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SEARCHES FOR NEW PHYSICS IN EVENTS WITHA . .. PHYSICAL REVIEW 66 052006

We have searched for evidence of physics beyond the standard model in events that include an energetic
photon and an energetiequark jet, produced in 85 p of Hp collisions at 1.8 TeV at the Tevatron Collider
at Fermilab. This signature, containing at least one gauge boson and a third-generation quark, could arise in the
production and decay of a pair of new particles, such as those predicted by supersymmetry, leading to a
production rate exceeding standard model predictions. We also search these events for anomalous production
of missing transverse energy, additional jets and leptensu(and 7), and additionab quarks. We find no
evidence for any anomalous production g or yb+ X events. We present limits on two supersymmetric
models: a model where the photon is produced in the défgay y}(l’ and a model where the photon is
produced in the neutralino decay into the gravitino L%ﬁ’ﬁ ¥G. We also present our limits in a model-
independent form and test methods of applying model-independent limits.

DOI: 10.1103/PhysRevD.65.052006 PACS nunider13.85.Rm, 13.85.Qk, 14.80.Ly

I. INTRODUCTION observed at the Collider Detector at Fermil@DF) [1]. A

As the world’s highest-energy accelerator, the FermilamedeI was proposef?] that produces the photon from the

Tevatron collider provides a unique opportunity to search forradiative decay of tha? neutralino, selected to be the pho-
evidence of physics beyond the standard model. There af#0, into thex}, selected to be the orthogonal state of purely
many possible additions to the standard model, such as extfdggsino, and a photon. The production of a chargino-
spatial dimensions, additional quark generations, additionateutralino pairy; x5, could produce thebE, final state via
gauge bosons, quark and lepton substructure, weak-scalke decay chain

gravitational effects, new strong forces, and/or supersymme- —my ~0 ~o ~0

try, which may be accessible at the TeV mass scale. In addi- Xi X2— (tb)(yx1)—(bcx1)(yx1). ()
tion, the source of electroweak symmetry breaking, also be-

low this mass scale, could well be more complicated than the Th|s model, however, represents only a small pgrt of the
) . available parameter space for models of new physics. Tech-
standard model Higgs mechanism.

N hysi ted to involve th nicolor models, supersymmetric models in which supersym-
CW PAYSICS Processes are expected fo IVove me pra; etry is broken by gauge interactions, models of new heavy
duction of heavy particles, which can decay into standar

) uarks, and models of compositness predicting an exbited
model constituentgquarks, gluons, and electroweak bosons quark which decays tg/b, for example, would also create

which in turn decay to hadrons and leptons. Because of thgis signature. We have consequently generalized the search,
Ia_rge mass of the new parent particles, the decay prOdUCE?nphasizing the signature/l or ybE,) rather than this spe-
will be observed with large momentum transverse to th&jfic model. We present generalized, model-independent lim-
beam @), where the rate for standard model particle pro-jts. |deally, these generic limits could be applied to actual
duction is SUppreSSEd. In addition, in many models thESPnodeB of new physics to provide the information on
hypothetical particles have large branching ratios into phowhether models are excluded or allowed by the data. Other
tons, leptons, heavy quarks or neutral non-interacting parprocedures for signature-based limits have been presented
ticles, which are relatively rare at large valuespefin ordi- recently[1,3,4].
nary proton-antiproton collisions. In Sec. Il we begin with a description of the data selection
In this paper we present a broad search for phenomeng|iowed by a description of the calculation of backgrounds
beyond those expected in the standard model by measuringhd observations of the data. In Sec. Ill we present
the production rate of events containing at least one gaugggorously—derived limits on both minimal supersymmetric
boson, in this case the photon, and a third-generation quarkiandard modeiMSSM) and gauge-mediated supersymme-
the b-quark, both with and without additional characteristicstry breaking (GMSB) models. Sections IV-VI present the
such as missing transverse enerdf)( Accompanying model-independent limits. Finally, in the Appendix we
searches are made within these samples for anomalous prgresent tests of the application of model-independent limits
duction of jets, leptons, and additionaiquarks, which are to a variety of models that generate this signature.
predicted in models of new physics. In addition, the signa- A search for the heavy techni-omega;, in the final

ture of one gauge boson plus a third-generation quark is rargate y+ b+ jet, derived from the same data sample, has al-
in the standard model, and thus provides an excellent chafgady been published].

nel in which to search for new production mechanisms.
The initial motivation of this analysis was a search for the

! Il. DATA SELECTION
stop squark {) stemming from the unusua@eyyE,; event o

The data used here correspond to 85 biof pp colli-
sions atys=1.8 TeV. The data sample was collected by trig-

*Present address: Northwestern University, Evanston, llli-gering on the electromagnetic cluster caused by the photon in

nois 60208. the central calorimeter. We use “standard” photon identifica-
"Present address: Carnegie Mellon University, Pittsburgh, Penrtion cuts developed for previous photon analygds which
sylvania 15213. are similar to standard electron requirements except that
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there is a restriction on any tracks near the cluster. Théhan 60 cm from the center of the detector along the beam-
events are required to have at least one jet with a secondaliye, so that the jet is well contained and the projective nature
vertex found by the standard silicon detedtequark identi-  of the calorimeters is preserved.

fication algorithm. Finally, we apply missing transverse en-

ergy requirements and other selections to examine sub- C. Photon

samples. We discuss the selection in detail below. ] ] ) ]
To purify the photon sample in the offline analysis, we

A. The CDF detector select events with an electromagnetic cluster wHh

. . >25 GeV and|7|<1.0. To provide for a reliable ener
We briefly describe the relevant aspects of the CDF de- 7] P 9y

. : : m rement we require the cluster way from crack
tector[6]. A superconducting solenoidal magnet provides a easurement we require the cluster to be away from cracks

1.4 T magnetic field in a volum3 m indiameter and 5 m in the calorimeter. To remove backgrounds from jets and
Ic;ng, containing three tracking devices. Closest to the bea glectrons, we reqire the electromagnetic cluster to be iso-
line is a 4-layer silicon microstrip detect®VX) [7] used to ated. Specifically, we require that the showe_r shape_ in the
identify the secondary vertices from-hadron decays. A CES chambers at shower maximum be consistent with that

track reconstructed in the SVX has an impact parameteP! @ Single photon, that there are no other clusters nearby in
resolution of 19xm at high momentum to approximately the CES, and that th_ere is I|_ttle energy in thg hadronic calo-
25 um at 2 GeVt of track momentum. Outside the SVX, a fimeter towers associated withe., directly behingithe elec-
time projection chambeVTX) locates thez position of the ~ tromagnetic towers of the cluster.
interaction. In the region with the radius from 30 cm to 132 We allow no tracks withp;>1 GeV to point at the clus-
cm, the central tracking chambé&ETC) measures charged- ter, and at most one track wifiy<<1 GeV. We require that
particle momenta. Surrounding the magnet coil is the electhe sum of thep, of all tracks within a cone ofAR
tromagnetic calorimeter, which is in turn surrounded by the= \/A »°+ A ¢?=0.4 around the cluster be less than 5 GeV.
hadronic calorimeter. These calorimeters are constructed of |f the photon cluster hag,<50 GeV, we require the en-
towers, subtending 15° i» and 0.1 in% [8], pointing to the  ergy in a 3x3 array of trigger towerstrigger towers are
interaction region. The central preradiator wire chambeimade of two consecutive physical towers ) to be less
(CPR is located on the inner face of the calorimeter in thethan 4 GeV. This isolation energy sum excludes the energy in
central region (7| <1.1). This device is used to determine if the electromagnetic calorimeter trigger tower with the largest
the origin of an electromagnetic shower from a photon wasnergy. This requirement is more restrictive than the hard-
in the magnet coil. At a depth of six radiation lengths into theware trigger isolation requirement, which is approximately 5
electromagnetic calorimetgiand 184 cm from the beam- GeV on the same quantity. In some cases the photon shower
line), wire chambers with additional cathode strip readoutieaks into adjacent towers and the leaked photon shower en-
[central electromagnetic strip chambeéBES] measure two  ergy is included in the isolation energy sum. This effect leads
orthogonal profiles of showers. to an approximately 20% inefficiency for this trigger. When
For convenience we report all energies in GeV, all mo-the clusterE, is above 50 GeV, a second trigger with no
menta as momentum timesn GeV, and all masses as mass isolation requirement accepts the event. For these events, we
timesc? in GeV. Transverse energ¥() is the energy depos- require the transverse energy found in the calorimeter in a

ited in the calorimeter multiplied by sif cone ofR=0.4 around the cluster to be less than 10% of the
cluster’s energy.
B. Event selection These requirements yield a data sample of 511 335 events

Collisions that produce a photon candidate are selected HV an exposure of 85 pt of integrated luminosity.

at least one of a pair of three-level triggers, each of which S
requires a central electromagnetic cluster. The dominant D. b-quark identification
high-E; photon trigger requires a 23 GeV cluster with less  Jets in the events are clustered with a cone of 0.4 in
than approximately 5 GeV additional energy in the region of— ¢ space using the standard CDF algorithb®]. One of
the calorimeter surrounding the clusf8il. A second trigger, the jets with| 7| <2 is required to be identified astaquark
designed to have high efficiency at large valuesEpf re-  jet by the displaced-vertex algorithm used in the top-quark
quires a 50 GeV cluster, but has no requirement on the isaanalysis[11]. This algorithm searches for tracks in the SVX
lation energy. that are associated with the jet but not associated with the
These events are required to have no energy deposited fitimary vertex, indicating they come from the decay of a
the hadronic calorimeter outside of the time window thationg-lived particle. We require that the track, extrapolated to
corresponds to the beam crossing. This rejects events whefige interaction vertex, has a distance of closest approach
the electromagnetic cluster was caused by a cosmic rayreater than 2.5 times its uncertainty and pass loose require-
muon which scatters and emits bremsstrahlung in the calanents orp, and hit quality. The tracks passing these cuts are
rimeter. . used to search for a vertex with three or more tracks. If no
Primary vertices for th@p collisions are reconstructed in vertex is found, additional requirements are placed on the
the VTX system. A primary vertex is selected as the one withtracks, and this new list is used to search for a two-track
the largest totallp,| attached to it, followed by adding silicon vertex. The transverse decay length, , is defined in the
tracks for greater precision. This vertex is required to be lestransverse plane as the projection of the vector pointing from
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the primary vertex to the secondary vertex on a unit vector To be recognized as an additional jet in the event, a calo-
along the jet axis. We requirg,,|/0>3, whereo is the  rimeter cluster must have correctdg]>15 GeV and| »|
uncertainty onlL,,. These requirements constitute a “tag.” <2. To count as an additionaltag, a jet must be identified

