USA

20Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-00044 Frascati, Italy
21University of Geneva, CH-1211 Geneva 4, Switzerland

22Glasgow University, Glasgow G12 8QQ, United Kingdom
23Harvard University, Cambridge, Massachusetts 02138, USA

PRL 102, 181801 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending
8 MAY 2009

181801-2



24Division of High Energy Physics, Department of Physics, University of Helsinki and Helsinki Institute of Physics,
FIN-00014, Helsinki, Finland

25University of Illinois, Urbana, Illinois 61801, USA
26The Johns Hopkins University, Baltimore, Maryland 21218, USA

27Institut für Experimentelle Kernphysik, Universität Karlsruhe, 76128 Karlsruhe, Germany
28Center for High Energy Physics: Kyungpook National University, Daegu 702-701, Korea;

Seoul National University, Seoul 151-742, Korea;
Sungkyunkwan University, Suwon 440-746, Korea;

Korea Institute of Science and Technology Information, Daejeon, 305-806, Korea;
Chonnam National University, Gwangju, 500-757, Korea

29Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
30University of Liverpool, Liverpool L69 7ZE, United Kingdom

31University College London, London WC1E 6BT, United Kingdom
32Centro de Investigaciones Energeticas Medioambientales y Tecnologicas, E-28040 Madrid, Spain

33Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
34Institute of Particle Physics: McGill University, Montréal, Québec, Canada H3A 2T8;
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We present the first direct measurement of the W production charge asymmetry as a function of the W

boson rapidity yW in p �p collisions at
ffiffiffi
s

p ¼ 1:96 TeV. We use a sample of W ! e� events in data from

1 fb�1 of integrated luminosity collected using the CDF II detector. In the region jyW j< 3:0, this

measurement is capable of constraining the ratio of up- and down-quark momentum distributions in

the proton more directly than in previous measurements of the asymmetry that are functions of the

charged-lepton pseudorapidity.
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At the Fermilab Tevatron, where p �p collisions are pro-
duced at

ffiffiffi
s

p ¼ 1:96 TeV, Wþ (W�) bosons are created
primarily by the interaction of u (d) quarks from the proton
and �d ( �u) quarks from the antiproton. Since u quarks carry,
on average, a higher fraction of the proton’s momentum
than d quarks [1,2], the Wþ tends to be boosted along the
proton beam direction, and the W� tends to be boosted
along the antiproton direction. The difference between the
Wþ and W� rapidity distributions results in a charge
asymmetry

AðyWÞ ¼ d�þ=dyW � d��=dyW
d�þ=dyW þ d��=dyW

; (1)

where yW is the W boson rapidity [3] and d��=dyW is the
differential cross section for Wþ or W� boson production.
The parton distribution functions (PDFs) describing the
internal structure of the proton are constrained by measur-
ing AðyWÞ [4].

Previous measurements [5–8] of theW charge asymme-
try at the Tevatron were made as a function of the pseudo-
rapidity � [3] of the leptons from decays of W ! l�l (l ¼
e; �) since the W decay involves a neutrino whose longi-
tudinal momentum is not determined experimentally.
However, the lepton charge asymmetry is a convolution
of the W production charge asymmetry and the V � A
asymmetry from W decays. These two asymmetries tend
to cancel at large pseudorapidities (j�j * 2:0), and the
convolution weakens and complicates the constraint on
the proton PDFs.

In the measurement presented in this Letter, the compli-
cation is resolved by using additional information in the
lepton transverse energy (ET) and the missing transverse
energy (E6 T) [3] on an event-by-event basis to measure the
asymmetry as a function of the jyW j instead of the lepton
j�j. This new analysis technique [9] gives the first direct
measurement of theW production charge asymmetry using
W ! e� decays. We use data from 1 fb�1 of integrated
luminosity collected by the CDF II detector. The region of
acceptance is jyW j< 3:0, giving the new measurement an
ability to improve proton PDF determinations for 0:002 &
x & 0:8, where x is the fraction of the proton momentum
carried by u- or d-type quarks. This analysis is described in
detail in Ref. [10].

