VOLUME 77, NUMBER 3 PHYSICAL REVIEW LETTERS 154dLy 1996

Properties of Jets inZ Boson Events from 1.8 TeVpp Collisions

F. Abe!* H. Akimoto> A. Akopian?’ M. G. Albrow,” S. R. Amendoli&’ D. Amidei,'” J. Antos?® C. Anway-Wies¢,
S. Aotai? G. Apollinari?’ T. Asakawa’> W. Ashmanskas) M. Atac,” F. Azfar??> P. Azzi-Bacchettd! N. Bacchetta!
W. Badgett” S. Bagdasaro¥, M. W. Bailey,'® J. Bao?> P. De Barbard® A. Barbaro-Galtieri V. E. Barnes?
B.A. Barnett!? E. Barzi® G. Bauer!® T. Baumant, F. Bedeschf? S. Behrend$,S. Belforte?? G. Bellettini?

J. Bellinger’* D. Benjamin3!' J. Benlloch!® J. Bensingef,D. Benton?? A. Beretvas, J. P. Bergé, J. Berryhill}
S. Bertolucc? A. Bhatti’ K. Biery,'> M. Binkley,” D. Bisello?! R. E. Blair! C. Blocker? A. Bodek?® W. Bokhari/
V. Bolognesi! D. Bortoletto? J. Boudread? L. Breccia? C. Bromberg'? N. Bruner!® E. Buckley-Gee¥,
H.S. Budd® K. Burkett!” G. Busettd’' A. Byon-Wagner, K. L. Byrum,' J. Cammerat&’ C. Campagnari,

M. Campbell!” A. Caner! W. Carithers? D. Carlsmith3* A. Castro?' D. Cauz?® Y. Cen?® F. Cervelli?

P.S. Chang} P.T. Chang? H.Y. Chao?’ J. Chapman! M.-T. Cheng?® G. Chiarelli?* T. Chikamatsu?
C.N. Chiou?® L. Christofek!! S. Cihangir, A. G. Clark?* M. Cobal?* M. Contreras, J. Conway?® J. Cooper,
M. Cordelli? C. Couyoumtzelig} D. Crane! D. Cronin-Henness§,R. Culbertson, J. D. Cunningham,T. Daniels!®
F. DeJongH, S. Delchamp$,S. Dell’Agnello?* M. Dell’Orso? L. Demortier?” B. Denby?* M. Deninno?
P.F. Derwent/ T. Devlin® J.R. Dittmanrf, S. Donati?* J. Donel® T. Dorigo?! A. Dunn,'” N. Eddy!’

K. Einsweiler’ J. E. Elias| R. Ely,® E. Engels, Jr* D. Errede!! S. Erredé,' Q. Fan?¢ |. Fiori,> B. Flaugher,
G.W. Foster, M. Franklin? M. Frautschi! J. Freeman,J. Friedmanr?® H. Frisch’ T.A. Fuess, Y. Fukui,*

S. Funaki? G. Gagliardi?* S. Galeott?®> M. Gallinaro?! M. Garcia-Scivere$] A. F. Garfinkel? C. Gay; S. Geer,
D.W. Gerdes; P. Giannett?} N. Giokaris?’ P. Giromini? L. Gladney??> D. Glenzinski!* M. Gold,"” J. GonzaleZ?
A. Gordon? A. T. Goshaw! K. Goulianos?’ H. Grassman#® L. Groer?® C. Grosso-Pilchet,G. Guillian}”
R.S. Gud® C. Haber!’ E. Hafen!® S. R. Hahr!, R. Hamilton? R. HandleP* R. M. Hans> K. Hara3?

