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A seard for squarks is performed in the topology of multijet events accompaniedby large missing
transverse energy and at least one tau lepton decaying hadronically. Approximately 1 fb * of pp
collision data from the Tevatron collider at Fermilab at a certer-of-mass energy of 1.96 TeV recorded
by the D detector is analysed. No evidence of physics beyond the Standard Model is found and
lower limits on the squark massup to 366 GeV are derived in the framework of minimal supergravity
with parameters enhancing nal states with taus.
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. INTR ODUCTION

Supersymmetric extensions (SUSY) of the standard model (SM) predict the existence of scalar quarks (ef), or
squarks, and spin-1/2 gluinos (g), the supersymmetric partners of quarks and gluons. These colored particles, if
su cien tly light, could be copiously produced at hadron colliders. At the Tevatron, previous seartesfor squarks
and gluinos assumingR-parity consenation were performed using events with jets accompaniedwith large missing
transverse energy [1{4], arising mainly from the undetected lightest suspersymmetric particle (LSP) taken as the
lightest neutralino (~9).

However, in someregion of parameter space,squarks decay to neutralinos (~3) or charginos (~; ), formed by the
supersymmetric partners of the Higgs elds and SM gaugebosons,leading to nal states with leptons. The mass
di erence betweenSUSY partners of leptons (sleptons) dependson the lepton massand on parameters of the model,
in particular tan (the ratio of the neutral Higgs vacuum expectation values). Thus, in a given model, the lightest
supersymmetric partners of taus (~ ) might be the lightest of all sleptonsfavouring nal stateswith tau leptons via
the subsequeh decay ~ ! ~9. Other leptonic decay (to electrons and muons) would then be suppressed. Such
a masshierarchy and decay chain are favoured for low slepton mass. In this region, squarksare lighter than gluinos
and squark pair production pp! eré dominates. Fig. 1 illustrates squark pair production and the typical decay
chain into tau nal states. These everts are signed by the presenceof two (or more) jets, large missing transverse
energy (E7) and at least onetau lepton. Decays via a ~; contribute  2/3 of the time and lead to the production of
one single tau, while decays via a ~J contribute for the rest and lead to the production of two taus. Such signatures
have not beenexploited yet for a seard for supersymmetry at the Tevatron.

FIG. 1. Schemeof pair produced squarks decaying into leptons, taus are taken asan example. One tau or two taus are produced
if squarks decay through a ~; (a) or a ~3 (b) respectively.

The following reports on a seard for nal states cortaining jets, at least one tau decaying hadroniﬁally and large
missing transverseenergy using approximately 1 fo ! of data collected at a certer-of-massenergyof '~ s = 1:96 TeV
with the upgradedD detector during the Run Ila phaseof the Fermilab Tevatron collider. The secondtau produced
in the ~9 decay is not identi ed in order to avoid additional lossin signal e ciency . Squark production is investigated
in the framework of minimal supergravity (nSUGRA) [5] in a model with enhancedtau nal states.

II. DETECTOR AND DATA SET

A detailed description of the D  detector can be found in [6]. The certral tracking system comprisesa silicon
microstrip tracker (SMT) and a certral b er tracker (CFT), both located within a 2 T superconducting solenoidal
magnet. The SMT and CFT designswere optimised to provide precisetracking and vertexing capabilities over the
pseudorapidity rangej j < 2.5, where = In[tan ( =2)] and s the polar angle with respect to the proton beam
direction. A liquid-argon and uranium calorimeter covers pseudorapidity up to j j  4.2. The calorimeter consists
of three sections, housedin separate cryostats: the certral one coversj j . 1.1 and the two end sections extend
the coverageto largerj j. The calorimeter is extendedin depth, with four electromagnetic (EM) layers followed by
up to v e hadronic layers. It is also segmered in projective towers of size0:1  0:1in - space,where is the
azimuthal angle. Calorimeter cellsare de ned asintersection of towersand layers. Additional samplingis provided by
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scirtillating tiles in the region at the boundary between cryostats. An outer muon system, covering j j < 2, consists
of a layer of tracking detectors and scintillation trigger courters in front of 1.8 T toroids, followed by two similar
layers after the toroids. Jets arg reconstructed from the energydeposited in calorimeter towers using the Run Il cone
algorithm [7] with radius R =" ( )2+ ()2 = 0:5. A minimum transverseenergy of 13 GeV per jet is required.
The jet energyscale(JES) is derived from the transversemomertum balancein photon-plus-jet everts [8]. TheE+ is
calculated from all cells, and corrected for the jet energy scaleand the reconstructed muons. Hadronically decaying
taus are characterised by a narrow isolated jet with low track multiplicit y [9]. They are found by constructing a
calorimeter cluster made of all towers around a seedtower within R < 0:5. Only clusters with a transverseenergy
(Et1) greaterthan 5 GeV and assaiated with a track of transversemomertum (pr) above 1.5 GeV with R < 0:3 are
kept. Additional tracks are added if the invariant massof tracks is compatible with the tau mass. EM subclusters
of minimum transverse energy of 800 MeV are constructed from cells of the calorimeter EM sections belonging to
the tau cluster. Taus are classi ed in three types: 1) a single track with no EM subclusters, the typical signature of