In the data sample the tag is required to be positive, withs ab candidate by the same algorithm as the primajgt,
L,,>0. The photon cluster can have tracks accidentally asand haveE,>30 GeV and 7|<2. To be counted as an ad-
sociated with it and could possibly be tagged; we removdlitional photon, an electromagnetic cluster is required to

these events. This selection reduces the dataset to 148RVEE>25 GeV,|#5|<1.0, and to pass all the same identi-

events. fication requirements as the primary photon.
The jet energies are corrected for calorimeter gaps and For lepton |d§nt|f|cat|on, we use the cuts defined for the
imary leptons in the top quark searct#&$,12. We search

noniinear response, energy not contained in the jet cone, a or electrons in the central calorimeter and for muons in the
underlying event energyl0]. For each jet the resulting cor- ) . .
ying GML0) J g central muon detectors. Candidates foleptons are identi-

rectedE, is the best estimate of the underlying true quark O d only by their hadronic decays—as a jet with one or three

9'“°r.‘ transve_r S€ energy, _and Is used for all jet r_eql_,lirementﬁigh_pt charged tracks, isolated from other tracks and with
T e e ey Cloretr ey clistr shaps conitot wi iy
reduces the data set 1o 1175 events. pothe5|s[12]. Electron_s andr.s must haveE,>25 GeV as
measured in the calorimeter; muons must hpye25 GeV.
Electrons and muons must hay®|<1.0 while s must

E. Other event selection have |7|<1.2. We summarize the kinematic selections in

While the photon and-tagged jet constitute the core of Table I.
the signature we investigate, supersymmetry and other new
physics could be manifested in any number of different sig- ll. BACKGROUND ESTIMATES
natures. Because of t.he strong dependence c_)f signatL_Jre ONThe backgrounds to they sample are combinations of
the many parameters in supersymmetry, one signatuge-is  he standard model production of photons dnguarks and
guably) not obviously more Ilkely than any other. F_or these 5150 jets misidentified as a photétfake” photons) or as a
reasons we search for events with unusual properties such Byuark jet(“fake” tags or mistags. A jet may be misiden-
very large missingE, or additional reconstructed objects. tified as a photon by fragmenting to a hard leadirfy Other
These objects may be jets, leptons, additional photorts or jets may fake @-quark jet through simple mismeasurement
tags. This method of sifting events was employed in a preof the tracks leading to a false secondary vertex.
vious analysig1]. We restrict ourselves to objects with large  We list these backgrounds and a few other smaller back-
E; since this process is serving as a sieve of the events fgyrounds in Table Il. The methods referred to in this table are
obvious anomalies. In addition, in the lowEf regime the explained in the following sections.
backgrounds are larger and more difficult to calculate. In this The following sections begin with a discussion of the
section we summarize the requirements that define these ot0ls used to calculate backgrounds. Section Il C explains
jects. why the method presented is necessary. The subsequent sec-
Missing E, (E,) is the magnitude of the negative two- tions provide details of the calculation of each background in

dimensional vector sum of the measutgdn each calorim- ~ turn.
eter tower with energy above a low threshold in the region
| 7|<3.6. All jets in the event with uncorrectel, greater
than 5 GeV and|7|<2 are corrected appropriately for
known systematic detector mismeasurements; these correc- There are two methods we use to calculate photon back-
tions are propagated into the missiBig. MissingE; is also  grounds, each used in a different energy region. The first
corrected using the measured momentum of muons, whicemploys the CES detector embedded at shower maximum in
do not deposit much of their energy in the calorimeter. the central electromagnetic calorimef&B]. This method is
We apply a requirement of 20 GeV on missikg, and  based on the fact that the two adjacent photons from a high-
observe that a common topology of the events is a photop, #° will tend to create a wide CES cluster, with a larger
opposite in azimuth from the missing, (see Fig. 2 We  CES x?, when compared to the single photon expectation.
conclude that a common source of misslBgoccurs when  The method produces an event-by-event weight based on the
the basic event topology is a photon recoiling against a jety? of the cluster and the respective probabilities to find this
This topology is likely to be selected by tifg cut because x? for a 7° versus for a photon. In the decay of very high
the fluctuations in the measurement of jet energy favor smaknergy 7%'s the two photons will overlap, and the® will
jet energy over large. To remove this background, we removeecome indistinguishable from a single photon in the CES by
events in the angular bit ¢(y—E;)>168° for the sample, the shape of the cluster. From studiesm®¥s from p decay
where we have raised the missiBgrequirement to 40 GeV. we have found that foE,>35 GeV the two photons coa-
We defineH, as the scalar sum of thg; in the calorim-  lesce and we must use a second method of discrimination
eter added to the missirig, and thep, of any muons in the that relies on the central preradiator syst€@®R) [13]. This
event. This would serve as a measure of the mass scale background estimator is based on the fact that the two pho-
new objects that might be produced. tons from a=® have two chances to convert to an electron-

A. Photon background tools
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TABLE I. Summary of the kinematic selection criteria for thg+ X sample that contains 1175 events.
Also shown are the kinematic criteria for the identification of other objects, such as miSsingts,
additionalb jets, and leptons. The lepton identification criteria are the same as used in the top discovery.

Object Selection

Basic sample requirements

Isolated photon E>25 GeV,|7|<1.0
b-quark jet(SVX b tag E.>30 GeV]7|<2.0
Optional missingE; requirements
2 >40 GeV
|Ap(y—E))| <168°
Optional other objects
Jets E;>15 GeV]7|<2.0
Additional photons E.>25 GeV]#|<1.0
Additional b-quark jets E,>30 GeV, SVXb tag
Electrons E>25 GeV,|7|<1.0
Muons p>25 GeV,|5|<1.0
Tau leptons E;>25 GeV,|7|<1.2

positron pair at a radius before the CPR system, versus onlhe event are recorded. The probability of tagging the jet is

one chance for a single photon. The charged particles frordetermined as a function of these variables for both positive

the conversion leave energy in the CPR, while an uncon¢L,,>0) and negative tagd (,<0).

verted photon does not. The implementation of the CPR Negative tags occur due to measurement resolution and
method of discriminating photons from®s on a statistical  errors in reconstruction. Since these effects produce negative
basis is similar to the CES method, an event-by-evengng positive tags with equal probability, the negative tagging

weight. When the two methods are used together to cover thgopapility can be used as the probability of finding a posi-
entire photonE, range for a sample, we refer to it as the e tag due to mismeasurememtistags.
CES-CPR method.

Both these photon background methods have low dis-
crimination power at high photok,. This occurs because
the weights for a single photon and(laackgroung ° are We construct a total background estimate from summing
not very different. For example, in the CES method, aEan the individual sources of backgrounds, each found by differ-
of 25 GeV, the probability for a photon to have a langeis ~ ent methods. In the CDF top analygisl] one of the tagging
on the order of 20% while the background has a probabilitypackground procedures was to apply the positive tagging
of approximately 45%. For the CPR method, typical valuesprobability to the jets in the untagged sample to arrive at a
for a 25 GeV photon are 83% conversion probability for total tagging background estimate. A similar procedure could

C. Background method

background and 60% for a single photon. be considered for our sample.
However, in this analysis, a more complex background
B. b-quark tagging background tools calculation is necessary for two reasons. First, the param-

A control sample of QCD multi-jet events is used to Studyetrized tagging background described a_bove is deri\_/ed from
the backgrounds to the identificationtfuark jetg14]. For @ sample of jets from QCD everits1] which have a differ-
each jet in this sample, tHg, of the jet, the number of SVX ent fraction ofb-quark jets than do jets in a photon-plus-jets

the quark charge. Secontalgquarks produc® mesons which

TABLE II. The summary of the backgrounds to the photon andhave a large branching ratio to semileptonic states that in-

tag sample and the methods used to calculate them. clude neutrinos, producing real missifg more often than
generic jets. When &, cut is applied, thé fraction tends to
Source Method of calculation increase. This effect is averaged over in the positive back-

ground parametrization so the background prediction will

ybb andycc Monte Carlo tend to be high at smak, and low at largeg, .

y+ mistag CES-CPR and tagging prediction For these reasons, the positive tagging rate is correlated to
fake y andbb or cc CES-CPR the existence of a photon and also the missipgwhen that

fake y and a mistag CES-CPR is required. In contrast, the negative tagging rate is found not
Wy, Zy Monte Carlo, normalized to data to be significantly correlated with the presence of rbal
electrons fakingy's measured fake rate quarks. This is because the negative tagging rate is due only
cosmic rays cosmic characteristics to mismeasurement of charged tracks which should not be

sensitive to the flavor of the quarks.
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The next sections list the details of the calculations of thedoes not have the correlation to quark flavor and mis&ng
individual sources of the backgrounds. Both photons ands does the positive tagging prediction.
b-tagged jets have significant backgrounds so we consider As a check, we can look at the sample before the tagging
sources with real photons afdtags or jets misidentified as and E; requirements. In this sample we find 197 negative

photons orb jets (“fakes”). tags while the estimate from the negative tagging prediction
is 312. This discrepancy could be due to the topology of the
D. Heavy flavor Monte Carlo program events—unlike generic jets, the photon provides no tracks to

The background consisting of correctly identified photonshelp define the primary vertex. The primary vertex could be

andb-quark jets is computed with an absolutely normalizedSyStemat'Ca”y mismeasured leading to mismeasurement of

L . the transverse decay lendth, for some events. We include
Monte Carl_o progra.nﬁll.s]. The calculat|o'n.|s leading order, a 50% uncertainty on this background due to this effect.
based orgq andgg initial states and a finité-quark mass.