The CDF II detector is described in detail elsewhere
[11]. What follows is a brief description of the detector
components needed to identify W ! e� events, which are
characterized by large missing transverse energy (E6 T) and
a track in the central drift chamber (COT) [12] or in the
silicon tracking system (SVX) [13,14] that points to a
cluster of energy in the electromagnetic (EM) calorimeters
[15,16]. The SVX provides precise track measurements
from eight radial layers of microstrip sensors. The COT
provides additional tracking information from 96 layers of

wires. Tracks are measured inside a 1.4 T solenoidal
magnetic field that allows electron charge determination
from the curvature of the track. The COT allows track
reconstruction in the range j�j & 1:6, while the SVX ex-
tends the capability up to j�j ’ 2:8. Outside the tracking
system, EM and hadronic (HAD) calorimeters measure the
energies of showering particles. The calorimeters are di-
vided into two types: a central calorimeter with a fiducial
region covering j�j< 1:1 and a forward calorimeter cover-
ing 1:2< j�j< 3:5.
We use two types of W ! e� events, classified by the

calorimeter section in which the electron is detected. The
data are initially selected by an on-line event selection
(trigger) system. The trigger for the central electrons re-
quires an EM energy cluster with ET > 18 GeV and a
matching track with pT > 9 GeV. The forward trigger,
designed specifically for W candidates, requires an EM
energy cluster with ET > 20 GeV and E6 T > 15 GeV.
For central electrons, we require off-line event selection

including an isolated energy cluster in the region j�j< 1:1
with ET > 25 GeV and Isoð0:4Þ< 4:0 GeV. The isolation
Iso(0.4) is defined as the calorimeter energy contained

within a cone of radius R ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið��Þ2 þ ð��Þ2p ¼ 0:4 [3]
around the electron direction excluding the energy associ-
ated with the electron. A more detailed description of the
central electron selection can be found in Ref. [17]. The
forward electrons are selected by requiring an isolated
energy cluster with ET > 20 GeV, the ratio of energy
detected in the HAD and EM calorimeters to be less than
0.05. The tracks are reconstructed using COT information
in the region j�j< 1:6, while at higher j�j tracks are
reconstructed using the SVX detectors alone. In order to
reduce the charge misidentification and backgrounds, addi-
tional requirements for the forward tracks are imposed
such as requiring the extrapolated charged-particle posi-
tion to be consistent with the position measured in the
calorimeter. Candidate W ! e� events are required to
have exactly one e� as well as E6 T > 25 GeV. The final
W ! e� data sample contains 537 858 events with a cen-
tral electron and 176 941 forward electron events. To
evaluate the detector acceptance and resolution for W !
e� events, we use the PYTHIA [18] event generator followed
by the CDF detector simulation.
We determine the neutrino’s longitudinal momentum,

within a twofold ambiguity, by constraining the e�mass to
be that of theW boson. This ambiguity can be resolved on a
statistical basis from the known V � A decay distribution
using the decay angle between the electron and the proton
in the W rest frame �� and from the Wþ and W� produc-
tion cross sections as a function ofW rapidity (d��=dyW).
To do this we assign a weighting factor to the two rapidity
solutions, depending on the charge of the W boson w�

1;2:
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w�
1;2 ¼

P�ðcos��1;2; y1;2; pW
T Þ��ðy1;2Þ

P�ðcos��1; y1; pW
T Þ��ðy1Þ þ P�ðcos��2; y2; pW

T Þ��ðy2Þ ; (2)

where

P�ðcos��; yW; pW
T Þ ¼ ð1� cos��Þ2

þQðyW; pW
T Þð1� cos��Þ2: (3)

The� signs indicate theW charge, and the indices 1 and
2 are for the two W rapidity solutions. The differential
cross section as a function of yW is determined using a
next-to-next-to-leading order (NNLO) QCD calculation
[19] using the Martin-Roberts-Stirling-Thorne (MRST)
2006 NNLO PDFs [20]. The ratio of the ð1þ cos��Þ2 to
ð1� cos��Þ2 angular distributions QðyW; pW

T Þ in Eq. (3) is
determined by the quark versus antiquark composition of
the proton using the event generator MC@NLO [21]. This
ratio is evaluated as a function of yW and the W transverse
momentum pW

T . Although the weighting factor given by
Eq. (2) depends primarily on the Wþ and W� cross sec-
tions, it does have some weak dependence on the input W
charge asymmetry. Therefore, this method requires us to
iterate the procedure to eliminate this dependence.