! ; 2) a singletrack with at leastone EM subcluster, the typical signature of ! 0 . 3)two or three
tracks assaiated with or without EM subclusters, the typical signature of ! ( °) . The tau energy
is inferred from the transversemomerta of the assaiated certral tracks, the E1 calorimeter cluster and the known
calorimeter responseto parametrised as a function of track pr and

For the seard reported in this documert, data collectedby the D experiment during the Run Ila of the Tevatron,

from April 2003through February 2006, are analysed. This data sample correspondsto an integrated luminosity of
0.96 0.06fb ! [10] after requiring data of good quality. Events were recorded using acoplanar dijet and multijet
triggers requiring missing transverseenergy calculated using the sum of the jet momerta (#1 = j jesPrj). The D
trigger systemconsistsof three level, L1, L2 and L3. Events were required to have at least three calorimeter towers of
size = 0:2 0:2with transverseenergygreaterthan 5 GeV. For the acoplanardijet trigger, #+ wasrequired
to be greater than 20 GeV (30 GeV) and the acoplanarity (de ned asthe azimuthal angle betweenthe two leading
jets, orderedin decreasingEr), to be lessthan 168.75 (170 ) at L2 ¢ 3). For the multijet trigger, at least three jets
were required at L2 and, at L3, events were required to have Hy = jets Er andHt greater than 125 GeV and 25
GeV respectively. In the last third of the data sample (recorded at higher instantaneous luminosities), additional L3
requiremerts were performed in those triggers to reducetheir online rate: in the acoplanar dijet trigger the minimal
azimuthal angle betweenthe iy direction and any jet was required to be greater than 25 , rejecting events with
mismeasuredjet energy; and three jets with E; above 20 GeV were required in the multijet trigger.

I1l.  MODELLING OF SIGNAL AND STAND ARD MODEL BA CK GROUND EVENTS

The signal topology consistsof jets, Er and at leastonetau. This topology also arisesfrom SM processesnvolving
W and Z bosons(including top quark production and decay) where one tau is produced. Events with fake taus
(coming from misiderti ed electrons,muonsor jets) and fakeEt (created by jet energy mismeasuremeh for example)
from sourcessudch as multijet (QCD processevents) also cortribute. Signal e ciencies and yields for standard model
badkground events are evaluated using Monte Carlo techniques, except multijet badkgroundswhich are not simulated.
Generated events are subjected to a detailed GEANT -based[11] simulation of the detector geometry and response
and processedhrough the samereconstruction chain as data.

W (+jets) ! °, ?=Z (+jets) !  andtt (+jets) are generatedwith alpgen version 2.05 [12] interfaced with
pythia 6.3[13] for the simulation of initial and nal state radiation, and of parton hadronisation. Heavy a vor and
light avor quark cortributions are generatedseparately Tau decays are simulated with the generatortauola [14]
and the cteq6l1l [15],[16] parton density functions (PDF) are used. Absolute cross-sectiomormalisation is performed
using NLO K-factors computed with mcfm [17]. Inclusive diboson production is generatedwith pythia and single
top with comphep [1§].

Squark (including all speciesexcept stops) and gluino production and inclusive cascadedecay are simulated with
pythia 6.3. Sparticle massand couplingsare computed with suspect 2.3 [19]and sdecay 1.1a[20] from a setof v e
MSUGRA parameters: mg and m1-,, the universal scalarand gauginomassesand Ay, a universaltrilinear coupling,
all de ned at the grand uni cation scale;tan and the sign of the Higgs-mixing mass parameter . In order to
enhancethe stau massmatrix mixing and extend the region of nal stateswith taus, a high value of tan = 15is
xed. Agissetto 2 mg to favour high Higgs bosonmassesand the sign of is negative. Fig. 2 illustrates the region
of the (mg, m-5) spacewith enhancedbranching fraction to taus in this model. Squark and gluino massesare shavn
on the same gure. Signal samplesare normalisedto the NLO cross-sectioncomputed with pr ospino 2 [21] and the
cteqg6.1lm PDF set. The signal crosssectionis typically of 0.3 pb for squark massesof about 350 GeV.
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FIG. 2: In the (mgo, m;=;) plane of the mMSUGRA model with tan = 15,Ap = 2mo and < 0, (left): BR(~ ! )

(right) almost horizontal curvesare the gluino iso-massesand other curvesare the squark iso-masses,averagedover 10 squark
species(stops are excluded).

