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We report on a search for pair production of a fourth generation charg8 quark ¢') in pp
collisions at./s = 1.8 TeV by the D@ experiment at the Fermilab Tevatron using an integrated
luminosity of 93 pb!'. Both b’ quarks are assumed to decay via flavor changing neutral currents
(FCNC). The search uses the signatuges- 3 jets +u-tag and2y + 2 jets. We see no significant
excess of events over the expected background. We place an upper limit on the production cross section
times branching fraction that is well below theoretical expectations fbt decaying exclusively via
FCNC forb’ masses up ter; + m;,. [S0031-9007(97)03177-3]

PACS numbers: 13.85.Rm, 13.40.Hq, 14.65.—q
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The existence of three generations of quarks andor the two-body decay’ — bg. If three-body hadronic
leptons is well established in the standard model. Therdecay modes were included in the acceptance calculation
is no strong expectation of additional quark and leptorfor the single photon signature, the acceptance times
generations in an extended standard model, nor areranching fraction might increase by 30%—50%, but with
additional generations ruled out. Several models wittconsiderable theoretical uncertainty. Bdmasses above
new generations or arguments favoring new generations; + m;, the decay channeb/ — Z + b is expected
have been presented [1]. In this paper, the D@ experimertd dominate other FCNC decay processes. Thus, the
reports on a search for pair production of a fourthsensitivity of the photon decay channels is limitedsto
generation charge-1/3 quark ¢’) that decays via flavor masses where the boson decay channel is not open.
changing neutral currents (FCNC) ipp collisions at The D@ detector is described in detail in Ref. [8].
Js = 1.8 TeV at the Fermilab Tevatron. While most The detector consists of an iron toroid muon spectrom-
standard model FCNC processes are highly suppresseeter, a uranium-liquid argon calorimeter, and a nonmag-
it is plausible that a lightt’ quark (i.e.,m;, < m; and netic central tracking volume containing drift chambers,
my < my) could decay predominantly via FCNC if, as a vertex chamber, and a transition radiation detector.
expected, the charged current decay of a lighuark to  Jets are reconstructed using a cone algorithm with ra-
a charm quark is highly suppressed by a fourth generatiodius R = 0.5 in n-¢ space, wherep is pseudorapidity
extension of the CKM matrix [2]. The condition for [y = tanh '(cosf)], andé, ¢ are the polar and azimuthal
FCNC dominance is roughly., /V,»| < 1072to 1073,  angles in a laboratory coordinate system with the polar
depending on the mass of i and ¢’ quarks. Several axis parallel to the beam. Muons are identified by re-
et e collider experiments have explicitly searched f6r  constructed tracks in the muon spectrometer. Muons used
guarks decaying via FCNC [3], but until now there havefor b-tagging are required to have transverse momentum
been no searches fér quarks that decay via FCNC at pry > 4 GeV/c relative to the beam axi%| < 1.1 and to
hadron colliders [4]. The current mass limit omaquark  be within AR < 0.5 of a jet axis inn-¢ space. Photon
that decays via FCNC is the LEP | limit of half thé  candidates are identified by the longitudinal and transverse
boson mass [5]. shower shape of isolated calorimeter energy clusters and

The data used in this search were collected with the D@y the absence of central tracking chamber hits between
detector during the 1992-1995 Tevatron collider run andhe calorimeter cluster and the event vertex [9]. The pho-
represent an integrated luminosity of 93 pb ton isolation requirement is that the energy in an annular

We assume thak’ quarks are pair produced with the isolation cone from radius 0.2 to 0.4 it ¢ space be less
same cross section, for a given mass, as the top quark [@han 10% of the photon energy.

We consider the signatures’d’ — ygbb and b'b’ — In addition to requiring the requisite number of pho-
yybb, in which the photons are observed directly andtons, jets, and-tagging muons, both analyses place a cut
b quarks and gluons are observed as hadronic jets. Fan the quantityHy, which is defined as the scalar sum
the single photon signature, we require that one of thef the transverse energieB;('s) of the photons, jets, and
jets be identified as & quark jet (‘b-tagged”) by the anyb-tagging muons in the event. Both analyses require
presence near the jet of a muon from semileptonic deca¥fr = 1.6m;. Note that theH; cut depends on thé’

of the b quark. For the diphoton signature, we do notmass hypothesis. The value of tHg cut is set to maxi-
require that either jet bé-tagged. We assume that  mize expected significance, defined as acceptance divided
quarks decay 100% of the time via FCNC with the relativeby the square root of the expected background. The cuts
FCNC branching fractions determined by the standardised by the two analyses are summarized in Table |.
model [7], which are 13% for the single photon signature The acceptance is calculated using HERWIG event

and 1.6% for the diphoton signature forid quark of  generator [10] with a detector simulation based on the
mass 80 GeYc2. We have not included the contribution GEANT program [11]. We assign a 10% systematic
of three-body hadronic FCNC decay modes, such asrror to the calculated acceptance based on comparisons
b' — bqq, in the single photon acceptance calculationbetween theHERWIG and ISAJET event generators [12].

or in any quoted theoretical branching fractions. TheThe calculated acceptance for the two channels is listed
acceptance for such modes is only slightly lower tharin Tables Il and Ill, respectively.

TABLE I. Kinematic cuts used in they + 3 jets and2y + 2 jets analyses (energies in

GeV).
Photons Jets
Channel N E7min |7}|max Nmin E7min |7}|max b-tag Hrt min
vy + 3] 1 20 1 3 15 2 yes 1.6 my,
2y +2j 2 20 2 2 15 2.5 no 1.6 my
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TABLE Il. The acceptance, the numbers of expected and observed events, and the measured cross section as a #inction of
mass in they + 3 jets channel. The acceptance includes the muon semileptonic branching fractiorbajubek. The integrated
luminosity is 93 pb!.

