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We search for Higgs bosons produced in association with a massive vector badsortifi pb~' of
pp collisions at\/s = 1.8 TeV recorded by the Collider Detector at Fermilab. We assume the Higgs
scalar H® decays to abb pair with branching ratio8, and we consider the hadronic decays of the
vector bosonV (W or Z). Observations are consistent with background expectations. We place 95%
confidence level upper limits om(pp — H°V)B as a function of the scalar mag¥ o) over the range
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70 < Myo < 140 GeV/c?. When combined with an analysis of the case whérés a leptonically
decaying W, these limits vary from 23 pb aMyo = 70 GeV/c? to 17 pb atMyo = 140 GeV/c>.
[S0031-9007(98)08050-8]

PACS numbers: 14.80.Bn, 13.85.Rm, 14.80.Cp

One of the primary goals of present and future collid-electromagnetic and hadronic calorimeters arranged in
ers is to reveal the mechanism responsible for the symmex projective tower geometry cover the pseudorapidity
try breaking of the electroweak interaction. The simplestegion|n| < 4.2 [10] and are used to identify jets. The
model for this mechanism is spontaneous symmetry breakdata sample was recorded with a trigger which requires
ing achieved through the introduction of a scalar field doufour or more clusters of contiguous calorimeter towers,
blet [1]. This leaves a single observable scalar particleeach with transverse enerdgyy = 15 GeV, and a total
the Higgs boson, with unknown mass but fixed couplinggsransverse energy E; = 125 GeV.
to other particles. The possible range for the mass ex- The data reduction starts with a background filter to
tends from a lower bound of abo88 GeV/c? from the  reject cosmic ray events, beam halo, and detector noise.
LEP experiments [2] t@ (1) TeV. Precision electroweak Events are required to have missigy [10] signifi-
experiments suggest that the Higgs boson mass may ligances = /(3 Er)'/? < 6 GeV!'/2, total energy less
at the lower end of this range [3]. The dominant de-than 2000 GeV and a primary vertex reconstructed within
cay mode of the Higgs boson up 6,0 ~ 130 GeV/c> g0 cm of the detector center. Events with isolated high-
is H — bb. A similar symmetry breaking mechanism g, () electrons (muons), defined as in [6] are also re-
occurs in the minimal supersymmetric extension of themoved. After this selection, events are required to have
standard model, where several observable scalar states 6@r or more jets with uncorrected; > 15 GeV and
predicted, the lightest of which is expected to have a masg,| < 2.1, Jets are defined as localized energy deposi-
below135 GeV/c? [4]. _ . tions in the calorimeters and are reconstructed using an

In pp collisions, the Higgs production mechanism with jterative clustering algorithm with a fixed cone of radius
thg most promising detection possibilitiespp — V + A\ p _ JATZ + Ag? = 0.4in 1-¢ space [11]. Jetener-
H, dwlheitr]ev R dW’ tZ - Inthe fran:_ewc_)rkﬂ?_f thﬁ stanld_ardl gies are then corrected for energy losses in uninstrumented
moo ell gfproHl_Jc lon Cross ske)c lon in 7; ¢ gn?/e ;s “Jetector regions, energy falling outside the clustering cone,
to 0.11 pb for Higgs masses between 10 GeV/c ._contributions from underlying event and multiple interac-
[5]. This is out_lof the_scopg_of the present analyS'S’tions, and calorimeter nonlinearities. After this initial se-
using 91 = 7 pb~" of pp collisions at./s = 1.8 TeV o tin the sample contains 207 604 events. In addition,
recor_ded by the Collider Detector at Fermilab (CDF).We require that at least two among the four highst-

In_ this Letter we ther_efore report on a search for jets in the event are identified (tagged)asgjuark candi-
Higgs scalar pzoduced In association with a vector boso ates. We use the secondary vertex algorithm developed
(pp — V + H", whereV = (}/V’Z) With unknown Cross ¢, e 1o quark observation [12]. The algorithm begins
sectionaypo. W? look forH decays to 391.’ pair with by searching for secondary vertices that contain three or
unknown branching ratigg, and for hadronic decays of more displaced tracks. If none are found, the algorithm