The Q? scale is taken to be the square of the phdEplus

the square of thieb or cG palr massQ®=E}-+ M>. A sys- There are several additional backgrounds which we have
t ti tainty of 30% is found b liQgby a fact ;
ematic uncertainty o 0 1S found by SCAIREY & factor calculated and found to very small. The productionVéy

0, iti 0,
of wo and the quark masses by 10%. An additional 20/oand Zvy events may provide background events since they

uncertainty allows for additional effects which cannot be de-
. : : produce real photons ardor ¢ quarks from the boson decay
termined by simply changing the scale dependdi&é . — —
(W=—cs,Z—bb). The E; would have to be fake, due to

In addition, we rely on the detector simulation of the ‘"’ in th lori We fiiz .
Monte Carlo program to predict the tail of the rapidly falling mismeasurement n the calorimeter. We Y events in
the CDF data using the same photon requirements as the

£, spectrum. The Monte Carlo program does not always pre- ; . :
dict this tail well. For example, a Monte Carlo program of search. TheW/Z is required to decay leptonically for good

7 et product dict v half the ob d rate f identification. We then use a Monte Carlo program to mea-
—€ € production predicts only halt the Observed rate 1ory,, o e ratio of the number of these events to the number of
events passing the missitigy cut used in this analysis. We events passing the fulybE, search cuts. The product of
thus include an uncertainty of 100% on the rate that events ithase two numbers predicts this background to be less than

theby sample pass thé; cut. We combine the Monte Carlo g 1 eyents.
production andg, sources of uncertainty in quadrature.  The next small background &W/— ev plus jets where the
However, when theybb and ycc backgrounds are totaled, electron track is not reconstructed, due either to bremsstrah-
these common uncertainties are treated as completely corring  or  to  pattern-recognition  failure.  Using
lated. Z—e"e events, we find this probability is small, about
0.5%. Applying this rate to the number of observed events
E. Fake photons with an electronp tag and missindg; we find the number of

i events expected in our sample to be negligible.
The total of all backgrounds with fake photons can be e |ast small background calculation is the rate for cos-

measured using the CES and CPR detectors. These bagkic ray events. In this case there would have to be a QCD

grounds, dominated by jets that fragment to an energetig.quark event with a cosmic ray bremsstrahlung in time with

7°— yy and consequently are misidentified as a single phothe event. The missing, comes with the unbalanced energy

ton, are measured using the shower shape in the CES systef8posited by the cosmic ray. We use the probability that a

for photonE;<35 GeV and the probability of a conversion cosmic ray leaves an unattached stub in the muon chambers

before the CPR forE,>35 GeV [16]. We find 551  to estimate that the number of events in this category is also

+15%[17] of these photon candidates are actually jets misinegligible.

dentified as photons. The total of all background sources is summarized in
For many of our subsamples we find this method is notfable Ill. The number of observed events is consistent with

useful due to the large statistical dilution as explained in Secthe calculation of the background for both thie sample and

lIl. This occurs because, for example, the probabilities forthe subsamples wit, .

background ¢°'s) and for signal ¢’s) to convert before the

CPR are not too different. This results in a weak separation IV. DATA OBSERVATIONS

and a poor statistical uncertainty. We find the method returns

100% statistical uncertainties for samples of less than ap- In this section we report th_e results of applying the final
! . event selection to the data. First we compare the total back-
proximately 25 photon candidates.

ground estimate with the observed number of events in the

by sample, which requires only a photon wiy>25 GeV

and ab-tagged jet withE,>30 GeV. Since most models of
To estimate this background we start with the untaggedupersymmetry predict missing;, we also tabulate the

sample, and weight it with both the CES-CPR real photorbackgrounds for that subsample.

weight and the negative taggiripackground weight. This Table 1ll summarizes the data samples and the predicted

results in the number of true photons with mistags in the finabackgrounds. We find 98 events have misdihg-20 GeV.

sample. As discussed above, the negative tagging predictidBix events have missing;>40 GeV, and only two of those

G. Estimate of remaining backgrounds

F. Real photon, fake tags
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TABLE lll. Summary of the primary background calculation. Thieb and ycc systematic uncertainties
are considered 100% correlated. The column labdigd40 GeV also includes the requirement that
A¢(y—E)<168°. The entry for fake photons in the column labelgd-40 GeV is not measured but is
estimated using the assumption that 50% of photons are fakes. This number is assigned a 100% uncertainty.

Source Events Events,>20 EventsE,>40, A¢p
ybb 99+5+50 9+1+10 0.4£0.3+0.4
ycc 161+9+81 7+2+8 0.0+£0.5+0.5
v+ mistag 124-1+62 10+0.3+=5.2 0.7£0.05+0.5
fake y 648+ 69+ 94 49+22+7 1.0-1.0+0.2
Wy 2+1 0.4+0.2+0.4 0.0t0.1+0.1
Zy 64 0.8-0.6£0.8 0.08+0.06+-0.08
e—y 0.4+0.1 0.4:0.1 0.1+.03
cosmics 0-16 0+5 0

total background 104072+ 172 7TH23+20 2.3+1.2+1.1
data 1175 98 2

events pass tha ¢(y—E;)<168° cut. that realb quarks do not produce substantial missigg
Figures 1 and 2 display the kinematics of the data with &ach component of the background is normalized to the
background prediction overlayed. Because of the large statistumber expected as shown in Table IlII; the total is then
tical uncertainty in the fake photon background, the predicnhormalized to the data in order to compare distributions. We
tion for bins with small statistics have such large uncertain-observe no significant deviations from the expected back-
ties that they are not useful. In this case we approximate thground.
fake photon background by applying the fake photon mea- Several events appear on the tails of some of the distribu-
surement and the positive tagging prediction to the largetions. Since new physics, when it first appears, will likely be
statistics untagged sample. This approximation only assumed the limit of our kinematic sensitivity, the tail of any kine-
matic distribution is a reasonable place to look for anoma-
lous events. However, a few events at the kinematic limit do

CDF85pb" - Background
e y+b+# Data = e Xg - y)(? model
>20p: 1> 1 g
S8k E CDF85pb" - ckgraun
a6 E * y+b+F Data xf—) yx%umodel
o140 3 T T 3 O T T T
12 il E E @50
+g1 o 3 a 38 b)
o 3 440
> 8 E 19
FTpS 1 E ERS
j 3 E CDSO
4 , + 3 i
g j 1 '..- ; E 3 20 +
50 100 150 200 250 # T
YE, (GeV) &H 43 O ey $
400 600 800
H, (GeV) Ad(vE)
ﬂ50| UL B B 850 """
2 c) S
—40f
£
830F
o Fi
" ! 20F"
100 200 300 O 100 200 300 10
b-jet E, (GeV) 2nd jet E, (GeV) " ;
6 00 50 100 150

FIG. 1. Comparison of the data to the background prediction Njet
(dashed ling and the baseline supersymmet§USY) model of
Sec. V A 2(dotted ling. The data consist of the 98 events of tjie FIG. 2. Comparison of the data to the background prediction
data withE;>20 GeV, except irlb) which contains nd; require-  (dashed ling and the the baseline SUSY model of Sec. V Adat-
ment. In each case the predictions have been normalized to the datad ling, each normalized to the 98 events of tjle data withE,
The distributions are as follows$a) the photonE,, (b) the missing  >20 GeV. The distributions are as follow&) H, (total energy,
E;, (c) the b-tagged jetE, and (d) the E; of the second jet with (b) A¢ between the photon and thg, (c) number of jets with
E.>15 GeV, if there is one. For display, the SUSY model eventE;>15 GeV, and(d) A ¢ between the missing,; and the nearest
yield is scaled up by a factor of 4 fda), (c) and(d) and a factor of  jet. For display, the SUSY model event yield is scaled up by a factor
40 for (b). of 4.

Ao(jetE)
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TABLE IV. Characteristics of the six events with,>40 GeV; the two marked with an asterisk also pass Al y—E;)<168°
requirement. All units are GeV except fdrg which is in degrees. The columns are tBeof the photon in the event, the missifg, the
mass of theb jet and the second higheRt jet in the event, thé&; of the b jet, theE; of the jets other than thi jet, theA ¢ between the
photon and the missing; , theA ¢ between the the missirtg, and the nearest jet, and thk of the even{scalar sum of th&, , the missing
E; and thep, of any muons in the event

Run/Event v E; E, M(b, jet) b E; jets E; Ap(y—Ey) AP(jnear— Er) H,
60951/189718 121 42 57 61 67,26,15 177 11 342
64997/119085 222 44 97 173 47 170 1 495
63684/15166 140 57 63 35 25,20,15 175 6 388
67537/59517 36 73 399 195 141,113,46,17 124 20 595
69426/104696 33 58 266 143 119 180 3 344
68464/291827 93 57 467 128 155,69 139 16 405

not warrant much interest unless they have many characterespectively; this highly asymmetric configuration is unlikely
istics in common or they have additional unusual propertiesif the source is @& jet. There are several other tracks at the
We find two events pass the largest missiBgcut of 40 samed¢ as the jet that are inconsistent with either the primary
GeV, we examine those events more closely below. We alsor secondary vertex. We conclude thag jet in this event
observe there are five events with large dijet mass combinds most likely to be a fake, coming from an interaction in the
tions and we also look at those more closely below. In Secbeam pipe.

IV C we search for other anomalies in our sample. The second event has a typidatag but there are three
jets, and all three straddle cracks in the calorimeter (
A. Analysis of events with large missingE, =0.97~-1.19-0.09), implying thek, is very likely to be

mismeasured.

In both events we judge by scanning that the primary
photon,b tag, and,>40 GeV.(See Table IV). Two of these vertex is the correct choice so that a mismeasurement of the

events also pass tha¢(y—E)<168° requirement. We £, due to selecting the wrong vertex is unlikely. While we

thave e;<am|r:r(1ad thelse two evelntsl,) totstie f':; there arle Ind'(:"l’1<'ave scanned these two events and find they are most likely
ions of anything else unusual about théfar example, a not trueyb E; events, we do not exclude them from the event

high-p, leﬂtoﬂ' o;_atzeg:ond Jet V\lih'Ch. forrps afla(g?\;las'gva”zmsample as the background calculations include these sources
mass with the firstb jet, to take signals o and ot mismeasured eventéSee Fig. 3.

Higgsino models, respectively
The first event(67537/5951Y does not have the charac- y
teristics of a typicab tag. It is a two-track tagwhich has a ?E,;fbss Bata

Six events pass the priori selection criteria requiring a

Background
xg - yx, model

worse signal-to-noise ratiovith the secondary vertex con- o, 14¢ AAMAS RARAL AASAS AR AR AARAS
sistent with the beam pipe radi(typical of an interaction in % ; a)
the beam pipe The two tracks have p; of 2 and 60 GeV, O 10
LA BN DL LN RN BN L NN BN B ‘g [ §
- o 85pb”" CDF y+b Data O 4F
. --- Background estimate 2 -
102k ¥ 4 0556700 150 200 250 300 350 400 450
o * ] M(bjet) (GeV)
> E N 1 o Frv7v7 T T LRI L L LN L LN L B L
& i S 1of by 3
10 ki . 8 sf 3
2 F oyl ] b4] o E
m Py € 6F E
[ 1% E ]
I + Lﬁ 4 E E
L 2 ; i
ok

3 0 100 200 300 4oo 500 600 700
] M(y,b,jet) (GeV)

N TR R RN S 1 1 B B N H N FIG. 4. The distributions fofa) M(b,j) and(b) M(y,b,j) for
0 50 100 150 200 250 300 350 400 450 the £,>20 GeV events as shown in Fig. 5. Only 63 of the 98 events
M) (GeV) have a second jet and make it into this plot. The data are compared
FIG. 3. Comparison of thesb mass in the data to the back- to a background predictiofdashed ling and the baseline SUSY
ground predictiondashed ling normalized to the 1175 events of model of Sec. V A ZAdotted ling, each normalized to the data. The
the yb data. Monte Carlo prediction is scaled up by a factor of 3.
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TABLE V. Characteristics of events witll (b, jet)>300 GeV. For a complete description of the quantities, see Table IV.

