Research Papers in Physics and Astronomy

Gregory Snow Publications

University of Nebraska - Lincoln Year 2001

Quasi-model-independent search for new
physics at large transverse momentum

V. M. Abazov* Gregory Snow'
DO Collaboration?*

*Joint Institute for Nuclear Research, Dubna, Russia

tgsnow@unlhep.unl.edu
I

This paper is posted at Digital Commons@University of Nebraska - Lincoln.
http://digitalcommons.unl.edu/physicssnow/39



PHYSICAL REVIEW D, VOLUME 64, 012004

Quasi-model-independent search for new physics at large transverse momentum

V. M. Abazov? B. Abbott®® A. Abdesselant! M. Abolins > V. Abramov?® B. S. Acharya’ D. L. Adams®°
M. Adams?® S. N. Ahmed? G. D. Alexeev?® G. A. Alves? N. Amos>® E. W. Andersorf® M. M. Baarmand®
V. V. BabintseV?® L. Babukhadi&® T. C. Bacor® A. Baden?’ B. Baldin’ P. W. Balm?® S. Banerjeé! E. Barberis®
P. Baringef** J. Barretd® J. F. Bartlet®’ U. Basslert? D. Bauer?® A. Bean?* M. Begel®* A. Belyaev® S. B. Beril®
G. Bernardi*? I. Bertram?’ A. Bessor® R. Beuselinck® V. A. Bezzubov?® P. C. Bhat’ V. Bhatnagar! M. Bhattacharje&®
G. Blazey*® S. Blessing® A. Boehnlein®” N. I. Bojko,?® F. Borcherding’ K. Bos2® A. Brandt®® R. Breedort!
G. Briskin?® R. Brock® G. Brooijmans:’ A. Bross®’ D. Buchholz?® M. Buehler®® V. Buescher:* V. S. Burtovoi?®
J. M. Butler?® F. Canelli®* W. Carvalhc® D. Casey* Z. Casilum® H. Castilla-ValdeZ® D. Chakraborty> K. M. Chan>*
S. V. Chekulae¥® D. K. Cho>* S. Choi** S. Chopra® J. H. Christensod’ M. Chung® D. Claes>? A. R. Clark°
J. Cochrart? L. Coney?? B. Connolly® W. E. CoopeP’ D. Coppagé? M. A. C. Cummings’® D. Cutts>®® G. A. Davis>*
K. Davis?® K. De° S. J. de Jond! K. Del Signore®® M. Demartead’! R. Demina’® P. Demine’ D. Denisov®’
S. P. Deniso?® S. DesaP® H. T. Diehl®’ M. Diesburg®’ G. Di Loreto® S. Doulas*® P. Drapef® Y. Ducros®®
L. V. Dudko?® S. Duensing! L. Duflot!! S. R. Dugad, A. Dyshkant?® D. Edmunds? J. Ellison®* V. D. Elvira,*’
R. Engelmanri® S. Eno?’ G. Eppley®? P. Ermolov?® O. V. Eroshin?® J. Estrada? H. Evans>® V. N. Evdokimov?®
T. Fahland® S. Feher’ D. Fein?® T. Ferbel®* F. Filthaut?! H. E. Fisk®’ Y. Fisyak®® E. Flattum®’ F. Fleuret® M. Fortner®
K. C. Frame>!' S. Fuess! E. Gallas®” A. N. Galyaev?® M. Gao® V. Gavrilov* R. J. Genik I K. Genser’
C. E. Gerber® Y. Gershteir?® R. Gilmartin® G. Ginther’* B. Gomez® G. Gamez?’ P. I. Goncharov®
J. L. Gonzéez Sols® H. Gordon®® L. T. Goss® K. Gounder” A. Goussio?® N. Graf>® G. Grahanf/ P. D. Grannis?
J. A. Greerf? H. Greenle€/ S. Grinsteirt, L. Groer> S. Grinendahf’ A. Guptal’ S. N. Gurzhiev’® G. Gutierrez’’
P. GutierreZ® N. J. Hadley!’ H. Haggerty’’” S. Hagopiari® V. Hagopian®® R. E. Hall®? P. Hanlet!® S. Hanseri!
J. M. Hauptmarf? C. Hays>® C. Hebert** D. Hedin?® A. P. Heinsor?* U. Heintz® T. Heuring®® M. D. Hildreth*?
R. Hirosky® J. D. Hobbs?® B. Hoeneisefl, Y. Huang®® R. lllingworth?® A. S. Ito®” M. Jaffre'? S. Jaint’ R. Jesik*
K. Johns?® M. Johnsori’ A. Jonckheerd! M. Jones® H. Jwstlein®’ A. Juste’” S. Kahn®® E. Kajfasz®
A. M. Kalinin, D. Karmanov?® D. Karmgard?? R. Kehoe3! A. Kharchilava?? S. K. Kim,*® B. Klima,*” B. Knutesort
W. Ko,*1 J. M. Kohli*® A. V. Kostritskiy,2® J. Kotcher® A. V. Kotwal,>® A. V. Kozelov?® E. A. Kozlovsky?®
J. Krane®® M. R. Krishnaswamy! P. Krivkova® S. Krzywdzinski®” M. KubantseV*® S. Kulesho?* Y. Kulik,%® S. Kunori#’
A. Kupco, V. E. Kuznetsov* G. Landsberg® A. Leflat?® C. Leggett’ F. Lehner’ J. Li®° Q. Z. Li,*" J. G. R. Lim&®
D. Lincoln®’ S. L. Linn® J. Linnemanrt! R. Lipton2” A. Lucotte? L. Lueking®’ C. Lundsted?? C. Luo*
A. K. A. Maciel * R. J. Madarag® V. L. Malyshev?® V. Manankov?® H. S. Mao? T. Marshall** M. I. Martin,®’
R. D. Martin® K. M. Mauritz,*®* B. May*® A. A. Mayorov*' R. McCarthy>® J. McDonald® T. McMahon®’
H. L. Melansor®’ M. Merkin,2® K. W. Merritt,” C. Miao2® H. Miettinen® D. Mihalcea®® C. S. Mishra®’
N. Mokhov2” N. K. Mondall” H. E. Montgomery’’ R. W. Moore®* M. Mostafal H. da Motta? E. Nagy° F. Nang?®
M. Narain®® V. S. Narasimham! H. A. Neal®® J. P. Negre?, S. Negroni*® T. Nunnemanri/ D. O’Neil !
V. Oguri? B. Olivier,'> N. Oshima®’ P. Padley’? L. J. Parf®® K. Papageorgiod® A. Para®’ N. Parashaf® R. Partridge’®
N. Parug® M. Paterna* A. Patwa>® B. Pawlik?? J. Perkin€® M. Peters® O. Peter$? P. Peroff,!! R. Piegaid,
H. PiekarZ>® B. G. Pope! E. PopkoV*® H. B. Prosper® S. Protopopesctf, J. Qian®® R. Raja’ S. Rajagopalar®
E. Ramberg’ P. A. Rapidis>’ N. W. Reay*® S. Reucroff® J. Rha** M. Ridel }* M. Rijssenbeek® T. Rockwell** M. Roco?’
P. Rubinov?” R. Ruchti#? J. Rutherfoord? B. M. Sabirov?® A. Santorc? L. Sawyer*® R. D. Schamberge?,
H. Schellmarf® A. Schwartzmart,N. Sen® E. Shabalin&’ R. K. Shivpuri’® D. Shpakov® M. Shupe?® R. A. Sidwell®
V. Simak! H. Singh34J. B. Singh'® V. Sirotenko®’ P. Slattery>* E. Smith®® R. P. Smith®’ R. Snihuri® G. R. Snow??
J. Snow?’ S. Snyder? J. Solomor?® V. Sorn,! M. Sosebe&’ N. Sotnikova?® K. Soustruznilé M. Souza N. R. Stantorf?
G. Steinbrek > R. W. Stephen£’ F. Stichelbaut® D. Stoker®® V. Stolin?* D. A. Stoyanov&® M. Strauss?®
M. StrovinkZ° L. Stutte®” A. Sznajder’ W. Taylor®® S. Tentindo-Repontf, D. Toback?’ S. M. Tripathi®! T. G. Trippe°
A. S. Turcot® P. M. Tuts>® P. van Gemmeret, V. Vaniev?® R. Van Kooterf! N. Varelas® L. S. Vertogrado?
A. A. Volkov,?® A. P. Vorobiev?® H. D. Wahl® H. Wang?® Z.-M. Wang® J. Warchol*? G. Watts®* M. Wayne??
H. Weertss! A. White % J. T. White®! D. Whiteson?® J. A. Wightmar®® D. A. Wijngaarder?® S. Willis,*®
S. J. Wimpenny? J. Womersley/ D. R. Wood?® R. Yamada’ P. Yamin® T. Yasuda’ Y. A. Yatsunenkd® K. Yip,®®
S. Youssef® J. Yu3" Z. Yu,** M. Zanabria® H. Zheng* Z. Zhou®® M. Zielinski,>* D. Zieminska®* A. Zieminski*!
V. Zutshi®* E. G. Zverev?® and A. Zylbersteji?

(D@ Collaboration
YUniversidad de Buenos Aires, Buenos Aires, Argentina

2LAFEX, Centro Brasileiro de Pesquisasskas, Rio de Janeiro, Brazil
SUniversidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil
“YInstitute of High Energy Physics, Beijing, People’s Republic of China
SUniversidad de los Andes, Bogot@olombia
SCharles University, Center for Particle Physics, Prague, Czech Republic

0556-2821/2001/64)/01200424)/$20.00 64 012004-1 ©2001 The American Physical Society



V. M. ABAZOV et al. PHYSICAL REVIEW D 64 012004

"Institute of Physics, Academy of Sciences, Center for Particle Physics, Prague, Czech Republic
8Universidad San Francisco de Quito, Quito, Ecuador
9Institut des Sciences Nuelees, IN2P3-CNRS, Universite de Grenoble 1, Grenoble, France
19CPPM, IN2P3-CNRS, Universitde la Maditerranee, Marseille, France
1 aboratoire de I'AcCkerateur Lingire, IN2P3-CNRS, Orsay, France
12 PNHE, Universits Paris VI and VII, IN2P3-CNRS, Paris, France
3DAPNIA/Service de Physique des Particules, CEA, Saclay, France
HMuniversita Mainz, Institut fu Physik, Mainz, Germany
5panjab University, Chandigarh, India
Delhi University, Delhi, India
Tata Institute of Fundamental Research, Mumbai, India
8seoul National University, Seoul, Korea
1SCINVESTAV, Mexico City, Mexico
29FOM-Institute NIKHEF and University of Amsterdam/NIKHEF, Amsterdam, The Netherlands
2lyniversity of Nijmegen/NIKHEF, Nijmegen, The Netherlands
ZInstitute of Nuclear Physics, Krakg Poland
Z3Joint Institute for Nuclear Research, Dubna, Russia
24Institute for Theoretical and Experimental Physics, Moscow, Russia
2Moscow State University, Moscow, Russia
26 |nstitute for High Energy Physics, Protvino, Russia
2" ancaster University, Lancaster, United Kingdom
2 Imperial College, London, United Kingdom
2University of Arizona, Tucson, Arizona 85721
3% awrence Berkeley National Laboratory and University of California, Berkeley, California 94720
31University of California, Davis, California 95616
%2California State University, Fresno, California 93740
33University of California, Irvine, California 92697
34University of California, Riverside, California 92521
3SFlorida State University, Tallahassee, Florida 32306
38University of Hawaii, Honolulu, Hawaii 96822
3"Fermi National Accelerator Laboratory, Batavia, lllinois 60510
38University of lllinois at Chicago, Chicago, lllinois 60607
3%Northern Illinois University, DeKalb, lllinois 60115
4ONorthwestern University, Evanston, lllinois 60208
“ndiana University, Bloomington, Indiana 47405
42University of Notre Dame, Notre Dame, Indiana 46556
“Jowa State University, Ames, lowa 50011
“University of Kansas, Lawrence, Kansas 66045
4*Kansas State University, Manhattan, Kansas 66506
48 ouisiana Tech University, Ruston, Louisiana 71272
#University of Maryland, College Park, Maryland 20742
48Boston University, Boston, Massachusetts 02215
“*Northeastern University, Boston, Massachusetts 02115
S0University of Michigan, Ann Arbor, Michigan 48109
SIMichigan State University, East Lansing, Michigan 48824
52University of Nebraska, Lincoln, Nebraska 68588
53Columbia University, New York, New York 10027
S4University of Rochester, Rochester, New York 14627
SSState University of New York, Stony Brook, New York 11794
56Brookhaven National Laboratory, Upton, New York 11973
S"Langston University, Langston, Oklahoma 73050
58University of Oklahoma, Norman, Oklahoma 73019
5%Brown University, Providence, Rhode Island 02912
8%University of Texas, Arlington, Texas 76019
5Texas A&M University, College Station, Texas 77843
52Rice University, Houston, Texas 77005
83University of Virginia, Charlottesville, Virginia 22901
S4University of Washington, Seattle, Washington 98195
(Received 21 November 2000; published 4 June 2001

012004-2



QUASI-MODEL-INDEPENDENT SEARCH FOR NEW . .. PHYSICAL REVIEW B4 012004

We apply a quasi-model-independent stratéggLEUTH” ) to search for new higp; physics in~100 pb*
of pp collisions atys=1.8 TeV collected by the D@ experiment during 1992—1996 at the Fermilab Tevatron.
Over 32euX, W+ jets-like, Z+jets-like, and (/y)(I/y)(l/y)X exclusive final states are systematically ana-
lyzed for hints of physics beyond the standard model. Simultaneous sensitivity to a variety of models predict-
ing new phenomena at the electroweak scale is demonstrated by testing the method on a particular signature in
each set of final states. No evidence of new highphysics is observed in the course of this search, and we
find that 89% of an ensemble of hypothetical similar experimental runs would have produced a final state with
a candidate signal more interesting than the most interesting observed in these data.

