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We search for new particles that decay b and are produced wit bosons inpp collisions at
Js = 1.8 TeV. The search usel)9 + 7 pb~! accumulated by the CDF experiment at Fermilab. We
select events with aav or wv, and two jets, one of therh tagged. The number of events and the
two-jet mass distribution are consistent with expectations. U$ihg Higgs production as a model
for the acceptance, we set an upper limit on the production cross section times branching ratio for the
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new particle ranging from 14 to 19 pb (95% C.L.) as the particle mass varies from I20 BeV/c>.
[S0031-9007(97)04545-6]

PACS numbers: 13.85.Qk, 13.38.Be, 13.85.Rm, 14.80.—j

For several decades, the standard model has bedween 75 and05 GeV/c2. The events must also not be
remarkably successful in explaining and predicting experiaccepted by the CDF top dilepton analysis [4]. To further
mental data. However, the mechanism of electroweakeduce the dilepton backgrounds, we reject events with an
symmetry breaking is still not known. The two most additional highPr isolated track Pt > 15 GeV/c) with
popular mechanisms to induce spontaneous symmetiypposite charge to that of the primary lepton [8]. The re-
breaking of a gauge theory, resulting in the gauge bosonsaining events are classified according to jet multiplicity.
and fermions acquiring masses, are the Higgs mechanish jet is defined as a cluster dit-weighted calorimeter
[1] and the dynamics of a new interaction such astowers within a fixed radiudR = \/(A¢)> + (An)> =
Technicolor [2]. Both mechanisms predict the existence.4, and is required to have an observEg > 15 GeV
of a new particleX with unknown mass which could and|n| < 2.0. TheW + 2 jet bin is expected to contain
be produced at the Tevatron througlp — WX with a  most of the signal, while the other bins are used to check
production cross section of the order of 0.1 to 10 pbthe background calculation.

In this Letter, we present a search for new particles that In order to enhance the signal in tHé + 2 jet bin, we

decay intobb and are produced in association with#a  require that one or both of the jets be identified (“tagged”)
boson inpp collisions at\/s = 1.8 TeV. The search is as coming from @& hadron. We require at least one jet to
based onl09 = 7 pb~! of data accumulated by the CDF be tagged by the SECVTX algorithm, which has a higher
experiment at Fermilab Tevatron from 1992 through 1995signal-to-noise ratio than the SLT algorithm. For the

The experimental signature considere®i¥ with W —  single-tag analysis, the other jet must not be tagged, while
ev or uv, andX — bb, giving final states with one high- for the double-tag analysis the second jet must be tagged
Pt lepton, large missing transverse eneldt) due to by either the SECVTX algorithm or the SLT algorithm.
the undetected neutrino and twojets [3]. The ability The SECVTX tagging algorithm begins by searching
to tag b jets with high efficiency and a low mistag for secondary vertices that contain three or more displaced
rate is vital for searching for the decay &f — bb. tracks. If none is found, the algorithm searches for two-
We use the secondary vertex (SECVTX) and soft-leptorirack vertices using more stringent track criteria. A jet
(SLT) b-tagging algorithms developed for the top quarkis declared tagged if it contains a secondary vertex with
discovery [4]. a transverse displacement from the primary veftey;)

The CDF detector consists of a magnetic spectrometetivided by the measurement uncertainty) (satisfying
surrounded by calorimeters and muon chambers [5]. AL,,/o > 3.
four-layer silicon vertex detector [6], located immediately The SLT tagging algorithm identifies electrons and
outside the beam pipe, provides precise track reconstrucauons from semileptonié decays by matching CTC
tion in the plane transverse to the beam and is used to idetracks with Pt > 2 GeV/c¢ with clusters of electromag-
tify secondary vertices frorh andc hadron decays. The netic energy in the calorimeters or tracks in the muon
momenta of charged particles are measured in the centrehambers. To gain additional background rejection, we
tracking chamber (CTC), which is inside a 1.4-T superconfequire the SLT track to lie withidR < 0.4 of the axis
ducting solenoid. Outside the CTC, electromagnetic an@f a jet and to be displaced in the transverse plane from
hadronic calorimeters are segmented in projective towerthe primary vertex by at least two standard deviations
in the pseudorapidity regioty| < 4.2 [3] and are used in the jet direction (“positive signed impact parameter”).
to identify electron candidates and jets. The calorimeter3his latter requirement reduces lepton misidentifications
are also used to measure the missing transverse enerhy a factor of 5 while retaining 65% of the efficiency.

