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We present a study of events with bosons and hadronic jets producedpip collisions at a center
of mass energy of 1.8 TeV. The data consist of 51 00 — ¢=» decay candidates frorm08 pb™!
of integrated luminosity collected using the CDF detector at the Fermilab Tevatron Collider. Cross
sections and jet production properties have been measurétd foe=1 to =4 jet events. The data are
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compared to predictions of leading-order QCD matrix element calculations with added gluon radiation
and simulated parton fragmentation. [S0031-9007(97)04771-6]

PACS numbers: 13.85.Qk, 12.38.Qk, 13.87.Ce

The production ofW bosons inpp collisions at the tions by +_15°0°(Z’, and the correction for energy contami-
Fermilab Tevatron Collider provides the opportunity tonation in the jet cone by-50% (0.5 GeV on average).
test perturbative QCD predictions at large momentunThe combined uncertainty ranges from 10% for thejet
transfers. Previous analyses have used these data sample to 30% for the=4 jet sample and dominates the
study W production and decay properties [1,2], dibosonuncertainties in théV + jet cross section measurements.
(WW,WZ,Wry) production [3-5], and the pair produc- We measure the cross section fop — W production
tion of top quarks [6—8]. In this Letter, we present crossas a function of jet multiplicityn from the number of
section measurements and kinematic properties of diredbserved W candidates with=n jets (N,) using the
single W boson production with jets. Aftel¥ events equation
from top decay are removed, the data are compared to N, — B, €0
quantum chromodynamics (QCD) predictions of single o, BR = 0¢BR € No — Bo’
W + jet production. These comparisons test how well ) o 0 0 .
the standard model predicts hadronic production propernere €, is the W detection efficiencyB, is the es-

ties of W bosons at the highest center of mass energiedMated background, and BR is the branching ratio for
studied to date. W= — e~ v decay. For the inclusive cross section times

This analysis use408 pb~! of integrated luminosity branching ratid oy BR) we use a.previous CDF measure-
collected with the CDF detector [9] from 1992-1995. TheMent 0f2490 = 120 pb [14]. This method takes advan-
principal detector elements used for this measurement af@89¢ of the cancellation of some systematic uncertainties
the vertex tracking chamber (VTX), the central tracking!n the ratios, and gives the most accurate relate =n
chamber (CTC), and the calorimeters. The VTX, a wirel€t €ross sections. _ L
time-projection chamber, locates interactions along the The estimate ofB, in Eq. (1) includesZ — e™e™,
beam direction. The CTC, a cylindrical drift chamber, W' = 77, and direct QCD multijet production. The
measures the momenta of charged particles in the regioh — ¢ ¢~ and W — 7» contributions are small (3%)
Iyl < 1.1 [10]. Both tracking detectors are immersed in@nd have a negligible effect on the ratios. Multijet
a 1.4 T magnetic field. The electromagnetic and hadroni€ontamination is measured with a sample obtained by
calorimeters cover the rande)| < 4.2 and are used to removing the electron isolation anfir requirements
measure the energies of electrons and jets. of the W selection and then extrapolating from the

W* — ¢*v decay candidates are identified in eventsmultijet-dominated region into th® signal region. This
that pass a high transverse enefd = E sinf) elec- background ranges fron2.9 + 0.9)% for the =0 jet
tron trigger. The event selection requires an isolated [11$a@mple to27 = 11)% for the =4 jet sample.
electron in the central calorimetétn| < 1.1) that has In order to isolate direct singl& production(qg’ —

Er =20 GeV and satisfies tight selection criteria [12]. W), B, also includes standard model predictions of
The reconstructed neutrino transverse endify), mea- diboson and top quark production. The contribution
sured from the imbalance @ in the calorimeter, must from WW and WZ production is negligible; however, we