Run/Event v E; £, M(b, jet) b E; jet Eys Ap(y—Ey) Ad(Jnear— Er) H;
66103/52684 106 24 433 170 135,57 152 29 517
66347/373704 122 32 369 268 125,42 101 14 605
67537/59517 36 73 399 195 141,113,46,17 124 20 595
68333/233128 38 39 395 99 282,212 121 3 600
68464/291827 93 57 467 128 155,69 139 16 405

B. Analysis of five high-mass events photons are QCD events where a jet has fluctuated into

If the events include production of new, heavy particles,mOStly electromagnetic energy. For this source we use the

we might observe peaks, or more likely, distortions in thepOSitiveny background predictiofil1] to provide the frac-

distributions of the masses formed from combinations of ob—tion' This prediction is derived from a QCD jet sample by

jects. To investigate this, we create a scatter plot of the masparametnzmg the positive tagging probability as a function

OF several jet variables. The probability for each jet is
of the b-quark jet and the second highdst jet versus the ; ' ;
mass of the photorb-quark jet and second highest jet in summed over all jets for the untagged sample to arrive at a

Figs. 4 and 5 tagging prediction. Since the prediction is derived from QCD
As seen in the figures, the five events at highesb,|) jets we expect it to be reliable for these QCD jets also. Run-

) A ning this algorithm(called “Method 1" [11]) on the un-
seem to form a cluster on the tail of the distribution. Theretagged photon ani, sample yields the fraction of expected
are 63 events in the scatter plot which are the subset of thg ~o. i cach of the two boxes. The fractions are summa-
98 events withE,>20 GeV which contain a second jet. The rized in Table VI '

five events include the twgprobable backgroundevents The second background source considered consists of real

W?th E;>40 GeV andA d)(y—_ E;)<168° and three events hotons with fake tags. We calculate this contribution using
with largeH, (>400 GeV). Since these events were selecte he measured negative tagging rate applied to all (ets

for their high mass, we expect they would appear in the tailSbeforeb tagging in the sample. Finally, the real photon and
of several of the distributions such Hg. Table V shows the o5y flayor backgrounds are calculated based on the Monte

characteristics of t_hese five events. — Carlo calculation. The results from estimating the fractions
In order to see if these events are significant, we need tg. chown in Table VI

make an estimate of the expected background. We define the The estimates of the sources of background for the 63

two regions indicated n Fig. 5. Thg ;mall box is p'aceo.' SOevents at alM(b,j) have statistical uncertainties, as do the
that it is close to the five eventsThis is intended to maxi-

mize the significance of the excess. The large box is placed CDF 85pb” y+b+E Data

so that it is as far from the five events as possible without 500 [T e e
inp_luding any more data events. This wiII.minimize the sig- 4505_ Data (large dots) e _
nificance. The two boxes can serve as informal upper and t and expected . ]
lower bounds on the significance. Since these regions were 400 background x10 L2005
chosen based on the data, the excess over background cannot E aposteriori probability: . o«

be used to prove the significance of these events. These es- e

timates are intended only to give a guideline for the signifi-
cance.

[ maximum: 58% HIR -
300F x 5.5+1.5+1.6
[ y events expected ]

M(b,jet) (GeV)

We cannot estimate the background to these five events S G E
using the CES and CPR methods described in Sec. Il A due 200F : )
to the large inherent statistical uncertainties in these tech- . ]
niques. We instead use the following procedure. The list of 150¢ E
backgrounds in Sec. Ill defines the number of events from 100F e e Lmm— E
each source with no restriction dv(b,j). We normalize _ ]
these numbers to the 63 events in the scatter plot. We next S0p el _ ‘ E
derive the fraction of each of these sources we expect at high P T T D D DT T
M(b,j). We multiply the background estimates by the frac- 0 100 200 300 400 500 600 700
tions. The result is a background estimate for the high-mass M(vb.jet) (GeV)
regions. FIG. 5. M(b,j) versus M(y,b,j) for the events withE,

To derive the fractions of background sources expected at 29 Gev as shown in Fig. 5. Only 63 of the 98 events have a

high M(b,j) we look at each background in turn. The fake second jet and make it into this plot. The small dots are the result of
making the scatter plot for the untagged dgassing all other cuts
and weighing it with the positive tagging prediction. The estimates
INote that events cannot be above the diagonal inMtfe,b, j) of background expected in the boxes are found by the method de-
—M¢(b,j) plane, so the true physical area is triangular. scribed in the text.
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TABLE VI. The fraction of the 63bjE, events for each back- -1
ground expected to fall into the higWli{b,j) boxes defined in Fig. :CDF o L L L |85pr T Y+?+ED|ata T3
5. F 3
10 F I
Source Big box Small box s £ Tl
o . r Tt
fake y 0.080+0.007 0.01%0.003 g 'F o\
v, fake tag 0.112:0.009 0.032-0.005 g — Data RN
ybE 0.10+0.03 0.022-0.007 *3 10 5_ """ EXpeCted baCkgrOUnd
yee 0.08+0.04 0.018-0.008 510-2:.............................................
0 50 100 150 200 250 300 350 400 450
- M(b,jet) Cut (GeV/c?)
fractions in Table VI; we include both in the uncertainty in 3 1 g
the number of events in the high-mass boxes. We propagat§ ; g
the systematic uncertainties on the backgrounds to the 6@ Aaf ]
events at allM(b,j) and include the following systematics §1° 3 3
due to the fractions: 2 i 1
(1) 50% of the real photons and mistag background cal-2 ¢ '2:_ Expect 1.2% of experiments -
culations for the possibility that the quark and gluon content,@ ~ E 10 have minimum probability
. . 2 I less than 0.14% ]
as well as the heavy flavor fraction, in photon events mayg gt .
differ from the content in QCD jets. 210 F
(2) 50% of the real photons and mistag background cal- 0 50 100 150 200 250 300 350 400 450
culations for the possibility that using the positive tagging M(b,jet) Cut (GeV/c?)
prediction to correct the Monte Carlo calculation for the
cut may have a bias. FIG. 6. The upper plot is the number of events passing a cut on

(3) 100% of the real photon and real heavy flavor back-M(b,j) for the data and the positive tagging prediction. The lower
ground calculations for the possibility that the tails in thePlot is the probability that the number of events passing a cut on
Monte CarloM (b, j) distribution may not be reliable. M(b,j) is consistent Wit_h the pos_itive tagging pre_di_ction. The ex-

The results of multiplying the backgrounds at (b, ) pected number of experiments with such a low minimum probabil-

with the fractions expected at highl (b,j) are shown in ity is derived from 10000 simulated experiments drawn from the
Table VII ' distribution of the expected background.

The result is that we expect 5:3.5+1.6 events in the =400 GeV. We then perform 10000 “pseudo-experiments”
big box, completely consistent with the five observed. Wewhere we draw the data according to the background distri-
expect 1.2:0.35+0.38 events in the small box. The prob- bution derived above and find the minimum probability each
ability of observing five in the small box is 1.6%, a &7 time. We find 1.2% of these experiments have a minimum
effect, a posteriori probability lower than the data, corresponding to as2fluic-

We next address a method for avoiding the bias in decidtuation. Including the effect of the uncertainties in the the
ing where to place a cut when estimating backgrounds t®ackground estimate does not significantly change the an-
events on the tail of a distribution. This method was develswer,
oped by the Zeus collaboration for the analysis of the signifi- We note that this method is one way of avoiding the bias
cance of the tail of th&? distribution[18]. Figure 6 sum-  from deciding in what region to compare data and back-
marizes this method. The Poisson probability that thegrounds after seeing the data distributions. It does not, how-
background fluctuated to the observed number of evémts ever, remove the bias from the fact that we are investigating
cluding uncertainties on the background estiméeplotted  this plot, over all others, because it looks potentially incon-
for different cut values. We use the projection of the scattesistent with the background. If we make enough plots one of
plot onto theM (b, j) axis and make the cut on this variable them will have a noticeable fluctuation. We conclude that the
since this is where the effect is largest. We find the minimuntfive events on the tail represent something less than @ 2.7
probability is 1.4< 102, which occurs for a cut oM (b, j) effect.

TABLE VII. Summary of the estimates of the background at high(b,j) in the boxes in the
M(v,b,j)-M(b,j) plane defined in Fig. 5.

Source Big box Small box

fake y 3.3£1.5+05 0.70:0.33+0.10
v, fake tag 0.9%0.09=0.69 0.28:0.05+0.20
ybb 0.75+0.26+1.18 0.16-0.06+0.26
yce 0.44+0.26x0.79 0.110.06x0.17
total 5.5-1.5+1.6 1.24-0.35+0.38
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£ S characteristics are listed in Table IX. In scanning this event,
31200;' CDF 85pb" @) we note nothing else unusual about it.
1000F - ks v+b data E We find 8 events of the 1175 which have a photon and
800 E b-tagged jet containing a seconb-tagged jet with E,
600 E >30 GeV.(Out of the 1175, only 200 events have a second
400 B3 E jet with E,>30 GeV) Unfortunately, this is such a small
200 e E sample that we cannot use the background calculation to find
O3 T the expected number of these eveftit® photon background
Minimum Nijet CES-CPR method returns 100% statistical uncertainties
120 ' ' ' ' M One of the events with two tags has 30 GeV of misdipgo
£2100F B3 CDF 85pb"! b) 3 it is in the 98-even#,>20 GeV sample.
H sof y+b data 3
60f E>20 3 V. LIMITS ON MODELS OF SUPERSYMMETRY
40F E : . -
sob ] _ .In the following sections we present limits on three spe-
i ' ] cific models of supersymmetiyi9]. Each of these models
05 2 A tinimu® Niet 10 predicts significant numbers of events with a photon, a
inimurm Njet b-quark jet and missing transverse enefgg. ybE;).
FIG. 7. The distribution of the number of events wiifor more As is typical for supersymmetry models, each of these

jets, represented by the solid points. The boxes are centered on t§80Ws the problems in the process of choosing a model and
background prediction and their size reflects plus and minussone Presenting limits on it. Each of these models is very specific
of combined statistical and systematic uncertainty on the backand thus represents a very small area in a very large param-
ground prediction. The distributions af@ all events with a photon ~ eter space. Consequently the odds that any of these is the
and b-tagged jet,(b) all events with a photorl)-tagged jet andt,  correct picture of nature is small. They are current theories
>20 GeV. Some background predictions are negative due to thdevised to address current concerns and may appear dated in
large statistical fluctuations on the fake photon background methodhe future.(This aspect is particularly relevant to the experi-

The results are also tabulated in Table VIII. mentalists, who often publish their data simultaneously with
an analysis depending on a current modkel.addition these
C. Additional objects in the data sample models can show sensistivity to small changes in the param-
eters.

