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We present a search for associated production of the ��1S� and a vector boson in 83 pb�1 of p �pp
collisions at

���
s

p
� 1:8 TeV collected by the CDF experiment in 1994–1995. We find no evidence of the

searched signal in the data, and set upper limits to the production cross sections.

DOI: 10.1103/PhysRevLett.90.221803 PACS numbers: 13.20.Gd, 13.85.Rm, 14.70.Fm, 14.70.Hp
and correspond to an integrated luminosity of Ldt �
83:4� 3:4 pb�1.

tion of the ��2S� and ��3S� to the �	�� final state and
to their sizable feed-down to the �1S� state.
The production of � mesons associated with vector
bosons was examined in a recent paper [1], where expec-
tations at the Tevatron p �pp collider in the standard model
(SM) framework were given. The cross section estimates
of Ref. [1] for

���
s

p
� 1:8 TeV are of the order of 0.47 and

0.18 pb for ��1S�W and ��1S�Z production, respectively.
In the context of supersymmetric models (SUSY), a
charged Higgs boson lighter than about 180 GeV=c2

can have a sizable branching ratio into �W pairs if the
ratio of vacuum expectation values tan�	� is small, and
similarly a light neutral scalar can decay to �Z pairs [2].
Although the rates of the SM decays are predicted to be
too small to be observable at the Tevatron with currently
available statistics, model uncertainties are large, and a
search for these processes in the present data, which has
never been performed before, is useful for extrapolations
to future searches in the SUSY sector.

The main SM production mechanism proceeds through
the creation of a vector boson together with a b �bb pair
which binds to form a ��1S�. The process is described by
nonperturbative matrix elements based on the relative
velocity of the b quarks in the pair; the formation of a
b �bb pair has been considered both in color singlet and octet
configurations [3]. Additional contributions to the ��1S�
signal due to the feed-down from higher bottomonium
states, mainly ��2S� and ��3S�, account for � 20% of the
total production [1].

The data used in this analysis were collected by CDF
during the 1994–1995 run of the Tevatron collider,R
The CDF detector has been described in detail else-
where [4]. We briefly describe here the portions of the
detector used in this analysis. CDF consists of a magnetic
spectrometer surrounded by calorimeters and muon
chambers. The momenta of charged particles are mea-
sured out to a pseudorapidity [5] of j
j< 1:1 in the
central tracking chamber (CTC), which is inside a 1.4 T
superconducting solenoidal magnet. The silicon micro-
strip vertex detector (SVX) [6], located immediately out-
side the beam pipe, provides precise track reconstruction
in the plane transverse to the beam. Energy and direction
of electrons, photons, and jets are measured by three
calorimeter systems covering the central (j
j< 1:1), in-
termediate (1:1< j
j< 2:4), and forward (j
j > 2:4) re-
gions; each calorimeter has an electromagnetic (EM) and
a hadronic (HAD) section. The central muon detection
system (CMU) consists of drift chambers located outside
the calorimeter, allowing the reconstruction of track seg-
ments for penetrating particles. An additional set of
chambers (CMP) instrumented with scintillation coun-
ters is located outside a 0.6 m thick iron wall, providing
additional discrimination against punch-through had-
rons. Muons with 0:6< j
j< 1:0 are detected by another
set of drift chambers (CMX) sandwiched between scin-
tillation counters. � mesons are thus easily identified
through their decay to �	�� pairs, while vector bosons
are selected via their decay to leptons or to jets of
hadrons. The present search focuses on the identification
of the ��1S� state only due to the lower branching frac-
221803-3
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The samples of data used in this analysis were col-
lected by means of two different three-level muon trig-
gers. The first was a dimuon trigger that selected events
with two tracks detected in the CMU chambers with
transverse momentum PT > 2:2 GeV=c as measured
by the Central Fast Tracker (CFT), a hardware track
processor with a momentum resolution of �PT=P

2
T �

0:03 �GeV=c��1. At least one of the muons had to be
detected also in the CMP chambers. The second trig-
ger was used to identify single muon candidates. It re-
quired that a track segment found at Level 1 in the CMU
and CMP detectors matched a CFT track with PT >
7:5 GeV=c.