— aq’ — ga i . . .

the ve::ctor boso_r&W q a9 ; Z - tq 9)- :{I’hhe ]Explen[ntental Searches for two-track vertices using more stringent track
flgnanIE Cor.'j' ei_rfe_z dls g)OL."tJe sTlhn CGIJDFm% S adeb\é)vl criteria. A jet is tagged if the secondary vertex transverse
wo ol them identiied a Jets. e Ll [6] an displacement from the primary one exceeds three times its
[7] Collaborations recently reported on direct searches fo[m certainty

0 : " . :
W + H® where theW was identified by Its decay tew There are 764 events with four or more jets and two
or uwv. The all-hadronic channel described here has th%r

. i more b tags. In these events, only the four highest-
advantage of a larger branching ratio, but suffers from %T jets are considered for the mass reconstruction: The

larger QCD background. Finally, we combine the limits : : : :
; . . ' . two highestE; b-tagged jets are assigned to the Higgs
obtained in the all-hadronic channel with those from OU0s0n, and the other two to the vector boson. The invariant

previous search fow + H°. ) - - : o
The CDF detector has been described in detail els mass of theb-tagged dijet system is defined a7

e- —
where [8]. The CDF silicon vertex detector (SVX) \/ZE?E?[COSHAn)bz — c0gA )] The bb invariant
consists of four layers of axial microstrips located mass distribution in signal events, generated with the
immediately outside the beam pipe with an innermosPYTHIA v5.6 Monte Carlo generator [13] together with
radius of 2.9 cm [9]. The SVX provides precise tracka detector and trigger simulation, contains a Gaussian
reconstruction in the plane transverse to the beam and trmre with a sigma of~0.14 X Mge. The tails of the
ability to identify secondary vertices produced by heavydistribution are dominated by the cases (25%—30%) where
flavor decays. The momenta of charged particles aréhe jet assignment in the mass reconstruction is incorrect.
measured in the central tracking chamber (CTC), whichHn most of these cases, one of the jets assigned to the Higgs
is inside a 1.4 T axial magnetic field. Outside the CTC,is a heavy quark jet from the decay of tlieboson [14].
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The main source of background events is QCD heavyake double-tag events. Finally, other minor sources of
flavor production. The heavy flavor content of QCD hardbackground includévbb/Wce, Zbb/Zce, diboson, and
processes has been modeled withrl@HiA Monte Carlo  single top production, and are estimated from Monte
program. We generated all QCD jet production channel€arlo calculations. Together, they account for less than
and retained the events that contained a heavy quark prd% of the total number of events, have a broad invariant
duced either in the hard scattering or in the associatethass distribution, and are neglected in the final fit.
radiation process. Events with a heavy quark are conven- The total signal detection efficiency is defined as the
tionally classified in three groups: direct production, gluonproduct of the trigger efficiency, the kinematical and geo-
splitting, and flavor excitation. Direct production eventsmetrical acceptances, the doubldgagging efficiency, the
are characterized by a high value of the invariant masg(bb) cut efficiency, and the branching fracti@®(w —
M,; and a low value of the transverse momentum of the;g’) = 67.9 *+ 1.5% or B(Z — qq) = 69.90 = 0.15%
bb systempr(bb). The same is true for flavor excitation [3,18]. The combined trigger and acceptance efficiency is
events. The kinematics of final state gluon splitting eventsletermined usingYTHIA followed by detector and trigger
favor a relatively smaller invariant mass value and a largesimulations. TheQQ v9.1 [19] Monte Carlo generator is
pr(bb), since both jets tend to be emitted along the sam@&sed to model the decays of thénadrons. The combined
direction. Figure 1 shows1,; versuspr(bb) for data, trigger and acceptance efficiency depends on the Higgs
QCD bb/cc Monte Carlo, andv + H? signal. In this mass and increases fro8n+ 1% for My = 70 GeV/c?
plane, the Higgs signal shows a greater tendency to large 31 + 3% for My = 140 GeV/c? [14]. The uncer-
M,; and pr(bb) values. A cut orpr(bb) = 50 GeV/c  tainty is dominated by the systematics related to QCD ra-
is ~80% efficient for the signal and strongly discriminates diation modeling. The SVX doublé-tagging efficiency
against direct production and flavor excitation of heavyis calculated with a combination of data and Monte Carlo
quarks. After thep;(bb) requirement is applied to the samples and id4 + 3% with a small dependence on
data 589 events remain. the Higgs mass. The total efficiency increases linearly

