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We report on a search for pair production of a fourth generation charge21y3 quark (b0) in pp
collisions at

p
s  1.8 TeV by the DØ experiment at the Fermilab Tevatron using an integrated

luminosity of 93 pb21. Both b0 quarks are assumed to decay via flavor changing neutral currents
(FCNC). The search uses the signaturesg 1 3 jets 1m-tag and2g 1 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 for ab0 decaying exclusively via
FCNC for b0 masses up tomZ 1 mb. [S0031-9007(97)03177-3]

PACS numbers: 13.85.Rm, 13.40.Hq, 14.65.–q
3819
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The existence of three generations of quarks a
leptons is well established in the standard model. The
is no strong expectation of additional quark and lept
generations in an extended standard model, nor
additional generations ruled out. Several models w
new generations or arguments favoring new generatio
have been presented [1]. In this paper, the DØ experim
reports on a search for pair production of a four
generation charge21y3 quark (b0) that decays via flavor
changing neutral currents (FCNC) inpp collisions atp

s  1.8 TeV at the Fermilab Tevatron. While mos
standard model FCNC processes are highly suppres
it is plausible that a lightb0 quark (i.e.,mb0 , mt and
mb0 , mt0) could decay predominantly via FCNC if, a
expected, the charged current decay of a lightb0 quark to
a charm quark is highly suppressed by a fourth generat
extension of the CKM matrix [2]. The condition for
FCNC dominance is roughlyjVcb0yVt0b j , 1022 to 1023,
depending on the mass of theb0 and t0 quarks. Several
e1e2 collider experiments have explicitly searched forb0

quarks decaying via FCNC [3], but until now there hav
been no searches forb0 quarks that decay via FCNC a
hadron colliders [4]. The current mass limit on ab0 quark
that decays via FCNC is the LEP I limit of half theZ
boson mass [5].

The data used in this search were collected with the D
detector during the 1992–1995 Tevatron collider run a
represent an integrated luminosity of 93 pb21.

We assume thatb0 quarks are pair produced with the
same cross section, for a given mass, as the top quark
We consider the signaturesb0b0

! ggbb and b0b0
!

ggbb, in which the photons are observed directly an
b quarks and gluons are observed as hadronic jets.
the single photon signature, we require that one of t
jets be identified as ab quark jet (“b-tagged”) by the
presence near the jet of a muon from semileptonic dec
of the b quark. For the diphoton signature, we do n
require that either jet beb-tagged. We assume thatb0

quarks decay 100% of the time via FCNC with the relativ
FCNC branching fractions determined by the standa
model [7], which are 13% for the single photon signatu
and 1.6% for the diphoton signature for ab0 quark of
mass 80 GeVyc2. We have not included the contribution
of three-body hadronic FCNC decay modes, such
b0 ! bqq, in the single photon acceptance calculatio
or in any quoted theoretical branching fractions. Th
acceptance for such modes is only slightly lower th
3820
TABLE I. Kinematic cuts used in theg 1 3 jets and2g 1 2 jets analyses (energies in
GeV).

Photons Jets
Channel N ET min jhjmax Nmin ET min jhjmax b-tag HT min

g 1 3 j 1 20 1 3 15 2 yes 1.6 mb0

2g 1 2 j 2 20 2 2 15 2.5 no 1.6 mb0
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for the two-body decayb0 ! bg. If three-body hadronic
decay modes were included in the acceptance calculat
for the single photon signature, the acceptance tim
branching fraction might increase by 30%–50%, but wi
considerable theoretical uncertainty. Forb0 masses above
mZ 1 mb , the decay channelb0 ! Z 1 b is expected
to dominate other FCNC decay processes. Thus,
sensitivity of the photon decay channels is limited tob0

masses where theZ boson decay channel is not open.
The DØ detector is described in detail in Ref. [8

