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Search for new physics inepuX data at DO using SLEUTH:
A quasi-model-independent search strategy for new physics
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We present a quasi-model-independent search for the physics responsible for electroweak symmetry break-
ing. We define final states to be studied, and construct a rule that identifies a set of relevant variables for any
particular final state. A new algorithrti* SLEUTH” ) searches for regions of excess in those variables and
quantifies the significance of any detected excess. After demonstrating the sensitivity of the method, we apply
it to the semi-inclusive channauX collected in 108 pb® of pﬁ collisions atys=1.8 TeV at the DO
experiment during 1992-1996 at the Fermilab Tevatron. We find no evidence of new-hgtysics in this
sample.

PACS numbsgs): 13.90+i
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I. INTRODUCTION quite difficult to doa posteriori as one is forced to some-
what arbitrarily decide what is meant by “such a result.”

It is generally recognized that the standard model, an €xthe method we describe provides an unbiased and quantita-
tremely successful description of the fundamental particlegiye answer to such questions.

and their interactions, must be incomplete. Although there is s gutH,” a quasi-model-independent prescription for

likely to be new physics beyond the current picture, the possearching for highp; physics beyond the standard model,

sibilities are sufficiently broad that the first hint could appearhas two components:

in any of many different guises. This suggests the impor- (i) the definitions of physical objects and final states, and

tance of performing searches that are as model-independetfie variables relevant for each final state,

as possible. (i) an algorithm that systematically hunts for an excess in
The word “model” can connote varying degrees of gen-the space of those variables, and quantifies the likelihood of

erality. It can mean a particular model together with definiteany excess found.

choices of parametefe.g., minimal supergravity MSUGRA We' describe th? presqription in SECS. Il'and Ill. In Sec. Il we

[1] with specifiedmy,,, My, Ao, tans, and sgnf)]; it can  define the physical objects and final states, and we construct

mean a particular model with unspecified parameterg., & rule for choosing variables relevant for any final state. In
MSUGRA); it can mean a more general modé.g., S€c. lll we describe an algorithm that searches for a region

SUGRA); it can mean an even more general motel., of excess _in a mul'gidimensional space, and determings_how
gravity-mediated supersymmelyyit can mean a class of unhkely it is thgt this excess arose simply from a statistical
general modelge.g., supersymmetyyor it can be a set of fluctuation, taklng_account o_f the fact thal_t the se_arch encom-
classes of general moddis.g., theories of electroweak sym- Passes many regions of this space. This algorithm is espe-
metry breakiny As one ascends this hierarchy of generality,c'a”y usgful wheln apphed to a large number of final sta@es.
predictions of the “model” become less precise. While thereFor @ first application ofsLeutH, we choose the semi-
have been many searches for phenomena predicted by moficlusive ex data set ¢uX) because it contains “known”
els in the narrow sense, there have been relatively fev§ignals(pair production ofVbosons and top quarkthat can
searches for predictions of the more general kind. be used to quantify the sensitivity of the algorithm to new
In this article we describe an explicit prescription for physics, and bepause this final state is prominent in several
searching for the physics responsible for stabilizing elecodels of physics beyond the standard mdé&e$]. in Sec.
troweak symmetry breaking, in a manner that relies onlylY We describe the data set F_;lnd the expected backgrounds
upon what we are sure we know about electroweak symmefrom the standard model _a_n_d instrumental effect_s. In _Sec. Vv
try breaking: that its natural scale is on the order of the Higgdve demonstrate the sensitivity of the method by ignoring the
boson mas§2]. When we wish to emphasize the generality €Xistence of top quark anw/ boson pair production, and
of the approach, we say that it is quasi-model-independen’éhow'”g that the method can flnd_these signals in the data. In
where “quasi” refers to the fact that the correct model of Sec. VI we apply thesLEUTH algorithm to theeuX data set
electroweak symmetry breaking should become manifest assuming the known backgrounds, includigw and tt,
the scale of several hundred GeV. and present the results of a search for new physics beyond
New sources of physics will in general lead to an excesshe standard model.
over the expected background in some final state. A general
signature for new physics is therefore a region of variable
space in which the probability for the background to fluctu-
ate up to or above the number of observed events is small. Most recent searches for new physics have followed a
Because the mass scale of electroweak symmetry breakingvgell-defined set of steps: first selecting a model to be tested
larger than the mass scale of most standard model baclagainst the standard model, then finding a measurable pre-
grounds, we expect this excess to populate regions of higtiction of this model that differs as much as possible from
transverse momentump{). The method we will describe the prediction of the standard model, and finally comparing
involves a systematic search for such excedsdthough the predictions to data. This is clearly the procedure to fol-
with a small modification it is equally applicable to searcheslow for a small number of compelling candidate theories.
for deficity. Although motivated by the problem of elec- Unfortunately, the resources required to implement this pro-
troweak symmetry breaking, this method is generally sensieedure grow almost linearly with the number of theories.
tive to any new highpt physics. Although broadly speaking there are currently only three
An important benefit of a precisepriori algorithm of the  models with internally consistent methods of electroweak
type we construct is that it allows anposteriorievaluation  symmetry breaking — supersymmefy], strong dynamics
of the significance of a small excess, in addition to providing[8], and theories incorporating large extra dimensi@js—
a recipe for searching for such an effect. The potential benthe number of specific model@and corresponding experi-
efit of this feature can be seen by considering the two curioumental signaturess in the hundreds. Of these many specific
events seen by the Collider Detector at Ferm{l@bF) Col-  models, at most one is a correct description of nature.
laboration in their semi-inclusiveux sample[3] and one Another issue is that the results of searches for new phys-
event in the data sample we analyze in this article, whictics can be unintentionally biased because the number of
have prompted efforts to determine the probability that theevents under consideration is small, and the details of the
standard model alone could produce such a r¢dlilfThis is  analysis are often not specified before the data are examined.

II. SEARCH STRATEGY
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An a priori technique would permit a detailed study without into |™ and I~ but consider final states that are related
fear of biasing the result. through global charge conjugation to be equivalenp or

We first specify the prescription in a form that should beg+g- (but not pp) collisions. Thuse*e v is a different
applicable to any collider experiment sensitive to physics ating| state thanete™ y, but e*e*y and e e~y together
the electroweak scale. We then provide aspects of the prenake up a single final state. The definitions of these objects
scription that are specific to D@ther experiments wishing  are |ogically specified for general use in all analyses, and we
to use this prescription would specify similar details appro-yse these standard identification criteria to define our objects.
priate to their detectors. We can further specify a final state by identifying any
or Z bosons in the event. This has the effdor example of
splitting theeejj, uujj, and77jj final states into th&jj,
) o . eejj, mujj, and 77jj channels, and splitting thekjj,

We begin by defining final states, and follow by motivat- wE+jj, andrE+jj final states intdNjj, eEqjj, wEqjj, and
ing the variables we choose to consider for each of thos‘?-ETjj channels.
final states. We assume that standard particle identification \we combine a*1~ pair into aZ if their invariant mass
requirements, often detector-specific, have been agreed UPQQ, ., falls within a Z boson mass window (82M- -
The understanding of all backgrounds, through Monte Carlac 140 Gev for DOdata and the event contains neither sig-
programs and data, is crucial to this analysis, and requireSiticant £, nor a third charged lepton. If the event contains
great attention to detail. Standard methods for understandmgxactly one photon in addition tol&1~ pair, and contains
backgrounds — comparing different Monte Carlo programsy,qither significantE+ nor a third charged lepton, and if
normalizing background predictions to observation, obtain-M . does not fall within theZ boson mass wind,ow but
ing instrumental backgrounds from related samples, demory; '+'7 does, then thé* 1~y triplet becomes & boson’ If
strating agreement in limited regions of variable space, anrm('a lexyperimént is not capable of distinguishing betwien

calibrating against known physical quantities, among many, 41~ and the event contains exactly tWs, they are as-

others — are needed and used in this analysis as in any othesrumed to have opposite charge. A lepton Endecome aV

Uncertainties in backgrounds, which can limit the sensitivityboson if the transverse mabkl,_is within aW boson mass
£y

of the search, are naturally folded into this approach.
window (30<M <110 GeV for DOdata and the event

1. Final states contains no second charged lepton. BecauseWwhboson
In this subsection we partition the data into final statesMass window is so much wider than tAeboson mass win-

The specification is based on the notions of exclusive chardow, we make no attempt to identify radiatiVé boson de-
nels and standard particle identification. cays. S

a. ExclusivenessAlthough analyses are frequently per- ~We do not identify top quarks, gluons, @ or Z bosons
formed on inclusive samples, considering only exclusive fiffom hadronic decays because we would have little confi-

nal states has several advantages in the context of this agence in such a label. Since the predicted Cross SeCtian for
proach: new physics are comparable to those for the production of