DOI: 10.1103/PhysRevD.64.012004 PACS nuni®er 13.90+i

[. INTRODUCTION undertake a systematic and quasi-model-independent analy-

sis of many of these exclusive final states, in the hope of

The.standard model is an impressive theory, accuratelyinding some evidence for physics beyond the standard
predicting, or at least accommodating, the results of nearl¥nodel

all particle physics expenments o date. It is gener.ally ac n Refs.[3,4] we introduced a quasi-model-independent
cepted, however, that there is good reason to believe that o § . ;
Search strategy(* SLEUTH’), designed to systematically

hints of new physics are likely to appear at or around the . : . .
energy scale of 1 TeV. search for new higlp; physics at any collider experiment

. . ensitive to physics at the electroweak scale, and applied it to
Electroweak symmetry is broken in the standard mode Pty bp

. . : . Il events in the D@ data containing one or more electrons
when a scalar fieldthe Higgs field acquires a vacuum ex- and one or more muoneX). Considering again Fig. 1
pectation value. Since the quantum corrections to the reNolzs see that the number of final states witbjaX is a small '
malized mass squared of a_scalar field grow as the square ﬂﬁction of the total number of final states populated by the
the heaviest energy scale in .the thegmaively the Planck D@ Run | data. If there is indeed a signal in the data, our
scale, of_order ﬂ?G?V)’ and since the mass of the Standardchances of finding it grow proportionally to the number of
model Higgs boson is of the order of a few hundred GeV, &inal states considered
fmc_e—tgnmgkat thehlev:_l of 1bpart n i@)appear:s tol be re- In this article we present a systematic analysis of 32 of
quired to keep the Higgs boson mass at the eectrowea{f]ese final states—those marked with a solid circle in Fig. 1.

scale. . . o
. S A large number of unpopulated final states with additional
Two of the most popular solutions to this hierarchy prob- g pop

lem are supersymmetfyl] and strong dynamid]. In their
most general form these classes of models are capable of euX AMNAMAMNX

“predicting” any of many different signatures, depending » yARY:

upon the values that are chosen for the model's parameters. HI" elely Wy +jets-like

Previous searches for these signals have fought to strike a  wa+jets-like & z z Wy

balance between the simultaneous desires to assume as little v vy eIyl

as possible about the signal and yet achieve “optimal sensi- W T}h ele.e diohoton

tivity” to more specific signals. These are necessarily con- jets

tradictory objectives. e ETj—h. JL YY T"ﬁ
Many new phenomena have been predicted in addition to o T —h_h ylylpH

those resulting from these proposed solutions to the hierar- Ztjets-like

chy problem. Among them are leptoquarks, proposed in an Z L"‘th ~ Y+ets DIhars

attempt to explain the relationship between quarks and lep- B elv| [

tons in the standard model and appearing in many grand e e}‘h i ﬁ‘h Y E—h_ﬁ

unified theories; composite quarks and leptons, in case the ET—I—M .

“fundamental” particles of the standard model turn out not iﬂets

to be fundamental at scales10™ *® meters; a fourth genera- Ll Do E _—h_H

tion of quarks or leptons; excited quarks and leptons, in anal- i

ogy to the excited states of hadrons observed at much lower

eneraies: new hea auge bosons. arising from additional FIG. 1. A diagram showing the final states populated in D@ data
gies, Vy gaug ! 9 in Run I. Each row in a given column represents the final state

gauge symmetries in models extending the SU(3) defined by the objects in that row; to reduce clutter, jets are repre-

X SU(2).xU(1)y of the standard model; and many Others. genteq by an open rectangle, rather than by a rectangle containing
Of course, nature may have other ideas. The Collider Detecrj » Reading down the left column are the final statea

tor at Fermilab(CDF) and D@ Collaborations have Per- ey B j, eulr2j, exlr3j, W, Wj, W2j, and so on. Rows with
formed many searches on the data collected during Run I gfiangles(e.g., W and Wj) indicate final states analyzed previously
the Fermilab Tevatron, but have we looked in all the rightpy D@ in a manner similar to the strategy we use here, but without
places? using SLEUTH; rows with solid circles indicate final states analyzed

Figure 1 diagrams the final states that are populéted  with sLeutH. The remaining rows show populated final states not
that contain evenjsn the D@ Run | data. In this article we discussed in this article.
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objects are analyzed implicitly; e.eeuE andeuy are TABLE I. A quasi-model-independently motivated list of inter-
among a host of unpopulated final states analyzed within thesting variables for any final state. The set of variables to consider
context ofeuX. for any particular final state is the union of the variables in the

The notation we use to label final states may require exsecond column for each row that pertains to that final state.
planation. Electrons and muons are confidently identified
with the D@ detector on an event-by-event basis, but taus are
not; | and the word “lepton” will therefore denote an elec- £y £,
tron (e) or a muon(u) in this article. We use the composite

If the final state includes then consider the variable

| | H i one or more charged leptons Ep'T
Zymbto (/v) to denote ak? etectron, mugl)lnaor pt otdhwi one or more electroweak bosons s pyWiz
enote zero or more objects, afwj) will denote zero or one or more jets 3" pl

more jets. Any inclusive final statg.e., any state whose
label includes the symbo{ or (nj)] will refer to the physics
objects actually reconstructed in the detector. Thus,. o i '
ee2j(nj) denotes the set of all events with two electronsdiagram, the notatioix’py is shorthand fomy if the final

and two or more jets. Any exclusive final state is definedstate contains only one jet{_,p} if the final state contains
according to the rules in Appendix A. For example, sincen=2 jets, and=" 3p¥ if the final state contains jets and

i

these rules include a prescription for identifyingZeboson  nothing else, witm=3. Leptons and missing transverse en-

from two charged leptons of the same flavor, we @8@j o ergy that are reconstructed as decay products\obr Z

denote the set of all events with two electrons and two jet$psons are not considered separately in the left-hand column.

having mee substantially different fronM;, while events  Thys the variables corresponding to the final stafig for

with two electroqs and two jets havingees~M; fall within - example, ar¥ and>’pk; p} and E; are not used, even

the final stateZ 2j. o . , though the events necessarily contain a lepton and missing
We begin in Sec. Il by providing a brief review of the yansyverse energy, since the lepton and missing transverse

SLEUTH search strategy and algorithm, _and describing &nergy have been combined into théboson. Since D@'s

slight change from the method advanced in R&f. In Sec.  juon momentum resolution in Run | was modest, we define

[ we dlsgugs eight final states aI.ready analyzed by D@ in aip'T=Ep$ for events with one or more electrons and one or
manner similar tsLEUTH, and motivate the final states to be more muons, and we determine the missing transverse en-

considereq in this ar_ticle. In Sec. IV we describe_ the anf’:\'ySi%rgy from the transverse energy summed in the calorimeter,
of the W+ jets-like final states—events containing a S'”glewhich includes thep; of electrons, but only a negligible

lepton, missing transverse energif, and two or more . ntign of the p; of muons. When there are exactly two

jets. In Sec. V- we present the analysis of @e jets-like  gpiacts in an evente.g., onez boson and one jgttheir pr

final states—events containing two leptons and two or more a5 are expected to be nearly equal, and we therefore use
jets. In Sec. VI we analyze the final states containing severqhe average- of the two objects. When there is only one
objects, at least three of which are either an electron, MUORyhiect in an ;ven(e g, a singIeN.bosor) we use no vari-

or photon[(I7y)(I/y)(1/7)X]. In Sec. VIl we present the 105 and simply perform a counting experiment. We expect

comb!ned results of_aII of these final states. Section V“'evidence for new physics to appear in the high tails of these
contains our conclusions. distributions.

Il. SLEUTH B. Algorithm

In this section we provide for completeness a brief over- Although the details of the algorithm are complicated, the
view of thesLEUTH algorithm, which is described in detail in concept is straightforward. What is needed is a data sample,
Ref.[3], and its application to the final stategX. a set of events modeling each background progessd the
number of background everts= éb; from each background
process expected in the data sample. From these we deter-
mine the region of greatest excess and quantify the degree to

We partition our data into exclusive final states, usingwhich that excess is interesting.
standard identification criteria to identify electrons, muons, The algorithm, applied to each individual final state, con-
photons, jets, missing transverse energy, aldand Z  sists of seven steps.
bosons. Although experimental realities will occasionally (i) We begin by constructing a mapping from the
force slight modifications to these criteria, a set of standardi-dimensional variable space defined by Table | into the
definitions determined priori is used wherever possible.  d-dimensional unit boxi.e., [0,1]%) that flattens the back-

The production and subsequent decay of massive, nomground distribution, and we use this to map the data into the
standard-model particles typically results in events containunit box. This change of variable space greatly simplifies the
ing objects with large transverse momentupt). For each subsequent analysis.
exclusive final state we therefore consider the small set of (ii) Central to this algorithm is the notion of a “region”
variables defined by Table I. In order to reduce backgroundabout a set of & N=Ngy,,data points, defined as the volume
from QCD processes that produce extra jets from gluon rawithin the unit box closer to one of the data points in the set
diation, or two energetic jets throughtahannel exchange than to any of the other data points in the sample. The ar-

A. Search strategy
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rangement of data points themselves thus determines the rgssidered ? is calculated by simulating an ensemble of

gions. A region containingN data points is called an pynothetical similar experimental runs, and noting the frac-

N-region. tion of these hser’s in which the smalleBtfound is smaller

(iif) Each regiorR contains an expected number of back- thanP,... The correspondence betwe:érandem is deter-

ground eventdg, equal to the volume of the regiox the  mined to zeroth order by the number of final states consid-
total number of background events expected, and an asso@red in which the expected number of background events is

ated systematic errafbg, which varies within the unit box =1, with “smaller” final states contributing first order cor-
according to the systematic errors assigned to each contribuections. P also takes on values between zero and one, and
tion to the background estimate. We can therefore computthe potential presence of new high physics would be in-
the probabilitypf that the background in the region fluctu- dicated by findingP to be small. The difference betwe&h
ates up to or beyond the observed number of events. ThigndP is that in computing® we account for the many final
probability is our first measure of the degree of interest of &4tes that have been consider@dcan be translated into

particular region. . S = : . i
(iv) The rigorous definition of regions reduces the numberunlts of standard deviations) by solving the unit con

: : o N ) version equation

of candidate regions from infinity te=2"data Imposing ex-
plicit criteria on the regions that the algorithm is allowed to 1
consider further reduces the number of candidate regions. =— |
(See Sec. IID. Our assumption that new physics is most V2m Plo)
likely to appear at highp translates to a preference for
regions in a particular corner of the unit box; criteria are thusy,, ﬁ[a] . A similar equation relate® and P, .
constructed to define “reasonable” discovery regions. The
number of remaining candidate regions is still sufficiently
large that an exhaustive search is impractical, and a heuristic C.euX
is employed to search for regions of excess. In the course of |n Ref. [3] we appliedsSLEUTH to the euX final states,
this search theN-region Ry for which pf is minimum is  using a data set corresponding to #*0®pb* of integrated
determined for eacN, and pN=minR(pﬁ) is noted. luminosity. We summarize those results here. Appendix B 1

(v) In any reasonably sized data set, there will always beontains examples of the types of new physics that might be
regions in which the probability fobg to fluctuate up to or expected to appear in these final states.
above the observed number of events is small. The relevant Events containing one or more isolated electrons and one
issue is how often this will happen in an ensemblégbo-  or more isolated muons, each with>15 GeV, are selected.
thetical similar experimentghse’s. This question can be Global cleanup cuts are applied to remove events in which
answered by performing these hse’s, i.e., generating randothere was activity in the Main Ring, the accelerator that feeds
events drawn from the background distribution and computthe Tevatron, reducing the total number of events by 30%.
ing py by following steps(i)—(iv). The most interesting re- The dominant standard model and instrumental backgrounds
gions selected in these hse’s will in most cases differ fronto this data set are the following:
the regions selected in the data. Generating many such hse’s, ) ) ) )
we can determine the fractid®y of hses) in which thepy (i) top quark pair production with— Wb, and with both
found for the hse is smaller than tpg observed in the data. W bosons decaying leptonically, one tev (or to 7v

(vi) We defineP and Ny, by P=Py_ =miny(Py), and —evwv) and one touv (or to 7v— uvvv);

. . _ X ) L (ii) Wboson pair production with bot¥/ bosons decaying
|(1e?t|fy R=Rn,,, as the most interesting region in this final leptonically, one teev (or to rv—evv) and one touw (or
state.

