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Abstract

We report on a measurement of the ratio of the differential cross sectior® fand Z boson production as a function
of transverse momentum in proton—antiproton collisiong/at= 1.8 TeV. This measurement uses data recorded by the D@
detector at the Fermilab Tevatron in 1994-1995. It represents the first investigation of a proposal that ratiosWetwe&n
observables can be calculated reliably using perturbative QCD, even when the individual observables are not. Using the ratio
of differential cross sections reduces both experimental and theoretical uncertainties, and can therefore provide smaller overal
uncertainties in the measured mass and width ofitheoson than current methods used at hadron collide001 Elsevier
Science B.V. All rights reserved.

PACS 12.35.Qk; 14.70.Fm; 12.38.Qk

1. Introduction menta and as input to a Monte Carlo modeMtho-
son production and decay, which we used to extract

The D@ Collaboration has recently published [1,2] the mass [6] and production cross section [7] ofthe
measurements of differential cross sectionsioand oson. . .
Z boson production as a function of transverse mo- . Ref. [8] proposes an alternative method of predict-
mentum 7). Both measurements are in good agree- "9 W _boson_ o_bservables from meas_urédbqson
ment with combined resummed and perturbative QCD guantities. This is based on the theoretical ratio of the
models, such as those in Refs. [3-5]. For the analy- W to Z boson differential cross sections with respect
ses of data taken during 1992-1996 kFermiIab Teva. [0 variables that have been scaled by their correspond-
tron Run 1), we have used the resummed calculation of ing vector boson masses. Because. product|on prop-
Ref. [4] fitted to our observed — e*e~ differential erties of W and Z bosons are very similar, the large
cross section to extract the non-perturbative phenom- radiative corrections that affect the individual distrib-
enological parameters of the theory. The resummed utions cancel in the ratio. The ratio can therefore be

calculation was then used to predigtboson observ- cglculated reliably using pe.rturbative QCD (pQCD),
ables such as the electron and neutrino transverse mo-Wlth no need for resummation, even at small values
of the transverse momenta of the vector bosons, for

which the radiative corrections factorize from the hard

E-mail address: gerber@fnal.gov (C.E. Gerber). process and therefore cancel in the ratio. The theo-

L Visitor from University of Ziirich, Zrich, Switzerland. retical uncertainties stemming from the perturbative
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expansion are consequently well-understood, and arefor W bosons with respect to the non-scaled transverse

smallest at very lowr.

The basic proposal of Ref. [8] is to use pQCD
calculations and the measur@dboson observables
to extract theW boson observables. Compared to
the standard method used previously to extréct

momentum [8]:
M
doVW doZ |PT=w T

w
dpr predicted

M
=—Z><R,,T><

Moy . (2

VA
dPT measured

boson observables, the present method reduces botVhere R, is calculated using pQCD. In this Letter,
theoretical and experimental systematic uncertainties. We present the first measurementif,, and compare

However, it introduces a statistical contribution to the
uncertainty from the number of events in theboson

candidate sample. Such a trade-off will eventually
result in smaller overall uncertainties, especially when

it to the calculation of Ref. [8]. For completeness, we
repeat the exercise presented in Ref. [8] and use our
measured differentidgZ boson cross section in Eq. (2),
and R,, from Ref. [8], to obtain the differentialy

used with the high statistics samples expected from boson cross section and compare it to our published

Run 2 of the Tevatron.

Corroborating the agreement of the pQCD calcula-
tion with data is vital if the new procedure is to be used
to improve the measurement of th€ boson mass
in future collider runs. In this Letter, we will check
the validity of the method using the measured differ-
ential cross sections foW and Z boson production
as a function of transverse momentum. Both distrib-

result [1].