Offline muon identification started with the require-
ment that the energy deposited in the calorimeter by the
candidate be consistent with that of a minimum ionizing
particle: we required EEM

T < 1 GeV in the electromag-
netic section, EHAD

T < 4 GeV in the hadronic section,
and EEM

T 	 EHAD
T > 0:1 GeV. Pairs of opposite-charge

muon tracks are required to have a difference in z coor-
dinates at the point of closest approach to the beam axis
within 5 cm. To further reduce fake muon backgrounds,
an optimized selection was performed using the �2 of the
three-dimensional match of the CTC track with the seg-
ment in the muon chambers. In addition, the impact
parameter significance of muon tracks reconstructed by
the SVX was used to get rid also of heavy flavor semi-
leptonic decays, enhancing the prompt � production of
muons. The invariant mass of muon pairs was required to
be in the 8 to 12 GeV=c2 range. Figure 1 shows the
resulting dimuon mass spectrum. We estimate the number
of events due to ��1S� production to be 5143� 96.
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FIG. 1 (color online). Invariant mass of the two opposite-
charge muons before (inset) and after (full-scale histogram)
the selection of good muon pairs described in the text.

221803-4
The Herwig generator [7] was used to generate ��1S�	
vector boson events. The PT differential cross sections for
the hard production processes of ��1S�W� and ��1S�Z0

were supplied by the authors of Ref. [1] and introduced
into the generator. The ��1S� was forced to decay to
�	��. A detailed simulation of the CDF detector and a
full reconstruction were applied to the events, which were
then filtered using a simulation of the dimuon and single
muon trigger conditions.
� mesons produced in association with vector bosons

are characterized by a high PT with respect to other
production processes, as shown in Fig. 2. Therefore,
events with PT���� > 5 GeV=c were selected.

The search for a signal of vector boson decay in the
selected data was performed using four independent ex-
perimental signatures: the detection of high-ET electrons,
high-PT muons, significant missing transverse energy
( 6ET), or pairs of hadronic jets. The 6ET constitutes an
independent signal of W� ! �� or Z0 ! � ��� decays, as
well as a tag of W� decays to unidentified electrons or
muons.

In order to have maximum sensitivity to the searched
signal the selection of electrons and muons was looser
than that normally used for the collection of W and
Z bosons at CDF [8]. Electron candidates were selected
by requiring an electromagnetic cluster in the calorimeter
with ET > 20 GeV, limiting the energy deposited in
the hadronic section by EHAD=EEM < 0:05, and associ-
ating a reconstructed track in the CTC with PT >
10 GeV=c that satisfies E=P < 1:8. Muon candidates
must have PT > 20 GeV=c and an energy deposit in the
PT of muon pair (GeV/c)
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Sideband-subtracted    (1S)ϒ
W    MC (arbitrary normalization)ϒ
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0
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FIG. 2 (color online). Transverse momentum of background-
subtracted ��1S� candidates in the data (full circles) compared
to ��1S� mesons from the SM simulation of ��1S�W� and
��1S�Z0 production (empty triangles and squares), with arbi-
trary normalization.
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FIG. 3 (color online). Invariant mass of the two muons for
events selected in the four search channels; the region within
vertical lines defines ��1S�W�=��1S�Z0 candidates. The dis-
tribution of all dimuon candidates before the vector boson
selection is overlaid.
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calorimeter consistent with that produced by minimum
ionizing particles, as described for the �-decay muons
above.

The presence of undetected high-PT neutrinos was
inferred by the significance of missing transverse energy
s � 6ET=� 6ET

> 3, where 6ET and � 6ET
� 100%

����������������������
�ET=GeV

p

were computed using all calorimeter towers with j
j<
3:6. The missing ET was also corrected for the presence
of minimum ionizing particles and mismeasured jets.