Correct charge identification is crucial for the measure-
ment of the charge asymmetry measurement, because it
directly affects the yield for a particular charge and yW and
is corrected for on an event-by-event basis. The charge
misidentification rate (charge MisID) is measured as a
function of � using Z ! ee events where both electrons
are identified as having the same charge sign. The mis-
identification rate ranges from ð0:18� 0:05Þ% for j�j<
1:1 to ð17:26� 2:02Þ% for j�j> 2:04.

The AðyWÞ values are corrected for the backgrounds to
W ! e� candidates. We consider W ! ��, where the �
decays leptonically to an electron plus neutrinos, as con-
tributing to the signal and is included in the overall signal

acceptance. The background fractions due to Z ! eþe�
events where one of the electrons is not reconstructed and
mimics a neutrino are ð0:59� 0:02Þ% for central electrons
and ð0:54� 0:03Þ% for forward electrons. The small con-
tamination from the Z ! �þ�� process is found to be
ð0:10� 0:01Þ% for both central and forward electrons.
The background from misidentified jets (QCD) is esti-
mated by fitting the isolation distribution of electrons.
Electrons in the calorimeter are characterized by having
most of their energy deposited within an isolation cone
centered on the electron, while jets may have significant
energy deposits outside this cone. The QCD background
fraction for central and forward electrons are ð1:21�
0:21Þ% and ð0:67� 0:18Þ%, respectively.
The scale and resolution of the electromagnetic calo-

rimeter energy and the missing transverse energy can affect
the measuredW rapidity and thus the asymmetry measure-
ment. The EM calorimeter energy scale and resolution are
tuned in the simulation to reproduce the Z ! eþe� mass
peak in data. The uncertainties on the energy scale and
resolution for central electrons are measured to be�0:05%
and �0:07%, respectively; for forward electrons they are
�0:3% and�0:8%, respectively. The hadronic showering,
the boson recoil energy, and the underlying event energy of
the hadronic calorimeter energy measurement play impor-
tant roles in determining the E6 T . The simulation for the
calorimeter deposition in W ! e� events is tuned to pro-
vide the best possible match with data, including its de-
pendence on �. The uncertainty on the transverse recoil-
energy scale is �0:3% and�1:4% for central and forward
electrons, respectively.
We also investigate potential sources of a charge bias

and � dependence in the kinematic and geometrical ac-

TABLE I. Statistical and systematic uncertainties for the W production charge asymmetry. All values are �10�2 and show the
correlated uncertainties for both positive and negative rapidities.

jyW j Charge MisID Backgrounds Energy scale & resolution Recoil model Electron trigger Electron ID PDFs Stat.

0.0–0.2 0.02 0.04 0.01 0.11 0.03 0.02 0.03 0.31

0.2–0.4 0.01 0.09 0.04 0.22 0.08 0.07 0.08 0.32

0.4–0.6 0.02 0.11 0.06 0.22 0.13 0.17 0.15 0.33

0.6–0.8 0.03 0.15 0.07 0.34 0.14 0.30 0.22 0.32

0.8–1.0 0.03 0.20 0.07 0.42 0.11 0.47 0.24 0.34

1.0–1.2 0.04 0.18 0.08 0.33 0.09 0.69 0.27 0.38

1.2–1.4 0.05 0.18 0.15 0.67 0.06 0.78 0.28 0.43

1.4–1.6 0.04 0.14 0.14 1.10 0.04 0.85 0.28 0.50

1.6–1.8 0.08 0.12 0.26 0.92 0.03 0.89 0.29 0.55

1.8–2.05 0.22 0.13 0.31 0.82 0.06 0.80 0.34 0.62

2.05–2.3 0.44 0.21 0.53 0.59 0.17 0.85 0.42 0.83

2.3–2.6 0.45 0.19 0.62 0.40 0.27 0.86 0.50 1.10

2.6–3.0 0.14 0.10 0.60 0.43 0.28 0.65 0.53 2.30
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ceptance of the event (estimated with simulated data) and
efficiencies of the trigger and the electron identification
(measured with data). The trigger efficiencies for the cen-
tral and forward electrons are measured using data from
independent triggers. We find the trigger efficiencies do not
depend on charge but do depend on the � and ET of the
electron. The average trigger efficiencies for the central
and forward electrons are ð96:1� 1:0Þ% and ð92:5�
0:3Þ%, respectively. Electron identification and track
matching efficiencies (ID) are measured in data and simu-
lation using the Z ! eþe� channel.