(i) the presence of an extra obje@lectron, photon, _detec_:tabIeZZ, wz, andWWfinal states, we also elect not to
muon, ... in an event often qualitatively affects the prob- identify these final states. N .
able interpretation of the event, C. Choice of final states to stu.cﬁgcause it is not.reahstlc
(i) the presence of an extra object often changes the varl0 specify backgrounds for all possible exclusive final states,
ables that are chosen to characterize the final state, and Cchoosing prospective final states is an important issue. Theo-
(iii) using inclusive final states can lead to ambiguitiesties of physics beyond the standard model make such wide-
when different channels are combined. ranging predictions that neglect of any particular final state
We choose to partition the data into exclusive categories. Purely on theoretical grounds would seem unwise. Focusing
b. Particle identification We now specify the labeling of ©n final states in which the data themselves suggest some-
these exclusive final states. The general principle is that wéhing interesting can be done without fear of bias if all final
label the event as completely as possible, as long as we hagtates and variables for thqse flna! states are defln.ed prior to
a high degree of confidence in the label. This leads naturaligxamining the data. Choosing variables is the subject of the
to an explicit prescription for labeling final states. next section.
Most multipurpose experiments are able to identify elec-
trons, muons, photons, and jets, and so we begin by consid-
ering a final state to be described by the number of isolated We construct a mapping from each final state to a list of
electrons, muons, photons, and jets observed in the everkey variables for that final state using a simple, well-
and whether there is a significant imbalance in transverseotivated, and short set of rules. The rules, which are sum-
momentum E1). We treatfE; as an object in its own right, marized in Table I, are obtained through the following rea-
which must pass certain quality criteria.dftagging,c tag-  soning:
ging, or 7 tagging is possible, then we can differentiate (i) There is strong reason to believe that the physics re-
among jets arising frorb quarks,c quarks, light quarks, and sponsible for electroweak symmetry breaking occurs at the
hadronic tau decays. If a magnetic field can be used to obtaigcale of the mass of the Higgs boson, or on the order of a few
the electric charge of a lepton, we split the charged leptonshundred GeV. Any new massive particles associated with

A. General prescription

2. Variables
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TABLE I. A quasi-model-independently motivated list of inter- E’pjT denotespjTl if the final state contains only one jet and
esting variables for any final state. The set of variables to (:onsidein i if the final stat tains tw ots. Si
for any particular final state is the union of the variables in the i:2pT__' € final state contains 9 or m_ore J.e s. olnce
second column for each row that pertains to that final state. Here QCD dijets are a large background in all-jets final states,

denotese, w, or 7. The notation='p} is shorthand forp!? if the >'ph refers instead t&_p) for final states containing
final state contains only one jei?:2p¥ if the final state contains jets and nothing else, where=3.

n=2 jets, andS[_4p} if the final state containa jets and nothing When there are exactly two objects in an ev@ng., one
else, withn=3. Leptons and missing transverse energy that areZ boson and one jgt their pr values are expected to be
reconstructed as decay productsViéfor Z bosons are not consid- nearly equal, and we therefore use the avegagef the two
ered separately in the left-hand column. objects. When there is only one object in an eveng., a
singleW boson, we use no variables, and simply perform a

If the final state includes then consider the variable . .
counting experiment.
Er Er Other variables that can help pick out specific signatures
one or more charged leptons >ph can also be defined. Although variables such as invariant
one or more electroweak bosons spyWiz mass, angular separation between particular final state ob-
one or more jets >'ph jects, and variables that characterize event topologies may be

useful in testing a particular model, these variables tend to be
._less powerful in a general search. Appendix A contains a
ﬁore detailed discussion of this point. In the interest of keep-
ing the list of variables as general, well motivated, powerful,

dict final states with large missing transverse energy. Thi$nd short as p033|ble_, we elect to stop V_\"th those given in
arises in a large class & parity conserving supersymmetric gble I_‘ We expect ewfjence f\(/)vsznew ph¥s'ps Fo appearin the
theories containing a neutral, stable, lightest supersymmetrfdigh tails of ther, Zpy, Zpy™*, andX'pk distributions.
particle; in theories with “large” extra dimensions contain-

ing a Kaluza-Klein tower of gravitons that escape into the

with large transverse momenta in the final state.
(i) Many models of electroweak symmetry breaking pre-

multidimensional “bulk space”[9]; and more generally B. Search strategy: DORun |
from neutrinos produced in electroweak boson decay. If the . . . .
final state contains significafit;, theng+ is included in the The general search strategy just outlined is applicable to

list of promising variables. We do not ug that is recon- &y collider experiment searching for the physi_cs responsit_)le
structed as &V boson decay product, following the prescrip- for electroweak symmetry breaking. Any particular experi-
tion for W and Z boson identification outlined above. ment that wishes to use this strategy needs to specify object

(iii ) If the final state contains one or more leptons, we usénd variable definitions that reflect the capabilities of the
the summed scalar transverse mom@m#, where the sum detector. This section serves this function for thé Béedec-
is over all leptons whose identity can be determined and' [11] in its 1992—1996 ruriRun ) at the Fermilab Teva-
whose momenta can be accurately measured. Leptons thigen. The details in this subsection supersede those in the
are reconstructed a&/ or Z boson decay products are not More general section above.
included in this sum, again following the prescription i
and Z boson identification outlined above. We combine the 1. Object definitions
momenta ofe, u, and 7 leptons because these objects are
expected to have comparable transverse momenta on the ba-The particle identification algorithms used here for elec-
sis of lepton universality in the standard model and the negtrons, muons, jets, and photons are similar to those used in
ligible values of lepton masses. many published DGanalyses. We summarize them here.

(iv) Similarly, photons andW and Z bosons are most a. Electrons DO had no central magnetic field in Run I;
likely to signal the presence of new phenomena when thetherefore, there is no way to distinguish between electrons
are produced at high transverse momentum. Since the e®nd positrons. Electron candidates with transverse energy
pected transverse momenta of the electroweak gauge bosogieater than 15 GeV, within the fiducial region|ef <1.1 or

are comparable, we use the variaEIp%’W’Z, where the sca- 1.5<|%|<2.5 [where »=—Intan(6/2), with 6 the polar
lar sum is over all electroweak gauge bosons in the event, foangle with respect to the colliding proton’s directlpand
final states with one or more of them identified. satisfying standard electron identification and isolation re-

(v) For events with one jet in the final state, the transversejuirements as defined in R¢fL2] are accepted.
energy of that jet is an important variable. For events with b. Muons We do not distinguish between positively and
two or more jets in the final state, previous analyses haveegatively charged muons in this analysis. We accept muons
made use of the sum of the transverse energies of all but theith transverse momentum greater than 15 GeV and
leading jet[10]. The reason for excluding the energy of the | 7|<1.7 that satisfy standard muon identification and isola-
leading jet from this sum is that while a hard jet is oftention requirement$12].
obtained from QCD radiation, hard second and third radia- c. E. The missing transverse enerdds, is the energy
tive jets are relatively much less likely. We therefore chooserequired to balance the measured energy in the event. In the
the variable2’ p to describe the jets in the final state, where calorimeter, we calculate
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2. Variables

cal__ cin A. e P Y
Er= Z Eisingi(cosgx+sindiy)), @ The variables provided in the general prescription above

also need minor revision to be appropriate for thé BXQ
wherei runs over all calorimeter cell§; is the energy de- periment.

posited in thei®" cell, and ¢; is the azimuthal and), the a. =p}. We do not attempt to identify leptons, and the
polar angle of the center of thé" cell, measured with re- momentum resolution for muons is coarse. For events that
spect to the event vertex. contain no leptons other than muons, we defig =S p#.

An event is defined to contain&; “object” only if we For events that contain one or more electrons, we define
are confident that there is significant missing transverse ersp\=Xp¢. This is identical to the general definition pro-
ergy. Events that do not contain muons are said to coiain  vided above except for events containing both one or more
if E%a'> 15 GeV. Using track deflection in magnetized steelelectrons and one or more muons. In this case, we have de-

toroids, the muon momentum resolution in Run | is cided to define2p! as the sum of the momenta of the elec-
trons only, rather than combining the well-measured electron
8(1/p)=0.18 p—2)/p?®0.003, (2 momenta with the poorly-measured muon momenta.

S o b. Er. Er is defined byE;=E%, whereE$ is the miss-
wherep is in units of GeV, andc means addition in quadra- ing transverse energy as summed in the calorimeter. This
ture. This is significantly coarser than the electromagnetigum includes thg; of electrons, but only a negligible frac-

and jet energy resolutions, parametrized by tion of the p; of muons.
c. 2p¥"W'% We use the definition af p¥’*"'? provided in
SE/E=15%/E®0.3% (3 the general prescription: the sum is over all electroweak
gauge bosons in the event, for final states with one or more
and of them. We note that if &/ boson is formed from a and
ET ’ then pW: ETcaI.
SE/E=80%E, (@) !
respectively. Events that contain exactly one muon are lll. sLEuTH ALGORITHM

deemed to contaitty on the basis of muon number conser-  Gjven a data sample, its final state, and a set of variables

vation rather than on the basis of the muon momentum measynropriate to that final state, we now describe the algorithm
surement. We do not identify By object in events that con-  that determines the most interesting region in those variables

tain two or more muons. . _ ~and quantifies the degree of interest.
d. Jets Jets are reconstructed in the calorimeter using a

fixed-size cone algorithm, with a cone size &R _

=\J(A¢)?+(A7)?=05 [13]. We require jets to have A. Overview

E;>15 GeV and|7|<2.5. We make no attempt to distin-  Central to the algorithm is the notion of a “region’R}.