The detector consists of an iron toroid muon spectrom
eter, a uranium-liquid argon calorimeter, and a nonma
netic central tracking volume containing drift chamber
a vertex chamber, and a transition radiation detect
Jets are reconstructed using a cone algorithm with
dius R  0.5 in h-f space, whereh is pseudorapidity
[h  tanh21scosud], andu, f are the polar and azimutha
angles in a laboratory coordinate system with the po
axis parallel to the beam. Muons are identified by r
constructed tracks in the muon spectrometer. Muons u
for b-tagging are required to have transverse momentu
pT . 4 GeVyc relative to the beam axisjhj , 1.1 and to
be within DR , 0.5 of a jet axis inh-f space. Photon
candidates are identified by the longitudinal and transve
shower shape of isolated calorimeter energy clusters a
by the absence of central tracking chamber hits betwe
the calorimeter cluster and the event vertex [9]. The ph
ton isolation requirement is that the energy in an annu
isolation cone from radius 0.2 to 0.4 inh-f space be less
than 10% of the photon energy.

In addition to requiring the requisite number of pho
tons, jets, andb-tagging muons, both analyses place a c
on the quantityHT , which is defined as the scalar sum
of the transverse energies (ET ’s) of the photons, jets, and
any b-tagging muons in the event. Both analyses requ
HT $ 1.6mb0 . Note that theHT cut depends on theb0

mass hypothesis. The value of theHT cut is set to maxi-
mize expected significance, defined as acceptance divi
by the square root of the expected background. The c
used by the two analyses are summarized in Table I.

The acceptance is calculated using theHERWIG event
generator [10] with a detector simulation based on t
GEANT program [11]. We assign a 10% systemat
error to the calculated acceptance based on comparis
between theHERWIG and ISAJET event generators [12].
The calculated acceptance for the two channels is lis
in Tables II and III, respectively.



VOLUME 78, NUMBER 20 P H Y S I C A L R E V I E W L E T T E R S 19 MAY 1997

tion of

t

TABLE II. The acceptance, the numbers of expected and observed events, and the measured cross section as a funcb0

mass in theg 1 3 jets channel. The acceptance includes the muon semileptonic branching fraction of theb quark. The integrated
luminosity is 93 pb21.

Events sb0b
0 3 Bsb0b

0
! ggbbd spbd

mb0 Acceptance Observed Expected Expected Upper limi
sGeVyc2d (%) signal sB  13%d background Value (95% C.L.)

50 0.38 6 0.07 71 166 6 33 63.1 6 6.3 22.1 6 30.1 75.3
60 0.64 6 0.12 70 115 6 22 60.0 6 6.0 17.0 6 17.8 47.8
70 1.10 6 0.19 60 87 6 16 53.4 6 5.3 6.5 6 9.3 23.1
80 1.45 6 0.25 46 57 6 10 45.4 6 4.6 0.4 6 6.1 12.2
90 1.68 6 0.29 30 35 6 6 37.4 6 3.8 24.8 6 4.4 6.0

100 2.16 6 0.36 23 26 6 5 30.1 6 3.1 23.5 6 2.9 3.9
120 2.88 6 0.46 14 13 6 2 18.7 6 1.9 21.8 6 1.6 2.2
140 3.50 6 0.55 9 7 6 1 12.0 6 1.3 21.0 6 1.0 1.5
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The primary backgrounds to the single photon chann
are QCD direct photon plus multijet production and QC
multijet production with one jet misidentified as a photon
Other backgrounds that are considered areWg and Zg

production with the gauge bosons decaying to quarks, a
W s! end 1 jets andZ s! eed 1 jets production with
one electron misidentified as a photon and the seco
electron, if any, identified as a jet. The sum of the dire
photon and multijet backgrounds is calculated using t
tag rate method, in which untaggedg 1 3 jet events are
weighted by a per jetb-tagging probability measured in
multijet ($4 jet) data [13]. Figure 1(a) shows a test of th
b-tag rate in “badg” 1 3 jets events, in which the photon
has failed one of the photon identification cuts. There
good agreement between the actual and predicted num
of b-tagged badg 1 3 jets events. We have verified
that our parametrizedb-tag rate is able to reproduce ou
observedb-tag rate in a variety of data samples within a
estimated uncertainty of 10%. The estimated backgrou
obtained using the tag rate method is62.8 6 6.3 events
before theHT cut. The diboson background, which is
expected to generateb-tags in excess of the tag rate, i
estimated by a Monte Carlo calculation to be0.7 6 0.4
events. The totalW s! end 1 jets andZ s! eed 1 jets
background is estimated to be0.1 6 0.1 events and is not
included in the subtracted background. The total expec
tion of

