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We have studied the production & and (2S) charmonium mesons in 515 Ge/#r~ Be collisions in
the Feynmarnx range 0.5 x-<0.8. J/ 4y mesons were detected via their decay inton~, and(2S) mesons
were studied in both thes™ u~ and J/¢7* 7~ decay modesJ/y differential cross sections have been
measured as functions &g ,p%, and the cosine of the Gottfried-Jackson decay angle. We measure an inclu-
sive J/ ¢ cross section oB(J/y— ™t u”)o (7 Be—Jd/y+X)/A= [9.3+0.1(stah+1.1(sysd] nb/nucleon for
J/y xg>0.1. Ourresults are compared with those from other experiments performed at lower beam energies.
We also measure the differenti@{2S) cross section as a function of botp and p%, and ay(2S) inclusive
cross section oB(4(2S)—J/ ym" 7)o (7 Be— (2S)+ X)/A=[7.4+1.5stap+1.2sysd] nb/nucleon for
#(2S) xg>0.1. Thefraction of the inclusivel/¢ yield due toy(2S) meson decays is 0.08®.017sta)
+0.013sysd, and the observed ratio af(2S) decay rates iB((2S)—J/ Y77 )BW(2S)—uu™)
=30.2C7.2(sta) =6.8(sysh. We have searched for production of “hidden” charm resonances decaying into
eitherd/ g™, y(2S) =™, or /7" =~ systems, and report an upper limit of 3.1 nb/nucleon for the product of

branching ratio and cross section for the recently reported enhancemedt@atraw~ mass of 3.836 GeV/

c.

PACS numbg(s): 13.85.Ni, 25.40.Ve, 25.80.Ls
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I. INTRODUCTION upstream of the target to reduce background from off-axis
hadrons and soft muons. One scintillator veto wall was
The hadronic production of charmonium states continueplaced upstream of the hadron shield, and two others were
to play a role in the study of perturbative and nonperturbajocated downstream of the shield. These veto walls were
tive quantum chromodynamic®QCD) [1,2]. A significant  used to identify high-energy muons that penetrated the iron.
fraction of thed/¢/’'s produced in hadronic interactions come An on-line veto for the dimuon trigger rejected events with
from the decay of higher-mass charmonium states. One qfpincidences between a signal from the upsteam veto wall
the goals of this gxperiment is measuring the.cross sectiogng a signal from at least one of the downstream walls.
for the production of several charmonium states, |ncident beam was defined via three scintillation counters
/g, ¥(2S), andy., and comparing these values to theoreti- BA, BB, andBH) located upstream of the target, and a

cal predictions using various models of parton and finaI'Stat‘ﬁwree-plane X,Y, andU) beam hadoscope with mm-scale

interactions . . . o .
o . . . resolution. A beam particle was identified by signals from
In addition to QCD studies, charmonium hadroproduction he BA andBB counters plus at least a twofold coincidence

rovide r ic information I h E .
P S spectroscopic Information complementary to t %rom the beam hodoscope, and no signal from Bid

obtained ine*e” interactions. The initial states produced in N hich had a 1 diam hol q he b
hadronic collisions are not restricted to those with the quan9Oun er, which had a 1-cm-diam hole centered on the beam.

tum numbers of the photon, as éfe~ interactions. Signals from the beam hodoscope were also employed to
In this paper, we report' thé/y and ¥(29) total and veto events containing more than one spatially isolated beam

differential inclusive cross sections, measurements of th@article. The redundancy in the beam trigger elements was

fraction of the inclusivel/y yield due toy(2S) decay, the used to satisfy simultaneously the different timing require-

ratio of the ¢/(2S) decay rates intd/y7* 7~ andu*p~,  Ments of the dimuon trigge(sf E672 and the highpr elec-
and results of a search for “hidden” charm resonances detromagnetic triggergof E708. .
caying into eithed/ ym™, y(2S) 7™, or I/ =™~ systems. The target consisted of two copper pieces, each 0.8 mm

In a subsequent paper, we will discuss the cross sections fépick, followed by two pieces of beryllium, 3.71 cm and 1.12

xc and direct)/ ¢ production, and will compare current mod- ¢Mm thick, respectively, separated by 1 cm. The total thick-
els of QCD interactions to our resuf3]. ness of the target material corresponded to 9% of a pion

interaction length.