Other backgrounds arg production,Z + jets events from 0.6 £ 0.1% to 2.2 = 0.6% for Higgs masses rang-
with Z — bb/cc, and fake double tags. The first two ing from 70 to140 GeV/c?.
are estimated from Monte Carlo and the last one from The shape of the observédtagged dijet invariant mass
data. Using the CDF measured production cross distribution is fit, using a binned maximume-likelihood
section (o7 = 7.671% pb) [15] and a top-quark mass method, to a combination of signal, fake double-tag
of M, = 175 GeV/c?, the HERWIG V5.6 Monte Carlo events, and QCD¢7, and Z + jets backgrounds. The
generator [16] predict26 + 7 7 events in the data, QCD and signal normalizations are left free in the fit
after trigger, kinematic, and-tag requirements. The while the normalizations of ther, Z + jets, and fakes
same generator predicts7 = 4 Z + jets background are constrained by Gaussian functions to their expected
events. Fake double tags are defined as events in whigtalues and uncertainties. The expected number of events
at least one of the two tagged jets contains a fals€w) in each mass bin is

secondary_ygrtex in a light _quark or gluon jet. Fake p = fiNi + f2jiNzjj + frakesNrakes
tag probabilities are parametrized by measuring in several
inclusive jet data samples the proportion of jets in which a + facoNocep + fymo(e L ovmoB),

secondary vertex is reconstructed on the wrong side of thehere f;7, fzji, frakes: focp, and fyyo are the expected
primary vertex with respect to the jet direction [12,17]. fractions of events in this given bin, ad;, Nzj;, Nrakes,
The current data set is estimated to cont&ih+ 11 and Nocp are, respectively, the total expected number

(o) (b)

0 100 200 300 200 300 o 100 200 300
pi(bB) (GeV/<) pr(bB) (GeV/c) pi(bE) (GeV/c)

FIG. 1. M,; vs pr(bb) for (a) selected sample, (B)>/cc Monte Carlo, and (cW/Z + H°, Myo = 100 GeV/c*. The vertical
dashed lines indicate ther (bb) = 50 GeV/c cut.
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TABLE I. Summary of the hadronic analysis fit results, standard model prediction8dor
and 95% C.L. limits from the hadronic (had.), leptonic (lep.), and combined (comb.) analyses.

Mpyo Bo (pb) Bo (pb) Bo (pb) Bo (pb) Bo (pb)
(GeV/c?) Fit SM Had. limit Lep. limit Comb. limit
70 44 + 42 1.13 117.3 21.9 23.1
80 0y 0.76 53.2 28.2 23.8
90 0.07078 0.55 28.9 29.0 18.0
100 0.0:28 0.41 22.8 27.2 16.8
110 0.0783 0.30 18.7 30.1 17.1
120 0.0730 0.20 17.6 25.0 16.0
130 0.0733 0.12 16.7 385 19.7
140 0.0534 0.06 15.3 345 17.2