. ) to T7v— uvvw);
(vii) We use a second ensemble of hse’s to determine the jii) 7/* 77 eyvryv; and

fraction P of hse’s in whichP found in the hse is smaller (iv) instrumental“fakes” ): W production with theéi bo-
than P opservgd in the data. The most important output ofgy, decaying toxv and a radiated jet or photon being mis-
the algorithm is this single numbét, which may loosely be taken for an electron, dob/cc production with one heavy

said to be the “fraction of hypothetical similar experiments ) : . .
. : . : . uark producing an isolated muon and the other being mis-
in which you would see something as interesting as what yo

aken for an electrof5].

actually saw in the data.”P takes on values between zero

and one, with values close to zero indicating a possible hinfthe numbers of events expected for the various samples and

of new physics. In computing® we have rigorously taken gata sets in the populated final states withirX are given in

into account the many regions that have been consideregigple |I.

within this final state. Among the systematic errors in these and other final states
The smallestP found in the many different final states s an uncertainty in the modeling of additional radiated jets.

considered Py, determinesP, the “fraction of hypotheti-  Our consideration of exclusive final states makes this error

cal similar experimental runghser’s that would have pro- more important than if inclusive final states were considered.

duced an excess as interesting as actually observed in thn uncertainty of~20% in the number of expected events,

data,” where an hser consists of one hse for each final statebtained by comparing the jets radiated by various Monte

o

e~ t2dt 1)
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TABLE II. The numbers of expected background events for the populated final states eyitinThe uncertainties ieu X are smaller
than in the sum of the individual background contributions obtained from Monte Carlo simulations because of an uncertainty in the numbers
of extra jets arising from initial and final state radiation in the exclusive channels.

Data set Fakes Z—T1T v* 71T ww tt Total Data
eukr 18.4+1.4 25.6:6.5 0.5-0.2 3.9-1.0 0.0110.003 48.57.6 39
ek 8.7+1.0 3.0:0.8 0.1+0.03 1.1:0.3 0.4-0.1 13.2:1.5 13
enkr2j 2.7+0.6 0.5+0.2 0.012+0.006 0.18-0.05 1.8:0.5 5.2£0.8 5
enkr 3j 0.4+0.2 0.07:0.05 0.005-0.004 0.032-0.009 0.70.2 1.3:0.3 1
euX 30.2+1.8 29.2£4.5 0.74£0.1 5.2£0.8 3.1+0.5 68.3t5.7 58

Carlo programs, is added in quadrature to systematic erroresult of this analysis is summarized in Table Ill. No evi-
from other sources to obtain the total systematic error quotedence of new physics is observed.
in Table Il and elsewhere. Because final states are analyzed

independently, and because the definitiorPadepends only D. Region criteria

on the smalles found, we can, to first order, ignore the s of 5 euTH requires the specification of criteria that
correlations of uncertainties among different final states.  yqfine the regions thatEUTH is allowed to consider. In the

We demonstrate@LEUTH'S sensitivity to new physics by - 5n5ivsis ofeX we imposed two criteriaAntiCornerSphere
showing that the method is able to find indications of the(CA) which restricts the allowed region to be defined by

existence ofVWandtt production in these final states when those data points greater than a distané®m the origin of

the backgrounds are taken to include odfy* —77 and  the unit box, where is allowed to vary, andsolation (c'),
fakes. Figure 2 shows our sensitivityttbin an ensemble of which requires that there exist no data points outside the
mock data samples when the backgrounds incl& in region that are closer thaé to any data point inside the
addition to Z/y*— 77 and fakes. All samples witP,; ~ region, Whefe§=1/(4N_t11§ta) is a characteristic distance be-
>2.0 appear in the rightmost bin. We see thatuTH, with  tween theNy,, data points in thel-dimensional unit box.

no knowledge of the top quark’s existence or characteristics, For the analysis described in this article we wégper-
finds 7 ,;>2.0 in over 25% of the mock sample&or mock planes (c"), a criterion defined but not used in R¢8].
samples containing onlg/y* — rr, fakes, andV\W, the dis- Hyperplanes is Ies; restrictive than AnuCornerSphere_, in the
tribution is roughly Gaussian and centered at zero with uniS€"S€ that any region satisfying AntiCornerSphere will also
width.) After performing these sensitivity checks, we addedSatisty Hyperplanes. Hyperplanes has the advantage of al-
all known standard model processes to the background est@Wing regions that lie in the high tails of only a subset of the

mate and searched for evidence of new hgiphysics. The variables considered. A regiddin a d-dimensional unit box
is said to satisfy Hyperplanes if, for each data p@mtside

35 R, one can draw ad— 1)-dimensional hyperplane through

' Backgrounds: WW, Fokes, /7' —> 77 ] such that all data points on the side of the hyperplane con-
[ Mock S les: tf, WW, Fakes, Z/9"—> 1 H Py “ H H
2k »»j.-(-:Antitn;fneeiSphereHsglaet?on/ T ] taining the point 1(the “upper right-hand corner of the unit
z [ —Hyperplanes+Connectivity+ReasonableSize | ] box) are insideR. An example of a region satisfying Hy-
S 95 [ Combination of euls, euffy), euls 2j ond euls 3ji 1] perplanes is shown in Flg 3.
*qc: [ ] We continue this Boolean criterion to the unit interval
€0 L ] [0,1] in order to ensure the continuity of the final result under
5 [ ] small changes in the background estimate. For each data
éjl 15 b pointi inside the candidate regidR and each hyperplarg
x :
210 TABLE lll. Summary of results on all final states witheuX
5 when all standard model backgrounds, includimng are included.
B St We note thatall final states withineuX have been analyzed, in-
E cluding (for example eeuw; andeury. All final states within
Y euX but not listed here are unpopulated and h&#1.00.
Data set P
FIG. 2. Distribution of’73[0] in an ensemble of mock experimen- enkr 0.14
tal runs on the four exclusive final stateg &+, euE+j, ekt 2j, entr 0.45
and exE+ 3j. The background includeZ/y* — 77, fakes, and eulr 2] 0.31
WW. The mock samples making up the distributions contaiim enEr 3j 0.71

addition toZ/y* — 77, fakes, andVW,
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1 . B AR T TABLE IV. Summary of the region criteria imposed in our pre-
b oo o BT ;j“:itii:j: """ vious analysis ouX (above middle lingand those imposed in the
. . E\j.“. analyses described in this artici¢below middle ling. ¢
0.8 og 2 o B =1/(4N38) is a characteristic distance between tNg,, data
e o, points in thed-dimensional unit box.
D o o [ ]
o6 [° 0 o %, o0 8 Symbol ion satisfies this criterion if
. 5 g = . =i - ymbo Name A region satisfies this criterion i
a fiara] 0w
> o ° - R ch AntiCornerSphere One can draw a sphere cen-
0.4 L o DDD . tered on the origin of the
o g -, unit box containing all data
o % £ o events outside the region and
[ . . .
02 © o 8 L] no data events inside the region.
o 0o, ° g o o B c' Isolation There exist no data points
o ] outside the region that are
S B v a— 1 closer than¢ to any data

point inside the region.

FIG. 3. An example of a region satisfying Hyperplanes. The c"

boundary of the figure is the unit box; open squares represent data
points outside the regioR; solid squares represent data points in-

side the regiorR. The three dashed lines indicate hyperplahes

(which are lines in this two-dimensional cagbat can be drawn
through the points at x(y);=(0.34,0.96), (0.74, 0.9%, and

(0.935, 0.51pwith the property that all of the data points “up and

to the right” of h; are insideR. cC

throughi, we defined]-,1i to be the distance between a data
pointj lying outsideR and the hyperplank; . This quantity

is taken to be positive if and the point lare on the same
side ofh;, and negative otherwise. Letting

Hyperplanes

Connectivity

ReasonableSize

For each data pomin-
sideR, one can draw a
(d—1)-dimensional hyper-
plane throughp such that
all data points on the side
of the hyperplane containing
the point 1are insideR.
Given any two pointa
andb within the region,
there exists a list of points
pl:alle"'!pnflvpn:b
such that all thep; are in the
region andp; . ; is a neighbor
of p;.
The region contains fewer
than 50 data points.

0, x<0, c
O(x)=1{ X, O0=xs=1, i)
1, 1<X

sonableSize if it contains fewer than 50 data points. These

we define

criteria are summarized in Table IV.

In Ref.[3] we demonstratedLEUTH's ability to find indi-

ch=I1 6(1—minmaxd;, /¢). 3
PR hy jeR

cations oftt in the exX final states using the criterizf'c'.
Figure 2 shows that the combinatioRc®cR (solid line) per-

forms similarly to those criteriéddashed lingin this test.

Loosely speaking, the introduction of corresponds to wid-
ening the lines drawn in Fig. 3 into bands of widthchoos-

ing c§=1 if all data points “up and to the right” of these
bands are insid&, finding cg:o if there is a point “up and

Ill. CHARTED AND UNCHARTED TERRITORY

The D@ experiment{6] began collecting data at/s

to the right” that is not insid&?, and choosingR between 0  =1.8TeV in 1992, and completed its first series of runs in
and 1 if there are one or more points not inskldying on ~ 1996. These data have been carefully scrutinized by the D&
the bands. Note thati reduces to the Boolean operator of Collaboration. Nonetheless, the incredible richness of these
the preceding paragraph in the lindit-0, corresponding to data, which probe fundamental physics at the highest energy
the squeezing of the bands back into the lines in Fig. 3.  scales currently achievable, allows for the possibility that
We also impose the criterioBonnectivity(c®) to ensure  something there may yet remain undiscovered.

connected regions, and the criteriBeasonableSiz&R) to
limit the size of the regions we consider to that expected for
a typical signal and to reduce the computational cost of find-
ing the most interesting region. A regidhis said to satisfy
Connectivity if, given any two pointa andb within R, there
exists a list of pointp,=a,ps,...,Pn_1,Pn=D such that all
the p; are inR, and the 1-region about; . ; shares a border
with the 1-region aboup; . A region is said to satisfy Rea-

A. Final states already considered by D@

Some portions of these data have been more comprehen-
sively scrutinized than others. In particular, there are eight
final states—those marked with triangles in Fig. 1—that D@
has already analyzed in a manner similar to $heuTH pre-
scription.
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In final states that contain only a single objéstich as a tion [9], and finds it to be in good agreement with the stan-
W or Z bosor), there are no nontrivial momentum variables dard model prediction.
to consider, and theLEUTH search strategy reduces in this  (9) ee Events containing two electrons and nothing else
case to a counting experiment. In final states containing exall into the final stateeeif the invariant massn, is outside
actly two objectgsuch aze, Zj orWy), the single momen- theZ boson mass window aB2,100 GeV. The single vari-
tum variable available to us is the averdgealaj transverse ~able we consider in this two-object final state is the average
momentum of the two objects, assuming that both are suffiScalar transverse momentum of the two electrons, which is
ciently central. D@ has analyzed eight final states in thes§MPly related to the invariant mass;, for sufficiently cen-

limiting cases. These analyses do not precisely follow thdr@! €lectrons. D@ has analyzed the high mass Drell-Yan
SLEUTH prescription—they were performed befoseuTH cross section in a search for indications of quark-lepton com-
was created—sd is not calculated for these final states. positeness with the full data 4], and has analyzed thee

Nonetheless, they are sufficiently close to our prescriptioﬁnvaﬂant mass distribution in the context of a search for ad-

. : . I ditional neutral gauge bosons in a subset of those [dd&ih
(and there:-fore sufficiently quasi-model-indepengl t.we No discrepancy between the data and expected background
briefly review them here, both for completeness and in orde

t tivate the final states that treat in S VI s observed.
0 motivate the final states that we freat in Secs. W=VL. () 7j In the two-object final stat&j, the average trans-

Examples of the types of new physics that could be expectegdy se momentum of the two objects is essentially the trans-
to appear in a few of these final states are provided in APyerse momentum of th& boson. D@'s published measure-
pendix B 2. ment of the Z boson p; distribution [16] is in good

(@ 2j. D@ has performed an analysis of the dijet massagreement with the standard model prediction.
spectrum[7] and angular distributiof8] in a search for

qguark compositeness. We note that the dijet mass and the
polar angle of the jet axién the center-of-mass frame of the
system together completely characterize these events, a

B. Final states considered in this article
nd The decision as to which of the remaining final states

that two central jets with large invariant mass also have larg hould be subjected to LEUTH analysis was made on the

averagep;. No compelling evidence of an excess at large jet asis of our ability to estimate the standard model and instru-
. S mental backgrounds in each final state, and the extent to
transverse momentum is seen in either case.