exceed 30 GeV. include a correction to the jet multiplicity to account for

Jets in theW events are clustered using a coneWy events in which the photon is reconstructed as a jet.
algorithm [13] with radiusAR = /An2 + A¢2 = 04.  Thisis predicted to occur if0.4 = 0.1)% of events. The
We account for parton energy deposited outside the con@redicted rate o * — ¢ » events from standard model
and correct for energy contaminating the cone from botti? ranges fron{0.08 * 0.02)% for =0 jet events tq26 *
the underlying event and additiorjap interactions. We 5)% for =4 jet events. The cross sections and kinematic
count jets withEr = 15 GeV and|yn| = 2.4, and reject distributions are corrected for these contributions.
any events that have a jet withiAR = 0.52 of an The final correction to the number &~ — ¢* v+ =
electron. Of 51431W candidate events, 11144 eventsn jet candidates accounts for the overall efficieney [
have =1 jet, 2596 have=2 jets, 580 have=3 jets, in Eq. (1)] of identifyingW* — ¢*» decays, which in-
126 have =4 jets, and 21 have=5 jets. These jet cludes the acceptance, the electron-jet overlap efficiency,
multiplicities are subsequently corrected for jets producedhe efficiency of the online trigger, and the efficiency
in additionalp p interactions that occur in the same bunchof the electron identification. The acceptance due to re-
crossing as thév event. There is a 1% probability that strictions on the electroEr, Er, and detector fiducial
an event will have a single extra jet; the probability dropsvolume is determined using a leading-order QCD cal-
by about a factor of 6 for each additional extra jet. culation [15] for W+ =1 to =4 jets. The overlap ef-

The systematic uncertainties on jet counting are deterficiency is calculated directly from the data by taking
mined by varying the jet energy b¥5%, the jet|n| by Z — e*e™ events and replacing the — ¢*e~ decay
+0.2, the probability of jets from additionghp interac-  with a simulatedvV = — e* v decay, preserving the boson
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TABLE I. W+ =n jet cross sections. The first error on the data cross sections is the statistical error; the second includes the
systematic error on th# acceptance, the background systematic, and the jet-counting uncertainty, as described in the text. The
QCD Monte Carlo cross sectioliBRoocp) are generated usingecBosfor 02 scales of pr)? andM3 + p%w. The uncertainties

for the theory are statistical.

n 0, BRW* — e*v) 0% = {pr)? 0% = My, + P%w 0,/0n-1
Jets (pb) BRrocp Opata/ QD BRoqcp OData/ 0QCD (Data)

=3 471 = 5 = 57 367 = 5 1.28 = 0.16 285 = 4 1.65 = 0.20 0.189 + 0.021
=2 101 =2 *+ 19 112 = 5 0.90 = 0.17 58.1 = 1.5 1.74 = 0.33 0.214 + 0.015
=3 184 = 1.1 £52 272 = 2.1 0.67 = 0.20 123 = 0.6 1.49 = 0.44 0.182 = 0.020
=4 31 £06 =13 5.8 0.7 0.53 = 0.25 23 *02 1.33 = 0.62 0.166 * 0.042
=5 0.24 = 0.24 = 0.28 0.080 + 0.109

transverse momenturipy). The overall efficiency is MRSA’ [17]). Initial state gluon radiation, final state
(19.6 += 0.3)% for W+ =0 jets and remains nearly con- parton fragmentation, and hadronization are simulated
stant as a function of the number of jets due to cancellausing theHERWIG [18] Monte Carlo program. This pro-
tions among individual components. cedure represents a partial higher-order correction to the
The measured cross sections for sing® —  tree-level diagrams, and we refer to it as enhanced leading
e“v+ =n jet events are listed in Table | and plotted in order (ELO). The generated hadronic showers are pro-

Fig. 1. Also included in Table | are the raties,/ o, -1, cessed with the full CDF detector simulation. The same
which show that the cross sections fall by about a factoreconstruction and selection criteria applied to experimen-
of 5 with each additional jet. tal data are used on the simulated data.

The measured cross sections and kinematic distribu- The QCD predictions are listed in Table | and plotted
tions are compared to predictions of leading order (LO)with the measured cross sections in Fig. 1. The sensitivity
pertubative QCD using th&ecBos [15] Monte Carlo of the calculated cross sections to the renormalization
program. We use a two-loop, evolution evaluated at scale is indicated by the shaded band. The harfer
renormalization scales of eith@? = (p7)? of the par- scale(M3 + p%w) predicts relative cross sections that are
tons orMy, + p%w of the boson, representing reasonableconsistent with the measured cross sections but are low
extremes. The CTEQ3M [16] parton density functions arén magnitude by about a factor 1.6, while the sof@t
used with the factorization scale set to the renormalizatioscale ({ pr)?) predicts cross sections generally closer in
scale. The QCD predictions are at least five times morenagnitude but with a ratio ranging from 1.28 ferl jets
sensitive to the renormalization scale than to the factoriza-
tion scale or the choice of parton density functions (e.g.,