it
TABLE III. The acceptance, the numbers of expected and observed events, and the measured cross section as a funcb0

mass in the2g 1 2 jets channel. The integrated luminosity is 79 pb21.

Events sb0b
0 3 Bsb0b

0
! ggbbd spbd

mb0 Acceptance Observed Expected Expected Upper lim
sGeVyc2d (%) signal sB  1.6%d background Value (95% C.L.)

50 2.76 6 0.40 20 126 6 20 15.5 6 2.3 2.03 6 2.33 6.11
60 5.31 6 0.71 18 101 6 15 14.1 6 2.1 0.91 6 1.14 2.91
70 8.19 6 1.08 15 68.3 6 9.7 11.0 6 1.7 0.61 6 0.66 1.76
80 10.45 6 1.37 11 42.9 6 6.1 8.4 6 1.3 0.31 6 0.44 1.08
90 11.90 6 1.52 8 26.3 6 3.6 6.2 6 1.0 0.18 6 0.32 0.76

100 13.23 6 1.52 6 16.5 6 2.3 4.4 6 0.8 0.15 6 0.25 0.59
120 15.73 6 2.00 3 7.5 6 1.0 2.4 6 0.5 0.05 6 0.15 0.32
140 16.28 6 2.06 3 3.4 6 0.5 1.5 6 0.4 0.11 6 0.14 0.36
l

.

d

d
t
e

s
er

d

d

background before theHT cut is 63.4 6 6.3 events. We
observe 71 data events. TheHT distributions of data,
expected background, and expected signal are show
Fig. 1(b).

The primary backgrounds to the diphoton channel
QCD multijet production, with two jets misidentified a
photons and single direct photon plus jets producti
with one jet misidentified as a photon. Other less i
portant backgrounds are double direct photon1 jets pro-
duction andZ s! eed 1 jets events where both electron
are misidentified as photons. The sum of the single a
double fake photon backgrounds is estimated from the
served number of data events having the signature pho
1 highly electromagnetic jet1 two or more jets. The
background is calculated using the measured probab
for a highly electromagnetic jet to be misidentified as
photon. The background calculation includes a combi
toric correction factor of12 s1 1 P d, whereP is the photon
purity, which in this sample is estimated to be38 6 16%
[9]. The sum of the two fake backgrounds is estimat
to be 14.5 6 2.2 events before theHT cut. The double
direct photon background is estimated by Monte Ca
calculation to be1.2 6 0.6 events. TheZ s! eed 1 jets
background is estimated to be0.1 6 0.1 events and is not
included in the subtracted background. The total expec
background before theHT cut is 15.7 6 2.3 events. We
3821
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FIG. 1. HT distributions of data (filled squares), expecte
background (open circles), and expected signal for 90 GeVyc2

b0 (curves) in the channels (a) “badg” 1 3 jets, (b)g 1 3
jets, and (c)2g 1 2 jets.

observe 20 data events. TheHT distributions of data and
expected background are shown in Fig. 1(c).