) . . which a systematic analysis for new physics is lacking in
) W‘. Th(_a SLEUTH-defined W final state contains all each final state. The final states we chose to analyze arranged
events with either: one muon and no second charged leptof, o selves into four “classes”euX, W+ jets-like final

or one electron, siganicant missing transverse energy, athates,Zﬂets-like final states, and{y)(1/7)(I/y)X. The
transverse mass 30ny’<110GeV. ThesLEUTH prescrip-  first of these classes has been analyzed in R&fand sum-
tion reduces to a cross section measurement in this case. Darized in Sec. IIC. A systematisLEUTH analysis of the
has measured the inclusiW boson cross sectiof®], and  remaining three classes of final states is the subject of the
finds it to be in good agreement with the standard modehext three sections.
prediction.
(c) eEr. Events that contain one electron, no second IV. W+ JETS-LIKE FINAL STATES
charged lepton, substantily, and have transverse mass
m$">110 GeV belong to theE; final state. This final state
contains two object&he electron and the missing transverse
energy, so we consider the average objggt, which is
approximately equal in this casend;’/2. D@ has performed
a search for right-handéd bosons and heawy’ bosons in
79 pb ! of data[10], looking for an excess in the tail of the
transverse mass distribution. No such excess is observed.
(d) Wj. In the two-object final stat@Vj, the average trans-
verse momentum of the two objects is essentialff, the
transverse momentum of ti¢ boson. D@ has measured the
W bosonp- distribution[11], and finds good agreement with
the standard model. A. Data sets and background estimates
(e) Wr. Similarly, the transverse momentum distribution .
of the photon inWyX events has been analyzed by D@ in a 1. e&r2j(nj)
measurement of th&/Wy gauge boson coupling parameters  The eE; 2j(nj) data sef17] comprises 1156 pb ! of
[12]. No excess at largp¥ is observed(The sLeuTH pre-  collider data, collected with triggers that require the presence
scription for defining final states is less well satisfied in D@’sof an electromagnetic object, with or without jets and miss-
corresponding measurementf in ZyX events[13].) ing transverse energy. Offline event selection requires: one
(f) Z. As in the case of thiV final state, our prescription €lectron with transverse energy>20GeV and pseudora-
reduces to a counting experiment in théinal state. D@ has  pidity | 74e{<1.1 or 1.5<| 74¢{<2.5[18], E+>30GeV, and
published a measurement of the inclus&/boson cross sec- two or more jets withp,>20 GeV and 74{<2.5. Effects of

In this section we analyze th&/+ jets-like final states—
events containing a single lepton, missing transverse energy,
and two or more jets. In Sec. IVA we describe the
eEr 2j(nj) and uE+2j(nj) data sets and background esti-
mates, and in Sec. IV B we present the results. After this, we
feign ignorance of the heaviest quark in the standard model
and check the sensitivity of our method to top quark pair
production in Sec. IVC. A few of the many signals that
might appear in these final states are described in Appendix
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TABLE V. Expected backgrounds to tieEr 2j(nj) final states. The final states labeletV{—eE;)” have m$’<110 GeV; the final
states labeled €E;” have m$’'>110 GeV. We have extrapolated our background estimates to final states with five or more jets. Berends
scaling and the data in this table suggest that a factoedfin cross section is the price to be paid for an additional radiated jet with
transverse energy above 20 GeV.

Final state W+ jets QCD fakes tt Total Data
eE; 2j 6.7-1.4 3.3:0.9 1.7+0.6 11.6-1.7 7
ekE; 3j 1.0+-0.4 0.48:0.22 1.0:04 2.5:0.6 5
eE; 4] 0.15+0.11 0.38:0.19 0.26-0.09 0.80:-0.24 2
W(—ekE;) 2j 334+51 12.0:2.6 4.0:1.4 350t 51 387
W(—ekE;) 3j 57+9 3.4+0.9 6.0:2.1 66+9 56
W(—ekE;) 4] 5.9+1.3 1.1+0.4 3.9+1.4 10.9-1.9 11
W(—eE;) 5j 0.8+0.3 0.19-0.12 0.73-0.26 1.8-0.4 1
W(—ekE;) 6j 0.12+0.06 0.03¢:0.015 0.16:0.04 0.25-0.07 1

jet energy mismeasurement are reduced by requiringgthe electronpy and z requirements. After the estimated numbers

vector to be separated from the jets Myp>0.25 rad ifEr  of tt and multijet background events are subtracted, the
<120 GeV. To reduce background from a class of events ilumber of events with transverse mass of the electron and
which a fake electron’s energy is overestimated, leading t@eytrino (") below 110 GeV is used to obtain an absolute
spurious E, we reject events withpy'<40GeV. Events normalization for thel+jets background.
containing isolated muons appear in a sample analyzed pre- Following theSLEUTH prescription, we combine the elec-
viously with this method ¢.X), and are not considered tron and missing transverse energy intdAaboson if 30
here. _ _ <m$’<110GeV, and reject events with§’<30 GeV. The
The dominant standard model and instrumental backaypected numbers of background events for the exclusive
grounds to theeEr 2j(nj) final states are fronii) W+jets  fina| states within thisE; 2j(nj) sample are provided in
production, withW—ew; (i) multijet production, with mis-  Taple V. The uncertainties quoted in the number of expected

measuredEr and one jet faking an electron; afid) tt pair - packground events in this article include both systematic and
production, witht—Wb and with at least on&/ boson de-  statistical sources.

caying to an electron or to a tau that in turn decays to an

electron. 2. WE+ 2j(nj)
The W+ jets background is simulated usingcBos[19],

with HERwIG [20] used for fragmenting the partons. The

background from multijet events containing a jet that is m's"posed of events passing any of several mujets triggers

dentified as an e_Iectron, gnd ‘.N'E‘r arising fr_om the mis- requiring a muon withp4>5 GeV within| 74{<1.7 and one
measurement of jet energies, is modeled using multijet dat%r more jets withph >8 GeV and 4. <2.5. Using standard
The probability for a jet to be misidentified as an electron is. J T "Tdet &2 9

estimated[21] to be (3.56-0.35)<10"*. The background jet and muon identification criteria, we define a final sample
— ) ' ) ' ) __containing one muon witp>25 GeV and 74.{<0.95, two
from tt decays into an electron plus two or more jets is

: . : or more jets withpt>15GeV and <2.0 and with the
simulated usingiERWIG with a top quark mass of 170 GeV. J P | 7cel

most energetic jet withifyg.{<1.5, and missing transverse
All Monte Carlo event samples are processed through th ; ;
) : > . -
D@ detector simulation based on tBeANT [22] package. gnergyET 30 GeV. Because an energetic muon's momen

) — _ ) g tum is not well measured in the detector, we are unable to
We estimate the number of events in theV+jets-like  separate W-like” events from “non-like” events using

final states to be 186 using the measurett production the transverse mass, as we have done above in the electron

cross section of 5:51.8 pb[23]. The multijet background is channel. The muon and missing transverse energy are there-

estimated to be 217 events, using a sample of events with fore always combined into & boson.

three or more jets witlE;>30 GeV. This is done by multi- The dominant standard model and instrumental back-

plying the fake probability by the number of ways the eventsgrounds to these final states are frGmW+ jets production

satisfy the selection criteria with one of the jets passing thevith W— wv; (i) Z+jets production withZ— pu, where

The wE;2j(nj) data set[24] corresponds to 94
5 pb ! of integrated luminosity. The initial sample is com-

TABLE VI. Expected backgrounds for th&/(— wE+) 2j(nj) final states.

Final state W+ jets Z+jets ww tt Total Data
W(— nEq) 2j 48+15 1.6-0.4 0.5-0.3 0.42:0.14 50+ 15 54
W(— nEq) 3j 10=3 0.27+0.08 0.4%0.26 0.58:0.20 113 11
W(— nEy) 4j 2.8+1.3 0.022:0.011 - 0.61-0.21 3.5-13 4
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TABLE VII. Expected backgrounds to thé/ 2j(nj) final states. - T E— 1

Final state Total Data C <
X Lood W

W 2j 400+53 441

W 3j 77£10 67 0

W 4 14.3+2.3 15

W5j 1.8£0.4 1 1

W 6] 0.25+0.07 1

one of the muons is not detecte(j) WW pair production
with oneW boson decaying to a muon or to a tau that in turn

decays to a muon; an@dv) tt pair production witht—Wb
and with at least on&/ boson decaying to a muon or to a tau
that in turn decays to a muon.

Samples ofW+jets andZ+ jets events are generated us-
ing VECBOS employing HERWIG for parton fragmentation. 1 ;
Background due toNW pair production is simulated with 0 0 0 0 0

= o ] 0 a1 .
PYTHIA [25]. Background fromtt pair production is simu- (p?) (Zpd (p7)
lated usingHERWIG with a top quark mass of 170 GeV. All - L ,
Monte Carlo samples are again processed through a detectgr "G 4 The positions of the transformed data points in the final
. . stateseE; 2j, eE; 3j, andeEr 4. The data points inside the re-
simulation program based on tke=ANT package.

Th ted back ds for th US| final stat gion chosen byLEUTH are shown as solid circles; those outside the
oy € expec_e . ac groun S or. € exclusive Tinal state egion are shown as open circles. For these final states the variables
within  uE+2j(nj) are listed in Table VI. These

AN . . i p$, E, andX’pk are considered, and the unit box is in this case a
W(— wEr) 2j(nj) final states are combined with the unit cube. The two-dimensional views shown here are the projec-
W(—eEy) 2j(nj) final states described in Sec. IVAL 10 tions of that cube onto three orthogonal faces. Although not obvious
form the W 2j(nj) final states treated in Sec. IVA3. For from these projections, the regions selectedsbgutH do satisfy
consistency in this combination, we also requil’  the criteria of Table IV in the full three-dimensional space.
>40 GeV for theW(— uv) 2j(nj) final states.

1

cess may be related to the rate of the process with an addi-
3. W2j(nj) tional radiated jet by a multiplicative factor of 1/4-1/7, de-
. _ ) pending upon the; and » thresholds used to define a jet—
Combining the results in Tables V and VI gives the ex-this phenomenological law is known as Berends scdtir®j
pected backgrounds for th&/2j(nj) final states shown in  \ye estimate that this factor is1/5 for jets with|74e{<2.5
Table VIl. We note the good agreement in all final statesang p,>15GeV, and that it is~1/7 for jets with |74
between the total number of background events expected and 5 andp,>20 GeV. This will be used to estimate particu-

the number of data events observed. This of course is due igr hackground contributions to final states in which the ex-
part to the method of normalizing th&/+ jets background.  pected background is1 event.

The agreement in the final states containing additional jets is
also quite good. A more detailed comparison between data B. Results

and background in the more heavily populated final states . L
(W2j, W3j, andW4j) is provided in Appendix C. The results of applyingsLEUTH to the eE;2j(nj) and

Monte Carlo programs suitable for estimating back-W 2i(nj) data sets are summarized in Table VIII and in

grounds to final states with many additional jets are notFigs. 4 and 5. Recall from Sec. Il B that the positions of the

readily available. It has been observed that the rate of a prdj-ata poin_ts \.Nith.in the u_nit box_ are determined by t_he back-
ground distribution, which defines the transformation from

the original variable space, in addition to the location of the

TABLE VIII. Summary of results oreE; 2j(nj) andW 2j(nj). . . L. .
Y 72j(nj) i data points in that original space. We observe quite good

Data set P atgrteement with the standard model in iVer- jets-like final
states.
eF; 2j 0.76
eEr3j 0.17 C. Sensitivity check: tt—|+jets
eE; 4j 0.13 _
W 2j 0.29 In this section we checkLEUTH's sensitivity tott in the
W 3j 0.23 f@nal s'gategW 3j , W4j, W5j, andW6j. After prieﬂy put—
W 4j 0.53 ting this signal into context, we testeuTH's ability to find
W 5j 0.81 tt in the data, and then in an ensemble of mock experiments.
W 6j 0.22 In 1997 D@ published a measurement of the top quark

production cross sectidr23] based on events in the dilepton,
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FIG. 7. Histogram ofPy,=min(Py, 3; ,Pw 4j , Pwsj » Pwe;j) for
an ensemble of mock experimental runs in which the backgrounds
include W+ jets and QCD events, and the mock samples include

FIG. 5. The positions of the transformed data points in the final(solid line) or do not include(dashed ling tt in addition to the

statesW 2j, W3j, W4j, andW5j. The data points inside the
region chosen bgLEUTH are shown as solid circles; those outside
the region are shown as open circles. The single event iN\b¢

expected background. All experimental runs wik;,> 30 are in
the rightmost bin.

final state is in the lower right-hand corner of the unit square, havexpected background of 8:71.7. An additional 11 events

ing 3’ p,=300 GeV.

| +jets, | +jets(/un), and “‘ev’’ channels, where “4” indi-
cates that one or more of the jets contains a muon, and hen
is likely to be the product of & quark. Nineteen events with
no b-quark tag are observed intjets (nine events in the
electron channel and ten events in the muon chanvigi an

PO RS S S
0.5
(/o)

FIG. 6. Scatter plot of wheret Monte Carlo events fall in the
unit box in the final state$V3j (a) and W4j (c). Although top
quark events appear in the high tailsXfp! , the vanablepT is not
particularly discriminating. The locations of the data points are
shown in(b) and (d). The backgrounds are taken to include all
standard model processes except top quark pair production.