We have searched thgh data sample for other unusual
characteristics. The creation and decay of heavy squarks, f

_example,_ Gould pr(_)duce an excess of events with _muItipI e consider both direct production of charginos and neu-
Jets. m Fig. 7 we histogram the number of events viior tralinos and, as a second model, indirect production of
more jets. Table VIII presents the numbers of events ObE:harginos and neutralinos through squarks and gluinos. The
served and ex.pe'cted. Some' backgrounds are negative duetf;ﬁ’rd model is based on the gauge-mediated concept, dis-
the large statistical fluctuations of the fake photon back-Cusseol further below.
ground. When all backgrounds are included the distribution '
in the number of jets in the data is consistent with that from

the background. A. Xz—yxi model

We have searched in the sample of events with a photon This theoretical model was originally proposed in the con-
andb-tagged jet for additional higk; objects using the re- text of the anomalous CDEeyyE, event[1,2]. Here, how-
quirements defined in Sec. Il E. We find no events containingver, we go beyond the constraints of this single event and
a second photon. We find no events containing a hadrenic only retain the essential elements of the model, optimized for
decay or a muon. We find one event with an electron; itSCDF detector acceptence and efficiency. This is a MSSM

The first model is based on a particular location in MSSM
arameter space which produces the signaturgbd; + X.

TABLE VIII. Numbers of events withiN or more jets and the expected Standard Model background. Some background predictions are
negative due to the large statistical fluctuations on the fake photon background method.

Min Nig ObservedE,>0 GeV ExpectedE;>0 GeV ObservedE,>20 GeV ExpectedE,>20 GeV
1 1175 104@:72+172 98 7TE23+20

2 464 394+ 44+ 63 63 39-18+12

3 144 82-24+14 25 —8+12+3

4 36 17+11+3 7 -

5 10 - 3 -

6 5 - 1 -

7 2 - 0 -

8 1 - 0 -
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TABLE IX. Characteristics of the one event with a photon, tagged jet, and an electron.

Run/Event v E; ' M(y,e) b E, electronk; Ad(y—Ey) H;

63149/4148 42 17 21 106 33 43 212

model without any specific relation to a high-energy theory.small tang [which makes the top Yukawa coupling go to
It does not assume high-energy constraints such as the unifinity before the grand unified theofBUT) scalg we will
fication of the sfermion or scalar masses as is assumed in the tarB=1.2. In this case, the Higgsino mass is approxi-
models inspired by supergravitBUGRA) [19]. In this sec-  mately equal tdu|. The above is purely a result of the form
tion and the following section we develop a baseline modebf the neutralino mass matrix. For definitions of these model
point in parameter space. The final limits on this model will parameters and discussions of their roles in SUSY models
be found for this point and for some variations around thisp|ease segl9].
point. This leaves two free parameters to define the charginos
o and neutralinosM, and x. Figure 8 shows five regions in
1. Direct gaugino production in theyd—yx5 model the u-M, plane; Table X summarizes the regions. First we

The first part of the moddl2] is a light stop squarki), note that in region 5£>0) we do not observe the decay

1 ~ ~0 N ~0 ~
the superpartner to the top quark. In this model fiethen ~ X2~ YX1 because typically; <x; andyo—W"y; .
decays tath and thet decays toyJc. The second important

For ©<0, there are four regions. In region 2, which is the
feature of the model is the decay— yx$ which dominates

region suggested ifi2], the 3 is the photino,x{ is the
in a particular region of MSSM parameter space. With thesé—hggsmo, and the decavgﬂ X1 dominates. In region 3
decays dominating, any event wheré(ié and a;(g is pro-

is the Higgsino anJ((l) is the photino and the photon decay
duced, either directly or indirectly through the strong produc-Stl domlnatef,(.) In region 1 the photino has become so heavy
tion and decays of squarks and gluinos, will contain a pholt is now thexs. In region 4, the Higgsino has become the
ton, ab-quark jet and missing; . Xg. In regions 3 and 4 it is still possible to get photon decays,

The heart of the moddP] is the decayy3— yx] so we  sometimes evelyS— yxJ.

examine in detail the parameter space where this decay We choose to concentrate on region 2 where the photon
dominates. The branching ratio of this _decay is Iarg_e whermlus b decay signature can be reliably estimated by the
one of the neutralinos is a pure photino and one is purgionte Carlo event generaterTHIA [20]. Thex5— vx? de-

Higgsino. To make a pure photino, we é=M,. The ¢4y dominates here. We also note that in this region the cross
photino mass is then equal M,. To make a pure Higgsino . ~1~0 . . :
. . . : section fory, x5 is 3—10 times larger than the cross section
we set tarB~1. To avoid the theoretical bias against a very™ .~ ~ ~. )
for x; x> even though the, is significantly heavier than

the’y; . This is due to the largéV component of the .

200 .
. ' ] Since region 2 is approximately one dimensional, we scan
180} ] in only one dimension, along the diagonal, when setting lim-
160} 1 its on x5 x5 production. To decide where in the region to
1ol ] place the model, we note that the masg®fequalsM, and
5 F ] the mass ofJ=|u/ in this region. To give the photon added
%120: Regions: 1 boost for a greater sen_sitivity, we will sét, significan_tly
=00k W] larger thar| u|. This restricts us to the upper part of region 2.
! ] The dotted line in Fig. 8 is the set of points defined by all
80f 7 these criteria and is given byl,=0.89* x|+ 39 GeV.
60F ] TABLE X. The approximate content of the neutralinos in the
40 3 four regions of theu-M, plane with <0 shown in Fig. 8. The
s ] symbolsh, andh, are simply the antisymmetric and symmetric
20r ] combinations oh? andhd [19].
-%00 -150  -100 -50 0 50 100 Reqgion <o <0 =0 ~o
1L (GeV) 9 X1 X2 X3 X4
. o 1 hy Z Y h,
FIG. 8. The five regions in the supersymmetry paramiterw - - - -
plane where different mass hierarchies occur. The three lightest nea- rlb 3’ E t‘a
tralinos are denoteg? , 5, respectively. The dashed line is the locus 3 Y hy, z ha
of points scanned for the limits and is given i,=0.89 u| 4 y 7 P h,

+39 GeV. The dot is the baseline model described in the text.
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TABLE XI. Efficiencies for the baseline point with squark and gluino production. The efficiencies do not

include branching ratios.

Cuts Cumulative efficiency (%)
Photon E.>25 GeV|»|<1.0, ID cuts 50
One jet Et.corr>30 GeV]75|<2.0 47
One SVX tag Et.corr>30 GeV]75|<2.0 4.3
£, >40 GeV 2.9

The next step is to choosetamass. It is necessary that
XO<t<)i for the decayy; ,x, —bt to dominate. We find
that in region 2y; =M. If the T mass is near thg; , the
b will only have a small boost, but thg? in the decayt
—cy} will have a greater boost, giving greatéy. If thet
mass is near théf, the opposite occurs. In Monte Carlo
studies, we find considerably more sensitivity if theass is
near theyy. We set the mass to beM;0+5 GeV. Since the

X5 x5 production cross section is larger thgsi x5 and will

can decay tdt and production o'f(f}g decreases. However,
since all squarks are lighter than the gluino, the branching

ratio to thet is limited and production will not fall dramati-
cally.

Some remaining parameters of the model are now ad-
dressed. Sleptons could play a role in this model. They have
small cross sections so they are not often directly produced,
but if the sleptons are lighter than the charginos, the chargi-
nos can decay into the sleptons. In particular, the chargino

decaytb may be strongly suppressed if it competes with a
slepton decay. We therefore set the sleptons to be very heavy

be detected with better efficiency, when we simulate direct, they do not compete for branching ratios. We Mt

production we set the Monte Carlo program to produce only e The lightest Higgs boson turns out to be only 87 GeV
X2 X2 pairs. The final limit is expressed as a cross sectiorjue to the corrections from the light third-generation

limit plotted versus thé}zi mass(which is very similar to the
X5 mas$. This model is designed to provide a simple, intui-

squarks. This is below current limits so we attempted to tune
the mass to be heavier and found it was difficult to achieve,

tive signature that is not complicated by branching ratios an@iven the lightt and low tang.

many modes of production.
For the baseline model, we chose a valueuohear the

exclusion boundary of current limif21] on at which de-
cays tocxg. The point we chose iM;(<1)=80 GeV. From the

above prescription, this corresponds td)/l;(<1)= —u
=80 GeV, M;gz M;1:= M,=110 GeV, andM7=85 GeV.
This point, indicated by the dot in Fig. 8, gives the lightest

mass spectrum with good mass splittings that is also near the

exclusion boundary from the CER&' e collider LEP and
DO Collaborations.

2. Squarks and gluinos

Using thePYTHIA Monte Carlo program, we find that 69%
of all events generated with squarks and gluinos have the

decay yo— yx$, 58% have the decay,”—tb, and 30%
have both(To be precise, the light stop squark was excluded
from this exercise, as it decays onchtQE. A light stop pair

thus gives the signaturec+ E,, one of the signatures used
to search for it[21,27 but it is not of interest herg.

3. Acceptances and efficiencies
This section describes the evaluation of the acceptance
and efficiency for the indirect production gf~x? through
squarks and gluinos and the direct productiob}@ﬂg in the

Now we address the squarks and gluinos, which can proyyssM model ofy3— yx?. We use theeyTHIA Monte Carlo
duceXing in their decays, and sleptons, which can appear iprogram with the CTEQA4L parton distribution functions
the decays of charginos and neutralinos. We will set thgPDF9 [23]. The efficiencies for squark and gluino produc-

squarks(the lighterb and both left and righti, d, s andc)
to 200 GeV and the gluino to 210 GeV. The heatiemdb

tion at the baseline point are listed in Table XI.
The total efficiencies, which will be used to set production

are above 1 TeV. The gluino will decay to the squarks andimits below, are listed in Table XII for the production of
their respective quarks. The squarks will decay to charginog; xi through squarks and gluinos, and in Table Xl for

or neutralinos and jets. This will maximize the production of

X x5 and therefore the sensitivity.
This brings us to the limit on indirect production in the

direction production. Typical efficiencies are 2—3 % in the
former case, and 1% in the latter.

4. Systematic uncertainty

X5>— vx} model. The chargino and neutralino parameters are
fixed at the baseline model parameters. We then vary the Some systematics are common to the indirect production
gluino mass and set the squark mass accordindM®  and the direct production. The efficiencies of the isolation
=Mg+10 GeV. The limit is presented as a limit on the requirement in the Monte Carlo calculation add-e" e~

cross section plotted versus the gluino mass. When thgontrol sample cannot be compared directly due to differ-
gluino mass crosses thé threshold at 260 GeV, the gluino ences in thés; spectra of the electromagnetic cluster, and the
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TABLE XII. Efficiency times acceptance and limits on indirect productior}ﬁﬁ(g though squarks and
gluinos. Approximately 30% of events contain the decgys- yx? andy;"—tb. The efficiencies in this
table are found as the number of events passing all cuts divided by the number of events that contain both of
these decays. The product of the cross section times the branching ratio listed in each case is for all open
channels of SUSY production. Masses are given in Gelfowing our convention of quotindv X ¢?) and
cross sections are in pb. The second row is the baseline point.