Three X-Y modules of silicon-strip detectof$SSD’s [4]
were located upstream of the target to measure the trajecto-

The experiment was performed in the Fermilab Mesorries of incident beam particles. Each module consisted of
West beam line using a large-aperture, open-geometry spetwo single-sided planes. Five moXeY SSD modules were
trometer with the capability of studying high-mass muonlocated downstream of the target. These modules were used
pairs. The layout of the experiment is shown in Fig. 1. Ato determine the trajectories of charged particles produced in
brief description of the essential elements of the Meson Wesghe target and to reconstruct primary and secondary vertices.
apparatus as implemented in the 1990 fixed target run folfhe SSD’s in the first downstream module had a 25-
lows. pum-pitch inner region and a 5@m-pitch outer region; the

The beam line included a 42-m-long differential Cheren-SSD’s in the other modules had %0wn pitch throughout.
kov counter capable of tagging incident beam particles. The A dipole magnet producing pr impulse of 0.45 GeW
unseparated negative secondary beam at 515 G&¥&s  was located downstream of the SSD’s. Four proportional
composed primarily of pions with a small admixt(re5%)  wire chamber(PWC) modules were located downstream of
of kaons. The Cherenkov counter was not directly used in théhe dipole magnet. Each module contained four wire planes
dimuon analysis described in this paper. The beam intensitio provide X,Y,U, and V measurements(The U and V
varied during the run, and at its maximum was 20° pions  coordinates were a pair of orthogonal coordinates rotated by
per 23s-long spillat 57-s intervals 37° relative to theX andY coordinates. The wires in each

A hadron shield consistingfdd m of iron was located plane had 2.54-mm pitch. An area of from 6 to 26%im the
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center of each plane had reduced sensitivity to provide prodial dependence of the pretrigger counter efficiencies was
tection against interacting beam particles. Two stations obbserved.
straw tube drift chamberis], each with four planes in the  The final dimuon trigger was formed by the dimuon trig-
X and four planes in th¥ directions, were located adjacent ger processo(DMTP), which reconstructed space points in
to the outside PWC modules. In the analysis reported her&WC's 1 andu4, formed muon track&equiring an addi-
momentum measurements for charged nonmuon tracks erfional hit in eitheru2 or 43 along the projected track tra-
ployed the SSD's, the dipole magnet, and the PWC'’s, yie|d4ector3o, mgasured muon momenta from .th'e estlmated bend
ing & momentum resolution afp/p=0.06%p. in the toroid (assuming that the tracks originated in the tar-
Interactions were detected by a pair of scintillation ged, and calculated the dimuon invariant mass. Trajectories

counters located before the dipole magnet and another pagi Mmuon tracks reconstructed in the downstream muon

after the magnet. An interaction was defined as a signal fro WC'’s were projected to the center .Of the target. The pro-
at least two of these counters in coincidence with a valid®>5°" accepted only muon tracks with at least three hits in

beam particle. The interaction rate was generally less thaﬁaCh of theu.A and B chambers within roads around the

0.8 MHz projected trajectory. A trigger resulted if any of the dimuon
B _ masses, calculated assuming massless muons, was above
A liquid-argon calon_mete(LAC) [6] was located down_- reset threshold. A mass threshold of 0.7 GE\tesulted in
stream of the magnetic spectrometer. The LAC containe trigger rate of X 10°° per live interaction. The average

both electromagnetic and hadronic sections. The outer radiygy,tp processing time was 1@s per pretrigger, which in-

of the electromagnetic section was 165 cm; the inner radiug|;,qed 5us to decode the muon chamber data. The com-
was 20 cm. A helium-gas-filled beam pipe was insertedyineq efficiency of the chambers and the DMTP algorithm

along the axis of the LAC to minimize interactions of beamyas 0.77 for dimuon events. The DMTP mass resolution for
particles. The total LAC material corresponded to more thafhe J/y was 550 MeVé2.