A.D. Hardmar?’ B. Harral??> R. M. Harris] S. A. Haugef, J. Hausef, C. Hawk?® E. Hayashi? J. Heinrich??
K.D. Hoffman? M. Hohlmann!-> C. Holck?* R. Hollebeek? L. Holloway,!' A. Holscher!> S. Hong!” G. Houk??
P. Hu?* B. T. Huffman?* R. Hughes? J. Huston'® J. Huth) J. Hylen? H. Ikeda}? M. Incagli,® J. Incandeld,
G. Introzzi?® J. lwai? Y. lwata,? H. Jenseri,U. Joshi’ R. W. Kadel!” E. Kajfasz]* T. Kamon;* T. Kaneko??
K. Karr,>3 H. Kasha?’ Y. Kato,’ T. A. Keaffaber? L. Keeble? K. Kelley,'® R. D. Kennedy? R. Kephart]

P. Kesten} D. Kestenbauni,R. M. Keup!!' H. Keutelian! F. Keyvan? B. Kharadia!! B. J. Kim2° D. H. Kim,”-
H.S. Kim,!2 S.B. Kim,'” S. H. Kim* Y. K. Kim, !5 L. Kirsch,> P. Koehr’® K. Kondo;? J. Konigsberd, S. Kopp?
K. Kordas!?> W. Koska! E. Kovacs! W. Kowald? M. Krasberg!” J. Kroll,” M. Kruse? T. Kuwabara®
S.E. Kuhimanr, E. Kuns?® A. T. Laasanenr; N. Labanc&’ S. Lammel, J.1. LamoureuxX, T. LeCompte!,!

S. Leoné&?® J.D. Lewis! P. Limon/ M. Lindgren? T.M. Liss,'! N. Lockyer??> O. Long?? C. Loomis?® M. Loreti,?!
J. Lu® D. Lucches??® P. Lukens, S. Lusin* J. Lys!> K. Maeshima, A. Maghakiar?’ P. Maksimovic!®
M. Mangand?® J. Mansour? M. Mariotti,?! J. P. Marriner, A. Martin,'! J. A. J. Matthewd; R. Mattingly,'®
P. Mcintyre}® P. Meles€’ A. Menzione?® E. Meschi?® S. Metzler?> C. Miao,” G. Michail, R. Miller,'?

H. Minato;? S. Miscetti® M. Mishina,'* H. Mitsushio?? T. Miyamoto}? S. Miyashita? Y. Morita,'* J. Mueller?*
A. Mukherjee! T. Muller,* P. Murat?® H. Nakada’? I. Nakano’?> C. Nelson’ D. Neubergef, C. Newman-Holme$,
M. Ninomiya;? L. Nodulman! S.H. Oh® K. E. Ohl}® T. Ohmoto!® T. Ohsugi!® R. Oishi}?> M. Okabe??

T. Okusawa? R. Oliver?? J. Olser?* C. Pagliaroné,R. Paolett?? V. Papadimitriou’! S.P. Pappa¥, S. Park]

A. Parri® J. Patrick! G. Paulettd? M. Paulini,®> A. Perazzd; L. Pescard! M. D. Peters; T.J. Phillips®
G. Piacenting, M. Pillai,2® K. T. Pitts/ R. Plunkett, L. Pondron’* J. Proudfoot, F. PtohoS, G. Punzi?® K. Ragan!?
A. Ribon?! F. Rimondi? L. Ristori?> W. J. Robertsofi,T. Rodrigo’ S. Rolli,?> J. Romang, L. Rosenson®
R. Roser! W. K. Sakumotc’® D. Saltzberg, A. Sansonf, L. SantiZ?® H. Sato’? V. Scarpine’® P. SchlabacH,
E.E. Schmidf, M. P. Schmid® A. Scriband®® S. Segler, S. Seidel)’ Y. Seiya}? G. Sganod? A. Sgolacchig,
M. D. Shapiro!® N. M. Shaw?’ Q. Sher?’ P. F. Shepard’ M. Shimojima}?> M. Shochef, J. Siegrist;? A. Sill,3!
P. Sinervo? P. Singh?* J. Skarhd; K. Sliwa** F. D. Snider}? T. Song!” J. Spalding, P. Sphicas? F. SpinellaZ’
M. Spiropulu? L. Spiegel’ L. Stancc’! J. Steeleé? A. Stefanini?® K. Strahl!? J. Strait’ R. Strohmef, D. Stuart!
G. Sullivan’ A. Soumarokov’ K. Sumorok!® J. Suzuk?? T. Takada? T. Takahasht’ T. Takano’? K. Takikawa?’?
N. Tamural® F. Tartarelli?> W. Taylor!? P. K. Teng? Y. Teramotc?® S. Tether® D. Theriot/ T.L. Thomas'’
R. Thun!” M. Timko,* P. Tipton?® A. Titov,?” S. Tkaczyk! D. Toback] K. Tollefson?® A. Tollestrup!