Hadronic jets were reconstructed with a �R ���������������������������
��2 	 �
2

p
� 0:4 cone algorithm and selected if they

had measured ET > 10 GeV and j
j< 2:0. The energy of
the two leading jets was then corrected for calorimeter
nonlinearities, energy deposited outside the jet cone,
contributions from the underlying event, and energy lost
in uninstrumented regions of the detector. The dijet in-
variant mass, Mjj, was computed, and required to be
within the range 65 to 110 GeV=c2. The background
from semileptonic decays of heavy flavors was effectively
reduced by discarding events where a �-decay muon is
contained in the cone of a leading jet. The identification
of vector bosons in the hadronic final state was hindered
by a large contamination from QCD processes, and
additional conditions were needed to reduce the back-
ground in this channel. We optimized the sensitivity by
a kinematic selection which requires P��

T > 14 GeV=c
and ���� < 1:4. While producing a relative decrease
of signal acceptance by �25%, these cuts reduce the
background-dominated data by a factor of 6.

Dimuon events characterized by one of the four signa-
tures described above were selected as �W�=�Z0 candi-
dates. A total of 28 events were accepted by the selection;
their dimuon invariant mass spectrum is shown in Fig. 3.
Three events have dimuon mass in the ��1S� search
window, defined as 9:3< M�� < 9:6 GeV=c2. All of
them are due to the hadronic identification mode of vector
bosons. The acceptance for the ��1S�W�=�Z0 processes,
based on the criteria described above, is reported in
Table I. We estimate a SM contribution to our dataset
equal to 0.03 and 0.01 signal events from ��1S�W� and
��1S�Z0 production, respectively.

Various processes such as b �bb, t�tt, W=Z, and Drell-Yan
�	�� production represent possible background con-
taminations. However, they are not expected to show
any resonant behavior in the �	�� invariant mass
spectrum. In Fig. 1 clear ��1S��9460� production is evi-
dent in the 9.3 to 9:6 GeV=c2 mass region. Nonresonant
behavior is observed in the rest of the spectrum with the
exception of the regions 9:85–10:15 GeV=c2 and
10:2–10:5 GeV=c2 that are enriched, respectively, with
��2S��10023� and ��3S��10355� decays. The background
evaluations described below are extracted from the non-
resonant component of experimental data (in the follow-
ing simply denoted as ‘‘continuum’’) and from events
with kinematic and identification biases similar to those
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of signal candidates, for each identification mode of the
vector bosons.

The contribution of high-ET electron events with a
dimuon mass in the ��1S�window is estimated by scaling
the number of continuum events with high-ET electron
candidates by the ratio between ��1S� and continuum
computed in a sample containing a ‘‘fake electron.’’
The fake electron is defined as a central ET > 20 GeV
jet with a PT > 10 GeV=c track in its cone. The number
of expected background events computed is 0:0	0:3

�0:0.
A similar method is used for the background evalu-

ation in the muon channel. Events containing nonmuon
tracks with PT > 20 GeV=c are counted in the ��1S� and
continuum regions, and their ratio is used to extrapolate
the number of continuum events with high-PT muon
candidates to the ��1S� window. The number of expected
background events computed is 0:0	0:6

�0:0.
In the sample of events with 6ET significance, s > 3, the

number of background events in the ��1S� window is
estimated by rescaling the number of continuum events
by the ratio between ��1S� and continuum computed
in an orthogonal sample enhanced in fake missing ET .
This sample is defined by selecting events with s < 3 and
6ET > 20 GeV. This results in a background prediction of
1:4� 0:8 events.