L@
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5 ¥
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-1 10 I | | TR I
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E \ ! ; ! Transverse Energy of Jet (GeV)
0 1 2 3 4 T .
Multiplicity ( n jets) FIG. 2. Transverse energy distribution of th& QighestEr

jetin =1 jet events, If) second highesEr jet in =2 jet events,
FIG. 1. Cross sections foW* — e*v+ =n jets (top) and () third highestE; jet in =3 jet events, andd) fourth highest
Z — e®e” + =n jets (bottom) versus inclusive jet multiplicity. Er jet in =4 jet events. The curves represent the ELO QCD
The lines are fits of an exponential to the data. The theory igredictions. The renormalization sca is ( py)* for the solid
shown as a shaded band which represents the uncertainty doarves andvj, + p%w for the dashed curves{c only). The
to the renormalization scale. The0 jet prediction is a Born- theory is normalized to the data for each distribution and the
level calculation forW production. errors are the sum of statistical and systematic uncertainties.
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the measured; spectra (Fig. 2) of jets 1-4, ordered by
decreasingE7, to the ELO QCD prediction [20]. The

—

-

S os sensitivity of the prediction to the renormalization scale
é is illustrated by varying it from( p7)> (solid curve) to

= 0 My + p%w (dotted curve). The correspondence between
_g:C»’ 05F data and theory for these distributions is more clearly
Z NS seen in Fig. 3, which shows (data-theory)/theory for the
g same spectra. Correlations between jets are studied by

0.5 *L measuring the separati¢AR;;) and invariant mas&V/;;)
' of pairs of jets. The distributions &R;; andM; for the

two highestE jets in=2 jet and=3 jet events are shown
‘ L L . , in Fig. 4. The systematic uncertainties are determined by
20 50 100 200 the change in the distributions when the jet energy and

Transverse Energy of Jet (GeV) subtracted backgrounds are varied independently within
FIG. 3. (Data-theory)/theoryQ? = (pr)?) for the jet trans-  their = 1o limits. The error bars in Figs. 2 and 4 include
verse energy distribution of the first and second highest  statistical and systematic uncertainties.

jets in @ =1 and @) =2 jet events, respectively. The error — shape comparisons in Figs. 2—4 demonstrate that

bars are statistical uncertainties and the band represents the sys- - .
tematic uncertainty on the shape. The theory is normalized txﬁe ELO QCD predictions reproduce the main features

the data. of both the jetEr and jet-jet correlation distributions.

In particular, the measured and predicted Agt spectra

. - . . for the four highestE; jets generally remain within

to 0.53 for=4 jets. _Thus, Wlthln.the inherent uncertainty 15% over threg orderg Jof mggnitudg. The correlation

S th_et LO calculz%[pon, the predlcted an(: geaiﬂ%i between jets, as measured AR;;, is well predicted by
E" JEL cross secFlpnslarle In r?greetrﬂen N ?. " the QCD calculation [Figs. 4 (right)], and the measured
or comparison, 9. 1 alSo Shows IN€ Cross Seclions ang, arjant mass distributions [Figs. 4 (left)] are in fair

QCD predictions forZ+ =n jets from a previous CDF agreement with the QCD predictions. However, the high
measurement [19]. These have the same general featur, tistics of ourW+ =1 jet sample show the limitation

as W production, but are lower in cross section by aboutof this QCD prediction. Figure 3(a) shows that the

afaCtor of 10. - . . _theory calculation underestimates the cross section for
. Detall_s OT the .QCD p!‘edIC.tIOI’\S are studied USINGthe lowestE; (< 20 GeV) and highesE; (> 100 GeV)

kinematic distributions of jets iV events. We select jets. These regions rely heavily upon the partial higher-

events ”O”? th_e ELO simulated’ sample with the SaME 4 der corrections generated BERWIG. At low E7, initial

selection criteria used for the data. Shape comparisons ;e gjyon radiation is sometimes hard enough to become

made by normalizing the theory to data. We first comparg,o highestE; jet and supersede the parton generated
in the LO matrix element. For events with the highest

] jet Er > 100 GeV, over 50% of thé¥V + =1 jet events

F o + CDEDATA | 8 have at least two jets, which explicitly indicates the

_Q§EN=<P2T>2 need for higher-order corrections to th& + 1 parton

5o Qren= My tPrw calculation. As expected, the ELO QCD calculation only

: partly corrects for the higher-order QCD terms.