The acceptance, the number of data events, the
pected signal and background, including the effect of t
variable HT cut, and the calculated cross section tim
branching fraction are shown in Tables II and III. Th
95% confidence level (C.L.) upper limit on the cross se
tion times branching fraction is calculated using Gauss
errors excluding the unphysical negative cross section
gion. Using the theoretical production cross section
Laenenet al. [6], including the quoted theoretical uncer
tainty, we derive an upper limit on the branching frac
tion for each of the two channels. The 95% confiden
level upper limit for both channels is shown in Figs. 2(a
and 2(b). Using the theoretical relative FCNC branc
ing fractions of Ref. [7], we derive an upper limit on th
total FCNC branching fraction of theb0 quark for both
channels individually and combined [Fig. 2(c)]. For bot
channels the upper limit on the branching fraction is we
below the theoretical branching fraction for ab0 quark that
decays 100% of the time via FCNC. The upper limit o
the total FCNC branching fraction of theb0 quark is less
than 50%, for all masses up tomZ 1 mb , at which point
theZ boson decay channel opens up.

We thank the staffs at Fermilab and the collaborati
institutions for their contributions to the success of th
3822
x-
e
s

c-
n

re-
f

-
e
)
-

ll

n

g
s

FIG. 2. Measured 95% confidence level upper limit on th
branching fraction (solid line) and theoretical branching fractio
(dotted line) for (a)b0b

0
! g 1 3 jets, (b) b0p0 ! 2g 1 2

jets, and (c) the total FCNC branching fraction ofb0. The
theoretical and FCNC branching fraction curves end atmb0 
mZ 1 mb due to the opening of theZ boson FCNC decay
channel.
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A. Çelikel, A. K. Çiftçi, and S. Sultansoy, Phys. Lett. B
342, 257 (1995); N. Evans, Phys. Lett. B340, 81 (1994);
F. Potter, Int. J. Theor. Phys.33, 279 (1994).

[2] W. S. Hou and R. G. Stuart, Phys. Rev. Lett.62, 617
(1989); W. S. Hou and R. G. Stuart, Nucl. Phys.B320,
277 (1989).



VOLUME 78, NUMBER 20 P H Y S I C A L R E V I E W L E T T E R S 19 MAY 1997

,

y

.
y

e,

rt
[3] VENUS Collaboration, K. Abeet al., Phys. Rev. Lett.
63, 1776 (1989); AMY Collaboration, S. Enoet al.,
Phys. Rev. Lett.63, 1910 (1989); TOPAZ Collaboration
I. Adachi et al., Phys. Lett. B234, 197 (1990); Mark II
Collaboration, G. S. Abramset al., Phys. Rev. Lett.63,
2447 (1989); ALEPH Collaboration, D. Decampet al.,
Phys. Lett. B236, 511 (1990); OPAL Collaboration, M. Z.
Akrawy et al., Phys. Lett. B246, 285 (1990).

[4] See, however, B. Mukhopadhyaya and D. P. Roy, Ph
Rev. D48, 2105 (1993).

[5] DELPHI Collaboration, P. Abreuet al., Nucl. Phys.B367,
511 (1991); L3 Collaboration, O. Adrianiet al.,Phys. Rep.
236, 1 (1993); LEP references from Ref. [3].

[6] E. Laenen, J. Smith, and W. van Neerven, Phys. Lett
321, 254 (1994); E. Berger and H. Contopanagos, Ph
Lett. B 361, 115 (1995); Phys. Rev. D54, 3085 (1996);
s.

B
s.

S. Catani, M. L. Mangano, P. Nason, and L. Trentadu
Phys. Lett. B378, 329 (1996).

[7] P. Agrawal and W. S. Hou, Phys. Rev. D46, 1022 (1992).
[8] DØ Collaboration, S. Abachiet al., Nucl. Instrum.

Methods Phys. Res., Sect. A338, 185 (1994).
[9] DØ Collaboration, S. Abachiet al., Phys. Rev. Lett.77,

5011 (1996).
[10] G. Marchesiniet al., Comput. Phys. Commun.67, 465

(1992).
[11] F. Carminatiet al., “GEANT Users Guide,” CERN Program

Library, 1991 (unpublished).
[12] F. Paige and S. Protopopescu, BNL Repo

No. BNL38034, 1986 (unpublished), release v 6.49.
[13] DØ Collaboration, S. Abachiet al.,Phys. Rev. D52, 4877

(1995).
3823