Events oy5 X B(b'D' — yghb) (pb)
my Acceptance Observed Expected Expected Upper limit
(GeV/c?) (%) signal (B = 13%) background Value (95% C.L.)
50 0.38 = 0.07 71 166 = 33 63.1 = 6.3 22.1 £ 30.1 75.3
60 0.64 = 0.12 70 115 £ 22 60.0 £ 6.0 17.0 £ 17.8 47.8
70 1.10 = 0.19 60 87 + 16 534 £53 6.5+ 93 23.1
80 1.45 £ 0.25 46 57 =10 454 = 4.6 04 = 6.1 12.2
90 1.68 = 0.29 30 35+6 374 = 3.8 —48 =44 6.0
100 2.16 £ 0.36 23 26 =5 30.1 = 3.1 —35=*29 3.9
120 2.88 = 0.46 14 132 187 =19 —-1.8 1.6 2.2
140 3.50 = 0.55 9 7*1 120 = 1.3 -1.0 £ 1.0 15

The primary backgrounds to the single photon channebackground before th&; cut is63.4 = 6.3 events. We
are QCD direct photon plus multijet production and QCDobserve 71 data events. THé, distributions of data,
multijet production with one jet misidentified as a photon.expected background, and expected signal are shown in
Other backgrounds that are considered &¢ andZy  Fig. 1(b).
production with the gauge bosons decaying to quarks, and The primary backgrounds to the diphoton channel are
W (— ev) + jets andZ (— ee) + jets production with QCD multijet production, with two jets misidentified as
one electron misidentified as a photon and the seconphotons and single direct photon plus jets production,
electron, if any, identified as a jet. The sum of the directwith one jet misidentified as a photon. Other less im-
photon and multijet backgrounds is calculated using theortant backgrounds are double direct photofets pro-
tag rate method, in which untagged+ 3 jet events are duction andZ (— ee) + jets events where both electrons
weighted by a per jeb-tagging probability measured in are misidentified as photons. The sum of the single and
multijet (=4 jet) data [13]. Figure 1(a) shows a test of the double fake photon backgrounds is estimated from the ob-
b-tag rate in “bady” + 3 jets events, in which the photon served number of data events having the signature photon
has failed one of the photon identification cuts. There ist highly electromagnetic jett two or more jets. The
good agreement between the actual and predicted numbleackground is calculated using the measured probability
of b-tagged bady + 3 jets events. We have verified for a highly electromagnetic jet to be misidentified as a
that our parametrizedi-tag rate is able to reproduce our photon. The background calculation includes a combina-
observed-tag rate in a variety of data samples within antoric correction factor oé(l + P), where?P is the photon
estimated uncertainty of 10%. The estimated backgroungurity, which in this sample is estimated to B& = 16%
obtained using the tag rate method6s8 = 6.3 events [9]. The sum of the two fake backgrounds is estimated
before theHr cut. The diboson background, which is to be14.5 + 2.2 events before thél; cut. The double
expected to generati-tags in excess of the tag rate, is direct photon background is estimated by Monte Carlo
estimated by a Monte Carlo calculation to 66 = 0.4  calculation to be.2 = 0.6 events. Th&Z (— ee) + jets
events. The totalV (— ev) + jetsandZ (— ee) + jets  background is estimated to Bel = 0.1 events and is not
background is estimated to bel = 0.1 events and is not included in the subtracted background. The total expected
included in the subtracted background. The total expecteldackground before th& cut is15.7 = 2.3 events. We

TABLE Ill. The acceptance, the numbers of expected and observed events, and the measured cross section as a function of
mass in they + 2 jets channel. The integrated luminosity is 79 pb
Events o,5 X B(b'b' — yybb) (pb)

My Acceptance Observed Expected Expected Upper limit
(GeV/c?) (%) signal (B = 1.6%) background Value (95% C.L.)

50 2.76 £ 0.40 20 126 = 20 15,5 =23 2.03 £ 233 6.11

60 5.31 £0.71 18 101 = 15 14.1 = 2.1 091 = 1.14 291

70 8.19 = 1.08 15 68.3 = 9.7 11.0 = 1.7 0.61 = 0.66 1.76

80 1045 = 1.37 11 429 = 6.1 84 + 1.3 0.31 = 0.44 1.08

90 11.90 £ 1.52 8 26.3 = 3.6 6.2+ 1.0 0.18 = 0.32 0.76

100 13.23 = 1.52 6 16.5 =23 44 + 0.8 0.15 £ 0.25 0.59

120 15.73 = 2.00 3 75 1.0 24 +0.5 0.05 = 0.15 0.32

140 16.28 = 2.06 3 34 £ 0.5 1.5+ 04 0.11 = 0.14 0.36
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FIG. 1. Hy distributions of data (filled squares), expected FIG. 2. Measured 95% confidence level upper limit on the
background (open circles), and expected signal for 90 f&V branching fraction (solid line) and theoretical branching fraction
b’ (curves) in the channels (a) “bagd’ + 3 jets, (b)y + 3 (dotted line) for (a)b's’ — y + 3 jets, (b)b'p’' — 2y + 2
jets, and (cRy + 2 jets. jets, and (c) the total FCNC branching fraction bf The
theoretical and FCNC branching fraction curves endngt =

observe 20 data events. THeg distributions of data and 7z + m, due to the opening of th& boson FCNC decay
expected background are shown in Fig. 1(c). channel.
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