guish among light quarks, gluons, charm quarks, bottonA region can be regarded simply as a volume in the variable

quarks, and hadronic tau decays. space defined by Table |, satisfying certain special properties
e. Photons Isolated photons that pass standard identito be discussed in Sec. Il B. The region contaMglata

fication requirement§14], have transverse energy greater points and an expected number of background evbpts

than 15 GeV, and are in the fiducial region|<1.1 or  \we can consequently compute the weighted probalpliy
1.5<[7|<2.5 are labeled photon objects. _ defined in Sec. Il C 1, that the background in the region
f. W bosonsFollowing the general prescription described f,ctyates up to or beyond the observed number of events. If
above, an electrofas defined aboveand Er become @V this probability is small, we flag the region as potentially
boson if their transverse mass is within théboson mass interesting.
window (30<M <110 GeV} and the event contains N0 | any reasonably sized data set, there will always be
second charged lepton. Because the muon momentum meaegions in which the probability fobg to fluctuate up to or
surement is coarse, we do not use a transverse mass wind@aliove the observed number of events is small. The relevant
for muons. From Sec. Il B &, any event containing a single issue is how often this can happen in an ensemble of hypo-
muon is said to also contalfy; ; thus any event containing a thetical similar experimentése’s. This question can be an-
muon and no second charged lepton is said to contav a swered by performing these hypothetical similar experi-
boson. ments; i.e., by generating random events drawn from the
g. Z bosonsWe use the rules in the previous section for background distribution, finding the least probable region,
combining anee pair or eey triplet into aZ boson. We do and repeating this many times. The fraction of hypothetical
not attempt to reconstruct 2 boson in events containing similar experiments that yields a probability as low as the
three or more charged leptons. For events containing twone observed in the data provides the appropriate measure of
muons and no third charged lepton, we fit the event to thehe degree of interest.
hypothesis that the two muons are decay products @f a  Although the details of the algorithm are complex, the
boson and that there is riB; in the event. If the fit is ac- interface is straightforward. What is needed is a data sample,
ceptable, the two muons are considered to lZebmson. a set of events for each background prodessd the num-
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40 r - - - . - - ] accumulation of eventsintegrating the background within
. that region, and computing the probability that the expected

35 ] number of events in that region could have fluctuated up to
30 3 or beyond the observed number.
] Of course, the calculated probability depends on how the
25 ] region containing the events is chosen. If the region about
42 ] the event is infinitesimal, then the expected number of back-
o 20 ¢ ] ground events in the regiofand therefore this probability
Wk ] can be made arbitrarily small. A possible approach in one
r ] dimension is to define the region to be the interval bounded
10k ] below by the point halfway between the interesting event and
' ] its nearest neighbor, and bounded above by infinity. For the
5 F 9 case shown in Fig. 1, this region would be roughly the inter-
§ . . 4 ] val (46¢<).
0 20 50 60 70 Such a prescription breaks down in two or more dimen-

sions, and it is not entirely satisfactory even in one dimen-
FIG. 1. Example of a data set with a potentially anomaloussion. In particular, it is not clear how to proceed if the excess
point. The solid histogram is the expected distribution, and theoCCurS somewher'e other.than at the tail end .Of a dlstrlbutlpn
points with error bars are the data. The bulk of the data is wel™’ how to_gener_allze the |nter\_/al toa Well-deflne_d c_o_ntour n
described by the background prediction, but the point located a§everal dlmenS|Qns. AS We. wil se_e,_ 'Fhere are Slgnlflcant ad-
x=61 appears out of place. vantages to having a precise definition of a region about a
potentially interesting set of data points. This is provided in
R R Sec. Il B 2, after we specify the variable space itself.
ber of background evenths; = sb; from each background

process expected in the data sample. The output gives the 1. Variable transformation

region of greatest excess and the fraction of hypothetical ynfortunately, the region that we choose about the point

similar experiments that would yield such an excess. on the tail of Fig. 1 changes if the variable is some function
The algorithm consists of seven steps: of x, rather tharx itself. If the region about each data point is
(1) Define regionsR about any chosen set oN {5 pe the subspace that is closer to that point than to any

=1, ... Ngaadata points in the sample ¥y, data points.  other one in the sample, it would therefore be wise to mini-
(2) Estimate the backgrounok expected within thesk. mize any dependence of the selection on the shape of the
(3) Calculate the weighted probabilitiq:f, that by can  background distribution. For a background distributed uni-

fluctuate to=N. formly between 0 and Lor, in d dimensions, uniform within
(4) For eachN, determine theR for which pﬁ is mini-  the unit “box” [0,1]9), it is reasonable to define the region
mum. Definepy=ming(pY). associated with an event as the variable subspace closer to

(5) Determine the fractiofPy, of hypothetical similar ex- that event than to any other event in the sample. If the back-
periments in which th@y(hse is smaller than the observed ground is not already uniform within the unit box, we trans-

py(data. form the variables so that it becomes uniform. The details of
(6) Determine theN for which Py is minimized. Define this transformation are provided in Appendix B.
P =miny(Py). With the background distribution trivialized, the rest of

(7) Determine the fraction? of hypothetical similar the analysis can be performed within the unit box without
experiments in which the(hse is smaller than the observed WOrrying about the background shape. A considerable sim-
P(data. plification is therefore achieved through this transformation.
Our notation is such that a lowercaseepresents a probabil- The task of determining the expected background within
ity, while an uppercas® or P represents the fraction of ©ach region, which would have required a Monte Carlo inte-
hypothetical similar experiments that would yield a lessgration of the background distribution over the region, re-
probable outcome. The symbol representing the minimizaduces to the problem of determining the volume of each
tion of pR overR, py overN, or Py overN is written without ~ '€9ion. The problem is now completely specified by the
the superscript or subscript representing the varied propeng;ansformed coordinates of thfe data points, the tote}I number
(i.e., pn, P, OF P, respectively. The rest of this section dis- Of expected background everisand its uncertaintyb.
cusses these steps in greater detail.

2. Voronoi diagrams

B. Steps(1) and (2): Regions Having defined the variable space by requiring a uniform

When there are events that do not appear to follow someackground distribution, we can now define more precisely
expected distribution, such as the evenkat6l in Fig. 1, what is meant by a region. Figure 2 shows a 2-dimensional
we often attempt to estimate the probability that the event ivariable spaceV containing seven data points in a unit
consistent with coming from that distribution. This is gener-square. For any € V, we say that belongs tahe data point
ally done by choosing some region around the eyentan  D; if v —D;|<|v—Dj| for all j#i; that is,v belongs toD;
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L in the interval[0,1], whereck—0 if R badly failsc’, and
0.8 0.8 ck—1 if R easily satisfies'.
Consider as an exampte= AntiCornerSpherea simple
0.6 0.6 criterion that we have elected to impose on the regions in the
o4 0.4 euX sample. Loosely speaking, a regi®will satisfy this
’ ’ criterion (ck—1) if all of the data points inside the region
0.2 0.2 are farther from the origin than all of the data points outside
] i the region. This situation is shown, for example, in Figp)2
NEREZ FEETE SRR SNENE A ST FETETENERTE INETE ARENE FRET i i
0 Sttt T 0 prgbpmghstoptons For every event in the data set, denote loy the distance of

(o) (b) the point in the unit box to the origin, let ber transformed

FIG. 2. A Voronoi diagram(a) The seven data points are shown so that the b?ckground is uniform irf over the mtervgl
as black dots; the lines partition the space into seven regions, withD:1], and letr; be the values; so transformed. Then define

one region belonging to each data poititt) An example of a ¢ Jin Jout

2-region. 0, %_'_ r min_gr max)<0

if v is closer toD; than to any other data point. In Fig(e®, 1o 1o o

for example, any lying within the variable subspace de- CrR={ |57 — & ) O<|5+ - <1
fined by the pentagon in the upper right-hand corner belongs i out

to the data point located at (0.9,0.8). The set of point¥ in 1 1< }Jr M min ™ max

that do not belong to any data pojthose points on the lines L ’ 2 &

in Fig. 2(a)] has zero measure and may be ignored. (5)

We define aregion around a set of data points in a vari- .
able spacd/ to be the set of all points il that are closer to  Where — r'fi=min_g(r/), r'ig=maxes(r!), and ¢
one of the data points in that set than to any data points=1/(4Ngad IS @an average separation distance between data
outside that set. A region around a single data point is th@oints in the variable’.
union of all points inV that belong to that data point, and is  Notice that in the limit of vanishing, the criterionc
called a 1-region. A region about a setMfata points is the becomes a Boolean operator, returning “true” when all of
union of all points inV that belong to any one of the data the data points inside the region are farther from the origin
points, and is called aN-region; an example of a 2-region is than all of the data points outside the region, and “false”
shown as the shaded area in Figh)2 Ny, data points thus otherwise. In fact, many possible criteria have a s¢atand
partition V into Ngai, 1-regions. Two data points are said to reduce to Boolean operators whéwanishes. This scale has
be neighbors if their 1-regions share a border—the points dteen introduced to ensure continuity of the final result under
(0.75,0.9) and (0.9,0.8) in Fig. 2, for example, are neigh-small changes in the background estimate. In this spirit, the
bors. A diagram such as Fig(&, showing a set of data “extent to whichR satisfies the criterioe” has an alterna-
points and their regions, is known a¥aronoi diagram We tive interpretation as the “fraction of the tinfe satisfies the
use a program calleduLL [15] for this computation. criterionc,” where the average is taken over an ensemble of
slightly perturbed background estimates ahds taken to
vanish, so that “satisfies” makes sense. We will usgin
the next section to define an initial measure of the degree to

The explicit definition of a region that we have just pro- which R is interesting.
vided reduces the number of contours we can draw in the We have considered several other criteria that could be
variable space from infinite to a meré'®=—1, since any imposed upon any potential discovery region to ensure that
region either contains all of the points belonging to tHe  the region is “reasonably shaped” and “in a believable lo-
data event or it contains none of them. In fact, because manyation.” We discuss a few of these criteria in Appendix C.
of these regions have a shape that makes them implausible as
“discovery regions” in which new physics might be concen-
trated, the number of possible regions may be reduced fur- B ) .
ther. For example, the region in Fig. 2 containing only the ~Now that we have specified the notion of a region, we can
lower-leftmost and the upper-rightmost data points is un_defl_ne a quantitative measure of the “degree of interest” of a
likely to be a discovery region, whereas the region shown iff€910nN.
Fig. 2(b) containing the two upper-rightmost data points is
more likely (depending upon the nature of the variables 1. Probabilities