(ET), which can indicate the presence of energetic neutri- The acceptance for identifyinggX events is calculated
nos. Outside the calorimeters, drift chambers in the regiofrom data and a standard model simulation of Higgs
|n| < 1.0 provide muon identification. A three-level trig- production [9] viaW* — WH® — Wbb, where the Higgs
ger selects events that contain an electron or a muon fas forced to decay intdb with a 100% branching ratio.
this analysis. This is done as a function of the Higgs ma@d o)

The event selection for the search starts with the reusing the selection cuts described above. The lepton
quirement of a primary lepton, either an isolated elecidentification efficiencies are measured frétn— €+ ¢~
tron with ET > 20 GeV or an isolated muon wit®t > events to be92 = 1% for muons and82 * 1% for
20 GeV/c, in the central regior(|n| < 1.0) [7]. A W  electrons. The trigger efficiency is determined from a
boson sample is selected by requiridft > 20 GeV. combination of data and simulation to 188.5 = 8.0%
Events which contain a second, same-flavor lepton witlior muons an®9.8 = 0.2% for electrons. The SECVTX
Pt > 10 GeV/c are removed as possibfeboson candi- and SLT b-tagging efficiencies are obtained from a
dates if the reconstructe or xu invariant mass is be- combination of data and Monte Carlo calculations [4];
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for a Higgs mass ofl 10 GeV/c?, the probability of a (o7 = 7.571¢ pb) [12] and a theoretical calculation of
single SECVTX tag i25 * 2%, of a double SECVTX single top production dw:—; = 0.74 = 0.05 pb and
tag is 8.2 = 1.3%, and of a SECVTX-SLT double tag o,w—, = 1.8 = 0.5 pb) [10], for a top quark mass of
is 2.2 + 0.2%. The total acceptance is calculated as al75 GeV/c?. The other small backgrounds are estimated
product of the kinematic and geometric acceptance, thirom a combination of Monte Carlo simulations and data.
lepton identification efficiency, the trigger efficiency, the The numbers of observed single-tagged and double-
b-tagging efficiency, and th& leptonic branching ratios. tagged events and the corresponding background estimates
A 25% systematic uncertainty in the acceptance comesare shown in Table I. By construction, data and expecta-
from uncertainties in the modeling of initial and final tions are in reasonably good agreement inikthe+ =3 jet
state radiation (20%), jet energy (10%)tag efficiency bins, which, along with othetr decay channels, were used
(8%), average electron and muon trigger efficiency (5%)to measure ther production cross section [12]. The num-
and lepton identification (5%). The acceptance increaseser ofb tags in theW + 1 and 2 jet bins can be compared
monotonically from 0.53 = 0.13% (0.17 = 0.04%) to  to the background calculation. THg + 2 jet bin shows
1.1 = 0.3% (0.42 = 0.11%) for single (double) tagging a small excess of single-tagged and double-tagged events.
asMpyo increases from 70 620 GeV/c?. Using a Monte Carlo simulation that accounts for the cor-
Background events come predominantly from the directelations among tags, we compute a probability that the
production of W bosons in association with heavy quarksexpected number of single-tagged events fluctuates to 36
(Wbb,Wce, We), mistags due to track mismeasurementspr more and that of double-tagged events to 6 or more.
and r7 and single top productiofW* — tb,gW — tb)  This probability is found to correspond to one standard
[10]. Other small backgrounds includé, diboson WW  deviation.
or WZ) and Drell-Yan lepton pair production, artl — To increase the sensitivity of the search, we look for a
777~ decays. To determine the number of mistagsesonant mass peak in the reconstructed two-jet invariant
we first parametrize the mistag rate in an inclusive jetmass distribution using the 4-momenta of jets as measured
sample [4] as a function of jgit and track multiplicity. by the calorimeter, corrected for detector effects [13]. The
We apply this to theW + jets sample to estimate the distributions for single-tagged and double-tagged events
expected number of mistagged events. To estimat®the are shown in Fig. 1, along with the background expecta-
plus heavy quark backgrounds, we use HERWIG [11]  tion. The two-jet mass distributions from the various QCD
Monte Carlo program to calculate, in each jet multiplicity backgrounds Wbb, Wce, We, mistags, and other small
bin, the fraction of W + jet events that contain heavy backgrounds) are similar, while top production yields a
guarks and the corresponding tagging efficiencies. Théistribution shifted towards higher masses. The single-tag
number of background events in a given jet multiplicity data show a slight excess of events at higher two-jet mass
bin is then obtained as the product of these quantitiebut there is no mass peak as would be expected from the
times the observed number 8f + jet events corrected two-body decay of a new particle. The expected two-jet
for contributions from top production and other smallinvariant mass distribution for standard mod&H® pro-
backgrounds. The top quark contributions &nd single  duction followed by the decaff® — bb, obtained using
top) are estimated witlHERWIG and PYTHIA [9] Monte  thePYTHIA Monte Carlo program and a full detector simu-
Carlo calculations, using the CDF measured cross sectidation, is shown in Fig. 2 foM ;o = 110 GeV/c2.

TABLE I. The predicted numbers of tagged + n jet events from QCD backgrounds
(Wbb, Wce, mistags,We, and other small backgrounds) and top productionand single
top) and the number of events observed.