IV. EVENT SELECTION

First a common preselection and a selection based on jets and Et objects, shared with the generic seard for
squarksand gluinos [4] in the Jets andEt signature, are applied. The identi cation of onetau candidate is performed
afterwards.

The preselectioncriteria are summarisedin Table|. Preselectedeverts are required to have a substartial E+ ( 40
GeV) and to have at leasttwo reconstructedjets. Events must be acoplanar. The longitudinal position of the primary
vertex (PV) is restricted to be certral in the detector in order to reducebad primary vertex reconstruction. The two
leading jets are required to be in the certral region of the calorimeter (j q4etj < 0.8, where e is calculated under
the assumption the jet originates from the certer of the detector) and to be energetic(Er 35 GeV). The tracking
capabilities of the D  detector at the Run Il are usedto signi cantly reduce QCD badkgrounds with jet transverse
energy mismeasuremeh due to a wrong vertex choice. The fraction of charged particle transversemomerta assciated
to the jet (in a conewith R = 0:5) and pointing to the PV, comparedthe transversemomerta of those pointing to
any vertex (CPFO0) is usedto this end.

Two analysesare performedin order to take prot of the di erent signaltopologies ring the acoplanardijet trigger
or the multijet trigger. Criteria usedin ead analysis stream (JT1 and JT2 respectively) are summarisedin Table I.
In both analyses,the Et requiremert is tightenedto 75 GeV to reject most of the multijet badkground (mainly from
QCD processes)as indicated on Fig. 3. The direction of the Et is required to be away in azimuth from the two
leading jets. This removesevents where mismeasuredjet energy createsEr aligned with the jet. In the JT1 analysis,
this instrumental badkground is further reduced by requiring a minimal value of the azimuthal angle between any
reconstructed jet and the Er of 40 . Due to the high jet multiplicit y in the JT2 analysis stream this criteria is not
applied but athird jet with Er 35 GeV in the acceptanceof the tracker (j getj < 2.5) is required, and Ht must be
greater than 200 GeV.

Events are required to contain at leastonetau candidate separatedfrom the two leadingjets ( R( ;jeti2) 0.5).
The tau candidate must lie in the pseudorapidity rangej gtj 2.5. Its transversemomertum must exceedl5 GeV
and the transverse momertum of the assaiated track is required to be pr 4 GeV for tau-type 1. In the caseof
tau-type 3, the scalar sum of transverse momerta of all tracks assaiated to the tau must be greater than 8 GeV.
Jets originating from quarks and gluons fake hadronically decaying taus and a set of neural networks (N Njet), one
for eat tau-type, has beendeveloped to discriminate betweenthem. They exploit the di erences in transverseand
longitudinal shower shape, as well as di erences in the isolation in the calorimeter and in the tracker. Training is
performed using simulated taus as signal and multijet everts from data as background. Output variables peak near
onefor real taus and zerofor fake taus. This analysisusesmoderate N Nj¢; cut values(0.4/0.5/0.6 for tau-type 1/2/3)
to insure a high background rejection while keepinga high selectione ciency for hadronically decaying taus. Other
discriminating variables likeEy and Hy are used later to optimise the selection and reject remaining backgrounds
coming from multijet processes.Electrons are generally identied as a tau-type 2 and a neural network (N Ngjec)
similar to the N N; ¢ hasbeendevelopedto discriminate betweenthem (training is performed using simulated Z ! ee



TABLE [: Selection criteria of both JT1 and JT2 analyses.