2. Data selection

We keep modifications to the published DZ analy-
ses [1,2] to a minimum, but, at the same time, we try
to cancel as many experimental uncertainties as pos-

utions were measured at the Tevatron [1,2,9], where sible in measuring?,,.. The uncertainty in the inte-

the systematic uncertainty on tlﬁ" at lowest trans-

grated luminosity of the data samples3%) is the

verse momentum is four times larger than the corre- dominant uncertainty in the individual cross sections.

sponding uncertainty ipZ. The uncertainty irp# is

It cancels completely when taking the ratio, as long as

dominated by statistics. Hence, once large samples ofthe same data sets are used to select theWihahd Z
Z boson events become available, it is expected that, boson candidate samples. In this analysis, we keep the

if theoretical uncertainties can be kept small, using
the pQCD prediction and the Well-measurpﬁ dis-
tribution to predict thEpTW distribution should lead

event selections and corrections for background, effi-
ciency, acceptance, and detector resolutions identical
to those in the published results [1,2], but require total

to smaller overall uncertainties on the measured massoverlap in the data-taking runs for tt# and Z bo-

and width of theW boson, relative to current methods
used at hadron colliders.

The main difference between the production prop-
erties of theW and theZ bosons arises from the dif-
ference in their masses. We will therefore introduce

son event samples. In addition, we exclude events at
collision times with large beam losses from the Main
Ring accelerator [7]. These beam losses can create sig-
nificant energy deposits in the calorimeter that pro-
duce events with large false transverse momentumim-

variables that are scaled by the corresponding vector balance that could pass ouf boson selection crite-

boson massVfy. The ratio of differential cross sec-
tions for the scaledV and Z boson transverse mo-
menta p)’ /My andp%/Mz) is defined as

&= L) [ [aotais)
T Lapl M) d(pF/Mz) |

where do—V/dp¥ is the standard differential cross
section for vector boson productier(pp — V + X)
as a function of transverse momenttm)f. Eq. (1)

@)

ria. Due to these additional requirements, théo-
son sample was reduced from 6407 to 4881 events.
About half of the events were lost due to tightening of
beam quality conditions, and half because Wdrig-
ger was not available or was prescaled. "Theample
was reduced from 50488 to 50264 events when we re-
moved runs for which thé¥ trigger was prescaled.
The final integrated luminosity for both samples is
(84.5+3.6) pb~ L.

We have investigated whether additional sources

can be used to predict the differential cross section of error could be cancelled in the ratio. There are
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four sources of systematic error that contribute to with data taken from randomly selectgg collisions.
the W and Z boson cross sections. These arise from Because this inefficiency depends on the proximity of
uncertainties in the background estimate, the event electrons to jets, it is difficult to estimate how much

selection efficiency, and the unfolding procedure used
to correct for acceptance and detector resolution.

The dominant sources of background in both the
W and theZ boson analyses are from multijet and

of the uncertainty in they, efficiency cancels in the
ratio. To determine if further investigation of any pos-
sible cancellation of the uncertainty in, efficiency
was warranted, we estimated the effect ®p, of a

photon-jet events, where the jets pass our electron complete cancellation of the contribution from the un-

identification criteria. In the case of th&, a large

certainty inu | efficiency. This produced a maximum

imbalance in the transverse energy has to arise toreduction of uncertainty irR,, of less than 5%. We

mimic the presence of a neutrino. The way multijet
or photon-jet events mimidv or Z boson events

therefore concluded that no cancellations beyond the
uncertainty in the luminosity would improve signifi-

is quite different, and the methods used to estimate cantly the measurement &,,..

background are independent. We therefore cannot

cancel any contribution to the error in the ratio arising
from background estimates.

Acceptance and unfolding corrections are applied
using a parameterized Monte Carlo [6]. The main
contribution to the error is from the modeling of the
detector. For thé& analysis, we rely completely on the

measurement of the energy of the recoiling hadrons,

whereas for theZ boson measurement we use the

3. Scaled W and Z boson cross sections

)

Eq. (1) can be written

_ (daW> /( do?
~ \apy d(p% x My /Mz)

th
pr

electromagnetic energy deposited by the electrons. We Where we use the mass ratio from the review of particle

therefore do not benefit from cancellation of errors in
the acceptance/unfolding procedure.