05
(/P

() 0 &0

are observed with &-quark tag(five events in the electron
channel and six events in the muon chahneith an ex-
pected background of 2#50.5 events. Three or more jets
@@th pr>15GeV are required in both cases. The number of
events observed in all four channels is 39 with an expected
background of 13 2.2 events. The probability for #32.2 to
fluctuate up to or above 39 is*610 7, or 4.8 standard de-
viations. In thel +jets channel alone, the probability that
8.7+ 1.7 fluctuates to the 19 events observed is 0.005, corre-
sponding to a ‘“significance” of 2.6. The importance of
b-quark jet tagging to the top discovery pWSEUTH at a
large disadvantage for this particular test of sensitivity, on
final states in which nd tagging has been applied.

Figures a) and Gc) show wherett Monte Carlo events
fall in the unit box in the final state¥/3j andW4j. The
distribution of these events is quite diffuse in the case of
W 3j, sincett is similar to the background in the variables
p¥v andX’p} in this channel. In th&V 4] final statett tends
to populate regions of large’pk, but the signal is nearly
indistinguishable from background in the variabjé’. A
check of sSLeuTH's ability to find tt in the W 3j(nj) final
states tests how welbsLEUTH performs when the signal
shows up in a subset of the variables we choose to consider.

Figures @b) and &d) show D@ data in the final states
W 3j andW4j, whentt is not included in the background
estimate used to define the transformation into the unit box.
Notice that the region chosen I®tEUTH in the W 3j final
state in Fig. @) is very similar to the region populated bt
in Fig. 6(a). In theW 4j final state(d), the region chosen by
SLEUTH is nearly the entire unit box. Comparison with Fig. 5
shows how the absence tff in the background estimate in
this figure affects the transformation from the original vari-
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able space into the unit box. ApplyingLEUTH to these TABLE IX. Expected backgrounds to theee2j(nj),

data while continuing to feign ignorance of, we find  €&Fr2i(ni), andZ(—ee) 2j(nj) final states.
PW31-=O.12, Pw4j:0.18, PW5J':0.37, and PWGJ':O.OQ.

Upon combining these results, we findP.. Final state  Z/y* +jets QCD fakes Total Data
:min(ngj !7)W4j ,Pw5j ,'PW61)=009(13T) ee2j 204 12.2£1.8 324 32
Figure 7 shows a histogram &, for a sample of mock ee3j 26+0.6 1.85-0.28 45-0.6 4
experimental runs in which the backgrounds include eeasj 0.40+0.20 0.24 0.04 0.64+0.20 3
+jets and QCD events, and the mock samples inctidea eek; 2] 3.7+0.8 - 3.70.8 2
addition to the expected background. The number of backeek; 3] 0.45+0.13 - 0.45-0.13 1
ground andtt events in the mock samples are allowed toeek 4] 0.061+0.028 - 0.06%0.028 1
vary according to statistical and systematic errors. Note tha(—eé€) 2j 94+19 1.88-0.28 96+ 19 82

since four final states are considered, the distributioR Qf Z(—ee3j 12.7+2.7 0.27:0.04 13.0:2.7 11
for an ensemble of experiments including background onlyz(—ee) 4j 1.8+0.5 0.034-0.006 1.8-0.5 1
has a median ofclo. We see thatSLEUTH is able to find Zz(—e€5j 0.26-0.10 0.0025%0.0009 0.260.10 O
indications of the presence tf in these final states, return-
iNg Prin;»1=>3 in 30% of an ensemble of mock experimental
runs containingt events, compared to only 0.5% of an en- The dominant standard model and instrumental back-
semble of mock experimental runs containing backgroundyrounds to this data set af® Drell-Yan+jets production,
only. with Z/y* —eg (ii) QCD multijets, with two jets faking
We conclude from this sensitivity check thatEUTH  glectrons; andiii) tt pair production witht—Wb and with

would not have been able to “discovertt in the DGW  eachw boson decaying to an electron or to a tau that in turn
+jets data, but that in 30% of an ensemble of mock experidecays to an electron.

mental runssLEUTH would have foundPp;n ;1> 3. Monte Carlo samples for the Drell-Yan events are gener-
ated usingSAJET[26]. The Drell-Yan cross section normal-
V. Z+JETS-LIKE FINAL STATES ization is fixed by comparing the Monte Carlo events with

In this section we analyze tl&+ jets-like final states. We Z+=2Jets de}ta in th boson region. Top quark events are
first describe the data sets and background estimates for ﬂggnerated USINGIERWIG at a top quark mass of 170 G_eV
dielectrontjets channels, and we then discuss thewith all dilepton final states included. The D measuted
dimuort+jets channels. After presenting our results, weproduction cross section of 5:51.8 pb at a top quark mass
check the sensitivity of our method to the presence of firsof 173.3 GeV was usef23]. The multijet background is
generation scalar leptoquarks. Appendix B4 describes sigestimated from a sample of events with four or more jets in
nals that might appear in these final states. which the probability for two jets or photons to be misiden-

tified as electrons is weighted by the number of jets in the
event that passed the electrpp and » requirements. This
A. Data sets and background estimates misidentification probability is calculated from a sample of
1. ee2i(ni) events with three jets to be (3.50.35)x 10 * for an elec-
' tron with a reconstructed track and (1:26.13)x 102 for

The ee2j(nj) data set[21], corresponding to an inte- an electron without a reconstructed track. The uncertainties
grated luminosity of 123 7 pb %, is collected with triggers in these probabilities reflect a slight dependence on thejet
requiring the presence of two electromagnetic objects. Ofand 7. The expected backgrounds for the exclusive final
fline event selection requires two electrons passing standastates withinee2j(nj) are listed in Table IX.
identification criteria with transverse momenia>20 GeV
and pseudorapiditlnge{<1.1 or 1.5<| 74¢{<2.5, and two or 2. up 2i(nj)
more jets withp>20 GeV and 74.{<2.5. At least one elec- o .
tron is required to have a matching track in the central track- 1€ su 2j(nj) data se{27] corresponds to 945 pb
ing detectors and to satisfy ionization requirements in thef integrated luminosity. The initial sample is composed of
tracking chambers and transition radiation detector. For thes@/€Nts passing any of several mdgats triggers requiring a
data the trigger energy threshold forces a transverse momefuon with pf>5 GeV within | 74¢{<1.7 and one or more
tum cut of 20 GeV, rather than tteeEuTH-preferred require-  jets with p}>8 GeV and| 774,{<2.5. Using standard jet and
ment of 15 GeV. We cut on a likelihood described in Ap- muon identification criteria, we define a final sample contain-
pendix D in order to correctly identify any events with ing two or more muons witip;>20 GeV and 74,{<1.7 and
significant missing transverse energy. Electron pairs arat least one muon in the central detectpn{<1.0), and
combined into aZ boson if 82<m,.<100 GeV, unless the two or more jets withp}>20 GeV and 7g4.{<2.5.
event contains significaritr (in which case it falls within We combine auu pair into aZ boson if the muon mo-
eekX, discussed in this sectipror a third charged lepton menta can be varied within their resolutions such thgf,

[in which case it falls within k/ y) (1/ y) (I/y) X, discussed in ~M3 and the missing transverse energy becomes negligible.
Sec. VI More specifically, we combine a muon pair int@doson if
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TABLE X. Expected backgrounds to ttl{ — uu) 2j(nj) and wu 2j(nj) final states.

Final state Z+jets ww tt Total Data
2] 0.112+0.029 0.25-0.13 0.14-0.05 0.50:0.15 2
mp 3j 0.007£0.004 0.06:0.04 0.065:0.025 0.130.05 0
Z(—pu) 2j 2.2+0.4 - 0.050-0.020 2.3-0.4 3
Z(—pu) 3j 0.24+0.05 - 0.018:0.009 0.26-0.06 1
(la-1p“ 1b-1p*2 my—M, ETab Zignif[icantly sr.nﬁlle:. IE?ndthtet_fnurpber of d_ielectr(t)n evetr;lts
=min ) ® ® ue to especially tight identification requirements on the
X an | oL ) 8(1ipk2) r; o8& muons.

Z/vy* is the dominant background to nearly all final states
discussed in this section, although other sources of back-
) _ _ _ground contribute significantly when the dilepton mass is
where 6(1/p) =0.18(p—2)/p“®0.003 is the uncertainty in  gyside theZ boson mass window. The agreement between
the reciprocal of the muon momentum;5(Er)  the total number of events expected and the number observed
=0.7 GeWX p;/GeV is the error on the missing transversein the data is quite good, even for final states with several
energy measured in the calorimeten,, and Er_ are the jets. While any analysis of + jets-like states will need to
muon pair invariant mass and missing transverse energyely to some degree on an accurdiey* + jets Monte Carlo
computed taking the muons to have scalar momergadb;  simulation, having a reliable estimate of the jet distributions
M, andI', are the mass and width of theboson; and® in such events is especially important when exclusive final
means addition in quadrature. The cutyef 20 is chosen so States are considered. We anticipate that this will become
that Z(—puw) is not the dominant background to the increasingly important in the next Tevatron run. Differential
wu 2j(nj) final states. agreement between data and the expected background may

The most significant standard model and instrumentabe seen by considering a comparison of various kinematic
backgrounds to this data set dig Z+jets production with quantities in Appendix C.

Z— um, (i) WWpalir production with eachV boson decay-

ing to a muon or to a tau that in turn decays to a muon, and B. Results

(iii ) tt pair production witht— Wb and with each// boson
decaying to a muon or to a tau that in turn decays to a muo

A sample ofZ+jets events was generated USWVELBOS

<20, (4)

The results of applyingsLEUTH to the Z2j(nj) and
il 2j(nj) data sets are summarized in Table XIl and Figs. 8
: . and 9. Figure 8 shows the location of the data within the unit
employing HERWIG for parton fragmentation. Background 1o, ¢or those final states in which the two leptons are not
due toWW pair production is simulated withYTHIA. Back- o mpined into az boson, while Fig. 9 displays the data for
ground fromtt pair production is simulated USINGERWIG  those final states in which & boson has been identified.
with a top quark mass of 170 GeV. All Monte Carlo samples|_arge P's are found for most final states, as expected. The
are processed through a detector simulation program baseghallest?’s in this class of final states are observed in the
on theGEANT package. eedj and eef; 4j final states. Although the number of

The expected backgrounds for the exclusive final stategyvents is small, it is interesting to compare the number of
within -~ pw 2j(nj) are listed in Table X. The eyents observed in the+2, 3, and 4 jet final stateshow-
Z(—pp) 2j(nj) final states are combined with the
Z(—ee) 2j(nj) final states described in Sec. VA1 to form TABLE XII. Summary of results on th&+ jets-like final states.
the Z 2j(nj) final states treated in Sec. VA 3.

Data set P
3. Z 2j(nj

N ) o ) ee2j 0.72
Combining the results in Tables IX and X gives the ex- ee3j 0.61
pected backgrounds for the2j(nj) final states, shown in eed] 0.04
Table XI. The number of dimuon events in these tables is ek 2] 0.68
o eek; 3j 0.36
TABLE XI. Expected backgrounds to th&2j(nj) final states. ek 4] 0.06
Final state Total Data e 21, 0.08
mp 3 1.00
Z2j 98+19 85 Z2j 0.52
Z3j 13.2:2.7 12 Z 3j 0.71
Z4j 1.9+0.5 1 Z4j 0.83
Z5j 0.26+0.10 0 Z5j 1.00
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1 A 1 Sensitivity check: Leptoquarksinee2j
Lo E F oo 1 90 | Backgrounds: B
Le o o J L 1 E Z/¥'+jets: 19.9£4.0 —
) . ] L ] 80 [ fakes: 12.2+1.8 4
o o . o . 14 [ Mock samples:
[o X - . A e 4 O - - c - Z/¥'+jets: 19.9£4.0 3
@O Sr. e t“/o S O O F  fokest 12.241.8 ]
$ . * g 60 F Leptoquarks: 5.91+0.8
. o ® fl C 3
° . ° 8_ L 1
0 _°.°. L .‘. L 0 R B .- |_|>j 50 E
0 0.5 1 0 0.5 1 X 40 b ]
. /' . /i S) . ]
1 g4 .(.Z,pT). — 1 MEL—.—(.Z—,BT)—.—.—.— S L _:
- - o E = k 4
1] F 1
N 20r ]
oc ° o ° . 10 F 3
205 * 4%o05 . -
S = o et
-4 -3 -2 - 0 1 2 3 4
£ o1
O N T ST N T T N O PRI T T I T T
0 0.5 1 0 0.5 1 FIG. 10. Histogram ofP for an ensemble of mock experiments
(X'p) ('p) in which the backgrounds includ® y* +jets and QCD fakes, and

the mock samples include leptoquark pair productiith an as-
FIG. 8. The positions of the transformed data points in the finalsumed leptoquark mass of 170 GeV gfd 1) in addition to the
statesee2j, ee3j, eedj, andup 2j. The data points inside the expected background. All samples with>3.50 are in the right-
region chosen bygLEUTH are shown as solid circles; those outside most bin.sLEUTH finds P larger than 3.5 standard deviations in over
the region are shown as open circles. 80% of these mock samples.

ing good agreement with ex.pected backgroundi;h the C. Sensitivity check: Leptoquarks

number of events observed in tleee+2, 3, and 4 jet and . ) . . i

eef+2, 3, and 4 jet final states. There is a small but statis- AS @ sensitivity check in th& + jets-like final states we
tically insignificant excess in final states with four jets—we consider a scalar, first generation leptoqup2B] of mass
find in Sec. VI that we expect to find at least 0Res0.04 in ~ MLq=170 GeV, and assume a branching fraction to charged
the analysis of so many final states. Additionally, one of thd®Ptons of 8=1.0. The cross section for the proces§
threeeed4j events has aee invariant mass barely outside —LQLQ with these parameters is 0.54 pb. The overall effi-
the Z boson mass window. The kinematics of the events irfiency for this type of event is (244)% [21], including

theee4j andeek; 4] final states are provided in Appendix trigger and object requirement efficiencies and geometric and
E. kinematic acceptances. If such a leptoquark were to exist, we

would expect 11.21.5 events of signal in the inclusive
1 E oo 1 B sampleee2jX, of which 5.2-0.8 events would fall in the
[°8 °° %° ] I ] exclusive final statee2j, on a background of 324 events.
e o o ° I ] Figure 10 shows the result sfEUTH applied to an ensemble
o - ® 1.~ " - of mock experiments in this final state. We see thatuTH
805 o o :° s 1805 i ° * ] finds P larger than 3.5 standard deviations in over 80% of
these mock samples.