The main sources of background in the hadronic chan-
nel are due to Drell-Yan radiative processes and heavy
flavor production with semileptonic decay to muons.
These processes show a smooth behavior in the dimuon
invariant mass spectrum and in the Mjj spectrum.
Therefore, the fraction of events with 65< Mjj <
110 GeV=c2 is expected to be the same in the ��1S�
221803-5



TABLE I. Number of events in the data after all cuts and results of acceptance and background estimates.

Acceptance (%) Events
Channel ��1S�W� ��1S�Z0 Predicted SM signal Predicted background Observed

W=Z ! eX 0:52� 0:05 0:37� 0:03 0:006 0:0	0:3
�0:0 0

W=Z ! �X 0:51� 0:05 0:38� 0:03 0:006 0:0	0:6
�0:0 0

W=Z ! 6ETX 0:64� 0:06 0:72� 0:06 0:009 1:4� 0:8 0
W=Z ! jj 1:34� 0:26 1:35� 0:20 0:018 2:1� 1:2 3

Total 3:01� 0:28 2:82� 0:21 0:039 3:5	1:6
�1:5 3
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region and in the continuum. With that hypothesis, the
expected background contamination in the ��1S�W�=
��1S�Z0 channel is 2:1� 1:2 events. The estimated and
observed numbers of events in the four channels are
summarized in Table I, together with the SM acceptance
to ��1S�W� and ��1S�Z0.

Several systematic effects on the acceptance were esti-
mated. The use of different parton distribution function
sets in the generator can change the total acceptance by
about 2%. The color-octet contribution to the process is
affected by a large uncertainty in this model; its variation
produces an uncertainty of 1:9%. The dominant system-
atic uncertainties in the electron, muon, and 6ET channels
are detector effects, trigger modeling, and the identifica-
tion of ��1S� ! �	�� decays. Dimuon acceptance,
which includes trigger modeling and lepton identification
cuts, carries a total systematic uncertainty of 7:0%, due to
the combined uncertainty on the modeling of selection
variables. This was estimated by comparing real muons
in the data and in the simulation. Another source of
uncertainty is the momentum scale of muon tracks, which
may affect the acceptance of the dimuon mass window
cut. We estimated the size of the uncertainty by varying
the scale by the observed difference (0:2%) between
measured and true value of the ��1S� mass in the data.
In addition, we estimated a 3:0% systematic uncertainty
on the acceptance of the missing ET cut. The systematic
error on the acceptance in the hadronic channel is domi-
nated by the uncertainty on jet energy scale, and is
estimated conservatively from a �10% variation of the
TABLE II. Systematic uncertainties on signal acceptance.

Dimuon acceptance 7:0%
Integrated luminosity 4:1%
��1S� mass window 2:7%
PDF 2:0%
Color octet contribution 1:9%
s > 3 cut ( 6ET channel only) 3:0%
Jet energy scale (W� ! jj) 17:2%
Jet energy scale (Z0 ! jj) 11:7%

Total (e;�; 6ET channels) 9:0%
Total (W� ! jj) 19:2%
Total (Z0 ! jj) 14:5%
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jet energy measurement. The relative contribution of each
systematic uncertainty is reported in Table II.

We computed cross section limits for the searched SM
processes with a counting experiment by combining the
four channels together, accounting for the total expected
background of 3:5	1:6

�1:5 events, the estimated acceptance,
and the related systematics according to the method de-
scribed in [9]. The 95% C.L. upper limits obtained are the
following:

�
p �pp ! ��1S�W� 	 X� � B
��1S� ! ���< 2:3 pb;

�
p �pp ! ��1S�Z0 	 X� � B
��1S� ! ���< 2:5 pb:

In conclusion, we have not observed ��1S� mesons in
association with W� or Z0 bosons. The sensitivity of the
CDF experiment in run I is not sufficient to test the SM
prediction of [1] for these processes. With the expected
run II increase of integrated luminosity and the upgrades
of the CDF detector, we expect to achieve a sensitivity
sufficient to observe the � plus vector boson production
processes.
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