W + 1 jet W + 2 jet W + 3 jet W + =4 jet
Before tagging 10135 1527 232 67
Events with single tag
QCD 65 £ 13 224 + 4.5 49 £ 1.1 14 +04
Top 22+ 0.7 72+ 14 11.0 = 1.7 11.6 = 3.0
QCD + top 67 £ 13 305 16 =2 13 £3
Observede + jety 36 22 4 5
Observedu + jets 30 14 7 7
Events with double tag
QCD 0 1.6 £ 04 0.3 = 0.1 0.15 £ 0.03
Top 0 1.4 =04 33*+05 5.0 £ 1.
QCD + top 0 3.0 £ 0.6 3.6 = 0.6 52+ 1.1
Observede + jets 0 2 3 2
Observedu + jets 0 4 3 0
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L e B e estimate the number d¥X signal events by constraining

6 (a) Single-tags -1 the numbers of QCD and top events to the expected values,
- —— W+ 2 jet Data . within the statistical and systematic uncertainties on the
<4k s Expected QCD + top acceptance and background calculations. The expected
> | H_U i number of eventsy) in each mass bin is
3
o I T
o 2r ~ 7] M= fQCDNQCD + ftopNtap
E 0 I I i == SN R NN + fuxle L owxB(X — bb)],
[ .
o where focp, fiop, and fyyx are the expected fractions of

events in a given mass bin predicted by Monte Carlo cal-
culations, antNocp, Niop, €, L, andoyxB(X — bb) are,
respectively, the expected numbers of QCD and top events,
and the detection efficiency, integrated luminosity, and un-
known WX production cross section times branching ratio
of X decaying intabb. The likelihood is

LN DLANLENL B N N B

PR N RN A |

100 200 300 L=G(L;L,0r)GWNgcp:Nocp, o)
—jet M V/c? — _
Two—jet Mass (Ge /C ) X G(Ntl)/J;Nt()ps O')G(E, €, )Tsingler()uble ,

(@}

! X ; here T .. and Tyoupie are of the form T =
with background expectations from (a) single-tagged events an smgie oubte = . : .
(b) double-tagged events. i P(Ni; u). Here G(x;x,0) is Gaussian inx, with

meanx and widtho, and P(n; u) is the Poisson proba-
bility for n observed events with expected mgan
We set an upper limit on the production cross section The fit yields owxB(X — bb) in the range from
times branching ratio opp — WX as a function of the 0.27§{ to 5.7733 pb for a new particle of mass between
mass ofX by using the numbers of events in the + 2 70 and 120 GeV/c?, statistically compatible with no
jet samples and the shape of the two-jet mass distributionsignal. The corresponding 95% confidence level upper
We assume the single-tagged and double-tagged two-jémits range from 14 to 19 pb and are shown in Fig. 3.
mass distributions consist of QCD, top, ailk events. We have studied additional systematic effects, including

We then use a binned maximum-likelihood technique tauncertainties in thé-jet energy corrections and theébb

FIG. 1. The measured two-jet mass distribution in data alongﬁ

4 T T T T T T T T T T T T T T i T 1 ! I T I T ] T I
3
i 7 10 £ B 95% C.L. upper limits E
i ) T ey WHP ]
& - - ~ 12 -
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> T 1 = £ 3
O L ] e - ]
o 3 ] L] M n - .
< 0 T Tl ® .
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FIG. 2. The expected sum of single- and double-tagged twoFIG. 3. The 95% C.L. upper limit (filled squares) on th&

jet mass distributions from QCD (dotted),75 GeV/c* top  production cross section times branching ratioXofdecaying
(dashed), and standard mod#H® production (solid) with into bb as a function of new particle mass. Also shown is
Mo = 110 GeV/c?. The WHP distribution has been scaled the theoretical cross section (dotted) for the production of a
up by a factor of 50. standard model Higgs boson in association witl &oson.
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andr7 two-jet mass spectra; these have a negligible effect[2] E. Eichten and K. Lane, Phys. Lett. 88 803 (1996).
on the upper limits. [3] In the CDF coordinate systen and ¢ are the polar
The sensitivity of the present search is limited by statis- ~ and azimuthal angles, respectively, with respect to the
tics to a cross section approximately 2 orders of magnitude ~ Proton beam direction. The pseudorapiditys defined as
higher than the predicted cross section for standard model ~ —In(tan7). The transverse momentum of a particle with
Higgs production [14], although comparable to some  MOmentump is Py = Psind. The analogous quantity
models of Technicolor production [15]. Additional sensi- ~ USiNg eneray, defined & = £'sing, is called transverse
i - ! : . energy. The missing transverse eneffly is defined as
tivity can be obtained in the channel in which the vector | =S E47;|, where#, is a unit vector in the transverse plane
boson decays hadronically. An analysis of this channel ” y

MUS : ) pointing to the center of calorimeter celland EL is the
is in preparation. For the next Collider run, we hope transverse energy deposited in that cell.

for a factor of 2 improvement in the doubletagging  [4] F. Abeet al., Phys. Rev. Lett74, 2626 (1995).
efficiency and an approximately 20-fold increase in total [5] F. Abe et al., Nucl. Instrum. Methods Phys. Res., Sect. A
integrated luminosity. 271, 387 (1988).

In conclusion, we have performed a search for new par-[6] D. Amidei et al., Nucl. Instrum. Methods Phys. Res.,
ticles that decay intéb and are produced in association Sect. A350, 73 (1994). _ N
with a W boson at CDF. The two-jet mass spectrum [7] The lepton |splat|qn(1m1) |s.def|ned by the additional
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