PR ) RN VI (119) () (1 ¥)X

| 24 (pt (TP In this section we analyze thd/§)(I/y)(l/y)X final _
[T T T T ] states. After describing the data sets and background esti-

mates, we provide the results obtained by applynguTH

to these channels. We conclude the section with a sensitivity

check[ X' —(I/y)(1/y)(1/y)X] that is more general in na-

ture than those provided for theuX, W+ jets-like, andZ

] + jets-like final states above. Examples of a few of the many

Lo : signals that might appear in these final states are provided in

o o5 Appendix B5.

(X'pd)

FIG. 9. The positions of the transformed data points in the final
statesZ 2j, Z 3j, andZ 4j. The data points inside the region cho- ~ The (/y)(I/y)(I/y)X data set corresponds to an inte-
sen bysLEUTH are shown as solid circles; those outside the regiongrated luminosity of 1237 pb*. Global cleanup cuts are
are shown as open circles. imposed as above. In this section we strictly adhere to stan-

)

(pt
O
(8]

T
1

A. Data sets and background estimates
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TABLE XIII. (Mis)identification probabilities. The number at Zv, 0.13+0.04 events ineey, and 0.2%0.06 events in

(rowi, columnj) is the probability that the object labeling rawwill Zyj, plus smaller contributions teeyj andeeyE+.
be reconstructed as the object labeling colymn The dominant background to tleeyE- final state comes
from W(—ev)Z(—ee€), in which one of the three electrons
e Y is reconstructed as a photon. TW& production cross sec-
e 0.61+0.04[17] 0.28+0.03[30] tion in the standard model is calculated to be_2.5[32>]; _
y 0.16+0.016[30] 0.73+0.012[30] DQ’S geometric gcceptange_for t_h'ese. events |s.(_jt_ater_m|ned
j 0.00035- 0.00003517] 0.00125- 0.00013[17] using PYTHIA. Using the(mis)identification probabilities in

Table Xlll, we estimate the contribution from standard
model WZ production to this final state to be 0.28.10
dard particle identification criteria. All object&lectrons, €vents.

photons, muons, and jetsre required to have transverse ~ The numbers of expected background events in final
momentum=15 GeV, to be isolated, to be within the fidu- States with additional jets are obtained by multiplying by a
cial volume of the detector, and to be central. For electronactor of 1/5 for each additional jet. The number of events
and photons the fiducial requirement |igg{<1.1 or 1.5 €xpected in each final state, together with the number of
<| n4e{<2.5; for muons it ig 7ge]<1.7. For the case of had- events observed in the data, is given in Table XIV. We find
ronic jets our centrality requirement df|<2.5 is more 900d agreement between the expected background and the
stringent than the fiducial requirement jofig{=4. We re- numbers of events observed in the data.

quire electrons, photons, and muons to be separated by at

least 0.4 iINAR= (A 7)’+(A¢)°. E; is identified as an 2. ppyX
object if its magnitude is larger than 15 GeV. The selection The dominant background to theuyX final states is
of events is facilitated by use of the database described i8tandard modez/ v*(— pu)y. The matrix element Monte
Ref.[29]. o o ~ Carlo program used to estimate the backgroundsetpX is
~ We make frequent use of thimis)identification probabili- 5150 used for this final state. The normalization is determined
ties detgrmm_ed for these identification criteria, which arepy multiplying the number of expectet! y* (— e€) y events
summarized in Table XIII. by the square of the ratio of efficiengacceptance for
muons and electrons. For muons, the efficiexagceptance
is roughly 0.5<0.5; for electrons, the number is approxi-
The dominant background teyX is the standard model mately 0.6<0.8. The number of expected eventsgipy is
processZ/y*(—ee€)y. We use a matrix element Monte thus 3.9-0.9. No events are seen in this final state. The
Carlo program[31] to estimate this background. Thgp  probability of seeing zero events when 3.9.9 are expected
—Z/y*(—ee€) vy cross section, multiplied by our kinematic is 2.8%.
and geometric acceptance, is 0:50.05pb. From Table
XIll, the probability for two true electrons and one true pho- 3. eyyX
ton to be reconstructed as two electrons and one photon is : .
0.33. From these numbers we estimate the expected back- The domlnant background wyyX is the standard model
ground from this process into theeyX final states to be processZ/y*(—eg)y, where one of the electrons is recon-
14.3+2.9 events. Of these, 76l.5 events satisfyf (Mg, strqcted as a photon. From Table Xl and te¢—ee)y
<82 GeV ormge>100 GeV and 82<m,, <100 GeV]. Fol- estlinzte in tSe.c. tXIAl’f.Wel dtetterrtnlnbe t{\gﬂnzurlnber Otf ex
lowing the prescription in Appendix A, such events arePected events in theyy final state to be - events.
placed in theZ final state, and are not considered in this-l.—Wewe eyyX event_s are seen in the data, appearing in the
section. final states shown in Table XV. We model tiee/y back-
A smaller background in these final state¥is jets pro- grounds with the Monte Carlo program used for theyX

duction, with the jet faking a photon. From R¢fL6], we final states above. . -

expect 1106200 Z(—ee)+jets events in our data; the Three of the events in theyyj final state havem,,,,,
probability that a jet will fake a photon is given in Table =95.8GeV, m, , =85.9GeV, andm,, =97.9GeV, re-
XIll. Using PYTHIA to simulateZ+jets events, we expect spectively, and are consistent wifhy production with a ra-
from this source 0.990.27 events of background in diated jet. The invariant masses of the objects in the fourth

1. eeyX

TABLE XIV. Expected backgrounds for theeyX final states.

Final state Zy Zj wz Total Data
Zy 3.3£0.7 0.99£0.27 - 4.3-0.7 3
eey 2.1+0.4 0.13£0.04 - 2.2-0.4 1
Zvj 0.80+0.30 0.23:0.06 - 1.03:0.31 1
eeyj 0.50+0.25 0.0330.009 - 0.530.25 0

eeyEr 0.010t0.005 0.0240.007 0.230.10 0.26£0.10 1
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TABLE XV. Population of final states withieyyX.
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TABLE XVI. Population of final states with three like objects.

Final state Bkg Data Final state Bkg Data
eyy 10.7x2.1 6 Yy 2.5£0.5 2
W(—ev)yy 0.14+0.05 1 eee 2.6+1.0 1
eyyj 2.3+0.7 4
eyy2j 0.37+0.15 1

event all lie substantially outside tiZeboson mass window.
Lacking an adequat&(—ee€)yj Monte Carlo simulation,

constructed as photons. Taking the probability of an electron
faking a photon from Table Xl and using the number of

Zly* (—ee€)y events determined above, we find the number
of expected events in this final state from this process to be

we simply calculate the probability that the expected back2 5+ 0.5 events. The contributions fromj 3y 2j, and yyj
ground fluctuates up to or above the observed number Qdre smaller by an order of magnitude.

events in this final state. The single event in ghey 2] final
state hasmeyly2=92.4 GeV; this appears to be ZAboson
produced in association with two jets.

One event in this sample contains significéxtin addi-
tion to one electron and two photons. In this evemt,
=95.9 GeV, but the missing transverse energy in the event i
large, and directly opposite the electrongnThe transverse
massm$’=71.9GeV, so this event falls in the&/yy final

state. The dominant background to this final state is

W(—ev)Z(—ee€), in which two electrons are reconstructed

as photons; the number of such events expected in this ﬁn%/y*(eee)y

state is determined to be 0iD.05. W(—ev)yy is a
slightly smaller but comparable background to this final
state, which we estimate using a matrix element Monte Carl
program[33]. The total cross section faN(— ev)yy with

all three detected objects in the fiducial region of the detecto

and E;>15GeV is determined to be 0.Z0.08fb. The
number ofW(—ev)yy events in our data is therefore ex-
pected to be 0.0260.010. Backgrounds fronWyj and

Two events are seen in the data, both in the final state
vyy. One of these events has a three-body invariant mass
m,,,=100.4 GeV, consistent with the expectation that it is
truly a Zy event. The other has a three-body invariant mass
m,,,=153GeV, but two photons may be chosen whose
o-body invariant mass s, = 90.3 GeV. This event also

appears to fit th&Z y hypothesis.

6. eeeX

The dominant background to the final stateeis again
where this time the photon is reconstructed
as an electron. The cross section quoted above for
Z/y* (—ee@)y, folded with the(mis)identification probabili-

%ies from Table XIII, predicts 2.6 1.0 events expected in the

final stateeee One event is seen in the data. Téeeinvari-

hnt mass in this event is 87.6 GeV, consistent with the stan-
dard model proces&/y* (—ee€)y, where the photon is re-
constructed as an electron.

W2j, where the jets fake photons, are comparable but

smaller. This event will be combined in the next section with
any events containing one muon and two photons to form th
Wy final state.

4. pEryyX

The dominant backgrounds to theE;yyX final states,
like those from thee EryyX final states, come froVZ and
from a W boson produced in association with two photons.
The number of expected events froMZ is determined as
above to be 0.050.02. The background from standard
model Wy is estimated by multiplying the number of ex-

pected W(—ev)yy events above by the ratio of
efficiencyxacceptance for electrons and muons.
Adding the number of events expected from

W(—ev)yy to the number of events expected from
W(— uv)yy, we find the total number of expected back-
ground events in th&Vyy final state to be 0.2£0.08. No

events are seen in the muon channel, so the only event in this

final state is the event in the electron channel describe
above.

5. yyyX

The dominant background teyy is the standard model
processZ/y* (—ee€)y, where both of the electrons are re-

7. pppXx

€ The dominant background teuu is standard modelvz
production. We use th&/Z production cross section above
and take our efficiencyacceptance for picking up all three
muons in the event to be roughly (®.5)>=0.02. The
total number of expected background eventsujiu from
WZ production is thus 0.0200.010 events. Zero events are
seen in the data.

TABLE XVII. Summary of results on thel(y)(I/y)(l/y)X fi-
nal states.

Data set P
vyy 0.41
eee 0.89
Zy 0.84
Zyj 0.63

d eey 0.88

eeyE; 0.23
eyy 0.66
eyyj 0.21

eyy2j 0.30
Wryy 0.18
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The only populated final states withiynyyx,_ eee_x and 4 o T Tor o et T T
pupX are yyy and eee these are summarized in Table euX o]
XVI 3 L wtjets—like RS 748 N

' Z+jets—like ; ; g ]
5 b amaemaemx. 2
B. Results P ]

Having estimated the backgrounds to each of these final @ r T
states, we proceed to ap@yeEUTH to the data. Largé#'s are (o] oA
determined for all final states, indicating no hints of oF 09 Ru 1 Dot
new physics within k/y) (1/y)(I/y)X. Table XVII summa- N
rizes the results. We note thatll final states within -

(I/y)(I/y)(I/v)X have been analyzed, includindor ex- ,
ample eeyyE; and puuwyy2j. All final states within -
(I/y)(1/y)(I/y)X not listed in Table XVII are unpopulated,

0 05 1 T s 8 T S A5 S
minf/c]

and haveP=1.00.