We can now impose whatever criteria we wish upon the Since we are looking for regions of excess, the appropri-
regions that we alloveLEUTH to consider. In general we will ate measure of the degree of interest is a slight modification
want to impose several criteria, and in this case we write thef the probability of background fluctuating up to or above
net criterionchc%{czR- -+ as a product of the individual cri- the observed number of events. ForMmegionR in which

teria, wherecy, is to be read “the extent to which the region b, background events are expected dngl is precisely
R satisfies the criterion'.” The quantitiescy take on values  known, this probability is

3. Region criteria

C. Step (3): Probabilities and uncertainties
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b (x) The multivariate transformation described in Sec. Il B 1

is obtained assuming that the number of events expected
from each background process is known precisely. This fixes
each event’s position in the unit box, its neighbors, and the
volume of the surrounding region. The systematic uncer-

tainty 6BR on the number of background events in a given
region is computed by combining the systematic uncertain-
ties for each individual background process. Ef). then
generalizes to

®  a—bpi
o e b 1
pR=cr| > —
0i=N

« it 2m(sbg)

_Rho\2

FIG. 3. An example of a one-dimensional background distribu- (b—Dbg)

. . : e Xexp ————|db + (1—cp), 8

tion with three sources. The normalized shapes of the individual 2(5b )2

background processes are shown as the dashed lines; the solid line R

is their sum. Typically, the normalizations for the background pro- . . . T
ypicaly g P ch is seen to reduce to E€) in the limit sbg—0.

cesses have separate systematic errors. These errors can changewné : 8 .
shape of the total background curve in addition to its overall nor- This formulation provides a way to take account of sys-

malization. For example, if the long-dashed curve has a large sydématic uncertainties on the shapes of distributions, as well.
tematic error, then the solid curve will be known less precisely inFOr example, if there is a larger systematic uncertainty on the

the region (3,5) than in the region (0,3) where the other two back!ail of a distribution, then the background process can be
grounds dominate. broken into two components, one describing the bulk of the

distribution and one describing the tail, and a larger system-
atic uncertainty assigned to the piece that describes the tail.

8 10

2 e "R(bg)’ (6) Correlations among the various components may also be as-
=N i signed.
We vary the number of events generated in the hypotheti-
We use this to define the weighted probability cal similar experiments according to the systematic and sta-

tistical uncertainties. The systematic errors are accounted for

R SN by pulling a vector of the “true” number of expected back-
e "R(bg) R .
pR=| > — crt(1—cR), (7)  ground eventd from the distribution
i=N :
- 1 1 f g -
which one can also think of as an “average probability,” p(b):—2w|2| exp — 5 (bi—b) %7 (bj—=by |, (9

where the average is taken over the ensemble of slightly

perturbed background estimates referred to above. By con- ~ .

struction, this quantity has all of the properties we need: itvhereb; is the number of expected background events from
reduces to the probability in E¢6) in the limit thatR easily ~ processi, as before, and; is thei'™™ component ofb. We
satisfies the region criteria, it saturates at unity in the limithave introduced a covariance matix which is diagonal
thatR badly fails the region criteria, and it exhibits continu- with components,;; = (5b;)? in the limit that the systematic
ous behavior under small perturbations in the backgroundincertainties on the different background processes are un-

estimate between these two extremes. correlated, and we assume summation on repeated indices in
Eqg. (9). The statistical uncertainties in turn are allowed for
2. Systematic uncertainties by choosing the number of everit from each background

The expected number of events from each backgrounBrocess from the Poisson distribution

process has a systematic uncertainty that must be taken into
account. There may also be an uncertainty in the shape of a
particular background distribution — for example, the tail of
a distribution may have a larger systematic uncertainty than
the mode. whereb; is the it component of the vectob just deter-
The background distribution comprises one or more conmined.
tributing background processes. For each background pro-
cess we know the number of expected events and the sys-
tematic uncertainty in this number, and we have a set of
Monte Carlo points that tell us what that background process Knowing how to calculatepy for a specificN-region R
looks like in the variables of interest. A typical situation is allows us to determine which of twi-regions is more in-
sketched in Fig. 3. teresting. Specifically, aiN-region R; is more interesting

e Pip)

PN =—7—

(10

D. Step(4): Exploration of regions
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than anothem-region R, if pﬁl< pﬁz. This allows us to
compare regions of the same sitlee sameN), although, as

we will see, it does not allow us to compare regions of dif-

ferent size.

Step(4) of the algorithm involves finding the most inter-
estingN-region for each fixedN between 1 andNy,. This
most interestindN-region is the one that minimizepqﬁ, and

thesepy= minR(pﬁ) are needed for the next step in the algo-

rithm.

Even for modestly sized problentsay, two dimensions
with on the order of 100 data poinighere are far too many
regions to consider an exhaustive search. We therefore us

region under consideration to be an amoeba moving withi
the unit box. At each step in the search the amoeba eith

e
heuristic to find the most interesting region. We imagine the

PHYSICAL REVIEW D 62 092004

F. Step (7): Hypothetical similar experiments, Part I

A question that remains to be answered is what fracion
of hypothetical similar experiments would yieldPdess than
the P obtained in the data. We calculafe by running a
second set oN,s2 hypothetical similar experiments, gener-
ated as described in the previous sectidie have written
hse' above to refer to the first set of hypothetical similar
experiments, used to determine tAg, given a list ofpy;
we write hsé to refer to this second set of hypothetical
similar experiments, used to determiRdrom P.) A second,
independent set of hse’s is required to calculate an unbiased
vglue for’P. The quantityP is then given by

1 Nhsé
n =~ Y @(piaa phs) (12)
er Npse =1

expands or contracts according to certain rules, and along the

way we keep track of the most interestiNgregion so far
found, for eachN. The detailed rules for this heuristic are
provided in Appendix D.

E. Steps(5) and (6): Hypothetical similar experiments, Part |

At this point in the algorithm the original events have
been reduced tdly,, values, each between 0 and 1: e
(N=1,... Ngaa corresponding to the most interesting
N-regions satisfying the imposed criteria. To find tmest

interesting of these, we need a way of comparing regions of

different size(different N). An N;-regionRy, with pﬂ,‘i‘ais

data
N2

tion of hypothetical similar experiments in whictﬂ,‘fle

more interesting than ax,-region Ru, with py.°if the frac-

data;
< |
PN,
hse data

ments in whichpy_<py;".

To make this comparison, we generatga hypothetical
similar experiments. Generating a hypothetical similar ex
periment involves pulling a random integer from E4Q) for
each background procegssampling this number of events
from the multidimensional background densbji), and
then transforming these events into the unit box.

For each hse we compute a listmf, exactly as for the
data set. Each of thNca hypothetical similar experiments
consequently yields a list giy . For eachN, we now com-
pare thepy we obtained in the datgpf® with the py’s we
obtained in the hse’ssté, wherei=1, ... Njsg). From
these values we calculatey, the fraction of hse’s with

hsé- data.
PN <PN -

s less than the fraction of hypothetical similar experi-

11

where®(x) =0 for x<0, and®(x)=1 for x=0.

This is the final measure of the degree of interest of the most
interesting region. Note th& is a number between 0 and 1,
that small values of indicate a sample containing an inter-
esting region, that large values Bfindicate a sample con-
taining no interesting region, and thAtcan be described as
the fraction of hypothetical similar experiments that yield a
more interesting result than is observed in the dBtaan be
translated into units of standard deviatiorg ;) by solving

the unit conversion equation

P= N e i2dt
\277 73[0.]

(13

for P[U] .

G. Interpretation of results

In a general search for new phenomesgguTH will be
applied toN different final states, resulting iN¢ different
‘values forP. The final step in the procedure is the combina-
tion of these results. If n® value is smaller thar=0.01 then
a null result has been obtained, as no significant signal for
new physics has been identified in the data.

If one or more of théP valuesis particularly low, then we
can surmise that the regi) of excess corresponds either to
a poorly modeled background or to possible evidence of new
physics. The algorithm has pointed out a region of excess
(R) and has quantified its significanc®). The next step is
to interpret this result.

Two issues related to this interpretation are combining
results from many final states, and confirmingL&uTH dis-
covery.

1. Combining the results of many final states
If one looks at many final states, one expects eventually to
see a fairly smaliP, even if there really is no new physics in

the data. We therefore define a quanfityto be the fraction
of hypothetical similaexperimental ruristhat yield aP that

The most interesting region in the sample is then the re-

gion for which Py is smallest. We defin®= Pn. o where
Pn,,, Is the smallest of th&y.

1In the phrase “hypothetical similar experiment,” “experiment”
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is smaller than the smalle® observed in the data. Explic- ~ TABLE Il. The exclusive final states withieuX for which
itly, given N final states, WithE)i background events ex- events are seen in the data and the variables used for each of these

) - final states. The variables are selected using the prescription de-
pected in eaph anﬁ’i calculated for each on&? is given t0  scribed in Sec. II. Although all final states contaieiEr,” no
good approximation by missing transverse energy cut has been applied explidlyis
inferred from the presence of the muon, following Sec. Il B.

NfS n; -1 67 BIBJ
1

ﬁzl—Hl 20 i (14)  Final state Variables
=1 j= .
. . L eukr pT, Er _
wheren; is the smallest integer satisfying entqj pS, Er, ph
0 Soa e,LLET“ p-?—, ET! plrz
e Pip) . eukrjjj e g pl2gps
> i < Prmin=MinP; . (15 HET PT, &1, Py Py
J=n; :

(ii) one or more highp; (py>15 Ge\) isolated muons,
) ) o ) ~ with object definitions given in Sec. Il B.