448 0031-900796/ 77(3)/448(6)$10.00 ~ © 1996 The American Physical Society



VOLUME 77, NUMBER 3 PHYSICAL REVIEW LETTERS 154dLy 1996

J. Tonnisor?? J. F. De TroconiZ, S. Truitt!” J. Tsend; N. Turini,”® T. Uchida?? N. Uemura’? F. Ukegawa?

G. Unal? S. C. Van Den Brink* S. Vejcik I11,'7 G. Velev? R. Vidal, M. Vondracek!! D. Vucinic,'® R. G. Wagner,
R. L. Wagner, J. Wahl} C. Wang® C. H. Wang®® G. Wang?® J. Wang} M. J. Wang?® Q.F. Wang’ A. Warburton!?
T. Watts28 R. Webb3® C. Weif C. Wendt* H. Wenzel'> W. C. Wester III7 A. B. Wicklund! E. Wicklund?

R. Wilkinson?? H. H. Williams* P. Wilson? B. L. Winer?2® D. Wolinski,'” J. Wolinski!® X. Wu,?® J. Wyss2!

A. Yagil,” W. Yao,’ K. Yasuoka’? Y. Ye,'> G.P. Yeh] P. Yeh?’ M. Yin,% J. Yoh/ C. Yosef!® T. YoshidaZ’

D. Yovanovitch? I. Yu,® L. Yu,' J.C. Yun! A. Zanetti?® F. Zetti?} L. Zhang?* W. Zhang?’

B. Zou? and S. Zucchelfi

(CDF Collaboration)

'Argonne National Laboratory, Argonne, lllinois 60439
2|stituto Nazionale di Fisica Nucleare, University of Bologna, 1-40126 Bologna, Italy
3Brandeis University, Waltham, Massachusetts 02254
“University of California at Los Angeles, Los Angeles, California 90024
>University of Chicago, Chicago, lllinois 60637
%Duke University, Durham, North Carolina 27708
"Fermi National Accelerator Laboratory, Batavia, lllinois 60510
8Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, 1-00044 Frascati, Italy
“Harvard University, Cambridge, Massachusetts 02138
"Hiroshima University, Higashi-Hiroshima 724, Japan
University of lllinois, Urbana, lllinois 61801
2|nstitute of Particle Physics, McGill University, Montreal, Canada H3A 2T8
and University of Toronto, Toronto, Canada M5S 1A7
3The Johns Hopkins University, Baltimore, Maryland 21218
“National Laboratory for High Energy Physics (KEK), Tsukuba, Ibaraki 305, Japan
SLawrence Berkeley Laboratory, Berkeley, California 94720
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
"University of Michigan, Ann Arbor, Michigan 48109
¥ Michigan State University, East Lansing, Michigan 48824
YUniversity of New Mexico, Albuquerque, New Mexico 87131
20saka City University, Osaka 588, Japan
2Universita di Padova, Istituto Nazionale di Fisica Nucleare, Sezione di Padova, 1-35131 Padova, Italy
22University of Pennsylvania, Philadelphia, Pennsylvania 19104
Z|stituto Nazionale di Fisica Nucleare, University and Scuola Normale Superiore of Pisa, |-56100 Pisa, Italy
Z4University of Pittsburgh, Pittsburgh, Pennsylvania 15260
ZPurdue University, West Lafayette, Indiana 47907
ZUniversity of Rochester, Rochester, New York 14627
?’Rockefeller University, New York, New York 10021
28Rutgers University, Piscataway, New Jersey 08854
» Academia Sinica, Taipei, Taiwan 11529, Republic of China
¥Texas A&M University, College Station, Texas 77843
31Texas Tech University, Lubbock, Texas 79409
2University of Tsukuba, Tsukuba, Ibaraki 305, Japan
3Tufts University, Medford, Massachusetts 02155
3#University of Wisconsin, Madison, Wisconsin 53706
3Yale University, New Haven, Connecticut 06511
(Received 7 March 1996