C. Sensitivity check: X'—(1/y)(I/y)(I1/ y) X ~ )
y ~ Uiy ry) FIG. 11. Correspondence betweBp;, andP for the final states

The backgrounds to thd/(y)(I/v)(I/y)X final states are we have considered.
sufficiently small that a signal present even at the level of i ) o )
one or two events can be significant. Due to the variety ofaW in the data.” The discussion in the preceding paragraph
final states treated in this section and the many processes tHgitfggests that finding=3¢ is as improbablgif not more
could produce signals in one or more of these final states, o0 as finding a “5r effect.” _ _
sensitivity check for this section is the general prockss The number of final states that we consider, together with
—(1/9)(I1y)(11y)X, rather than a specific process such adhe numper of background events expected in each! defines
PP X% s Il 'Er. We (pessimistically take the kinemat- the mapping betweeﬁmm (the smallest found in any final _
ics of the final state particles to be identical to the kinematic$tate andP. For the final states that we have considered in
of the standard model background. In reality the final statdhis article, this mapping is shown in Fig. 11. We see that
objects in the signal are expected to have significantly largefinding P=3¢ requires findingP=4.20 in some final state.
momenta than those in the backgrounds, and the calcuiated Let Ny be the smallest integer for which the probability
will be correspondingly smaller. With this minimal assump- that the background in the final sta¥efluctuates up to or
tion about the kinematics of the signal, the details of theabove the expected backgrourn plus Ny is <1.5
SLEUTH algorithm are irrelevant, an® is given on average x10°° (4.20). This is the number of events which, if ob-
by the probability that the background fluctuates up to orserved inY, would correspond to a discovery. This number
above the number of expected background events plus thean be related to the most probable cross seatigrof the

number of expected signal events. new processy into the final statey through

The quantityP obtained by combining th@'s calculated
in all final states is a very different measure of “signifi- - Ny (5)
cance” than the measure familiar to most high energy physi- Y ageyL’

QIStS' .The faqt _that a “significance” of five standard devia- TABLE XVIII. The number of signal eventdl required in some
tions is unofficially but generally accepted as the threshold

for a discovery results from a rough collective accounting ofo! the final states withini{y)(1/)(1/y)X in order to findP=30
the number of different places such an effect could appear(see the discussion in the tgx@This number is pessimistic, as it

- . . . issumes that the signal is distributed identically to the backgrounds
We can better understand this accounting by first noting thal

five standard deviations corresponds téoae-sidedl prob- In the variables of interest. Most tenable models predict events con-
. 5 .p P taining final state objects that are significantly more energetic than
ability of 310" *. We then estimate that there atleast

L . . ) the backgrounds, and in this cadedecreases accordingly.
5x 10° distinct regions in the many variable spaces that are

considered in a multipurpose experiment such as D@ in  Ejna state b N
which one could realistically claim to see a signal. A prob-
ability of 1.5x 103, in turn, corresponds to three standard eeyjEr 0.059+0.020 4
deviations. We can therefore understand the desire foraa “5 eey 2] 0.10+0.05 4
effect” in our field to really be a desire for a ‘@B effect” Zy2j 0.13+0.05 5
(one time in one thousandafter a rigorous accounting for Zv3j 0.025+0.010 3
the number of places that such an effect might appear. Zy4j 0.0049-0.0020 3
One of the advantages &fLEUTH is that this rigorous eenl, 0.10+0.05 4
accounting is explicitly performed. The final output of eup 0.04Q+0.020 4
SLEUTH takes the form of single numbeB, which is “the L 0.020£0.010 3
fraction of hypothetical similar experimental runs in which Wryy 0.21+0.08 5

you would see something as interesting as what you actually
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TABLE XIX. Summary of results for populated final states. The 12 P e e
most interesting final state is found to lee4j, with P=0.04. ® Data
Upon taking into account the many final states we have considered
using the curve in Fig. 11, we fin@=0.89. The values oP ob-
tained in these final states are histogrammed in Fig. 12, and com-
pared to the distribution we expect from an ensemble of mock ex-
perimental runs. No evidence for new high physics is observed

o
T
L

o
T

in these data.

Data set P
4 + i
euX
enkr 0.14(+1.08) L 1
eutq 0.45(+0.137)
enkr2j 0.31(+0.500)
eukr 3] 0.71(—0.557) o_y 4
W+ jets-like
W 2j 0.29(+0.55)
W 3j 0.23(+0.747) FIG. 12. _Histogr_am (_)f thé_"s computt_ed for the populated final_
W 4 0.53(—0.08) states consu_jered in this article. The distribution agrees well with
W5; 0.81(~0.88) the expectation.
W 6j 0.22(+0.770) , , ,
eF; 2] 0.76 (~0.710) (I/7)(1/y)(11y)X are given in Table XVIIl.(These final
T
eE; 3] 0.17 (+0.95) state;; are all unpopulated in the D@ dptaven with our
; pessimistic assumptions, using thREEUTH strategy but set-
eF; 4j 0.13(+1.13) : . o )
Z-+jets-like ting aside the sophisticateslEUTH algorithm, we see that a
. discovery could have been made had even a few signal
221_ 0.52(=0.05) events populated one of these channels.
Z3j 0.71(—0.5%)
Z 4 0.83(—0.957)
ee2] 0.72(-0.58) VIl. SUMMARY
ees] 0.61(—0.28) Table XIX summarizes the values @f obtained for all
eed] 0.04(+1.7%) populated final states analyzed in this article. Taking into
eek; 21: 0.68(—0.470) account the many final statéboth populated and unpopu-
eekr 31_ 0.36(+0.360) lated that have been considered in this analysis, we find
eekr 4 0.06(+1.55) =0.89 (—1.23s). Figure 12 shows a histogram of th&s
X 0.08(+1.410) computed for the populated final states analyzed in this ar-
() () (177X ticle, together with the distribution expected from a simula-
eee 0.89(~1.2%) tion of many mock experimental runs. Good agreement is
Z’y 084(_09%) observed.
Zyj 0.63(—0.33) Although no statistically significant indications of new
eey 0.88(—1.170) physics are observed in this analysis, some final states appear
eeyEr 0.23(+0.740) to hold greater promise than others. The smalf@st(0.04
eyy 0.66 (—0.410) and 0.06 are found in the final statese4j and eek; 4j.
eyvyj 0.21(+0.810) The kinematics of the events in these final states are pro-
eyy2j 0.30(+0.520) vided in Appendix E.
Wyy 0.18(+0.927) It is very difficult to quantify the sensitivity 0LEUTH to
yyy 0.41(+0.237) arbitrary new physics, since the sensitivity necessarily de-
pends on the characteristics of that new physics. We have
P 0.89(~1.2%) provided examples o$LEUTH'S performance on “typical,”

wherea; are the appropriate kinematic and geometric accep
tance factors for the processand the D@ detectoky is the
probability that the objects in the true final statewill be

Final States
[0)]

particular signatures. This function is served by the sensitiv-
ity checks provided at the end of each of Secs. IV-VI. In the
analysis of theeu X data in Ref[3], our signal was firstVW

andtt_together, and then onlt. Thiiwas a difficult signal
to find, for although botAiNVW andtt cluster in the upper

correctly reconstructedwhich can be determined using right-hand corner of the unit box, as desired, we expect only
Table XIIl), and £~85pb* is the effective luminosity 3.9WW events inexEr (with a background of 45.6 events
of the D@ data after application of global cleanup cuts.and 1.&t events ineuf;2j (with a background of 3.4
The numbersNy for some of the final states within event$. We were able to consistently find indications of the
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presence ofWWandtt in an ensemble of mock experiments, identification. We partition the data into exclusive final states
but we would not have been sufficiently sensitive to claim abecause the presence of an extra objetectron, photon,
discovery. muon . . .) in an event often qualitatively changes the prob-
In the W+ jets-like final states we again chosefor our able interpretation of the event and the variables that natu-
sensitivity check. This was both a natural sequel to the senally characterize the final state, and because using inclusive
sitivity check ineuX and a test ofsSLEUTH'S performance final states can lead to ambiguities when different channels
when the signal populates the high tails of only a subset ofire combined.
the variables considered. We fiffg,;>3c in 30% of an We attempt to label these exclusive final states as com-

ensemble of mock experimental runs contairingvents on ~ Pletely as possible while maintaining a high degree of con-
the final state®V/3j, W4j, W5j, andW 6j, compared with  fidence in the label. We consider a final state to be described

only 0.5% of an ensemble of mock experimental runs conby the number of isolated electrons, muons, photons, and jets
taining background only. observed in the event, and whether there is a significant im-
In the Z+ jets-like final states we considered a leptoquarkbalance in transverse momentum. We ti&ags an object in
signal. This is in many ways an ideal signature—a relativelyits own right, which must pass certain quality criteria. In Run
large number of eventéabout siy are predicted, and the | D@ was unable to efficiently differentiate among jets aris-
signal appears in the high tails of both variables under coning from b quarks,c quarks, light quarks, and hadronic tau
sideration.SLEUTH finds P>3.5¢ in over 80% of the mock decays. We consider final states that are related through glo-
experiments performed. bal charge conjugation to be equivalentdp or ete™ (but
Finally, in the final states|(y)(I/y)(I/y)X we intro-  not pp) collisions. Thus in principlee™e” vy is a different
duced the mapping betwed,, and? and briefly discussed final state thane"e"y, bute"e”y and e"e” y together
its interpretation. The generic sensitivity check we considmake up a single final state. D@ lacked a central magnetic
ered[ X' —(1/y)(1/y)(1/y)X] demonstrates the advantagesfield in Run I, so we choose not to distinguish between
of considering exclusive final states. While the other sensie’/e” or u*/u". In events containing two same-flavor lep-
tivity checks rely heavily upon theLEUTH algorithm, this  tons, we assume that they are of opposite charge.
check shows that a careful and systematic definition of final We combine ar™e™ pair into aZ boson if their invariant
states by itself can lead to a discovery with only a fewmass mg+o- falls within a Z boson mass window (82
events. <mMm.+.-=100GeV) and the event contains neither signifi-
cant &y nor a third charged lepton. A" u~ pair is com-
VIIl. CONCLUSIONS bined into aZ boson if the event can be fit to the hypothesis
that the two muons are decay products &f boson and that
We have applied theLEUTH algorithm to search for new the £+ in the event is negligible and if the event contains no
high pr physics in data spanning over 32 exclusive finaladditional charged lepton. If the event contains exactly one
states collected by the D@ experiment during Run | of thephoton in addition to 41~ pair and contains neither sig-
Fermilab Tevatron. A quasi-model-independent, systematigificant £, nor a third charged lepton, andrf;+,- does not
search of these data has produced no evidence of physigf| within the Z boson mass window, bum, +| -, does, then
beyond the standard model. the | "1~y triplet becomes & boson. An electron ané
become an boson if the transverse mam%ET is within aW

boson mass window (30m(g <110GeV) and the event

We thank the staffs at Fermilab and collaborating institu-contains no second charged lepton. A muon &sdin an
tions, and acknowledge support from the Department of Enevent with no second charged lepton are always combined
ergy and National Science Foundati¢d.S.A), Commis- into a W boson; due to our more modest muon momentum
sariat aL’Energie Atomique and CNRS/Institut National de resolution, no mass window is imposed. BecauseWhieo-
Physique Nuclaire et de Physique des Particlésrancg,  son mass window is so much wider than thdoson mass
Ministry for Science and Technology and Ministry for window, no attempt is made to identify radiatiVé boson
Atomic Energy (Russia, CAPES and CNPdBrazil), De-  decays.
partments of Atomic Energy and Science and Educd(ion
dia), Colciencias(Colombig, CONACyYT (Mexico), Minis-
try of Education and KOSERKorea, CONICET and  AppENDIX B: EXAMPLES OF SIGNALS THAT MIGHT

ACKNOWLEDGMENTS

UBACYT (Argentina, The Foundation for Fundamental Re- APPEAR
search on Matte(The Netherlands PPARC (United King-
dom), Ministry of Education(Czech Republi; and the A. P. In this section we provide a few examples of signals that
Sloan Foundation. might have been discovered in the course of this analysis.
This discussion is provided to give the reader a taste of the
APPENDIX A: DEEINITIONS OE FINAL STATES many processes that might appear in the final states we have

analyzed, and is by no means intended to be complete. The
This appendix reviews the definitions of final states pro-possibility that the correct answer is “none of the follow-
vided in Ref.[3]. The specification of the final states is baseding” is one of the strongest motivations for pursuing a quasi-
on the notions of exclusive channels and standard particlmodel-independent search.
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1.epX 3. W+jets-like final states

In supersymmetric model&enoting the supersymmetric A variety of new signals have been predicted that would
particles as in Ref[1]), the processqq—Z/y* —%;%;  Mmanifest themselves in the/+jets-like final states—those
—eurvySx? can produce events appearing in tagE; final states containing events with a single lepton, missing
final state. More generally, any process involving the pro-fansverse energy, and zero or more jets. Arf)lethora of su-
duction of two charginos has the potential for producing aP€rSymmetric signatures could appear in these states. A

final state containing an electron, a muon, &d This final che;lrgmo IVE\ilnbd neutralino, pro%utce(; fromg thrlog%h ac?
state may also be reached through the leptonic decays of twgs o e VY DOSon, can proceed to decay@s—Ivx; and
gxi, leaving an event that will be partitioned into ei-

taus, obtainedfor example from the production of twér X2—d X i ) .
particles that each decay t?, or from the production of a ther theeET 2~J or~VY21 final state. Pair production of top_
heavyZ-like object that couples strongly to the third genera-Squarks, witht —bl; and subsequent decays of the chargi-

0 ~0 -
tion. An anomalous correction to the standard mogaly ~ Nos toevy; andgq”y;, will produce events likely to fall

vertex or anomalies involving the top quark could also apinto the eEr4j or W4j final states. Depending upon the
pear in these final states. particular model, even gluino decays can give rise to leptons.