An independent confirmation is desirable for any potential The dominant standard model and instrumental back-
discovery, especially for an excess revealed by a data-drivegrounds to this data set are
search. Such confirmation may come from an independent (j) top quark pair production with— Wb, and with both
lated final state, from an independent confirmation of the_, e, and one touv (or to r7v— prww),
background estimate, or from the same experiment in the (i) wboson pair production with botW bosons decaying

same final state using independent data. In the last of the$§ptonically, one teev (or to rv—evrr) and one touv (or
cases, a first sample can be presentesLEWTH to Uncover g 1y, 4 ppy)

any hints of new physics, and the remaining sample can be (iii) Z/y* — 77— euvvvy, and
subjected to a standard analysis in the region suggested by (iv) instrumental“fakes” ): W production with theé\ bo-

SLEUTH. An excess in this region in the second sample helpg, decaying tqu» and a radiated jet or photon being mis-
to confirm a discrepancy between data and background. If w 2 ken for an electron. dob/ce production with one heavy

see hints of new physics in the Run | data, for example, w . .
will be able to predict where new physics might show itself?uarﬁlg]roducmg an isolated muon and the other a false elec-
ron .

in the upcoming run of the Fermilab Tevatron, Run II. -

A sample of 10000at— dilepton events was generated
using HERWIG [16], and aWW sample of equal size was
generated usingPYTHIA [17]. We generatedy* — 77

As mentioned in Sec. |, we have applied teesutH  —euvvvy (Drell-Yan) events usingPYTHIA and Z— 77
method to DQdata containing one or more electrons and one—euvvvy events usingsAJET [18]. The Drell-Yan cross
or more muons. We use a data set corresponding to 108gction is normalized as in Rdfl9]. The cross section for
+5.7 pb ! of integrated luminosity, collected between 1992 Z— 77 is taken to be equal to the published [ZO-ee cross
and 1996 at the Fermilab Tevatron with thé Biétector. The ~ section[20], the top quark production cross section is taken
data set and basic selection criteria are identical to those usé@m Ref.[21], and theW W cross section is taken from Ref.
in the publishedtt cross section analysis for the dilepton [22]. Thett, WW, andZ/y* Monte Carlo events all were
channelg12]. Specifically, we apply global cleanup cuts and processed througizeAaNT [23] and the DOreconstruction

2. Confirmation

IV. THE epX DATA SET

select events containing software. The number and distributions of events containing
(i) one or more highpt (p7>15 GeV) isolated electrons fake electrons are taken from the data, using a sample of
and events satisfying “bad” electron identification critefia4].

We breakeuX into exclusive data sets, and determine
which variables to consider in each set using the prescription
refers to the analysis of a single final state. We use “experimentagjiven in Sec. Il. The exclusive final states withem X that

runs” in a similar way to refer to the analysis of a number of are populated with events in the data are listed in Table II.
different final states. Thus a hypothetical similar experimental runThe number of events expected for the various samples and
consists ofNys different hypothetical similar experiments, one for data sets in the populated final states are given in Table IlI;
each final state analyzed. the number of expected background events in all unpopu-
2Note that the naive expressidh=1—(1—P,)Vsis not correct, ated final states in which the number of expected back-
ground events i$>0.001 are listed in Table IV. The domi-

since this require$— 1 for Ni;—, and there are indeed an infi- . . .
nite number of final states to examine. The resolution of this paranant sources of systematic error are given in Table V.

dox hinges on the fact that only an integral number of events can be
observed in each final state, and therefore final states Evvm
contribute very little to the value dP. This is correctly accounted We choose to consider tle. X final state first because it

for in the formulation given in Eq(14). contains backgrounds of mass scale comparable to that ex-

V. SENSITIVITY
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TABLE lll. The number of expected background events for the populated final states wjtbin The
errors oneuX are smaller than on the sum of the individual background contributions obtained from Monte
Carlo simulations because of an uncertainty on the number of extra jets arising from initial and final state
radiation in the exclusive channels.

Data set Fakes Z—7T v —TT ww tt Total
enkr 18.4+1.4 25.6:6.5 0.5:0.2 3.9:1.0 0.011+0.003  48.5:-7.6
enkqj 8.7+1.0 3.0:0.8 0.1+0.03 1.1-0.3 0.4:0.1 13.2:15
enkrjj 2.7+0.6 0.5-0.2 0.012-0.006 0.18:0.05 1.8:0.5 5.2:0.8
enE-jjj 0.4+0.2 0.07£0.05  0.005:0.004  0.032-0.009 0.70.2 1.3t0.3
euX 30.2+1.8 29.2£4.5 0.7+0.1 5.2£0.8 3.:x0.5 68.3t5.7

pected of the physics responsible for electroweak symmetryround estimates and the signal framMw and tt is “un-
breaking. Top quark pair productiom@— tt—W*W~bb) known.” We apply the prescription to the exclusiexX
and W boson pair production are excellent examples of thefinal states listed in Table II.
type of physics that we would expect the algorithm to find.  Figure 4 shows distributions &® for mock samples con-
Before examining the data, we decided to impose the re‘[-aining 0n|y Z/‘y*—>T’T and fakesy where the mock events
quirements ofAntiCornerSphereand Isolation (see Appen-  are pulled randomly from their parent distributions and the
dix C) on the regions thaiLEUTH s allowed to consider. The numbers of events are allowed to vary within systematic and
reason for this choice is that, in addition to allowing only statistical errors. The distributions are uniform in the interval
“reasonable” regions, it allows the search to be parameterfq 1], as expected, becoming appropriately discretized in the
izedhessqntiallydb¥ha Ting|e lVE]:tf iﬁbled_ the disftamce b_etth\J/eerw statistics limit. [When the number of expected back-
each region and the lower left-hand corner of the unit box ; P -
We felt this would aid the interpretation of the results from g:oounn: e?/\;enr:tsbasreléssselxlgg.If4;j()a,rg g\?gn?sa gfee ESZZEVZ??then

this initial application of the method. P=1, since all hypothetical similar experiments yield a re-

t\:]\/_e te_st :Ee sTnS'.t,l\é'ty 'r? twg phaifs, kg,‘??m? 'z.m":;\j/thatsult as interesting or more interesting than an empty sample.
nothing in the algorithm has been "tuned” to findinyg If one event is observed, then there is only one region for

andtt in this sample. We first consider the background g cUTH to consider andP is simply the probability forb
comprise fakes an@/y* — 77 only, to see if we can “dis- - ' .

y - . + 6b to fluctuate up to exactly one event. In Figdy for
cover” eitherWW or tt. We then consider the background example, the spike @b=1 contains 62% of the mock ex-
to comprise fakesZ/y* — 77, andWW, to see whether we periments, since this is the probability for 8.2 to fluc-
can “discover” tt. We apply the full search strategy and tyate to zero events; the second spike is locatef=a0.38
algorithm in both cases, fir¢in this section on an ensemble  anq contains 28% of the mock experiments, since this is the
of mock samples and thein Sec. V) on the data. probability for 0.5-0.2 to fluctuate to exactly one event.
Similar but less pronounced behavior is seen in Fig).%
Figure 5 shows distributions dP when the mock samples
containWW andtt in addition to the background in Fig. 4.

In this section we provide results frosLEUTH for the  Again, the number of events from each process is allowed to
case in whichZ/y* — 77 and fakes are included in the back- vary within statistical and systematic error. Figure 5 shows
that we can indeed findt and/orWW much of the time.
TABLE IV. The number of expected background events for theFigure 6 Showg) Computed for these Samp'es_ In over 50%

unpopulated final states withieuX. The expected number of . =
events in final states with additional jets is obtained from thoseOf these samples we fmﬁ’["] to correspond to more than

listed in the table by dividing by five for each jet. These are alltWO standard deviations.
rough estimates, and a large systematic error has been assigned

A. Search for WW and tt in mock samples

accordingly. Since no events are seen in any of these final states, the B. Search fortt in mock samples

baEkground estimates shown here are used solely in the calculation In this section we provide results for the case in which

of 7> for all exX channels. Z/v* — 7, fakes, andWW are all included in the back-

Final state Background expected ground estimate _an_ti is the “unknovyn” s_,ignal. We a_gain _
apply the prescription to the exclusive final states listed in

enkrjjii 0.30+0.15 Table II.

eeulr 0.10+0.05 Figure 7 shows distributions @ for mock samples con-

e 0.04+0.02 taining Z/ v* — 7, fakes, andVW, where the mock events

enkry 0.06+0.03 are pulled randomly from their parent distributions, and the

numbers of events are allowed to vary within systematic and
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TABLE V. Sources of systematic uncertainty on the number of Bockgroundls: Fakes, ZI/;/—HT )
expected background events in the final stagedfr, euqj, 9 BQ ook Somples: . Wh. °‘i§s‘420/7 OSSN
eukrjj, andepEqjjj. P(j—"e") denotes the probability thata  § |G Jrokes 5 |wEnmee,
jet will be reconstructed as an electron. “Jet modeling” includes £ 40 -g\f?:o?d?ﬂé?oos 1 £30 e 1E0 s 4
systematic uncertainties in jet productionAnTHIA and HERWIG in 230 J g
addition to jet identification and energy scale uncertainties. " 20 .
%20 1%
[¢} [o}
Source Error =10 4 =10 b
° k]
Trigger and lepton identification efficiencies 12% O Leeonnnn pe O Lo i
P(j—"e") 7% (a) 0 08.05 1 (b) 0 0.5 1
Multiple interactions 7% 2] o 260 o
i X c euf,j Sample c euiZ’,J%Son%ple
Luminosity 5.3% e 60 fBko 32206 - g Bkg. 0.5£02
o(tt—euX) 12% < t: 1.8£0.5 T a0 |H07EOZ
o(Z— t7—euX) 10% 3'40 7 L%' 1 |
o(WW—euX) 10% X % 20 |
o(y* —rr—euX) 17% 220 12
Jet modeling 20% G bS]
R S L e
(c) 1) (d) :

statistical errors. As found in the previous section, the distri-
butions are uniform in the interva0,1], becoming appropri-
ately discretized when the expected number of backgroun
events becomes 1. Figure 8 shows distributions @& when o . —. .