10 interaction lengths. Approximately 70% of the muons re-
corded in the muon detector passed through the beam pipe.
An iron and scintillator forward calorimeter was located

downstream of the LAC to detect particles passing through Approximately 5<10° dimuon triggers were recorded
the beam pipe. The forward calorimeter had a diameter ofluring the 1990 rur(corresponding to a luminosity of 7.5
1 m with a 3-cm-diam axial beam hole and contained 1aPb~" per nucleon on Be This yielded 3< 10> events with
absorption lengths of material. reconstructed dimuon combinations originating from the tar-
The muon detectdi7,8] was located 20 m downstream of 9€t region. For each dimuon-_triggered event,_thg muon tracks
the target and extended for 16 m. The detector contained, ifYere Im_ked throug_h the entire detector_. This fit _accounted
sequence, two muon PWC stationgA, uB) with four for multiple-scattering effects, ano_l required cor_13|stency be-
planes eachX, Y, U, andV), a beam dump consisting of tween the track momenta dete(mlned by the dipole gnd the
tungsten and steel imbedded in concrete, an iron toroid madoroid magnets. Only events with at least two fully linked
net producing an averagg impulse of 1.3 GeW, and four ~ muons were retained. The remaining track segments in the
more PVC’s, u1— u4), each with three planeX(U, and SSD’s and u_pstream PWC'’s were used to_re(_:on_struct other
V). In these PWC'’s, th&) andV coordinates were at angles tracks and find .the event.vertlces. The dlstrl_butlon of the
of 45° above and below the horizontal, respectively. Iron,€constructed primary vertices along the nominal bedin (
lead, and concrete shielding was interspersed between cham-
bersul throughp4. Two muon hodoscope plandsl and
H2 (each with 16 petal-shaped scintillation countergre
also located in this region. The outer radius of the muon
chambers and hodoscopes was 135 cm. The acceptance of
the muon spectrometer was limited by tapered axial holes,
ranging from 13 to 20 cm in radius, through the toroid mag- o ]
net, the muon chambers, and the scintillator hodoscopes. The 60 F 3
hole in the toroid was filled with lead absorber. F ]
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The muon detector elemenitsl, H2, andul-u4 were 0 b E
shielded from hadrons by material in the LAC, the forward a0 b =
calorimeter, the beam dump, the toroid, and the concrete .
shielding. Muons produced at the target with energies larger 30 F 3

than ~15 GeV penetrated this material, and all particles
reaching the muon hodoscopes were assumed to be muons. 20 [

Two or more hits in each of the muon hodoscopes were 10 F Be 3
required as part of the dimuon pretrigd8i; the average hit C J 1
multiplicity was 2.3 per hodoscope plane. In addition to the 0 bbb b el B b
muon hodoscope requirement, signals from the upstream -16 -14 -12 -10 -8

veto walls completed the pretrigger requirement. The pretrig- Z (cm)

ger rate was X10 # per live interaction. The pretrigger
efficiency for two muons penetrating the system was 0.76 FIG. 2. Primary verteXZ-coordinate distribution for events con-
and remained constant during the data taking period. No raaining dimuons with reconstructed masses in ih¢ mass range.

a
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FIG. 4. The invariant mass distribution fa* 1~ pairs in the