M3 (GeV) My (GeV) onXBR (pb) Ae (%) Tosetim < BR (p)
185 175 16.8 1.97 3.76
210 200 7.25 2.98 2.49
235 225 3.49 3.23 2.30
260 250 1.94 2.69 2.76
285 275 1.24 2.16 3.45

multiplicity and E; spectra of associated jets. The differencePoisson probability for observing 2 events for a given ex-
(14%) is taken to be the uncertainty in the efficiency of thepected signal and background, convoluted with the uncer-
photon identification cuts. The systematic uncertainty on théainties, by the Poisson probability for observis@ events
b-tagging efficiency(9%) is the statistical uncertainty in for a given background only, also convoluted with the uncer-
comparisons of the Monte Carlo calculation and data. Théainties. The number of expected signal events is increased
systematic uncertainty on the luminosit¢%) reflects the until the ratio falls below 5%, leading to an approximate
stability of luminosity measurements. 95% confidence level limit of 6.3 events. Other limits in this
We next evaluate systematics specifically for the indirecpaper are computed similarly.
production. The baseline parton distribution function is This upper limit, the efficiency described aboladso see
CTEQA4L. Comparing the efficiency with this PDF to the Table XlI), and the luminosity, 85 pb!, are combined to
efficiencies obtained with Martin-Roberts-Stirling set ‘DO find the cross section limit for this model. The theoretical
(MRSDO') [24] and Glock-Reya-Vogt 1994GRV 94) lead-  cross section is calculated at NLO using #m®OSPINOpro-
ing order(LO) results[25] for the squark and gluino produc- gram [28]. The effect is to uniformly increase the strong
tion, we find a standard deviation of 5%. Turning off initial- interaction production cross sections by 30#¥proving the
and final-state radiatioiSR/FSR in the Monte Carlo cal- limit). At the baseline pointincluding squarks and gluinps
culation increases the efficiency by 1% and 2%, respecdescribed above, we expect 18.5 events, so this point is ex-
tively, and we take half of these as the respective systemagluded. Next we find the limit as a function of the gluino
ics. Varying the jet energy scale by 10% causes theénass. The squark mass is 10 GeV below the gluino mass and
efficiency to change by 4%. In quadrature, the total systemthe rest of the sparticles are as in the baseline point. We can
atic for the indirect production is 18%. exclude gluinos out to a mass of 245 GeV in this model. The
Evaluating the same systematics for the direct productionimits are displayed in Table XII and Fig. 9.
we find the uncertainty from the choice of the PDF is 5%, . ~0  ~0 ) )
from the ISR/FSR is 2%/9%, and from the jet energy scale 6. Limits on the x;—yx; model, direct production
is 4%. In quadrature, the total systematic uncertainty for the In this case the number of observed evdig) is con-
direct production is 20%. voluted with the systematic uncertainty to obtain an upper
limit of 6.4 events (95% C.l. To calculate the expected

5. Limits on the x3—yx? model, indirect production number of events from the direct production gf x5 we

To calculate an approximate upper limit on the number of/@Y ., and calculate thé; andM, as prescribed above.

YbE, events from squark and gluino production, we use theThe results are shown in Table Xl and Fig. 10. For these

limit implied from the observed two events, including the values of the model parameters, the branching rai9s
effect of the systematic uncertaintif26,27. We divide the —tb andy3— yx® are 100%.

TABLE XIII. Efficiencies and limits on direct production gf, x3. Branching ratiog(3— yx$ andy;"—tb— (xc)b are 100%. Masses

are in GeV and the cross sections are in pb. The third row is the baseline point.

Myo=—pu My9=M, M7= M3s Mt Tth Ae (%) T 95% lim

25 61 71 110 30 0.23 0.93 8.06
62 95 94 130 67 0.034 1.41 5.33
79 110 108 140 85 0.018 1.29 5.85
93 123 118 150 98 0.0075 1.34 5.58
118 146 140 170 123 0.0022 1.27 5.94
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85pb”! 1+b+E Data TABLE XIV. The models used in the limits on the GMSB sce-
v v nario. The lightest Higgs boson is 100 GeV. The masses are in GeV
and the branching ratios are in %.

T xSy model ]
Squark and gluino production

g M(g)=M(g)-10 GeV. — —
pos M(x?)=80 GeV, M(x3)=110 GeV| M7o M%9 M3: BR(x— yG) BR(x}—hG)
@ o M(x2)=140 GeV, M(1)=85 GeV

ol 113 141 130 90 2

-% oL —e— 95% C.L. Limit ] 132 157 147 62 18

3 e Theory (NLO) 3 156 178 170 33 40

2 o, ] 174 194 186 22 50

S

difference between the mass of the standard model particles
and their SUSY partners is mediated by gaute usual
electromagnetic, weak, and strorigteractions[29] instead

of gravitational interactions as in SUGRA models. The

1k ° | SUSY model is assumed broken in a hidden sector. Messen-

ger particles gain mass through renormalization loop dia-
grams which include the hidden sector. SUSY particles gain
their masses through loops which include the messenger par-

FIG. 9. The limits on the cross section times the branching ratidiCl€s-

" 1 " 1 " L L 1 " 1 " L "
160 180 200 220 240 260 280 300
Gluino Mass (GeV/c?)

for SUSY production ofybE, events in theya— yxJ model. All This concept has the consequence that the strongly inter-
production processes have been included; the dominant mode is tREting squarks and gluinos are heavy and _the rlght—hqnded
production of squarks and gluinos which decay to charginos and €PtONS are at the same mass scale as the lighter gauginos. A

neutralinos. The overall branching ratio to th&E, topology is second major consequence is that the gravitino is very light
approximately 30%. (eV scale and becomes the LSP. The source of bhguarks

is no longer the third generation squarks, but the decays of
As can be seen from Fig. 10, the predicted rates fronhe lightest Higgs boson. If the lightest neutralino is mostly
direct production arg smaller than the -mgasuleg limits b3Higgsino, the decay—hG can compete with the decays
1-3 orders of magnitude, and no mass limit on fgemass ¥—ZG and x?— »G. The Higgs boson decays tb as
can be set. usual. Since SUSY particles are produced in pairs, each
event will contain two cascades of decays down to Js,
each of which in turn will decay by one of these modes. If
This is the second SUSY model9] which can give sub-  one decays to a Higgs boson and one decays to a photon, the
stantial production of the signatus®E;. In this model the event will have the signature of a photon, at least one
b-quark jet, and missing; .

B. Gauge-mediated model

10— 850b" 11+ Data We will use a minimal gauge-mediated model with one
i %5 %3 production exception. This MGMSB model has five parameters, with the
103k 13 = ¢S model following values:
S ME)=M(xJ)+5 GeV A=61-90 TeV, the effective SUSY-breaking scale;
o 23 —e— 95% C.L. Limit M/A =3, whereM is the messenger scale;
c 10°F --0-- Theory N=2 the number of messenger multiplets;
S tanp=3;
810 -— . the sign ofu<0.
@ M - We will compute the MGMSB model using the GMSB
s 1L option of ISAJET [30]. We then reenter the model using the
© MSSM options so that we can make one change: weuset
10 Af o, =—0.75V;. This makes the lightest neutralino a Higgsino
o, so the branching ratio fog?—hG will be competitive with
o T S Xi— ¥G. We produce all combinations g andy{ , which
E ° are the only significant cross sections. We varywhich
Ry varies the overall mass scale of the supersymmetric particles.
10 00 120 140 160 180 The model masses and branching ratios are given in Table
5 Mass (GeV/c?) XIV. The branching ratio is defined as the number of events

o _ _ with x3—yG andx3—hG divided by the number of events
FIG. 10. The limits on the; x5 cross section in thgo—yxi  produced from all sources predicted by the model. We are
SUSY model. The branching ratiox3—yxJ and x;—tb  usingISAJET with the CTEQA4L parton distribution function.
—(x%c)b are taken to be 100%. The first point appears to have an unusually large efficiency
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5 IABLE XV. Efficiencies and limits on direct production of L is the integrated |uminosity_ We make a distinction be-
)(i:)(? in the GMSB scenario. Branching ratios are not included intween the acceptancé, which is defined as the probability
these efficiencies. The first row has an inflated efficiency due to théhat an object pass&s, », andA ¢ cuts, and the efficiency,
definition of the branching ratio. The units Ak and the branching ¢, which is the probability of events surviving all other

ratio are % and the cross sections are in pb. sources of inefficiencies, such as photon identification cuts or
b-tagging requirements, which is detector-specific. The ac-

Ae BR o XBR T959%1im <X BR ceptance may be calculated from kinematic and geometric

274 3 0,010 0.27 criteria alc_)ne, so an experienced worker in the field can com-
pute it using only a Monte Carlo event generator program,

7.5 20 0.0402 1.00 . . . - .

8.4 3 0.0230 0.89 while the efficiency requires access to the full detector simu-

. ’ ' lation and, typically, multiple control samples. In our formu-
11.4 18 0.0111 0.66

lation, N;i,, includes the degradation in sensitivity due to
uncertainties onAe, luminosity, and background subtrac-

, tions, when they are included, as well as the statistical upper
because of other sources foguarks which are not reflected |imit on the number of events.

in the definition of the signal branching ratio. We use the |, the case of model-independent limits, there is no model
systematic uncertainties evaluated using the direct produgy determine the efficiency and therefore we report a limit on
tion of the x5— yx model. (0XBRxA€)M=N""/£. These limits, which are pre-
Taking the two events observed, and convoluting with asented in the next section, do not have an immediate inter-
20% systematic uncertainty gives an upper limit of 6.4pretation.(They do imply, however, a cross section range
events observed at 95% C.L. The final limits on this modelhat we arenot sensitive to, even with perfect efficiengyn
are presented in Table XV and are displayed in Fig. 1lorder to determine the meaning of these limits, in particular
Again, one can see that the experimental sensitivity is noif a model is excluded or not, there must still be a mechanism
adequate to set a mass linfihis time on the}}f masg by  for an interested physicist to calculad for the model, and
several orders of magnitude. we develop three methods in the Appendix.

A. Model-independent limits on ybX signatures

The limit on (cxBRXxAe€)!™M=N""/£ is described by
porting that two events are observed with an isolated pho-
n with E;>25 GeV and »|<1, a SVX-tagged-quark jet
with E;>30 GeV and|7|<2, A¢(y—E)<168° andE;
2240 GeV. The cuts are fully described in Sec. Il. The inte-
grated luminosity for this sample is (88) pb L.
The resulting 95% confidence level limit orwkKBR
Ae)"'™ for the ybE, signature is then 0.069 pb. Adding the
4% luminosity uncertainty we find the cross section limit
85pb™! y+b+E Data increases to 0.070 pb. If we also add the 22% uncertainty in
g Ae from the WW limits (a typical uncertainty on an effi-
«i xi production ] . L . . . .
GMSB Model ] ciency for thls_5|gqaterd|scussed in the Appendix, we f!nd
251G ord ShG 3 the cross section limit increases 10% to 0.077 pb. This is the
] final model-independent limit on the signatuy®E;. The
—— 95%C.L. Limit ] limit on the yb signature before an, requirement is 5.9 pb
--@-- Theory 3 and the limit from theybE, signature from the 98-event
- ] sample withE,>20 GeV is 0.99 pb.
] [ ] The search for other objects in these events is described in
/\‘\. Secs. I E and IV C. When we find no events, we can set a
i ] 95% confidence level limit ongx BRX €A)"™ of 0.038 pb
0ok 4 assuming 4% uncertainty in the luminosity and 22% uncer-
i o ] tainty in the efficiency. This would apply to the searches for
of """""" o ] events with an additional photon, a muon or tau. For events
10 o e 3 with an additional electron, we observe one event and our
F ] limit becomes 0.057 pb.
o For events withiN or more jets as shown in Fig. 7, we find
120 140 160 180 200 the limits listed in Table XVI.
1 Mass (GeV/c?)