9 —. . . o distributions containWW and tt in addition to Z/y*— 77 and
the mock samples contafi in addition toZ/y* — 77, fakes,  fakes. The extent to which these distributions peak at siasan
andWW. Again, the .””mb?r .Of events from eaph ProCess 15,6 taken as a measure sfeutH's ability to find WW or tt if we
allowed to vary within statistical and systematic errors. The,,4 no knowledge of either final state. The presenc&Vaf/ in
q'smgunons n FIgS_. &) ar.1d &d) show that we Car_‘ m_dee_d euE causes the trend toward small valuesa the presence dft
find tt much of the time. Figure 9 shows that the distribution cayses the trend toward small values(@h and (d); and a combi-

of ﬁg] is approximately a Gaussian centered at zero of widthhation of WW andtt causes the signal seen (in).

FIG. 5. Distributions ofP for the four exclusive final states)
SMET, (b) enEqj, (c) enEqjj, and(d) exwEqjjj . The background
includes onlyZ/y* — 77 and fakes. The mock samples for these

Bockgrounds: Fakes, 2/’ > 1 unity for the case where the background and data both con-
ock Somples: Fakes, 2/ => 71T . . . .
210 [prmrmr 210 e tain Z/ y* — 77, fakes, andVW production, and is peaked in
g 8 |Blg? 44.5%6.6 Events| E 8 _Bkg?11.7i1.2 Events| the bin above 2.0 for the same background when the data
£ = includett.
M S
) w
é 4 - § 4 C. New high pt physics
2 2r 412 2F . We have shown in Secs. VA and V B that theEuTH
§ R L sg Y L prescription and algorithm correctly finds nothing when there
(a) 0 Ong 1 (b) 0 08.05 1 is nothing to be found, while exhibiting sensitivity to the
920 e 980 oo expected presence oVW and tt in the euX sample.
S g’,ﬁgg”fﬂ‘ e Events| S E‘;Ez“ ,%,;"g?';gvems SLEUTH'S performance on this “typical” new physics signal
g 15 + g 60 | is encouraging, and may be taken as some measure of the
§ § sensitivity of this method to the great variety of new high
W 10 540 B physics that it has been designed to find. Making a more
9 g general claim regardingLEUTH'S sensitivity to the presence
= 5 ?_20 i H of new physics is difficult, since the sensitivity obviously
° ° 1 varies with the characteristics of each candidate theory.
20 K0 . . . )
() 1 (d) 0 OSbS 1 That being said, we can provide a rough estimate of
SLEUTH'S sensitivity to new higtp; physics with the follow-

FIG. 4. Distributions ofP for the four exclusive final statgg) ~ NJ argument. We have seen that we are sensiti¢¥and
eukr, (b) eukrj, (o) enkrjj, and(d) exk+jjj . The background tt pair production in a data sample corresponding to an in-
includes onlyZ/y* — rr and fakes, and the mock samples making tegrated luminosity of=100 pb *. These events tend to fall
up these distributions also contain only these two sources. As exn the regionp$>40 GeV,E;>40 GeV, and®’ pjT>40 GeV
pected,P is uniform in the interval0,1] for tho§e final states in  (if there are any jets at all The probability that any true
which the expected number of background evéaxsl, and shows euX event produced will make it into the final sample is
discrete behavior fob < 1. about 15% due to the absence of complete hermeticity of the
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[ Backgrounds: Fakes, Z/y' >77 o ek Somples Wi foves. 2y 25 7
0 [ ----Mock Samples: Fakes, Z/y" —> 7T ] 210 oo I ARARARAN 21 Y ST AR
C 50 | —Mock Somptes: i, wW, Fakes, 2/y 77 [ 1 5 B i ke 5 _ |B? 19825 2 Events
03: [ Combination of eufr, eufyj, eulsjj and eulsjjj 1 E 8 1 € 8 | b
—_ [ o LM
[®] e 6 K 4 a 6 | =
T 40 ] o e ‘w
v - s 4r 13 47T 7
£ g g
g 30 | ] s [ 15 %7 ]
x G L K 0 s Lo
L 1 (a) 0 O@S 1 (b) 0 0.5 1
% 20 ] ] (2Rl B —— 2o T ——
&} g i ] t eulfyjj Sambple € euii'ﬂjg Sanhple
= H I ] © Bkge 3.38£0.6 Events| @ Bkg: 0.53£0.2 Events
“ i = - E15 4 £60 g
cof T -. 3 3
S O E ] 510 | H S40 i
I e - j X~ X
0 [TTseeess AN P I 1oy 8 8 M
-2 —1 0 1 2 = 5 H =20 H
SO[ ] 5 5 L ]
G J 4 1 i1 a0
oo s T R O e sT
o - | (c) o (d) (2
FIG. 6. Distribution ofP;,; from combining the four exclusive
final stateeuEr, eukq], enkrjj, andeukyjjj . The background FIG. 7. Distributions ofP for the four exclusive final stateg)
includes onlyZ/y* — 77 and fakes. The mock samples_maklng Up eulr, (b) enkrj, (c) ewk+jj, and(d) ewE+jjj . The background
the distribution shown as the solid line conta\W andtt in ad- includesz/ y* — 77, fakes, andVW, and the mock samples making

dition to Z/ y* — 77 and fakes, and correspond to Fig. 5; the mock up these distributions also contain these three sources. As expected,
samples making up the distribution shown as the dashed line corP is uniform in the interva[ 0,1] for those final states in which the

tain only Z/y*— 77 and fakes, and correspond to Fig. 4. All expected number of background evehts1, and shows discrete
samples withP;,;>2.0 appear in the rightmost bin. The fact that pehavior wherb=<1.

ﬁ[v]>2.0 in 50% of the mock samples can be taken as a measure of

SLEUTH'S sensitivity to findingWWW andtt if we had no knowledge Bockgrounds? WW, Fakes, Z/y' —> 7

of the existence of the top quark or the possibilitMdboson pair ” Mock Samples: tf, WW, Fokgs, /¥ —>rT
production. 210 EEmme T 210 [GE e T
[ Bkg. 48.5+7.6 [7] Bkg. 12.8+1.2
£ 8 HEr0.011£0003 - € t6:70.4£0.1
DO detector, inefficiencies in the detection of electrons and g 6 1 g10 k£ 7
muons, and kinematic acceptance. We can therefore state i o3
that we are as sensitive to new high physics as we were to § +r § 5 | i
the roughly eightWW andtt events in our mock samples if 2 2r 12
the new physics is distributed relative to all standard model VP L v L
= are distri - ¥ 0005 18 90705 1
backgrounds a8/W andtt are distributed relative to back- (a) 1) (b) ;
grounds fromZ/y* — 77 and fakes alone, and if its produc- [ o R 950 g
tion cross sectiorX branching ratio into this final state is S Eﬁgz“fgg"i"be,e S g/;E:J%%%JJ?Z
=8/(0.15< 100 pb 1)~600 fb. Readers who are interested £ |wiss0s £40 o702 iy
in a possible signal with a different relative distribution, or 1&40 i ] §3o L o
who prefer a more rigorous definition of “sensitivity,” ~ 320
should adjust this cross section accordingly. 820 1 8
= 210
(o] (o]
VI. RESULTS N r1 re 0 Lol L 1
In the previous section we studied what can be expected (e) () 17

whensLEUTH is applied toeuX mock samples. In this sec-
tion we confrontsSLEUTH with data. We observe 39 events in
the eu final state, 13 events ireuErj, 5 events in

euwErjj, and a single event iruf+jjj, in good agreement
V_VIth the ex.pected backgrourﬁ in Table IIl. We proceedl byThe extent to which these distributions peak at srRathn be taken
first removing bothwWW and tt from the background esti- as a measure ofLEUTH'S sensitivity to findingtt_ if we had no

mates, and next by removing ortly, to search for evidence knowledge of the top quark’s existence or characteristics. Note that
of these processes in the data. Finally, we include all stanp is flat in e+, where the expected number of top quark events
dard model processes in the background estimates and seaishegligible, peaks slightly toward small values émEj, and

for evidence of new physics. shows a marked low peak euErjj andeuk+jjj.

