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We present a study of /¢4 and ¢(2S) production in pp collisions, at./s = 1.8 TeV with the
CDF detector at Fermilab. Theé/# and (2S) mesons are reconstructed using theit = decay
modes. We have measured the inclusive production cross section for both mesons as a function of their
transverse momentum in the central regipm, < 0.6. We also measure the fraction of these events
originating fromb hadrons. We thus extract individual cross sections/foy and ¢#(25) mesons from
b-quark decays and prompt production. We find a large excess (approximately a factor of 50) of direct
(2S) production compared with predictions from the color singlet model. [S0031-9007(97)03617-X]

PACS numbers: 13.85.Ni, 14.40.Gx
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In high energy pp collisions charmonium particles ment because the trigger and reconstruction efficiencies
predominantly come from prompt QCD production and theare still under study.
decay ofb hadrons [1]. In the color singlet model (CSM), Reconstructed muons are required to have CMU hits
charmonium production begins with the production efa consistent with the CTC track. The CTC track is ex-
quark-antiquark pair in a colorless state. The process dfapolated to the CMU chambers and is required to lie
forming the bound state preserves the quantum numbergithin 30 of the CMU hits, wheres is the uncertainty
of the initial pair [2]. In this model,J/¢ production in the extrapolated position due to multiple scattering.
is dominated by feeddown frony. production. Other The calorimeter tower in front of the muon chamber
sources of prompff /¢ and (2S) mesons are expected segment is required to have nonzero energy deposi-
to be negligible. However, we have reported productiortion. To remain in the region of good trigger efficiency,
cross sections for both/ and (2S) mesons at/s =  both muons are required to havy > 2.0 GeV/¢, and
1.8 TeV that are higher than expectations and have ane muon is required to havB; > 2.8 GeV/c. The
different Py spectrum [3]. Similarly, measurements of two muon tracks are fit with the requirement that they
the J/ cross section by UAL [4] at/s = 0.63 TeV  originate from a common point. We require that the
and the DO experiment [5] indicate that the measuredne degree-of-freedom fit have? < 10. Where avail-
transverse momentun®{) spectrum of/ /¢ mesonsis not able, we use SVX information to improve the track
in agreement with predictions fgr, andb hadron decays measurement. To remain in the region of good accep-
alone. In this paper, we use the silicon vertex detectotance toys decays, the) candidate is required to satisfy
(SVX) in CDF to separate prompt's[¢ = J /i, (2S)in  |n| < 0.6 andPr > 5 GeV/c. There are approximately
what follows] from’s from b hadron decays. We extract 22 100J /¢ and 800¢(2S) candidates over a background
the production cross sections for prongpinesons and find  of 1000 events in a mass window & MeV/c?.
them to be much larger than the CSM predictions. The number ofys candidates in the data is determined
The CDF detector has been described in detail elsewhetsy fitting the u* = invariant mass distribution with
[6]. Muons are reconstructed by matching track segmenteemplates generated from Monte Carlo simulation of
found in the central muon system (CMU), which coversyy — u* u~ decays. The Monte Carlo includes the
the region|n| < 0.6 [7], to charged particle tracks recon- small distortions to theu™ ™~ mass spectrum arising
structed in the central tracking chamber (CTC). Approxi-from s — u™ u ™y final states. The muon momenta are
mately 60% of the muon tracks also have hits in the silicorsmeared to simulate the detector resolution. Since the
vertex detector which provides measurements inrthe  resulting u* «~ invariant mass resolution is a function
plane only, resulting in a track impact parameter resoluef the transverse momentum of the the data are fit
tion of (13 + 40/Pr) um, wherePr (in GeV/c) is the  separately in each bin iRr(i). To correct for the trigger
track momentum transverse to the beam line. The datefficiency (eyigeer), Which is a function of the’; of both
sample consists 0of7.8 = 0.6 pb™! of pp collisions at muons, each event is weighting by €yigeer, @and the
Js = 1.8 TeV from the 1992-1993 data taking period, mass distribution is fit to the signal shape fixed from
collected using dimuon triggers in the CDF three-level trig-the simulation plus a linear background. The fits have
ger system. The level 1 dimuon trigger requires two trackvery good quality in allP; bins, with ay? per degree of
segments in the CMU, separated by at ledsh&zimuth.  freedom ranging from 0.5 to 1.5. The width of the mass
The trigger efficiency for each muon at level 1 rises frompeak rises from 17 t85 MeV/c? for Pr(i) in the range
50% atPr = 1.6 GeV/ct090% atPr = 3.1 GeV/cwith  5-20 GeV/c.
a plateau of 94%. The level 2 trigger requires that at The ¢ differential cross section is defined by
least one of the muon track segments is matcheg in do(p) N@W)
to a track found in the CTC by the central fast tracker T By —u'p)= e[ Ldt- AP’
(CFT) [8], a hardware track-finding processor. The effi- T € ! T
ciency for finding a track with the CFT rises from 50% atwhere N(¢) is the number ofyy candidates in the bin
Pr = 2.7 GeV/cto 90% atP; = 3.1 GeV/c and reaches corrected for trigger efficiency/ £ dt is the integrated
a plateau of 93%. The level 3 trigger requires a pair of opluminosity, APy is the size of thePr bin, ande is the
positely charged muons after full track reconstruction.  product of the detector and kinematic acceptance, the
A period with reduced level 3 tracking efficiency is ex- efficiencies of the event reconstruction and event selection
cluded from theJ /4 analysis where the data sample isrequirements, whereaB(yy — u* u ™) is the branching
large, but is included in the/(2S) analysis with a cor- fraction for the decayy — u™ u™.
rection derived from the//¢ sample. The considered The acceptance is determined from Monte Carlo simu-
integrated luminosity in the//¢ sample is limited to lation. ¢ events are generated with a flat distribution in
154 = 0.6 pb~'. When the fraction ofy’s from b de- P7, n,and¢. A parametrized detector simulation is used,
cays is measured, an additionab0 pb~! of data from and the kinematic requirements are then applied to the