We present a study of events withbosons and hadronic jets producedpip collisions at a center-
of-mass energy of 1.8 TeV. The data consist of 6708> ¢"e~ decays from106 pb~! of integrated
luminosity collected using the CDF detector at the Fermilab Tevatron Collider. ZBhe= n jet cross
sections and jet production properties have been measured=foi to 4. The data are compared to
predictions of leading-order QCD matrix element calculations with added gluon radiation and simulated
parton fragmentation.  [S0031-9007(96)00694-1]

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

Since the 1983 discovery of tl¥eboson at CERN [1,2], [3]. In this Letter we describe an extension of these stud-
the hadronic production properties of tf# have been ies based on a much larger sample of 608> e*e™
studied using relatively small event samples, most redecays obtained from06 pb™! of integratedpp lumi-
cently from experiments at the Fermilab Tevatron Collidemosity using the CDF detector. This event sample is large
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enough to study the production properties of high energyies for two additional effects: photons counted as hadronic
hadronic jets associated with boson production, and jets, and jets produced in extfg interactions that occur
provides a good test of quantum chromodynamics (QCDin the same bunch crossing as theevent. AZ+ pho-
calculations since the backgrounds are small and the presn Monte Carlo calculation [12] with detector simulation
ence of theZ selects highQ? parton-level processes. A yields a correction varying from-2% to —3% for pho-
determination of the reliability of QCD calculations for tons as a function of jet multiplicity. Using minimum bias
heavy boson production is important for verifying the di- events, we estimate the number of jets from additional in-
rect W boson backgrounds to top quark production [4,5].teractions that pass the selection cuts, and obtain correc-
Z boson events are free of top quark contamination antgions varying from—3% to —5%.

provide a clean test of standard model heavy boson pro- The backgrounds to th€ boson are dominated by
duction. As part of this study we examine tideboson jets faking electrons, but include some contributions from
sample for evidence of excessquark decays that could heavy quarkW — ev+ jet, andZ — 777~ decays. To
indicate new particle production. measure the background we employ a data sample in

The elements of the CDF detector of primary importancevhich all Z boson selection cuts have been applied, ex-
to this analysis are the central tracking chamber (CTC), theept the mass window and electron isolation cuts. By
calorimeters, and the silicon vertex detector (SVX). Theselecting events from this sample in which neither elec-
CTC, which is immersed in a 1.4 T solenoidal magnetictron candidate is isolated, we obtain a set of events that
field, measures the momenta and trajectories of chargdd almost entirely background with no measurable contri-
particles in the regiorin| < 1.1 [6]. The calorimeters bution fromZ — e*e~. The mass distribution for these
are divided into electromagnetic and hadronic componentisackground events is independent of electron candidate
and cover the pseudorapidity ranggl < 4.2. The four- isolation. This allows us to estimate the number of back-
layer SVX [7], located just outside the beam pipe, pro-ground events with isolated electrons that lie within the
vides precise tracking in the plane transverse to the beamass window. We obtain background estimates inZhe
direction and is used to reconstruct secondary verticeBoson event sample that are small even at high jet multi-
from b decays. The CDF detector is described in detaiplicities, with 1o upper limits of 1.1%, 2.3%, 3.0%, and
elsewhere [4,8]. 4.0% for then = 0, 1, 2, and 3 jet events, respectively.

We identify Z — e* e~ candidates in events passing a The acceptance for electrons frafnboson decays has
high transverse energyf) electron trigger. The event se- been measured as a function of the number of associated
lection requires an isolated electron [9] wiilh = 20 GeV  hadronic jets. Losses due to the electBp cuts and
in the central calorimeter|4| = 1.1) that satisfies tight detector geometric acceptance have been studied using an
selection cuts [10] and has a CTC track. A second elecnclusive Z boson production model and a leading-order
tron, satisfying looser selection cuts, is required in theZ+ jets QCD calculation [13]. The loss of electrons due
central, plug (.1 = |n| = 2.4), or forward .4 = |»| = to overlap with jets and the efficiency of the electron-
3.7) calorimeter withE; = 20, 15, or 10 GeV, respec- jet separation cut are determined by selecting> e e
tively. We remove electrons with photon conversion char-data events with jets and using a Monte Carlo program
acteristics. The separation ip-¢ between the centroid to redecay th& bosons. A final acceptance correction is
of an electron calorimeter cluster and that of any jet inmade for electron identification cuts and the efficiency of
the event, measured R = /An? + A2, mustexceed the online trigger, which selects higiy- central electrons.
AR = 0.52. The total Z — e"e™ detection efficiencies vary from