FIG. 3. The invariant mass distribution pf" .~ pairs produced  J/¢ mass region. The solid curve is a fit to the data, the dashed
in 7~ Be interactions(data were collected with varying dimuon curve shows the background contribution, and the dotted curve il-
trigger processor mass threshgldShe inset displays the data in lustrates the background under ti#€2S) signal.
semilog form.
éhe J/ s transverse momentum; arfili ) cosd, the cosine of
the Gottfried-Jackson decay angle between gheand the
peam axis in thel/ ¢ rest frame. The product of acceptance
and reconstruction efficiency . ,+,—- €37y u+ - Was
calculated(a) as a two-dimensional surface over the and
ep% plane (see Fig. % and(b) as one-dimensional distribu-
tions averaged over the other variable using an iterative tech-
nique [see Figs. @) and &b)]. (In the second method, the

direction, for events containing reconstructed dimuons in th
mass range 2.8 — 3.4 Ga¥/ is shown in Fig. 2.

Dimuons contributing to this analysis came from event
with primary vertices in the beryllium targets, and had
dimuon Feynmanx (xF=2pZ/\/§) in the range 0.1
<Xg<0.8. Figures 3 and 4 show the reconstructed opposit
sign dimuon invariant mass distributions for the full mass
range and in thd/y region, respectively. A fit to the high-

mass sample yields 96605sta)+200sysh I/ s with ipput Monte _CarloxF and p% distributions for a given itera-
a full width at half maximum(FWHM) mass resolution of tion were weighted to match those of the data corrected by

160 MeVk?, and 270:35(sta)+50(sysh (29)’s. This fit the acceptance and reconstructing efficiencies determined in

used resolution functions for thH ¢ and ¢(2S) resonances the previous iteration. The iterations were stopped once sta-

determined by Monte Carlo simulations, plus the sum of twcPility was achieved.The two methods gave consistent cross-
exponentials for the continuum background. THey mass section results. The product of acceptance and efficiency as a

obtained from the fit is(3.0975-0.0003 GeVic>. The function of co®, integrated over theg and p% spectra, is

#(2S) mass was fixed at the Particle Data Group vl  Shown in Fig. &c).

The systematic uncertainties in the number 3§y and

lﬂ(ZS) events take into account variations in the Shapes as- V. J/¢ DIEEERENTIAL CROSS SECTIONS
sumed for the signal and background distributions.

To determine overall reconstruction efficiencies and ac- J/¢ candidates consisted of opposite sign dimuons with
ceptances, we generatedk20° Monte CarloJ/y events. invariant mass between 2.8 and 3.4 GeA\riginating from
The x¢ and p? distributions of the generated Monte Carlo the primary vertex. The background accounts for 8% of the
J/l/l's were taken from our previous measuremm We combinations in the]/¢‘ mass range, and this fraction does
assumed thal/y's decay isotropically(consistent with ob- not change appreciably as a functionxgfor p%. Fits to the
servations to be described in the next sedtidimese Monte dimuon mass spectra, similar to the one described in Sec. llI
Carlo events also contained additional charged tracks with aand shown in Fig. 4, for different regions »f and p% indi-
average multiplicity consistent with the data. The dimuonscate that the variation in the background contribution is less
and associated particles were propagated througiEst  than £1% of the total number of combinations in théy
simulation of the Meson West spectrometer, which incorpoimass region. With the constraints that thé .~ invariant
rated measured spectrometer chamber efficiencies and instmrass be 3.097 Gew?, and that both muons come from the
mental noise determined from our data. The dimuon eventsame vertex, a two-constraint kinematic fit was carried out
were then processed with the same tracking programs usdédr each J/y candidate to improve the muon momentum
for the data. We have evaluated tbke) reconstruction effi- resolution. The resultingg resolution for fittedd/ ¢ 's var-
ciency and geometrical acceptance as a function of threied from 0.005 ak-=0.2 to 0.03 ak-=0.7. Because of this
variables:(i) xg, the J/ Feynmanx; (i) p?, the square of ~constrained fit and the observed background stability, we did
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FIG. 5. Surface illustrating the product of geometrical accep- w; i
tance and reconstruction efficiency as a functiorxefand p? for @’ .
theJ/y— u* ™ decay. ]
not perform a bin-by-bin background subtraction to deter- |
mine theJ/y differential distributions, but instead normal-
ized the distributions so that their integrals matched the e ———
background-subtractedf i integrated cross section. - 05 0 0.5 91
Cos