The uncertainty in the efficiency has contributions
from the trigger and offline electron identification.
The level O trigger, which requires the detection of an
inelastic collision via simultaneous hits in the forward
and backward level O scintillation detectors [10], is
common forW and Z boson events. The uncertainty
in this trigger therefore cancels completely in the ratio.
However, its contribution to the error in the efficiency
is negligible (0.5% out of a total of 3.5%).

Although the triggers and the offline electron iden-
tification criteria used in th& andZ boson analyses
are different, the main contribution (3%) to the error
in the efficiency comes from a common source, the so-
calledu) efficiency [6]. This inefficiency arises when

physics [11]
Mw _ 48820+ 0.0005
Mz

In order to measure the scaled distributions without
changing thepy-binning of both theW and Z boson
analyses, we keep tH& bin boundariesq;) identical
to the ones in our published work, but because we
require the same bin widths in the scaled variables
p;V/MW and p%/MZ, we set the bin boundaries in
the differential Z boson cross section t§/0.882Q
and recompute the differenti@ boson cross section
accordingly.

Table 1 shows the modified results for tHg
and Z boson cross sections, with the statistical and
systematic contributions to the uncertainties shown

coiling hadrons approach the electron. It is therefore
a topological effect produced by the proximity of the

electron to the jet, and has the largest effect at a bo-

son transverse momentum of about 20 GeV [2]. The
u)| efficiency is calculated on an electron-by-electron

basis using the parameterized Monte Carlo. The error

in the u| efficiency is estimated fromi and Z bo-
son events, generated inERwIG [12], and overlaid

dominated by the systematic uncertainty in the
Cross section.
4. Measurement of R,

Based on the measurédd and Z boson differential
cross sections listed in Table 1, we extract the ratio of
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Table 1
Summary of the measurédt and Z boson differential production cross sections as a function of transverse momentum used to calculate the
ratio. The error in the ratio is dominated by the systematic error itheross section

do (W—ev) do(Z—ete™)

pr bin dp}y Stat. error Syst. error dp% Stat. error Syst. error
(Gev) (plyGeV) (PyGeV) (PyGeV) (PyGeV) (plyGeV) (plyGeV)
0-2 10948 461 1235 1194 053 035
2-4 20621 685 2464 1963 065 057
4-6 17132 565 929 1434 053 044
6-8 13360 465 946 1119 048 036
8-10 10348 404 695 805 041 027
10-12 7746 346 7.25 618 037 021
12-14 6358 320 416 474 033 015
14-16 4777 277 429 339 028 011
16-18 3767 242 273 327 028 017
18-20 3050 220 174 194 022 011
20-25 2202 123 122 159 012 008
25-30 1394 093 107 0946 Q097 Q051
30-35 951 Q73 084 0848 0092 0043
35-40 679 063 051 0435 0066 0022
40-50 396 037 031 0325 0040 0016
50-60 182 025 025 0180 0029 Q009
60-70 114 020 023 00848 00197 00045
70-80 0749 0178 Q170 00385 00129 00020
80-100 Q310 Q059 Q088 Q0141 00054 00008
100-120 00822 00287 00255 000764 000383 000032
120-160 00433 00119 00118 000358 000180 000018
160-200 Q00769 000545 000482 000163 000111 000010
scaled cross sections as a functiorpef ment by the ratio of theZ to W boson branching
W 7z fractions. Because the measurement of Wdoson
Ry = [(do—) / <di)} x Mw branching fraction from the Tevatron is obtained pre-
dl’zv“v dl’% Mz cisely from the ratio oW to Z production cross sec-
9 B(Z — ee) . tions [7], we use the result from the LEP Electroweak
B(W — ev) Working Group [13] for theW branching fraction,
It should be recognized that the prediction fy, [8] to avoid a circularity problem. We take the value for
was calculated for the ratio of the scaléd and Z the Z branching fraction from the review of particle
boson differential cross section& " /dp)., but we ~ Physics [11].