We select an event sample of 6708— e¢*e~ de- (37.3 £ 0.7)% for Z bosons without jets ta31.5 =
cays by requiring the electron pair masses to lie withinl.4)% for Z bosons with=4 jets. _

15 GeV/c? of the nominalZ boson mass 091 GeV/c2. The systematic uncertainties on the _number of jets

The background in these data and the~ ¢* e~ accep- due.to the jet selection cuts are determined by varying

tance due to our selection cuts are measured as a functidfi 16t energy scale by-5%, the |n| cut by +0.2, the

of associated jet multiplicity as described below. underlying event correction by50%, the photon removal
Hadronic jets produced in association with théosons ~ Correction by £15%, and the probability of jets from

are selected using a clustering algorithm [11] with a coné'idd't'qnal pp_Interactions by=100%. The total jet-
size of R; = 04. The jet energies are corrected to aC_countlng uncertainties are found to range between 11% for
j 4.

the=1 jet to 23% for the=4 jet sample and dominate the

count for variations in calorimeter response, fragmentat'orﬂmcertainties in the cross section measurements, except for

energy outside the jet cone, and underlying event energy |~ 4 et events where the statistical error is larger.
within the jet cone. When the separation between two jets \ne measure the cross section fa@r production as
with E7 = 12 GeVis less thalR = 0.52, they are com- 3 fynction of jet multiplicity using the ratio of the
bined vectorially into a single jet. Jets willy = 15 GeV  number of detected events with=n jets to the total
and|n| = 2.4 are selected for this analysis. Of the 6708number of detected events. The cross sections are
Z events, 1310 have 1 jet, 279 have=2 jets, 57 have=3  determined from these ratios using the inclusi/&oson
jets, and 11 have=4 jets. We correct these jet multiplici- cross section of231 + 12 pb [14] and the ratios of
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TABLE I. Z+ = n jet cross sections. The first error on the data cross sections is the statistical error; the second includes the
systematic error on thg acceptance and the luminosity error added in quadrature.n Ferl to 4, the second error also includes

the jet-counting uncertainty, as described in the text. The leading-order (LO) Monte Carlo cross sections are genekatesosith

for 02 scales of pr)? and M3 + p%z. The =0 jet calculation is next-to-next-to-leading order (NNLO) with = M7. The error

on the NNLO QCD cross section includes systematic and statistical uncertainties; for the LO cross sections the errors are statistical.

n Bopaua Q2 = <p7>2 Q2 = M% + p%z O'(Vl)/O'(n - 1)
Jets (pb) Bogcep (pd) Opata/TQcD Bogcep (pb) ODaw/0QCD (Data)
=() 231 £ 6 =11 223 = 10 1.04 = 0.07

=1 452 = 1.2 = 5.7 35.16 = 0.54 1.29 = 0.17 26.82 = 0.40 1.69 = 0.22 0.196 = 0.007
=2 97 0.6 =+ 1.8 10.53 = 0.38 0.92 = 0.19 5.77 £ 0.16 1.68 = 0.34 0.215 = 0.014
=3 2.03 = 0.28 = 0.49 244 = 0.17 0.83 = 0.24 1.23 = 0.08 1.66 = 0.47 0.210 = 0.027
=4 043 = 0.13 = 0.11 0.211 = 0.059

detection efficiencies. This method takes advantage of theartial higher-order correction to tree-level diagrams. The
cancellation of some systematic uncertainties in the ratiosZ boson events with hadron showers are then introduced
and gives the most accurate relatider = n jet cross into a full CDF detector simulation, and the resulting jets
sections. The measured cross sectionZfor= n (n =  are identified and selected as in the data. This allows us
1 to 4) jet events are given in Table I, as are the measuretth make direct comparisons between the QCD predictions
ratios of o(Z+ = n jety/o(Z+ = n — 1 jety, which  and data.
are constant at-0.2 for n = 1 to 4. The Monte Carlo events passing our jet selection cuts