The J/ ¢ differential distributions with empirical fits are
shown in Fig. 7, and tabulated in Table I. Data points were ) ]
corrected for the geometrical acceptances and reconstruction FIG- 6. Product of geometrical acceptance and reconstruction
efficiencies discussed in the previous section. efficiency for theJ/y—u"p~ decay as a function d@) xg, (b)

The Feynmank acceptance of the apparatus does not perPT 1d(¢) coss.
mit an independent determination of the differential cros
section behavior fokz<0.1. We used the following param-
etrization to describéo/dxg [11] [see Fig. 7a)]:

Sby this experiment is larger than the corresponding values
reported at Iower\/§. As shown in Fig. 9, the value of
(p7) grows linearly with c.m. energy.

do/dxe oo x3(1—Xx1) (1= %) 2 (X, +X,),  (4.2) Afit to the cod distribution in the rangécoss|<0.8[Fig.
7(c)] using the function

h
where do/d(cosd) o (1+AcoZh) (4.4

X1 2= 0.0 VX2 + 47 Xe], (4.2

and r=M§,¢/s. Here, x; represents the beam parton frac-
tional momentum and, the target parton fractional momen-
tum. The values obtained from the fit ake=2.19+0.10
and a=0.33+0.06, with a x? per degree of freedom, V. J/i INTEGRATED CROSS SECTION
x?/Npe=30/32. The empirical factax{ in Eq. (4.1), which The inclusived/y cross section was determined as fol-
was not used if11], was introduced to improve the fitin the |gys:

low-xg region. A fit with a set to zero givesk

yields A = —0.01+0.08 andy?/Npr =33/34, which is con-
sistent with unpolarized/ s production. Only 0.3% of the
observedl/ 's have|cosy|>0.8.

=1.69+0.04 with xy?/Np=50/33. B(J/ y—utu )o(m Be—=Jdly+X)IA= NS%/(Lelez).
The p? spectrunFig. 7(b)] was fit to the empirical form (5.
[12]

Here, NS‘,’L is the measured number dfy’s coming from
da/d p$o<(1+ p%/,BZ)C 4.3 primary vertices corrected for geometrical acceptance and
reconstruction efficiency on an event-by-event b&sge Fig.
with parametersB=(2.3=0.2) GeVlc andc=—-4.7+0.6 5), L is the integrated luminosityg; is a luminosity correc-
and y?/Npr =61.47. Figure 8 shows that the measured av+ion factor, ande, is an apparatus efficiency factor.
eragepr of the J/¢ candidates{py), is consistent with a The integrated luminosity was calculated from the total
slow decrease as a function of thé/yxe. The number of beam particles incident on the 8.92 glavh be-
Xg-integrated valug/pt)=(1.17+0.02) GeV/lc measured ryllium during the live time of the spectrometer. The lumi-
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ceptance calculations. This result is consistent with our pre-
I ] vious measuremenis,13,14.
0 —o ot o s For comparison with theory and with other experiments
- 05 0 0.5 1 for which the data cover different kinematic regions, we use
cosf the results of the fit to Eq4.1) to determine thel/ s cross
. ) ) section for the regiorkg>0. The extrapolation factor re-
FIG. 7. Product ofB(J/¢—p"p") and thed/y differential  q,jjred js 1.38-0.05. The error quoted takes into account
cross section as a function @8 x (nb/nucleon, (b) pt [nb/\ncertainties in thex distribution at lowxg. The corre-
nucleon/Ge)”], and(c) cosf (nb/nucleoi. The solid curves rep- sponding product of dimuon branching ratio and cross sec-

rgsent emplr!cgl fits to the data as descrlbeq in 'the(taxd:ertalln- tion is[12.9+0.2Astay = 1.6(sysh] nb/nucleon foxe>0. The
ties are statistical only; the overall normalization uncertainty is

+12%).