VI. MODEL-INDEPENDENT LIMITS

As described in the Introduction, there are several advanr-
tages to presenting limits of searches in a model-independe g
form. In the previous sections we derived limits on models o
supersymmetry and presented the results as a limit on a cro
section times branching ratio for a specific modet; (
XBR)'™=N'"/£Ae, where N;;,, is the 95% confidence
level on the number of events of anomalous production anq<

103 —T——

(pb)
=y

—
o
T

Cross Section x BR

pry

30
10

VIl. CONCLUSIONS
FIG. 11. The limits on the cross section times branching ratio

for the SUSY production ofbE, events in the GMSB model. All We have searched in 85 pbof CDF data for anomalous
production processes have been included. production of events with a high; photon and &-tagged
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TABLE XVI. The 95% confidence level limits ono(xBR dation; the A. P. Sloan Foundation; the Bundesministerium
X eA)"™ in pb for events wittN or more jets, including the jet.  fuer Bildung und Forschung, Germany; the Korea Science
and Engineering FoundatioikoSEBR; the Korea Research

N %iim (pb), E>0 Gev Tim (PD), E>20 GeV Foundation; and the Comision Interministerial de Ciencia y
1 5.9 0.99 Tecnologia, Spain.

2 25 0.77

3 15 0.50

4 0.52 0.18 APPENDIX: APPLICATION OF MODEL-INDEPENDENT

S 0.24 0.10 LIMITS

3 0%1;3 g’_ggé In the body of this_ paper, we p_resent the _Iimits on specific
8 0.062 0.038 models of new physics that predict th E; signature, then

rigorously calculateAe for that model by using a Monte
Carlo program with a full detector simulation. We present
our limits on (eXBR)"™=N'"/£A¢, or a parameter of the
model such as the mass of a supersymmetric particle.

jet. We find 1175 events with a photon with>25 GeV and

a b-tagged jet withE,>30 GeV, versus 1040186 expected A di the sianature-based valentl

from standard model backgrounds. Further requiring missing_ new paradigm, the signature-based or, equivalently,

transverse energ,>40 GeV, in a direction not back-to- odel-independent search may be an effective method for

back with the photon 4 < 168°), we observed two events reporting the results of searches in the future. In this case, a

versus 2.3 1.6 events expected. In addition we search inSignature, such as the photon anduark jet addressed in

subsamples of these events for electrons, muons, and talfiS Paper, is the focus of the search rather than the predic-

leptons, additional photons, jets abetjuark jets. We con- tions of a particular model. _

clude that the data are consistent with standard model expec- There are several advantages to this approach4.

tations. (1) The results are not dated by our current theoretical
We present limits on three current models of supersymunderstanding.

metry. The first is indirect production of chargino-neutralino  (2) No a priori judgment is necessary to determine what

pairs through squark and gluino production, where the phois an interesting model.

ton is produced iﬁ(g—> 7’;((1) and theb-quark comes from the (3) The results more closely represent the experimental

chargino decay into the light stop squark —tb. A choice observations and results will be presented in a form that can

of favorable values of the parameters allows setting a loweP€ @PPlied to a broad range of models including those not yet

mass limit on the gluino mass of 250 GeV. The second moddMadined. _ _ o
is similar, but we look only at direct production of thdx: (4) The number of signatures is more reasonably limited

pair. A cross section limit of~7-10 pb is set, but is above than the number of models and model parameters.

o <0 e (5) Concentrating on a particular model can tend to focus
the predictions for ali; masses so that no mass limit can be, o search very narrowly, ignoring variations on the signature

set. Lastly, a GMSB model is considered in which the photothiCh may be just as likely to yield a discovery.

comes from the decayj— »G. Limits in the range 0.3-1.0  (6) Time spent on studying models can be diverted to
pb are set versus the mass of jf but again no mass limit systematically searching additional signatures.
can be set as the cross section predictions are lower than the In order to reflect the data results more generally, in the

limit. body of this paper we also present a limit oo XBR
Finally, we present a model-independent limit of 0.077 pbX Ae)'Mm=N'"m/ £ for the signatures with no calculation of
on the production of events containing the signatybd, , Ae. With limits presented this way, the collaboration itself,

and we propose new methods for applying model-model builders and other interested workers are no longer
independent limits to models that predict similar broad sig-given limits on the physics models directly but now must
natures. We conclude that an experienced model builder catterive the limits themselves. This has the potential for a
evaluate whether model-independent limits apply to a parwider application of the limits. In a practical sense, it means
ticular model with an uncertainty of approximately 30%. the interested workers must calculéte for the model under
study.
In this appendix we present three methods to calculate
Ae. These results, together with the model-independent lim-
We thank the Fermilab staff and the technical staffs of thets, can be used to set limits on most models that predict
participating institutions for their vital contributions. This events with theybE, signature.
work was supported by the U.S. Department of Energy and The three methods are referred to as “object efficiencies,”
National Science Foundation; the Italian Istituto Nazionale dithe “standard model calibration process,” and the “public
Fisica Nucleare; the Ministry of Education, Science, SportdMonte Carlo Simulation.” In the sections below we describe
and Culture of Japan; the Natural Sciences and Engineeringach in turn. In the following sections, we test these methods
Research Council of Canada; the National Science Councby comparing the results of eaéte calculation to the rigor-
of the Republic of China; the Swiss National Science Foun-ously derivedAe for the specific supersymmetry models.
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1. Object efficiencies quoted here are measured in those contexts and therefore
they are approximations in a search for new physics. In par-
elicular, the isolation efficiency is likely to be dependent on
the production model. For example, if a model of new phys-
i¢s contained no jets, then the isolation efficiency is likely to

The first method for derivingAe to use in conjunction
with the model-independent limits is object efficiencies. Th
person investigating a model would run a Monte Carlo gen
erator and place the acceptance cuts on the output which wi . )
determine the acceptanak, The next step would be to apply be_ greater th_an that measured in top-quark events which con-
efficiencies (simple scale factojsfor the identification of ~(@in Several jets on average.
each object in the signature, such as the photon or the FOr the electron search we requiie>25 GeV and| 7|
b-quark tag. This has the advantage of being very straight—< 1.0. Given that an electron, as reported in the output of the
forward and the disadvantage that correlations between tHdonte Carlo generator, passes these acceptance cuts, the
objects in the event are not accounted for. For example grobability that the electron strikes the calorimeter well away
model with many jets would tend to have a lower efficiencyTOM any uninstrumented region is 87%, the probability to
for the photon isolation requirement than a model with fewPass identification cuts is 80%, and to pass isolation cuts is

jets and this effect would not be reflected in this estimate oftPProximately 87%431]. .
the efficiency. For muons we requir@,>25 GeV and| 7| <1.0. Given

Using a sample oZ—e*e~ events to measure the effi- that the muon, as reported in the output of the Monte Carlo
ciencies of the global event cuts, we find the60 cm cutis  9enerator, passes these cuts, the fiducial acceptance of the
92% efficient. The probability of finding no energy out-of- Muon detectors is 48%. Once the muon is accepted, the
time is 98%. In this case the total global efficiency would beProbability to pass identification cuts is 91%, and to pass
the product of these two efficiencies. In the discussion belowS0lation cuts is approximately 81%.
the efficiency of the identification of each object is often 1aU leptons are identified only in their one- and three-

listed as efficiencies of several separate steps which shouRfong hadronic decays which have a branching ratio of 65%.
be multiplied to find the total efficiency. (Tau semileptonic decays can contribute to the electron and

We can also us@—ete~ events to measure the effi- Mmuon searchesWe require that the calorimeter cluster has

ciency of the photon identification cuts. One electron fromEt>25 GeV and||<1.2 and the object is not consistent
the Z is required to fire the trigger, but the second electron igVith an electron or muon. Given that thedecays to a one-
unbiased with respect to the trigger. In addition theeak  Or three-prong hadronic decay mode and passeBtaed,
indicates the number of true physics events, ideal for meal€duirements, the probability that the tau passes identifica-
suring efficiencies. Whichz electron is required to pass tion and isolation cuts is approximately 57%.
which set of cutgtrigger or offline@ must be effectively ran- In Sec. IXD we apply these object efficiencies to the
domized to avoid correlations between the two sets of cutsSupersymmetry models and compare the results of the rigor-
Requiring the cluster to be far from the boundary of theously derived efficiency to test the accuracy of the results.
active area in the calorimeters is 73% effici¢Bt]. The
trigger is 91% efficient, the identification cuts are 86% and
the isolation requirement is 77% efficient. o )
For theb-quark efficiency we use a 70% probability that e second method for determiniAg for a model is the
the jets from the event are contained in the SV(Xhis standard model process or efficiency model. In this .method
would be 64% if the global event vertex was not alreadyVe selecta_5|mple physics model that produce_s_the_3|gnature.
required to have<60 cm) We add a 90% probability that The model is purely for the purpose of transmlttlng informa-
the jet was taggabléontaining two reconstructed tracks in tion aboutAe so it does not have any connection to a model

the SVX, passing, cut and apply the publishef82] tag- of new .physics. Since it may be considereq a calibration
ging probability as a function of the jeE, which can be model, it does not have to be tuned and will not become

summarized as dated. The interested model builder runs a Monte Carlo
simulation of the new physics and places acceptance cuts on
0 for E;<18 GeV the output, determining\, the same as the first step in the
object efficiencies method. This result is then multiplied by
0.35+0.00277E, for 18<E<72 GeV the value ofe which is taken to be the same as the value of
€ which we report here for the standard model process.
0.6 forE;>72 GeV. We have adopte@/W production as our efficiency model.
OneW s required to decay terv and we replace the electron
The missingE;, is found as the vector sum of the noninter- with a photon before the detector simulation. The secahd
acting particles in the event. As long as the misskgis is forced to decay tdu, so the combination yields the sig-
large, the resolution on thE, should not greatly effect the natureybE,;. Since some efficiencies may be dependent on
efficiency. the E; of the objects in the event, we will vary thé\” mass
In Sec. IV C we searched the events in i@ sample for  to present this effect. A model builder would then choose the
additional leptons; here we present approximate object effiefficiency that most closely matches the mass scale of the
ciencies for those cuts. These requirements and their efficiemew physics models.
cies are borrowed from top-quark analy$&%,12 as a rep- The Ae for this model is found using the same methods as
resentative selection for highy leptons. The efficiencies used for the models of supersymmetry. From the difference

2. Standard model calibration process
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TABLE XVII. Summary of the efficiencies found for the values of fémass used in the/W calibra-
tion model versus the value of thé\f” mass.