The measured cross sections and the production charagre used to determine QCD-predicted cross sections that
teristics of the hadronic jets can be compared to QCD calare compared to the experimental measurements corrected
culations. The leading-order matrix element calculationdor Z — e*e~ decay losses and backgrounds. The
for Z + n parton events (fon = 1, 2, 3) are obtained calculated QCD cross sections are given in Table |, and
with the vECBOS[13] Monte Carlo program [15]. We use compared to the data via ratios of the measured to QCD-
both MRSA and CTEQ3M parton distribution functions, predicted cross sections. Figure 1 shows a plot of the
the two-loop«;, evolution, and factorization and renor- measured cross sections o = n jets as a function of
malization scales varying fro@2 = M2 + pi ofthez ' with the QCD predictions resulting from variations in

. 2 indi i — 2

boson t00? = (pr)?, where(pr) is the averagey; of Q- indicated by a superlmposed bqnd. ot = (pr)?,
the generated partons. The QCD predictions are indistif’® measured + = n jet cross sections range from 0.83
guishable for the two parton distribution functions within ©_1.29 2t|me52the leading-order QCD predictions. For
the statistical uncertainties of our calculation. Q" = Mz + p7,, the ratios of cross sections to leading-

The QCD-predictedZ + jet events are obtained from
the parton-level events by including gluon radiation and

hadronic fragmentation using theERwIG [16] shower 1023
simulation algorithm [17]. This procedure represents a ok
1
-1F
10 F
° ¢ CDFDATA S
2 2 _ 2 O 0L
=0 o QCD (Q*=<p;>) S0k
o 2 2 2 r
% o QCD(Q = MZ + p'rz) 2 10 E
3 =0 ¢
=} - L
A S
+10 | 10 F
S ol L
© ;
0 0%
? ol i o CDFDATA
N 1 3 d - QCD
@ Lf
10 F
(I) ) 3 4 E ! ! I I ! I ! ! I
Number of Jets 0 25 50 75 100 12€G 1%0) 175 200 225 250
c

FIG. 1. Cross section foZ+ = n jets versusn, for Z —

e"e”. The QCD-prediction band spans two different renormal-FIG. 2. Transverse energy of the (a) first, (b) second, and (c)
ization scales. The line is an exponential fit to the measurethird highestEr jets in=1, =2, and=3 jet events, respectively.
cross sections. The error bars include statistical and systematiche points are data (statistical errors only), and the histograms
uncertainties. are the QCD predictions normalized to the data.
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15 GeV, and|n| < 2. A control sample of inclusive

w0l ° CDFDATA _ J !
'éso E —QCD jet events is used to determine the number of secondary
Sk vertices expected from jets in QCD events with no heavy
*§40 2 -+ boson. In all, six secondary vertex candidates are found
H20 E in the data sample where3 * 1.0 are expected.
e BT R R W Y S A Y R In summary, this Letter contains an a}rnaily5|s of jet
| cos ©* | production properties associated with— ¢ e~ events

o _ selected from106 pb~! of pp collisions at a center-of-
FIG. 3. The|cos®*| distribution (see text) of the& in =1 :
jet events. The acceptance decreases substantiallyoa®) *| mass energy of 1.8 TeV. We compare the data to leading-

approaches 1. The Monte Carlo predictions are normalized t@fder matrix elements wittHERwIG-simulated parton
the data, and the data errors are statistical only. showers and fragmentation. The ratios of the measured

cross sections to those predicted by QCD vary from
1.29 £ 0.17to 1.69 = 0.22 for pp — Z+ = 1 jet when
the Q? scale is varied from(pr)* to Mz + p7,. The
QCD-predicted jet production properties are in generally
ﬁOOd agreement with the measured distributions. The

order QCD predictions for each are larger, but nearly
constant at 1.7.

To compare the jet production properties of jets
events with QCD predictions, we use the same Mont
Carlo event generation described above but apply bot
Z — e"e” and jet selection cuts. The QCD—predictedfr

¢ distributi hO? — 5 lized 1 om events with no heavy boson.
event distributions withQ~ = {pr)” are normalize 0 We thank the Fermilab staff and the technical staffs
the number of events in the data samples. Correction

; ! 5f the participating institutions for their vital contribu-
are m_ade' for phptons counted as Jets and for jets from, s~ e also thank Walter Giele, Vernon Barger, Nigel
extra pp interactions, but no corrections are made forGIover, and Tim Stelzer for many useful discussions.
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