Preselection All analyses
Er 40 GeV
number of reconstructed jets 2
acoplanarity < 165
jPV2j < 60cm
1! leading jet Ev1, | detj, CPFO 35GevV, 0.8, 85%
ond leading jet Et, j getj, CPFO 35GevV, 0.8, 85%
Jets andEr selection JT1 analysis JT2 analysis
trigger acoplanar dijet multijet
Er 75 GeV 75 GeV
( Er;jety) 90 90
( Er ;jetz) 50 50
min &t ;any jet) 40 -
number of reconstructed jets - 3
39 leading jet E1, | det] - 35GeV, 25
Hr - 200 GeV
Tau candidate selection All analyses
number of tau candidate 1
R( cand ; j€t1) 0.5
R( cand ;jet2) 0.5
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FIG. 3: Er distributions for events after the Jets+Er selectionin the analysesJT1 (left) and JT2 (right). Et cuts are relaxed
to 40 GeV. The signal point (mo,m=,)=(100,150) GeV is superimposed.

as badkground). A moderate cut at 0.3 is applied. Electrons tend to fake tau-type 1 candidatesin the region of the
D detector not instrumented for measuringEM energy deposition. Therefore, this region (1:1< j 4j < 1:5)) is cut
away for tau-type 1 candidates. Muons can be misidenti ed as one-pronghadronic tau decay aswell. In particular,
muon cortribution is reduced by comparing the energy measuredin the calorimeter and the tau assaiated track
momertum (E=p 0.7). This cut is not applied for tau-type 2. The D calorimeter is denseand muons interacting
by Bremsstrahlung are removed by requiring the fraction of energy deposited in the last section of the calorimeter to
be lessthan 40%.

As indicated on Fig. 4, the excesf data at lowEr comesfrom multijet background events which are not simulated.
The overall SM predictions are in good agreemen with data for Er above 125 GeV, and even lower for the JT1
analysis. As shownn in Fig. 5, the shapes of key variables are also in good agreemen with predictions. This gure
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includes the distribution of the variable JJTHt = EF'* + EF'2 + E = | characteristic of the signal and used later
to separateoptimally signal and badkgrounds. Variablesthat depend on angular correlations are also well described.
As an example, the transversemassof the ( cang, Ev) Systemhasbeenincluded in the gure. It exhibits the typical
Jacobian edgeof the W transversemassshape as expected at this background dominated stage of the analysis.

V. SELECTION OPTIMISA TION

Two nal cutsonJJTHt andEr are optimised by minimising the expected upper limit on the crosssectionin the
absenceof signal. To this end, aswell, asfor the derivation of the nal results, the modi ed frequertist CL s method
is used[22], [23]. Multijet badkgrounds are not simulated. However, for high cuts on JJTHy andEr the expected
cortribution is negligible and it is consenatively neglectedin the following. Giving emphasisto the high squark mass
region, the optimisation is performed on eact analysisstream separatelyand on a combination of both (events selected
by either of the analysesenter in the combination). The optimal sensitivity is obtained for the analysis combination
with additional cuts of JJTHt 325GeV andEtr 175GeV.

Statistical and systematics uncertainties are included in the CLs computation. The uncertainty due to the JES
corrections is the most important. It is 15% for the badkground and 10% for the signal. The uncertainties on
jet reconstruction and identi cation e ciency, on the jet energy resolution and on the CPFO lead to systematic
uncertainties of 1%, 2% and 5% respectively. The uncertainties on the tau reconstruction and e ciency, on the
tau energy scalecorrections and on the neural net outputs are 3%, 4% (this value is 2% for signal events) and 2%
respectively. The uncertainty on the determination of the luminosity is 6.1% [10] and the trigger uncertainty is 2%.
The uncertainty on the signal acceptancedue to the choice of the PDF set was determined to be 6% [3]. All these
uncertainties are fully correlated betweensignal and SM badgrounds. A 15%uncertainty is seton the SM background
cross-sections.

The number of events selectedby eat analysisand by the combination are givenin Table Il. Combining analyses,
two data everts are selected,in good agreemen with the SM expectations. The main badkground contributions arise
from top pair and W (+jets) production processes.Table Il reports on the number of expected everts for two signal
points. The oneat (mg, my=») = (80, 160) GeV, is closeto the indirect LEP exclusionlimits [24] and correspondsto
high squark masseqaround 375GeV). The other one,at (mg, m;=,) = (100, 150) GeV, hasa peculiar masshierarchy
wherethe ~ is afew GeV lighter than the ~J. In this con guration the lepton coming from the ~9 decay is very soft
and mostly undetectable. Sucdh masscon gurations are very di cult to detect in a direct seard for ~; ~3 production
in the three lepton nal states. This analysis is sensitive to both points with expected CLs values lessthan 5%.
Final distributions of JJTHy andEt are displayed on Fig. 6 where signal point (100, 150) expectations are showvn
above the SM predictions. Event displays of the candidate with the highestEt are shown in Fig. 7 and its kinematics
properties are reported in Table I11.

TABLE |I: Number of events obsered in data, expected in SM and for two signal points, givenin (mo, m;-;) values, for each
analysis stream with JJTHt 325GeV andEr  175GeV cuts. Errors quoted on signals are statistical only. Expected CLs
values are given in brackets.