Events with gluinos that are pair-produced and decay, one
into qq'¥; and the other intaﬁ}}‘l’, can also find them-

. ) _ selves in theeE; 4] or W4j final state. Other possible de-
A sampling of the types of new physics that might appear.ays of the supersymmetric spectrum allow many more sig-
in a few of the final states described in Sec. lll A is provided5is that might populate these final states.

here. The decay of g, produced byqq annihilation, can

_2j. The dijet final state could contain hints of a massiveproduce aV" boson and aTg’ which in turn may decay to
object(such as an additional neutral gauge bgsmoduced — . i i
throughgq annihilation and decaying back ingd. It could b\?vor gg. Such an event should appear in the high tails of the

also contain indications that quarks are in fact composit®t andX’pi distributions in our analysis of the/2j final
objects, interacting through terms in an effective Lagrangiarstate if the technipion is sufficiently massive. Ihe same final
of the form (¢/A?)qoq'q’, whereA=1TeV is a compos- State may also be reached by the proaggs-pr—W" 7y
iteness scale andis a constant of order unity. — 1|~ vch. A neutral color-octet technirhmeg) produced by
eE;. Models containing symmetry groups larger than theqq annihilation can decay to two technipions carrying both
SUR)c X SU2), X U(1)y group of the standard model often color and lepton quantum numbers(;), each of which in
contain an additional S@2) group, suggesting the existence turn decays preferentially into a massive quark and a massive
of a heavyW-like gauge bosonW') that would decay into lepton. If the technipion is heavier than the top quark then
the eE; final state, with the transverse mass of the electronhe decaym o—t7 or tv, is kinematically allowed. Appro-
and neutrino greater than that expected for the standargriate decays of th#V bosons from the two top quarks leave

model W. Production ofl 7 decaying tol”)z(l)vﬂ could also the event containing one high transverse momentum lepton,
produce events in this final state, as could production opubstantiaEr, and several energetic jets. _
Yixs decaying tol vy 2vyl. The standard model contains three generations of quarks

ee If both quarks and leptons are composite objects, ther@nd leptons, but there appears to be no fundamental reason
will be four-fermion contact terms of the form that nature should choose to stop at three. A massive charge
(c/Ad)qql 1~ in addition to the ¢/A2)qgq’q’ terms pos- —1/3 fourth-generation quarkb(), which could be pair-
tulated in the discussion of thej Zinal state above. Such an Produced at the Tevatron, would be apt to decay weakly into
interaction would produce events with large transverse mo@ W boson and a top quark. Events in which one of the four
mentum, opposite-sign leptons, and should appear ire¢he w bo;o_ns then decays Ieptonlcglly v_wII_resuIt in a final state
and uu final states. Some models that employ a strong dySontaining one lepton, substantial missing transverse energy,
namics to break electroweak symmetry predict the existenc@nd many jets. _
of composite “techni-" particles, such as they, pr, and Lepto_quarks, a consequence of many theories that attempt
7, that are analogous to the compositep, and 7 mesons _to explain the peculiar symmetry between quarks and leptons
that arise from confinement in QCD. The technirpg)and " the standard_ model, _couId _also be pair-produced at the
techniomega 1), if produced, will decay into ah™| ~ pair 1 €vatron. If their branching ratio to charged leptgss 0.5
if their preferred decay mode to technipions-{ is kine-  then the pair will decay tbrqq 50% of the time, resulting in
matically forbidden. Such events will appear as a bump irfVents that will be classified either a&r 2j or W2j.
the tail of theeeinvariant mass distribution and as an excess _Models invoking two Higgs doublets predict a charged
in the tail of the electromp; distribution. Models containing Hi99s boson that may appear in occasional decays of the top
symmetry groups larger than that of the standard model typiquark. In such models a top quark pair, producedgyr gg
cally contain a heavy neutral boségenerically called ') annihilation, can decay intd "bW~b. Depending upon the
in addition to theW’ boson described above. If thfs boson  mass of the charged Higgs particle, it may decay Wtoob,
couples to leptons, the procesg—Z’'— Il could produce a cs, or 7" v. Appropriate decay of th&V bosorts) in the
signature similar to that expected from the decay ofraor  event will result in the event populating one of 9he2j(nj)
T . final states. Other predictions abound.

2. Final states already considered
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TABLE XX. Kinematic properties of the most interesting events ~ TABLE XXI. Invariant masse<in units of Ge\j of objects in

seen in this analysis. the most interesting events seen in this analysis.
Run:event Object  pr (GeV) 1) 7 Run:event Mee miET m
eedj eedj
85918:12437 e 58.0 0.74 —0.42 85918:12437 57.4 149
e 37.9 0.30 —-151 90278:31411 1195 342
j 89.0 3.94 —0.10  92746:25962 100.6 323
i 26.0 4.20 —-0.98  eek 4]
j 213 2.55 —-125 89815:17253 69.4 89.0 73.3 239
j 21.2 2.07 0.77
90278:31411 e 53.1 4.15 0.00
e 33.6 0.28 —1.85 state leptons may be obtained in supersymmetric models
j 80.2 0.78 124 from the decays of neutralinovhich can produce two
i 39.9 4.46 181 Same-flavor, oppositely charged lepthner charginos or
i 340 294 —155 Sleptongwhich decay into a single charged lepton and miss-
i 24.2 292 005 ing transverse energyThe process|q —W* —%; X3, with
92746:25962 e 64.6 1.99 0.99 subsequent decay of the charginodqg'y? and the neu-
e 40.6 5.72 055 tralinotol™l *“)28, results in an event with two same-flavor,
j 26.8 3.84 _213 oOpposite-sign leptons, two jets, and missing transverse en-
j 256 4.83 0.49 ergy, and would appear in oeek; 2j or wu 2j final states.
i 20.0 573 _1.12 Events in which gluinos are pair-produced and decaygvia
i 215 1.86 262 —Qq'Y; will appear in theeek; 4j and uu 4j final states
eek; 4 when the gaugino decays taﬁ(g. Pair production of scalar
89815:17253 e 87.7 5.93 1.00 top quarks g/gg—g—tt*) that decay viat—by; and
e 225 4.19 1.33 %7 —lv¥? again produce events that populate thef; 2]
Er 59.8 0.97 - anduw 2j final states, in addition to thewE+ 2j final states
j 69.8 2.42 —1.33 already considered. IR parity is violated, then supersym-
j 53.1 2.88 0.36 metric signals could populate final states without missing
j 52.2 4.27 —1.30 transverse energy. Pair production of gluinos decaying to
j 25.4 5.81 —0.18 Ct¢_ could produce events that land in the4j final state if

the R-parity-violating decayt, —e*d is allowed.
Color-octet models predict the existence of a color-octet
4. Z+jets-like final states technirho, which can decay 9, o o. These technipions
] . o decay preferentially to massive particles, like the color-
Just as in thaV+ jets-like final states, there are a host of singlet 771, but their decay products will carry both color
theoretical possibilities for new physics in tletjets-like  and lepton quantum numbers. Events in which eagh)
final states. Although some of these processes involve thgecays to & quark and ar lepton will populatesef; 2j and
production of two same-flavor, opposite-sign leptons via the,, ;, 2j final states, among others. Leptoquarks motivated by
production of a standard mod@ boson, many others in- grand unified theories could be pair-produced at the Tevatron
volve particles that decay to leptons of different flavor or,;4 qﬁHZ/y*HLQE, and might populate the final states

with the same charge. These different possibilities typicallyeezj and wu 2j. Again, other examples abound.
are partitioned into different final states according to our pre- '

scription: events that contain leptons of different flavor 5. (1) (1) (17X
(those withineuX) are considered in Sec. Il C, events con- ST
taining leptons of similar chargée.g., ane*e™ 2j even) There are few standard model processes that produce
would in principle be partitioned into different final states events in which the sum of the numbers of electrons, muons,
than events containing leptons of opposite chajgg., an and photons is=3. The (/y)(l/y)(l/y)X final states are
ete” 2j eveny if D@ distinguished electron charge, and therefore quite clean, and the presence of even a few events
events in which the leptons have an invariant mass consisteiit any of these states could provide a strong indication of
with the hypothesis that they are the decay products Bf a new physics.
boson are partitioned into different final states than those Supersymmetric models predict a variety of possible sig-
with a dilepton invariant mass outside t@eboson mass nhatures in these states. Those models in wiRcparity is
window. conserved produce events with missing transverse energy in
Models containing supersymmetry and imposing conseraddition to three I{ y) objects. Models in which the lightest
vation of R parity predict signatures containing substantialneutralino ()"((1)) is the lightest supersymmetric parti¢leSP)
missing transverse energy. Such events might thereforesually produce final states without photons. This case oc-
populate theeek; 2j(nj) or uuwE+r2j(nj) channels. Final curs for many models in which the supersymmetry is broken
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FIG. 13. Comparison of background to data ¥ir2j. FIG. 15. Comparison of background to data for4].

in a hidden sector and communicated to the visible sectogufficiently massive sleptons are produced, each can decay
through gravitational forces (gravity-mediated super- into the corresponding standard model lepton and the

symmetry breaking Models in which the gravitino®) is second-lightest neutralino}@) which in turn could decay
the LSP often produce final states with photons from thento 11%}. A similar production ofl % can easily lead to a
decay of the next-to-lightest supersymmetric particle(foa  final state with one fewer charged lepton, through the decay

examplé Y°—G. This case, in turn, obtains for many chaino—Iy; and ¥y —Ivx?. The standard model back-
models in which the breaking of the supersymmetry is megrounds to such events, containing five or more charged lep-
diated by gauge fields(gauge-mediated supersymmetry tons and substantial missing transverse energy, are vanish-
breaking. For example, the production of a chargino andingly small. Events with four charged Ieptons and substantial
neutralino througlyg annihilation into a virtualW boson can ~ Ey could result from the decay of g3 pair, in which each
produce events in these final states through the degays %> decays toll¥J. Even pair production of gluinos, each
—1vx% andy3— 1179 if the lightest neutralino is the LSP, or decaying togy, with one neutralino decaying ®ex; and

through the decay¥; —evx?, X9—aqqx}, andy’— yG if  the other toyx?, could produce events in these final states.
the gravitino is the LSP. With this particular decay, such events would appear in the
Charginos can be pair-produced in the reactipg final stateeey2j. .
L ZIy —>7(1+7(1+- If they decay toev¥2 and if ¥ in turn If leptons exist in excited states several hundred GeV
decays t07X1, these events will populate the final state above their ground state, just as hz_idrons exist in excited
eeyyE. The production of slepton pairs can also result inStates at energy scales a thousand times smaller, they could
. H O * * | * T U

events falling into the final stateeyyEr, since a typical belfradu_lqﬁd n thedp:oceqquZ/yd =l lb or g —W* h
decay of a selectron in a model with gravny mediated super- h ﬂi exIC|te deptons cag (;cay Y emltt||r(1jg a pho-
symmetry breaking i®— €3, with Yo— yx°. If a pair of ton, so that™ —1y and»™—w»y. Such events would popu-
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FIG. 14. Comparison of background to data YI3j. FIG. 16. Comparison of background to data fgj.
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FIG. 17. Comparison of background to data 108j.

late thell vy andIE vy final states. If the technirho exists
and is sufficiently massive, it can decay Wz Roughly 1

time in 50 both thew and Z bosons will decay to leptons,
producing al 1 ~I"E; event. More generally, any process

producing anomalous triboson couplings will affect the

(/) (I1y)(l1/y) X final states, an@as we show in Sec. VIC
our method is likely to be sensitive to such a signal.

APPENDIX C: COMPARISON OF DISTRIBUTIONS

PHYSICAL REVIEW B4 012004

W+ jets-like final statedV2j, W 3j, andW4j. Figures 16
and 17 serve the same function for the final sta&t@§ and
Z3j.

APPENDIX D: E; SIGNIFICANCE

We determine the significance of any missing transverse
energy in an event in thé+ jets-like final states by comput-
ing a probability densityp(E+). This is a true probability
density in the sense that, for a given event, the probability
that the actual missing transverse energy in that event is be-
tween; andE++ SE+ is given byp(E+) SE;. This density
is computed with a Monte Carlo calculation. For each data
event we generate an ensemble of events similar to the origi-
nal but with the energies of the objects smeared according to
their resolutions. Jets are smeared with a Gaussian of width
o=80%\/E, and electrons are smeared with a Gaussian of
width o=20%\E (a slight inflation of the measured resolu-
tion of 15%\/E), whereE is the energy of the object in GeV.
The component of the missing transverse eneEgQ/ along

the direction of the originalE; is recalculated for each
smeared event, and the values that are obtained are histo-
grammed. The histogram is then smoothed, and the likeli-
hood

_ p( ETa) max

Lg = Wa:o) (D1)

is calculated. Studies have shown that a cut ofld(zf@T

>3 does an excellent job of retaining events with tite
while rejecting QCD background.

In this appendix we show kinematic distributions of the APPENDIX E: KINEMATICS OF INTERESTING EVENTS
data and expected backgrounds for the most heavily popu- Taple XX provides information about the events in the

lated final states that we have considered. Figures 13—1fost interesting final states seen in the course of this analy-
show good agreement between data and the expected baghs. Invariant masses of objects in these events are given in
ground in a number of distributions for the heavily populatedTable XXI.
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