measure the differential cross sections multiplied by 01073+ 0.002
their branching fractions to electrorigo ¥ /dp}) x B(W — ev) =0. +0.0023
B(V — ¢). We therefore must multiply our measure- B(Z — ee) = 0.033632+ 0.000059
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o | Table 2
MeasuredR ;.. The uncertainty in the luminosity for thé and Z
samples cancels completely when taking the ratio
81 pr bin (GeV) pr (GeV) Rp; Total error
I 0-2 121 2.538 0.339
6 2—-4 281 2.908 0.388
4-6 4.83 3.306 0.275
4 6—-8 6.84 3.305 0.324
8-10 885 3.557 0.361
10-12 1086 3.471 0.439
2
12-14 1287 3.714 0.426
| 14-16 1488 3.895 0.549
0 16-18 1689 3.187 0.449
P Y P E RN NI IS R S I 18-20 1890 4.351 0.681
0 025 05 075 1 126 15 1.75 2 225
P/ Ma 20-25 2252 3.829 0.478
Fig. 1. Ratio of scaled differential cross sectioRg, for W and 25-30 2134 4.078 0.638
Z production. The solid line is the ordm§ theoretical prediction 30—35 3257 3.104 0.528
of Ref. [8], and the dotted lines are the one standard deviation
uncertainties due to Monte Carlo integration. The error in the 35-40 37.89 4.320 0.871
luminosity cancels completely in the ratio of the measured cross 40—50 4503 3.373 0.613
sections.
50-60 5509 2.796 0.724
) ] ) ) ) 60—70 6514 3.707 1.334
The result is shown in Fig. 1, and summarized in 2080 7479 5 384 2551
Table 2. The data are plotted at the value mgf
for which the theoretical prediction fak,, is equal 80-100 8967 6.100 3.141
to its average in the bin, following the prescription 100-120 10977 2.976 2.047
of Ref. [14]. We observe that the measurég, 120-160 13993 3.352 2.138
agrees with the pQCD prediction [8]: the? for the 160200 18014 1309 1529

comparison between data and theory is31fr 21
degrees of freedom (63% probability). If we only
consider the results in the first 12 bins, th&is 128
for 11 degrees of freedom, which corresponds to a 5 Extraction of do¥ /dp}

probability of 31%.

We should mention that, at this time, the only uncer- ~ Based on Eq. (2), we use the calculateg, in
tainty included in the theoretical prediction is the one Ref. [8], together with the measuretb#/dp%, to
arising from Monte Carlo integration. Additional un- Predict the W boson transverse momentum spec-
certainties must be considered to determine whether trum, and compare it with our previously measured
the agreement between data and theory can be im-do" /dp} [1]. This is shown in Fig. 2, and is an
proved, in particular, ifR,, should be calculated to  update of the result given in Ref. [8] using our fi-
higher orders, or whether non-perturbative effects are nal data samples. For simplicity, we use the mea-
p|ay|ng a role at |OWQSpT. Once the theoretical un- Suredp% distribution from Table 1. A better prediC-
certainties are improved, this would provide the means tion for p} can be obtained from the combination of
for estimating the integrated luminosity at which the our publishedp% [2] and the corresponding measure-
ratio method will provide a superior measurement of ment from CDF [9]. Fig. 2 shows the measured dif-
the W boson mass. ferential cross section plotted at the center of the bin.
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Fig. 2. Differential cross section foW boson production as a
function OprW shown for the entirqp;v range (upper plot) and the

low p7W region (lower plot). The points are the D@ data; the error
bars do not include the @% error in the luminosity. The histograms
represent the upper and lower 68% confidence level limits of the
prediction [8] obtained from the ratio method.

The upper and lower 68% confidence level limits for
the prediction are plotted as histograms. The extracted
transverse momentum distribution agrees well with
the measurement: the Kolmogorov—Smirnov probabil-
ity [15] « is equal to 0.987.

6. Conclusions
We have measured the ratio of scaled differential

cross section® ;. for W andZ boson production, and
compared it to a purely pQCD prediction. We observe
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and width of the W boson, compared to current
methods used at hadron colliders.
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