FIG. 8. Distributions ofP for the four exclusive final statds)
euwkr, (b) enkyj, (c) eukyjj, and(d) exk+jjj . The background
includesZ/y* — 77, fakes, andVW. The mock samples for these
distributions contairtt in addition toZ/y* — 77, fakes, andAV/W.
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30 P AR LAAAARREAR T manam Background includes Fakes, Z/y"—> 77
Backgrounds: WW, Fakes, Z/y —> 77 ] 3 ———
----Mock Samples: WW, Fakes, Z/y" —> 71 ] = o o o .
—Mock Samples: tt, WW, Fakes, Z/¥ —> 71 ] | og O o O ] euf/,j Data
25 [ Combination of eufly, euflyj, eulsjj and eukyjjj ] I D o | 2 | =034 i

(P
o
13
T
(m}
[m}
O
Events

20 | — 1

7 of Mock Experimental Runs

15 04
0 0.5 1 0 0. 1
(@) A (b) r/5
10 e —_
eufsjj Data epf4jjj Dato
© =0010 o =038
5 o 2 F T o 2 I Qevents not Picked |
c c BPicked Events
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> >
0 (] L

(c()) 0 Or./5 1 (d()) 0 O.; 1
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FIG. 9. Distribution ofP;;; from combining the four exclusive

final stateeulr, enkyj, exkyjj, andenk+jjj . The background FIG. 10. Positions of data points following the transformation of
includesz/ y* — 7, fakes, andVW. The mock samples making up the background from fake and/ y* sources in the space of vari-
the distribution shown as the solid line contdinin addition to ~ ables in Table | to a uniform distribution in the unit box. The
Z/y* — 77, fakes, andWW, corresponding to Fig. 8; the mock darkened points define the regisneuTH found most interesting.
samples making up the distribution shown as the dashed line corthe axes of the unit box ifie) are suggestively labele$) and
tain only Z/y* — 77, fakes, andVW, and correspond to Fig. 7. All  (E7); each is a function of both? andE+, but (p7) depends more

samples withP,;>2.0 appear in the rightmost bin. The fact that Ztirsct)zr?ééoor;pti é"gglz (Ff)Ti %tr?rc:)rr?w i'g%eg}:;aflzﬁg g E?tri;,nids (t:r(;(r?
Py =20 In over 25% °_f, t,he mo.ck.sanlpl)les can be taken as fer” of the unit box, tfansformed S(’) t,hat the background is distrib-
measure OBLEUTHS sensmyny to findingtt if we had no knowk-  yeq uniformly in the interval 0,1]. The interesting regions in the
edge of the top quark’s existence or characteristics. euwEr and euE+jj samples presumably indicate the presence of
- WW signal in exE; and of tt signal in exEjj. We find P

A. Search for WW and tt in data =0.03 (73[0]:1.9)_

The results of applyingsLEUTH to DO data with only
Z/y*—>TT and fakes in the background estimate are showrsyent in theexE+jjj sample, shown in Fig. 10. The pres-
in Table VI and Fig. 10SLEUTH finds indications of an ex-  gnce of theW W signal can be inferred from the events des-
cess in theeuE+ and e,uETjj states, presumably reflecting ignated interesting in thexE; final state.
the presence ofVW andtt, respectively. The results for the
enEsj andeunk+jjj final states are consistent with the re-
sults in Fig. 5. Defining ' as the distance of the data point ) )
from (0,0,0) in the unit boxtransformed so that the back- ~ The results of applyingsLEUTH to the data withZ/y*
ground is distributed uniformly in the interved,1]), the top  — 77, fakes, andWW included in the background estimate
candidate events from D®recent analysif25] are the three ~ are shown in Table VIl and Fig. 15LEUTH finds an indica-
events with largest’ in the exE+jj sample and the single tion of excess in theuE+jj events, presumably indicating

B. Search fortt in data

TABLE VI. Summary of results on theeuEr, eufqj, TABLE VII. Summary of results on theen®r, eukqj,
enkqjj, andenEqjjj channels wheWW andtt are notincluded — exEqjj, andeuErjjj channels whent production is not included
in the backgroundsLEuTH identifies a region of excess in tegE;  in the backgroundsLeuTH identifies a region of excess in the
andenE+jj final states, presumably indicating the presenc@&/o¥ enk+jj final state, presumably indicating the presencétah the
andtt in the data. In units of standard deviatidNﬂU]: 1.9. data. In units of standard deviatio’ﬁiglz 1.2.

Data set P Data set P
enkr 0.008 enkr 0.16
enkrj 0.34 enkrj 0.45
enkqjj 0.01 enkrjj 0.03
enkqjjj 0.38 enkrjjj 0.41
P 0.03 P 0.11
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Background includes WW, Fakes, Z/y* =TT TABLE VIIl. Summary of results on all final states witheuX
[0- @'y W q ST when all standard model backgrounds are included. The unpopu-
a DE'D gg © g e#Ewg) Bgtc lated final stateglisted in Table I\j have’P=1.0; these final states
o le 271 =0 are included in the calculation @. We observe no evidence for the
ffo 5F o 45 presence of new high; physics.
~ ) s H 3
p_ O Data set P
eufs [zoto a B oo
o #0460 ] enkr 0.14
(a) © (OE'?) eukqj 0.45
—— 3 eukqjj 031
euflsj Dato euf;jj Dato enkrij] 0.71
=0.030 =041
o 2r ® 1 @ 2 gEvents not Picked ]| ﬁ 0.72
c c BPicked Events
[ QO
> >
LJ 1 F 4 W 1 F - .
C. Search for physics beyond the standard model
' ' In this section we presestEUTH'S results for the case in
(C()) 0 Or'; 1 (d? o) or,/5 1 which all stqndard model and instrgmental backgrounds are
considered in the background estima®#:y* — rr, fakes,

FIG. 11. Positions of data points following the transformation of WW, andtt. The results are shown in Table VIl and Fig.
the background from the three sour@s* — 77, fakes, andvw  12. We observe excellent agreement with the standard
in the space of variables in Table I to a uniform distribution in the M0del. We conclude that these data contain no evidence of
unit box. The darkened points define the regieauTH found most ~ new physics at highpy, and calculate that a fractio®
interesting. The interesting region in teErjj sample presum- =0.72 of hypothetical similar experimental runs would pro-
ably indicates the presence tif We findP=0.11 (P, =1.2). duce a more significant excess than any observed in these

data. Recall that we are sensitive to new high physics
_ with production cross sectioix branching ratio into this
the presence oft. The results for theuEr, euErj, and final state as described in Sec. V C.
euwrjjj final states are consistent with the results in Fig. 8.
The tt candidates from D@ recent analysig25] are the
three events with the largest in the exE1jj sample and We have developed a quasi-model-independent technique
the single event in theuE+jjj sample, shown in Fig. 11.  for searching for the physics responsible for stabilizing elec-
A comparison of this result with one obtained using a

VII. CONCLUSIONS

Background includes tf, Ww, Fuges, /Y —=>TT

dedicated top quark search illustrates an important difference 1 T
betweensLEUTH'S result and the result from a dedicated ; ° DD eufsj Data
search. DCannounced its discovery of the top quaB6] in [ qoe O 1, 2 Le=0#

1995 with 50 pb ! of integrated luminosity upon observing Tos L o o ] €

17 events with an expected background of:3086 events, a ~ 71 B o o :>j

4.60 “effect,” in the combined dilepton and single-lepton [ 0g ® o ]

decay channels. In thew channel alone, two events were eé; ;%‘_’};u "

seen with an expected background of G:1203 events. The 0 o '0'5":" 1

probability of 0.12+0.03 events fluctuating up to or above (a) ()

two events is 0.007, corresponding to a®.%effect.” In a 3 3
subsequent measurement of the top quark cross sddihn euffyjj Data euffyjjj Data
three candidate events were seen with an expected back- o | #=03 1, 2 Lg=or -
ground of 0.210.16, an excess corresponding to a 275 § § WPicked Events
“effect.” Using SLeuTH, we find P=0.03 in theeuEqjj 2 L R L )
sample, a 1.8 “effect,” when complete ignorance of the

top quark is feigned. When we take into account the fact that H H ” [

we have also searched in all of the final states listed in Table 0 o Of — d0 o 'Ot —
I, we find P=0.11, a 1.2 “effect.” The difference be- ©) I'; (d) r/s

tween the 2.75 eff?ct se”en with a dedicated tqp quark FIG. 12. Positions of the data points following the transforma-
sgarch <":1nd t.he 12 "effect” that S_LEUTH reports |ne,ui( tion of the background frord/ y* — 77, fakes, WW, andtt sources
lies partially in the fact thasLEUTH is not optimized fortt;  in the space of variables in Table | to a uniform distribution in the
and partially in the careful accounting of the many newynit box. The darkened points define the region thaTH chose.

physics signatures th@EUTH considered in addition tot  We findP=0.72, and distributions that are all roughly uniform and
production, and the correspondingly many new physics sigeonsistent with background. No evidence for new higtphysics is
nals thatsLEUTH might have discovered. observed.

092004-16



SEARCH FOR NEW PHYSICS INeuX DATA AT D@ ... PHYSICAL REVIEW D 62 092004

troweak symmetry breaking. Our prescription involves thethese reasons the list of variables in Table | does not include
definition of final states and the construction of a rule thatnvariant masses.

identifies a set of relevant variables for any particular final (i) Shape variables: Thrust, sphericity, aplanarity, cen-
state. An algorithm(SLEUTH) systematically searches for re- trality, and other topological variables often prove to be good
gions of excess in those variables, and quantifies the signifchoices for model-specific searches, but new physics could
cance of any observed excess. This technique is sufficientlgppear in a variety of topologies. Many of the processes that
a priori that it allows anex post factpquantitative measure could show up in these variables already populate the tails of
of the degree to which curious events are interesting. Aftethe variables in Table I. If a shape variable is included, the
demonstrating the sensitivity of the method, we have appliedhoice of that particular variable must be justified. We
it to the set of events in the semi-inclusive chanaglX. choose not to use topological variables, but we do require
RemovingWW andtt from the calculated background, we Physics objects to be centré.g., [7;/<2.5), to similar
find indications of these signals in the data. Including thesé&ffect.

background channels, we find that these data contain no evi-
dence of new physics at high;. A fraction P=0.72 of
hypothetical similar experimental runs would produce a
more significant excess than any observed in these data.