The choice of PDF sets has an effect on the shape of the
d��=dyW distribution, as well as on the ratio of quarks and
antiquarks in the angular decay distribution. We use the
40 CTEQ6.1 error PDF sets [22] and redetermine the
d��=dyW production cross section and the angular distri-
bution of cos�� for each error PDF set.

As expected, the data are found to be invariant under CP
transformations AðyWÞ ¼ �Að�yWÞ, the two sets of points
are in statistical agreement, and so we combine the AðyWÞ
bins with the complementary �Að�yWÞ bins in order to
improve the precision of this measurement. We quote the
statistical combination of AðyWÞ with�Að�yWÞ, using the
best linear unbiased estimate method [23], accounting for
all correlations for both positive and negative yW bins. The

statistical correlation coefficient between bins is found to
be<0:05. Table I summarizes the statistical and systematic
uncertainties on AðjyW jÞ.
The measured asymmetry AðjyW jÞ, which combines the

positive and negative yW bins, is shown in Fig. 1. Also
shown are the predictions of a NNLO QCD calculation
using the MRST 2006 NNLO PDF sets and a NLO QCD
calculation using the CTEQ6.1 NLO PDF sets, which are
in agreement with the measured asymmetry. Values of
AðyWÞ and the total uncertainty for each jyW j bin are listed
in Table II. Since this measurement depends on the width
of the W, in particular, for the highest yW bin, the bin
centers account for the W rapidity and W mass range
accepted in each bin. We correct the bin centers to the
value of hjyW ji (average of Wþ and W� rapidities) for
which the asymmetry is equal to the one for a fixedW mass
of 80:403 GeV=c2.
In conclusion, using a new analysis technique we report

the first direct measurement of the W boson charge asym-
metry from run II of the Tevatron, using data from 1 fb�1

of integrated luminosity taken with the CDF II detector.
Since the total uncertainties are smaller than the uncertain-
ties coming from PDFs, as is also shown in Ref. [9], this
direct measurement of the asymmetry is more sensitive to
the ratio of d=u momentum distributions in the proton at
high x than previous lepton charge asymmetry measure-
ments. This result is therefore expected to improve the
precision of the global PDF fits.
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TABLE II. The W production charge asymmetry with total
systematic and statistical uncertainties.

jyW j hjyW ji AðyWÞ �sys �sysþstat

0.0–0.2 0.10 0.020 �0:001 �0:003
0.2–0.4 0.30 0.057 �0:003 �0:004
0.4–0.6 0.50 0.081 �0:004 �0:005
0.6–0.8 0.70 0.117 �0:006 �0:006
0.8–1.0 0.89 0.146 �0:007 �0:008
1.0–1.2 1.09 0.204 �0:008 �0:010
1.2–1.4 1.29 0.235 �0:011 �0:012
1.4–1.6 1.49 0.261 �0:014 �0:015
1.6–1.8 1.69 0.303 �0:014 �0:014
1.8–2.05 1.91 0.355 �0:013 �0:014
2.05–2.3 2.15 0.436 �0:013 �0:016
2.3–2.6 2.40 0.537 �0:014 �0:018
2.6–3.0 2.63 0.642 �0:012 �0:026

0.5 1 1.5 2 2.5

W
 C

h
ar

g
e 

A
sy

m
m

et
ry

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8
 data(stat. + syst.)-1CDF 1 fb

NLO Prediction(CTEQ6.1M)

PDF uncertainty(CTEQ6.1M)

|
W

|y

0 0.5 1 1.5 2 2.5

W
 C

h
ar

g
e 

A
sy

m
m

et
ry

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8
 data(stat. + syst.)-1CDF 1 fb

NNLO Prediction(MRST2006NNLO)

PDF uncertainty(MRST2006NNLO)

FIG. 1 (color online). The measured W production charge
asymmetry and predictions from (a) NLO CTEQ6.1 and
(b) NNLO MRST 2006, with their associated PDF uncertainties.
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