In summary, this Letter contains an analysis of jet
production associated withV= — e v events selected
from 108 pb~! of pp collisions at a center of mass energy
of 1.8 TeV. Data are compared to enhanced LO QCD
predictions (LO parton matrix elements WithERWIG-

g simulated fragmentation) to determine the reliability of
dao & QCD calculations. The ratio of the measured to predicted

E cross section id.28 + 0.16 (Q? = {pr)?) and 1.65 =

20 0.20 (Q* = My, + p7,) for pp — W+ =1 jet events.

§ . TN l ‘I‘J_ For higher jet multiplicities, the twoQ? predictions

0 100 200 30 0 2 4 0 bracket the measurement, with th@* = My, + p7,
M (GeVrc)) AR; prediction at an approximately constant fraction below

FIG. 4. Distributions of dijet mass and separation nd the measured cross section. The shapes of the QCD-
spa.ce.between the two highdsi-jets for W+ =2 jet events predicted jet production properties generally agree with

(top) andW+ =3 jet events (bottom). The curves reg)resentthe data, but the statistics of tH&™ — ¢~ » data are
the ELO QCD predictions:0% = (pr)* (solid) and 9? =  large enough to show some limitations of the enhanced

M3, + pt, (dashed). LO QCD predictions.
4764



VOLUME 79, NUMBER 24 PHYSICAL REVIEW LETTERS 15 BCEMBER 1997

We thank the Fermilab staff and the technical staffs of [9] F. Abe et al., Nucl. Instrum. Methods Phys. Res., Sect. A
the participating institutions for their vital contributions. 271, 387 (1988).
We also thank Walter Giele and Nigel Glover for many[10] We use a coordinate system in whichis along the
useful discussions. This work was supported by the U.S. ~ Proton direction,¢ is the azimuthal angle is the polar
Department of Energy and National Science Foundation: ~ @9/, andn = —lIn(tan3) is the pseudorapidity. We
the ltalian Istituto Nazionale di Fisica Nucleare; the ;ik(f ;tThg iittetP:ct(i:oe:tsgir?I fg'reesgﬁc\}g;i;gzefs'duc'al cuts
Ministry of _Educat|on, SC|ence apd Culture of Japan; .thﬁg.l] An isolated electron is one for which the calorimeter
Natural Sciences and Engineering Research Council

- ! ) - in a cone of radius 0.4 im-¢ around the electron cluster
Canada; the National Science Council of the Republic of g |ess than 10% of the electrdgy.

China; and the A. P. Sloan Foundation. [12] F. Abeet al., Phys. Rev. D44, 29 (1991); our selection is
the same as in this reference except fol0(}) < E/pc <
2.0 and (i) xuip < 10.

*Visitor. [13] F. Abeet al., Phys. Rev. D45, 1448 (1992).

[1] F. Abeet al., Phys. Rev. Lett70, 4042 (1993);73, 2296  [14] F. Abeet al., Phys. Rev. Lett76, 3070 (1996).

(1994);76, 3070 (1996). [15] F.A. Berends, W.T. Giele, H. Kuijf, and B. Tausk, Nucl.
[2] S. Abachiet al., Phys. Rev. Lett75, 3226 (1995). Phys.B357, 32 (1991).
[3] F. Abeet al., Phys. Rev. Lett74, 1936 (1995);75, 1017  [16] H.L. Lai et al., Phys. Rev. D51, 4763 (1995).

(1995). [17] A.D. Martin, R. G. Roberts, and W. J. Stirling, Phys. Rev.
[4] S. Abachiet al., Phys. Rev. Lett.75 1023 (1995);75, D 51, 4756 (1995).

1028 (1995);75, 1034 (1995);77, 3303 (1996);78, 3634  [18] G. Marchesini and B. Webber, Nucl. Phy8310 461

(1997);78, 3640 (1997). (1988).
[5] B. Abbott et al., Phys. Rev. Lett79, 1441 (1997). [19] F. Abeet al., Phys. Rev. Lett77, 448 (1996).
[6] F. Abeet al., Phys. Rev. D61, 4623 (1995). [20] The curves are fits of analytic functions to the QCD Monte
[7] F. Abeet al., Phys. Rev. Lett74, 2626 (1995). Carlo prediction which accurately reproduce the spectra.

[8] S. Abachiet al., Phys. Rev. Lett74, 2632 (1995).

4765