the 1994-1995 collider run is added to the sample. Thigenerated events. The acceptance is found to rise from
data sample is not included in the cross section measur8% at Pr(¢) = 5 GeV/c to a plateau value of 28% for
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P7r(¢) > 14 GeV/c. The acceptance also depends on thevhereo () = o (pp — ¥ X, Pr(f) >5 GeV/c, |n(y)| <
¢ polarization. Taking* to be the angle between thie  0.6).
direction in the lab frame and the" direction in they rest We extract the fraction of’s that originate from
frame, the angular distribution of the decay will have theb hadrons using/ candidates with both muons recon-
form 1 + a co 0*, wherea (—1 < a < 1) describes structed in the SVX. The two muons are constrained to
the polarization of the paregt. The magnitude of the un- come from the same point which we refer to as the sec-
certainty on they acceptance will be different for prompt ondary vertex, to be distinguished from the primary ver-
¢’s and ¢'s from b hadron decays. Prompt's can in  tex in the event. We measure the projection of the decay
principle be fully polarized. From a Monte Carlo simula- length onto the) transverse momentum,,. This is con-
tion of b hadron decays, we estimate that daadron with  verted into the proper lifetime of the assumkcadron
a polarization of+1 (—1) in the » hadron rest frame will parent bycr = L., /[Pr())/m()Fcorr], Wherem(yp) is
have an effective polarization of only 0.1430.219) in  the mass of the) state andF.., is a correction factor,
the ¢ rest frame. We assign half of the maximum changeestimated from Monte Carlo simulations, that relates the
in the acceptance (corresponding to changingetween boost factorBy of the ¢ to the boost factor of the parent
—1 and +1) in eachPr bin as the uncertainty in each b hadron. Details of this procedure can be found in the
case. This uncertainty varies withy(¢/), from 15% of  measurement of the averafyehadron lifetime [9].
the acceptance &7 () = 5 GeV/c to 5% (of the accep- The prompt component of the signal is parametrized by
tance) a7 () = 20 GeV/c for prompt production. The the resolution function, centered @ = 0. The compo-
respective uncertainty for the cross section frbhadron  nent of the signal due tb hadron decays is represented by
decays decreases from 6% to 3% in the s®@n@/) range. an exponential of lifetime 7, convoluted with the reso-
The efficiency of the CMU segment reconstruction islution function. In this analysis we remove all track se-
measured using dimuon events recorded with a singleection requirements described in [9] that may potentially
muon trigger to bed7.2 + 1.2%. The efficiency of the affect the isolation of thef meson and thus the extracted
CTC track reconstruction is measured by embedding hitfraction of ¢’s originating fromb hadrons. As a result,
from Monte Carlo simulated particle tracks in data eventsthe resolution function is augmented with two additional
and attempting to reconstruct the added track. This effiexponential tails. The tails constitute about 2% of the to-
ciency is found to depend on the number of tracks near th&l number of candidates. We fix;, to 438 um, as found
embedded track. Only approximately 3% of the data havéy the CDF inclusiveéb hadron lifetime measurement [9].
tracks where the efficiency to find the track is less than its'he lifetime and normalization of the remaining exponen-
plateau value of 98.4%. The average efficiency for recontials are left as free parameters in the fit.
structing both CTC tracks &6.4 + 2.8%. The efficiency The datacr distribution is fit in eachPr(¢) bin using
of the CMU-CTC matching requirements is estimated froman unbinned log-likelihood fit. The background fraction in
the number of /¢ events before and after the matching re-the signal region is allowed to vary within the uncertainty
guirements. The requirements &@5 *= 1.0% efficient.  in the normalization extracted from tifesidebands. The
Systematic uncertainties on the trigger efficiency are esresulting fraction ofy candidates originating frond
timated by varying the functional form of the trigger effi- hadron decays;,(Pr), is shown as a function @tz () in
ciency, which is determined from dimuon events recordedrig. 1. Several variations in the fitting technique produced
with a single-muon trigger. Variation of the level 1 trig- an average relative variation of0.9%, a value taken
ger efficiency parametrization causes an uncertainty afo be the systematic uncertainty ¢ip due to the fitting
6.4% (6.1%) in the integratet/« [(2S)] cross sections. procedure. Varying the average hadron lifetime by
Similarly, there is a 1.1% (1.0%) systematic uncertaintyl standard deviation changgs by =0.7%.
in the J /¢ [#(2S)] cross section from the level 2 trigger  In order to minimize the effects of statistical fluctua-
efficiency. Finally, the level 3 trigger efficiency was es-tions, ay? fit is performed onf,(P7). The fitted func-
timated by examining the number of reconstructed muongon is the average value of a parabola, weighted by the
found by the on-line requirements. These requirementebserved shape of the cross section.
are less efficient in the runs excluded from thes anal- The cross section foy’s from b hadron decays is
ysis, resulting in different efficiencies for the two states.extracted by multiplying the fitted fractiofit (P7) with
The J /¢ efficiency is97.0 + 0.2%, and they(2S) effi-  the inclusive ¢ production cross section. The cross
ciency is92.3 * 0.2%. sections fory’s from b hadron decays are shown in
The integrated cross sections are Fig. 2. The theoretical predictions were calculated by
+ - vy generating quarks according to the next-to-leading order
oc(J/W)BU/y — utp™) =174 = 0.1(stad 3¢ (NLO) QCD predictions [10], using a scale = uo =
(sysh nb, Jmi + Pz and m, = 4.75 GeV/c*. The b quark is
T +0.08 fragmented intab hadrons using Petersen fragmentation
oLy @)IBLH2S) — p”p 1= 0.57 + 0.04(stad g9 [11] with the fragmentation parametes;,, set to 0.006.
(sysh nb, The b hadron is decayed to @X with a parametrization
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FIG. 1. The fractions off /¢ (circles) andy(2S) (triangles) FIG. 2. T+he7d|fferent|al cross section times branching ratio
originating from b-hadron decays. The error bars indicate B(W — u*u™) for [n”| < 0.6 for 4 mesons originating from