APPENDIX B: TRANSFORMATION OF VARIABLES

The details of the variable transformation are most easily
understood in one dimension, and for this we can consider
again Fig. 1. It is easy to show that if the background distri-
bution is described by the curve(x)=%e>® and we let

] ~_.y=1—e*5 theny is distributed uniformly between 0 and
We thank the staffs at Fermilab and at collaborating insti-] The situation is more complicated when the background is
tutions for contributions to this work, and acknowledge SUP-given to us as a set of Monte Carlo points that cannot be
port from the Department of Ef?ef\gy,a”d National Sciencejescribed by a simple parametrization, and it is further com-
Foundation(U.S.A), Commissariat & 'Energie Atomique  pjicated when these points reside in several dimensions.
and CNRS/Institut National de Physique N,“’?re et de There is a unique solution to this problem in one dimen-
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(i) Points that are near each other should map to points
that are near each other, subject to the constraint that the
We have excluded a number of “standard” variablesresulting background probability distribution be flat within

from the list in Table | for various reasons: some are helpfulthe unit box.

for specific models but not helpful in general; some are par- This somewhat abstract and not entirely well-posed prob-
tially redundant with variables already on the list; some welem is helped by considering an analogous physical problem:
have omitted because we felt they were less well-motivated
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APPENDIX A: FURTHER COMMENTS ON VARIABLES

than the variables on the list, and we wish to keep the list of
variables short. Two of the perhaps most significant omis-
sions are invariant masses and topological variables.

(i) Invariant masses: If a particle of massis produced
and its decay products are known, then the invariant mass of
those decay products is an obvious variable to consMé,;.
andM,+,- are used in this spirit to identiff¥ andZ bosons,
respectively, as described in Sec. Il. Unfortunately, a non-
standard-model particle’s decay products are generally not
known, both because the particle itself is not known and
because of final state combinatorics, and resolution effects

can wash out a mass peak unless one knows where to look.

The height of the sand in d-dimensional unit
sandbox is given by the function(x), wherex

is a d-component vector(The counting of di-
mensions is such that a physical sandbox thas
=2.) We take thed-dimensional lid of the sand-
box and squash the sand flat. The result of this
squashing is that a sand grain at positiomas
moved to a new positiof, and the new function
b’(y) describing the height of the sand is a con-
stant. Given the functiorb(X), determine the
mappingx—y.

Invariant masses turn out to be remarkably ineffective for the For this analogy to help, the background first needs to be
type of general search we wish to perform. For example, g@ut “in the sandbox.” Each of the background events must

natural invariant mass to considerep+jj is the invariant

also have the same weigfthe reason for this will become

mass of the two jetsng;;); since top quark events do not clear shortly. The background probability density is there-
cluster in this variable, they would not be discovered by itsfore estimated in the original variables using Probability

use. A search for anparticular new particle with known

Density Estimatiorj27], andM events are sampled from this

decay products is best done with a dedicated analysis. Falistribution.
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TheseM events are then put “into the sandbox” by trans- nectivity Convexity Peg and Hyperplanes Although we
forming each variabldindividually) into the interval[ 0,1]. present only the Boolean forms of these criteria here, they
The new variable is given by may be generalized to the intend,1] by introducing the

scale¢ in the same spirit as above.
c. ConnectivityWe generally expect a discovery region to
dt, be one connected subspace in the variables we use, rather

(B1) than several disconnected subspaces. Although one can posit

cases in which the signal region is not connedeerhaps

where u;; is the value of thg'" variable for thei'" back- signal appears in the two regiong>2 and »<—2), one

ground eventg; is the standard deviation of the distribution Should be able to easily avoid this with an appropriate choice
in the j variablle anch=M ~Y@+4) \whered is the dimen-  ©f variables(In this example, we should usg| rather than

sionality of the space. 77_.) We _defined th_e concept of neighboring data poin_ts_in the
The next step is to take thes& events and map each of d|s<_:u55|on of regions in Se(_:. 1] B 2. fonnected regioris

them to a point on a uniform grid within the box. The pre- d€fined to be a region in which given any two poiatandb

vious paragraph defines a mapping from the original variWVithin the region, there exists a list of pointp,

ables into the unit sandbox; this step defines a mapping frort & P2; - - - Pn-1,Pn=Db such that all thep; are in the re-

a lumpy distribution in the sandbox to a flat distribution. The9ion andp; . is a neighbor of; . _ _

mapping is continued to the entire space by interpolating d- Convexity We define anon-convexegion as a region

between the sampled background events. defined byA a set oN data pointsP, such that there exists a
The mapping to the grid is done by first assigning eachdata pointp not within P satisfying

sampled background point to an arbitrary grid point. Each

background point is some distance;; away from the grid N

point j with which it is paired. We then loop over pairs of 2 Pi\i

=1

M) & V2maih 2<rj2h2

=p (C2)
background points andi’, which are associated with grid
pointsj andj’, and swap the associatiofessociate with j’
andi’ with j) if max(d ,d;/;;) > max@;;,d;). This looping S =1 (C3)
and swapping is continued until an equilibrium state is o
reached.
\i=0 Vi, (CH

APPENDIX C: REGION CRITERIA

In Sec. 11l B 3 we introduced the formal notion oégion  for suitably chosen\;, wherep; are the points withirP. A
criteria — properties that we require a region to have for itCoOnvex region is then any region that is not non-convex;
to be considered bgLEUTH. The two criteria that we have intuitively, a convex region is one that is “roundish,” with-
decided to impose in the analysis of the X data ardsola- ~ OUt protrusions or intrusions.
tion and AntiCornerSphere e. Peg We may want to consider only regions that live on

a. Isolation We want the region to include events that arethe high tails of a distribution. More generally, we may want
very close to it. We defing=1N. Y as a measure of the t0 only consider regions that contain one or morencipe-
mean distance between data points in their transformed caific points in variable space. Call this set of poirts where
ordinates, and call a regioisolatedif there exist no data i=1, ... n. We transform these points exactly as we trans-
points outside the region that are closer ti§an a data point  formed the data in Sec. Ill B to obtain a set of poigtghat
inside the region. We generalize this Boolean criterion to theive in the unit box. A regiorR is said to bepeggedo these

interval [0,1] by defining points if there exists at least one 1, ... n such that the
il (%"= (%)° closest data point tg; lies within R.
clsolation_ il 4 ( ( (C1) f. Hyperplanes Connectivity and Convexity are criteria
R 1 1 . . .
2§ that require the region to be “reasonably shaped,” while Peg

o _ o ~_ is designed to ensure that the region is “in a believable lo-
where the minimum is taken over all pairwise combinationscation.” It is possible, and may at times be desirable, to
of data points with X)" inside R and ) outsideR. impose a criterion that judges both shape and location simul-

b. AntiCornerSphereOne must be able to draw a sphere taneously. A regiorR in a d-dimensional unit box is said to
centered on the origin of the unit box containing all datasatisfy Hyperplanesif, for each data poinp inside R, one
events outside the region and no data events inside the rgan draw a §—1)-dimensional hyperplane throughsuch
gion. This is useful if the signal is expected to lie in the that all data points on the side of the hyperplane containing

upper right-hand corner of the unit box. We generalize thi o “ —— - ”
Boolean criterion to the intervdl0,1] as described in Sec. S::ri E)ncgindtelR(the upper right-hand corner of the unit box

B 3.

A number of other potentially useful region criteria may  More complicated region criteria may be built from com-
be imagined. Among those that we have considerecCare  binations and variations of these and other basic elements.
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APPENDIX D: SEARCH HEURISTIC DETAILS

The heuristicSLEUTH uses to search for the region of
greatest excess may usefully be visualized as a set of rules
for an amoeba to move within the unit box. We monitor the
amoeba’s progress by maintaining a list of the most interest-
ing region of sizeN (one for eachN) that the amoeba has
visited so far. At each state, the amoeba is the region under
consideration, and the rules tell us what region to consider

next.

The initial location and size of the amoeba is determined

by the following rules forseeding

(1) If we have not yet searched this data set at
all, the starting amoeba fills the entire box.

(2) Otherwise, the amoeba starts out as the re-
gion around a single random point that has
not yet inhabited a “small” region that we
have considered so far. We consider a region
R to be small if adding or removing an indi-
vidual point can have a sizable effect on the
pﬁ; in practice, a region is small N <20.

(3) If there is no point that has not yet inhabited
a small region that we have considered so far,
the search is complete.

At each stage, the amoeba eitlggows or shrinks It be-

PHYSICAL REVIEW D 62 092004

(1) Allow the amoeba to encompass a neighbor-
ing data point. Force it to encompass any
other data points necessary to make the ex-
panded amoeba satisfy all criteria. Check to
see whether thpﬁ of the expanded amoeba
is less than th@y, of the region on the list of
the same size. If so, the amoeba has success-
fully grown, the list of the most interesting
regions is updated, and the amoeba tries to
grow again. If not, the amoeba shrinks back
to its former size and repeats the same pro-
cess using a different neighboring data point.
If the amoeba has tried all neighboring data
points and has not successfully grown, it
shrinks.

)

The rules for shrinking are the following:

(1) Force the amoeba to relinquish the data point
that owns the most background, subject to
the requirement that the resulting shrunken
amoeba be consistent with the criteria.

(2) If the amoeba has shrunk out of existence or
can shrink no further, we destroy this amoeba
and reseed.

The result of this process is a list of regions of length
Ngata (ONE region for eac), such that th\'" region in the

gins by attempting to grow. The rules for growth are thelist is the most interesting region of siZ¢ found in the

following:

data set.
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