of 17, Z + jets, fakes, and QCD events. The quantitiesmass distribution for the data compared to the results of
e, L, and oyy B represent the detection efficiency, the fit for Myo = 80 GeV/c2.
integrated luminosity, and unknowr° production cross Since the observed distribution is consistent with stan-
section times branching ratio df® decaying intobh.  dard model background expectations, we place limits on
The likelihood is pp — VH? production. Systematic uncertainties on the
- = = 95% C.L. limits were determined by varying each source
L = GWNi: Nz, 0:7)G(Nzjjs Nzjj» 07j5) of error by *1¢. The separate contributions arise from
X G(Ntakes; Ntakes> Otakes)T » luminosity, jet energy scale, doubbetagging efficiencies,
QCD radiation, limited Monte Carlo statistics, and back-
ground normalizations and shapes. The total systematic
uncertainty is in the range 26%—30%. The 95% C.L. lim-
its are summarized in Table | and Fig. 3. The resulting
bounds fall rapidly from 117 pb a0 = 70 GeV/c? to
values between 15 and 20 pb ffize > 105 GeV/c2.
To combine our results with the ones from [6],
e leptonic analysis was first extended up Mgy =
140 GeV/c?. From the 95% C.L. limits oo (pp —
WH?), the corresponding limits onVH° production

where T =[], P(n;, u;) and P(n;, ;) is the Poisson
probability forn; observed events with expected mean
in bini. G(x;x, o) is Gaussian int, with meanx and
width o.

The fit yields oypoB = 44 = 42 pb for My =
70 GeV/c?, statistically compatible with zero signal.
For larger masses, zero signal contribution is preferreo{h
Table | shows the result of the fits as a function of the
Higgs mass. Figure 2 shows thetagged dijet invariant

$ DATA [JFit [0 QCD M Fokes M Top M Zjj 0
0 L
~120 N . , ]
N CDF (90.6 pb™) s | a(pp —> VH)B |
3100 L 4 jets, 2 b—tags s0 | B
I‘) I [ m
N 70 [ — VH® = qabb
£ 80 A N VH® = 17bb ]
o 60 [\ e combined 1
L g ]
60 s0 [ ;
I w0 | CDF 95% C.L. ,
40 r K "
I 30
20 i 20 -
I 0 b E
0 L
0 50 100 150 200 250 300 L

Mss (GeV/c?) 70 80 90 100 110 120 130 140
. o B Higgs Mass (GeV/c?)
FIG. 2. Invariant mass distributiai,; for 90.6 pb~' of CDF
data (points) compared to the fit prediction. The solid line isFIG. 3. The CDF 95% C.L. upper limits an(pp — VH®)p,
the sum of the QCD, fakess, andZ + jets components. where8 = B(H® — bb).
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were calculated. We used the prograPYTHIA to F. Englert and R. Brout, Phys. Rev. Letl3, 321
compute the standard model prediction for the ratio (1964).

O'(ZHO)/O'(WHD). The leptonic analysis efficiency for [2] M. Acciarri et al.,Phys. Lett. B431, 437 (1998); R. Barate
ZH" events relative to that folWH® events was estimated et al., Report No. CERN-EP-98-144 [Phys. Lett. B (to be
to be(10 = 2)%. The data from both channels were then published)]. ,

fitted simultaneously. Correlations between systematicl3] The LEP Electroweak Working Group and the SLD

- L o Heavy Flavours and Electroweak Groups Internal Report
uncertainties due to luminosity, QCD radiation, and No. LEPEWWG-98-01, 1998.

b-tagglng eff|(:|ency_ were taken into account. All other [4] M. Carenaet al., Nucl. Phys.B461 407 (1996); H.E.
systematic uncgrtglntles were considered uncorrelated. ~ paperet al., Z. Phys. C75, 539 (1997).

The 95% C.L. limits range from 16 to 24 pb and are [5] s.L. Glashow, D.V. Nanopoulos, and A. Yildiz, Phys.
shown in Table | and Fig. 3. Rev. D 18, 1724 (1978); A. Stange, W. Marciano, and
The sensitivity of the present search is limited by S. Willenbrock, Phys. Rev. D19, 1354 (1994); Phys.

statistics to a cross section approximately 2 orders of  Rev. D50, 4491 (1994).

magnitude larger than the predicted cross section for[6] F. Abeetal.,Phys. Rev. Lett79, 3819 (1997).
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