the combined statistical and systematic uncertainties on th&8 hadron decays. The solid lines indicate the theoretical
fractions. The solid curve is the fitted function, and the slashe@redictions based on perturbative QCD. The dashed and dotted
regions indicate the uncertainty in the fit. ines are based on the same calculation with the QCD scale, the

mass of theb quark and the Petersen fragmentation parameter

L varied within their uncertainties.
of the momentum distribution measured by the CLEO

experiment [12]. Details of this procedure can be found
in Ref. [13]. The data are higher than the QCD predictionnesons, the prompt data are more than an order of magni-
by a factor of 3—4 depending aPy (). The uncertainty tude higher (approximately a factor of 50) than the theo-
in the theoretical cross section (shown as the dashed ariitical calculations. A possible explanation for this very
dotted curves in Fig. 3) is estimated by varying the scalédrge excess may come from the color octet model intro-
w10 /4 and2u ande, to 0.004 and 0.008. duced recently.
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In the case of//¢ production, one must deconvolute > 10 — Prompt 9(2S) production

various sources of prompt/¢y mesons: they(2S) — 3 %o,

J/y transition, the y. — J/4 transition, and direct < 1k . °oPrompty/y ]
: N o & Prompty(2S)

J /¢ production. A measurement from the — J/¢y Q9

transition is described in [15]. A recent model that =10 ¢

attempts to explain this discrepancy with theoretical 0310— i

expectations is the color octet model [16]. In this model, -3

the shape of the cross section as a functionPefd) 510 k

is calculated perturbatively. However, the normalization } —4

depends on nonperturbative matrix elements for which ©10 ¢ ,

there exist only an order of magnitude predictions. These ’ 0—5_j f/(gsﬁyss;ggﬂ}ﬁggﬁﬁor ]

amplitudes can in principle be measured by fitting the 07 4 6 8101214161820

shapes calculated in [16] to the data. P.(¥) [GeV/c]

In conclusion, we have measured the inclusitg)
and(2S) production cross sections. We have separateff!G. 3. The differential cross section times branching ratio
oo > e
prompt’s from y’s originating fromb hadron decays. BW — p u-) for In"| < 0.6 for prompt ¢» mesons. The

. . vertical error bars are the statistical and tRe-dependent
The b component is a factor of 3—4 higher than theo'systematic uncertainties, added in quadrature. Circlgsgt;

retical predictions. The prompt component is also highefriangles: #(25). The lines are the theoretical expectations
than expectations from the color singlet model. B@S)  based on the color singlet model.
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