Mw 75 GeV 100 GeV 125 GeV 150 GeV 175 GeV
€A (%) 0.85 2.56 4.86 6.98 8.12
€ (%) 11.8 10.7 13.9 154 16.5

in the observed efficiencies in Monte Carlo and data We have used the SHW program to compute efficiencies
—eesamples, we use a 14% uncertainty on the efficiency ofor the three models considered above. Since the program is
the photon identification and isolation. We use 9% for thetuned to provide the approximate efficiency of the Run I
b-tagging efficiency uncertainty. The parton distribution detector, we made a few minor changes to reflect the Run |
function we use is CTEQA4L. Comparing this efficiency to detector. In particular, we changed the photon fiducial effi-
those obtained with the MRSD@nd GRV-94L0O parton dis- ciency from 85% to 73% and the offline efficiency from
tribution fUnCtionS, we find a standard deviation of 5%85% to 60%. We reduced the SVX acceptance a|ongzthe
Turning off initial- and final-state radiation increases the ef-ayis from 60 cm to 31 cm. Finally, we removed soft lepton
ficiency by 2% and 23%, respectively, and we take halfiaq4ing and added a 90% efficiency for the global event cuts.
these numbers as the systematic uncertainty. Varying the jet |, the next section we use the public Monte Carlo pro-
energy scale by 10% causes the efficiency to change by 60/&ram to calculateAe for the supersymmetry models and

o i o
:/r\]/e tus{ela 4,[/0 unt(_:er.talggé /fo[rtfg)(le Il;(T/'ITOS'ty' In quadtrﬁturebompare the results to the rigorously derived efficiency to
€ total systemalic 1 0. fable Summarizes the reyagt the accuracy of the public Monte Carlo program.

sults.

In Sec. IX D we apply this method of calculatirge to
the supersymmetry models and compare to the results of the
rigorously derived efficiency to test the accuracy of the re- In the body of this paper we have provided rigorous limits
sults. on several variations of three supersymmetry physics models

that produce the signature ¢bE;. In this section we apply
3. A public Monte Carlo program the model-independent efficiency methods to the supersym-

A Monte Carl t tor foll d b detect metry models. We can then compare the results with the
il tpng tr?ro eV(Ien gt]ﬁngrfa o(rj to OWE %/ha ﬁf’ ec Orrigorous limits to evaluate how effective it is to apply the
simuiation 1S the usual method for determining the € ICIenCymodel—independent limits to real physics models.

O.f a model of hew physics. Howe\_/er, there is usually €ON" " 1n most cases we need to distinguish between acceptance
siderable detailed knowledge required to run the S|mulat|0r10lnd efficiency. Acceptance, indicated Bywe define as the
programs correctly so It i_s not pFaC“C&' to allqw any inter- robability for generated Monte Carlo objects to pass all
ested person access to it. But if the simulation is greatl feometric ancE, cuts. For theybE, signature, withé, de-

simplified while still approximatjng the_full program, it coqld fined as the vector sum of neutrinos and lightest supersym-
become usable for any W_°rk_ef in the field. The mOdeI'bu'ldermetric particle(LSP’s), the cuts defining the acceptance of
then only has to run this simple Monte Carlo program to

. the signature are listed in Table XVIII.
determineAe. g

L . . Table XIX and Fig. 12 list the results. The columns

An example of this kind of dett_actor simulation, ca!led markedR are the efficiency times acceptance done rigor-
SHW, was developed for the I_:ermllab Run Il SUSY/H'g_gSously, divided by the the same found using each of the
Workshop[33]. Generat_ed partlcles_ are trace(_j to a calo_nm- odel-independent methods. The difference of this ratio
eter and energy depos!ted accoerg to a simple fraf:uon;% om 1.0 one is a measure of the accuracy of the approximate
acceptance anq Gaussian _resolutlor!. _A list of tracks is "?‘lsﬂwethods compared to the rigorous method.
created according to a simple efficiency and resolution
model, and similarly for muon identification. The calorimeter
energy is clustered to find jets. Electromagnetic clusters, to-
gether with requirements on isolation and tracking, form There are several notable effects apparent immediately
electron and photon objects. The taggindafuarks is done from Table XIX and Fig. 12. The first is that the comparison
with a simple, parametrized efficiency. At points where ob-of efficiencies for one model point fares especially poorly.
ject identification efficiencies would occur, such ag%acut  This occurs when the branching ratio for the model is very
on an electron shower profile, the appropriate number of carsmall (2%). When the events do not contain many real pho-
didates are rejected to create the inefficiency. The result is tons andb quarks, the small number of objects misidentified
simple list of objects that are reconstructed for each events photons anth quarks becomes important. For example,
This method of determining efficiencies addresses the largeftts may pass photon cuts aedquarks may beb tagged.
concern not addressed in the previous methods—the correl&iYhen this occurs, the full simulation will be more efficient
tion of the characteristics of jets in the model with isolationthan a method which specifically requires that the Monte
requirements. We note that a highly parametrized MonteCarlo generate an isolated photon lorquark in order to
Carlo program has obvious limitations. accept the event. This is true of the object efficiencies

4, Tests of the model-independent efficiency methods

5. Conclusions from tests
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TABLE XVIII. The list of requirements on the output of a L L L I L I AL I L I
Monte Carlo generator which define the acceptance of a signature, 3 ¢ ]
A. The requirements on the photon amduark jet above the double [ e Monte Carlo/SHW ]
line are common to all signatures in this paper. When misEinig ogl i = Monte Carlo/Per Object ]
required, as in all the supersymmetry searches and the tests of [ + Monte Carlo/Effic. Model ]
model-independent methods, boBy>40 GeV andA ¢(y—E,) g I v iciite:Cari/Kinematic
<168° are required. Th&, requirement is removed and other re- £ 2r 7
quirements are added to make specific subsamples. % [ .

ST .

b% E.>25 GeV |1]|<1.0 ° I i 1
b quark E.>30 GeV |7]<2.0 c§ i 1

Additional signatures E 1 [ ]
S p.(v,LSP) E,>40 GeV, A p(y—E,) <168° < o5l ]
e E>25 GeV |7|<1.0 i ]
m E,>25 GeV |7|<1.0 b VT T
T E>25 GeV |77|<1.2 0 2 4 6 8 10 12 14 16
secondy E>25 GeV |7]<1.0 Model number
jg;:sondb E‘iig ggx I"Ii;g FIG. 12. The ratio of the efficiencies obtained with the full

t 7 .

detector simulation to those obtained with the model-independent
methods. The axis is the row number from Table XIX.

method and the efficiency model method. We note that th%
public Monte Carlo method does allow misidentification and
so it does not show this large mismatch. We can conclud%

that when the branching ratios are small, the public I\/lomeout produces the signature of interest. For the signature of

Carlo method is vastly superior to the others. -
In the object efficiency method, the acceptance of the sig—yb E., we generateW— (yv)(bu). The efficiency model

- . : . “results are also optimistic, the average is a ratio of 0.74
nature i m running the Mon rlo simulation . ’ o .
ature is computed by ru g the Monte Carlo simulatio +0.35 where again the uncertainty is actually the rms with

without a detector simulation. As each object in the &gnaturio, the ideal result. We found that the difficuity of applying
{

.21 is the rms computed with respect to 1.0, the ideal result.
In the efficiency model method, we generate a Monte
arlo model that is not related to a search for new physics

is identified and passes acceptance cuts, the individual objegt. : )
efficiencies are multiplied. These object efficiencies which is method was in choosing the maff scale. For example, we
may or may not beE, or » dependent, are listed in Sec. chose to match theW” mass to they, mass in the direct
IXA. In this test, these efficiencies are typically well production of thex3— yx° model. However, the photon
matched to the rigorously derived efficiencies. The averageomes from a secondary decay and the effect of the LSP
of Rypj over all models except the first is 0.88.21, where  mass compared to the massless neutrino causes, ibiethe

TABLE XIX. The results of comparing the methods of calculatig using the model-independent methods and the rigorously derived
Ae. Each row is a variation of a model of supersymmetry as indicated by the label in the first column and the mass of a supersymmetric
particle listed in column tw¢GeV). The column labeled is the acceptance of the model in % and the next column is the rigorously derived
Ae. The columns labeled witR are the ratios of the rigorously derivéde to Ae found using the model-independent method indicated.

Model Mg BR (%) A A€ Rob; Ruww Rshw
130 3 65.0 27.50 2.79 3.03 1.07
GMSB 147 20 49.8 7.45 0.91 1.00 0.70
M=Mz: 170 23 51.7 8.35 0.97 1.00 0.87
186 18 54.7 11.44 1.26 1.22 1.11
185 30 17.0 1.97 0.91 0.68 0.48
PN 210 30 22.0 2.98 1.04 0.73 0.90
3.9 production 235 30 24.0 3.23 1.01 0.68 0.90
M=Mj 260 30 245 2.69 0.82 0.52 0.75
285 30 19.7 2.16 0.84 0.48 0.72
110 100 13.5 0.93 0.54 0.54 0.59
PN 130 100 12.6 1.41 0.88 0.80 0.87
3.9 production 140 100 14.8 1.29 0.68 0.60 0.66
M=Mz: 150 100 13.7 1.34 0.77 0.65 0.78
170 100 11.5 1.27 0.85 0.68 0.65
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vy andb to be poorly matched to the, of these objects in the
WW model.

In the public Monte Carlo method, we compute the effi-

ciency using SHW, a highly parametrized, self-containe
Monte Carlo program. In general, results here are somewh
optimistic with the average ratio to the rigorous total effi-
ciency being 0.7Z0.28, where the uncertainty is the rms
computed with respect to 1.0, the ideal result.

PHYSICAL REVIEW D 65 052006

The methods for calculating efficiency without access to

the full detector simulation are accurate to approximately
30% overall. They tend to underestimate by 10—25 % but

he result for individual comparisons varies greatly. These
ncertainties are larger than, but not greatly larger than, a
pical uncertainty in a rigorously derived efficiency, which
is 20%.
We conclude that in order to determine if a model is easily
excluded or far from being excluded by the data, the model-

For completeness we also include the ratio of the simpléndependent methods are sufficient. If the model is within
acceptance to the rigorous acceptance times efficiency. Tr80% of exclusion, no conclusion can be drawn and the effi-

average ratio is 0.120.87.

ciency should be rigorously derived.
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