Analysis Data SM predictions | Signal (80, 160)| Signal (100, 150)
OR 2 1:68 0:24 (stat.) %3 (syst) [0.0333] 4.73 0.37 [0.0064] 7.08 0.57
JT1 1 0:57 0:14 (stat.) %39 (syst.) [0.0783] 2.65 0.28 [0.0277] 3.86 0.43
JT2 1 1:38  0:22 (stat.) %33 (syst.) [0.1074] 3.27 0.31 [0.0235] 5.39 0.50

VI.  INTERPRET ATION IN MSUGRA

Limits are derived at 95% C.L. At presen theoretical uncertainties on the squark-pair production cross-sections
due to the choice of the PDF set and on the renormalisation and factorisation scaleare not taken into accourt.

In the region where ~; and ~J deca exclusiwely into tau nal states (at low mg), the analysis sensitivity is
kinematically limited by the squark mass(at high m,-,). For large sleptonmasses,~; and ~$ deca through a virtual
W or Z leadingto nal statesto taus accordingto the SM bosonbranching fractions. This analysisis sensitiveto part
of this region (if squarksare su cien tly light to be abundantly produced), but it is already excluded by the indirect
seard for chargino from LEP. Therefore, results of this analysis, in term of exclusion, is restricted to the region of
interest of enhanced nal statesto taus.
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FIG. 4: Er of events passingthe tau selectionin the analysesJT1 (left) and JT2 (right). Er cuts are relaxed to 40 GeV. The
signal point (mg,m;-,)=(100,150) GeV is superimposed.
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FIG. 5: After the tau selectionin the JT1 analysis, from left to right and top to bottom: transverseenergy of tau candidates,
( canda ET) transverse mass, number of tau candidates per tau-type and JJTH . The signal point (mo,m;=,)=(100,150) GeV
is superimposed.
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FIG. 7: Lego plot of the calorimeter energy deposition in the - plane (left) and x-y view (z being along the beam axis) of

the candidate event with highestEr .

TABLE I11I: Kinematic properties of the candidate event with the highestEr . Energiesare given in GeV and anglesin radians.
Object Er
Jet 1 266. 0:21 5.7
Jet 2 106. 0:54 4.8
Jet 3 15. 1:54 43
Tau 1 (type: 3) 15. 0:09 1.6
Hr 386.
JITHT 387.
Er 353.

EM particle 14. 0:05 15
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Figure 8 shaws the resulting expectedand obsened lower limits in the (mg, m=,) plane of the mSUGRA framework
with tan = 15,Ap= 2mg and < 0. This analysisexcludessquark massegaveragedover 10 squarks species)up
to 366 GeV (the expected limit is 373 GeV) at the highest my value of the limit contour. For reference,the generic
seard for squarks and gluinos performed by D  on the samedataset in the Jets+HEt signature [4] in the MSUGRA
framework with tan = 3,Ap = 0and < 0, and where nal statesto taus are not explored, setan absolute expected
lower limit on squark massesof 384 GeV. The results of this analysisalso constrain the mSUGRA parametersat the
grand uni cation scale. For mg value between 80 and 110 GeV, the expected limit on m,-, reaces values about
15 GeV above the indirect limit from the LEP2 chargino seard.

VI I. CONCLUSION

Squark pair production is searded for in events with jets, tau(s) decaying hadronically and large missingtransverse
energyusing all D data recordedat a certer-of-massenergy of 1.96TeV during the Run |la phaseof the Tevatron.
No evidencefor signal is obsened in this 1fb ! data sample. The result of this seard is interpreted in term of
exclusion on the MSUGRA model parameter spacefor tan = 15,Ag = 2mg and < 0 enhancing nal statesto
taus. The highest excludedsquark massat 95%C.L is 366 GeV. This seard isthe rst oneto explore supersymmetric
modelsin tau nal statesaccompaniedwith jets at the Tevatron. It isimportant to complemen other seardes,sud
asthe genericseard for squarksand gluinos in events with jets and largeE~ or direct seard for chargino-neutralino
production in the tri-lepton nal state where one lepton could be kinematically undetectable.
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FIG. 8: Expected and obserwed limits set by this analysis at 95% C.L. in the (mo, m;-,) plane of the mSUGRA model with
tan = 15,Ap= 2mgand < 0. The greenand beigeplain areasare respectively excluded by LEP2 slepton (me > 100GeV,

m- > 97 GeV and m- > 93 GeV) and chargino (m_. > 103 GeV) seardes. The thin colored lines represert the isocurves of

the branching fraction of ~; decaying in to ~9
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