6‘2_""I"'_'I""I"""""""'_
nosity correction factorg, , includes corrections for dimuon > Z *  wCu [25] ]
pretrigger and trigger processor dead time, losses due to tim-© 1-8 a f “_\év [fg] ]
ing requirements between the muon detector and the rest of /- r o 2.pe {31} E
the spectrometer, and transverse target fiducial cuts. The ap-V C O xC [33] ]
paratus efficiency factore,, was used to account for the 1.4 B ol [34] ]
pretrigger hodoscope and the dimuon trigger processor effi- i ® 1w Be this experiment .
ciencies mentioned in Sec. Il. 12

The J/ ¢ cross section was evaluated for each of seven
groups of data corresponding to different running conditions. 1
The apparatus efficiency factoe,=0.59+0.05, remained 0.8 2
constant during the data-taking period. The luminosity cor- Tor
rection factorg,, varied from 0.61 to 0.96, with a weighted 06 L ]
averagee; =0.76. The cross sections determined for the in- C
dividual groups agree with each other within uncertainties, 0.4 .
and the spread of the absolute values is less than 19%. A r
weighted average was used to determine the cross section 02 7
reported. 0 T T
For J/ mesons withx>0.1, we find 0 5 10 15 0 o5 30
B(J/p—utu)o(m Be—dly+X)IA Vs (GeV)
=[9.3+0.1(stah = 1.1(sysh] nb/nucleon. FIG. 9. Dependence of the averadl) transverse momentum

on v/s for 7~ nucleon interactions. The data are fitted with a linear
The error quoted is dominated by systematic uncertainties ifunction (uncertainties are statistical and systematic errors added in
the luminosity, trigger, reconstruction efficiencies, and ac-quadraturg
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TABLE I. Differential cross sections fad/ s production in 515 Ge\¢= ™~ Be interactions. Quoted uncertainties reflect statistical errors
only. The normalization uncertainty i512%.

do/dxe p2 bin do/dp? do/dcosd

Xgbin (nb/nucleon [(GeVE)?] [nb/nucleonfGeVic)?] cosd bin (nb/nucleon

0.0-0.2 6.39+ 0.17

0.2-0.4 4.82+ 0.15

0.4-0.6 4.48* 0.14

0.6-0.8 3.60+ 0.13

0.8-1.0 3.10+ 0.12
0.10-0.12 36.4- 2.4 1.0-1.2 2.59* 0.11 —0.80—0.68 4.71+ 0.37
0.12-0.14 31.3- 1.8 1.2-1.4 2.29+ 0.10 —0.68—0.64 4.47+ 0.47
0.14-0.16 32.8- 1.6 1.4-1.6 2.13F 0.10 —0.64—0.60 3.89+ 0.37
0.16-0.18 32.3- 14 1.6-1.8 1.706- 0.089 —0.60—0.56 4,67+ 0.35
0.18-0.20 29.4+ 1.2 1.8-2.0 1.475 0.083 —0.56—0.52 4,74+ 0.32
0.20-0.22 26.9+ 1.1 2.0-2.2 1.246- 0.077 —-0.52—0.48 4.82+ 0.30
0.22-0.24 24.8- 1.0 2.2-2.4 1.338- 0.080 -0.48—0.44 4,92+ 0.28
0.24-0.26 26.6- 1.0 24-2.6 1.048 0.071 —-0.44—0.40 4.60+ 0.26
0.26-0.28 22.15 0.90 2.6-2.8 0.823% 0.063 —0.40—0.36 4.79+ 0.25
0.28-0.30 19.07 0.82 2.8-3.0 0.947 0.068 -0.36—0.32 5.38+ 0.26
0.30-0.32 19.04+ 0.82 3.0-3.2 0.93% 0.067 —-0.32—0.28 4.84+ 0.24
0.32-0.34 16.4G- 0.75 3.2-3.4 0.634- 0.056 —-0.28—0.24 4,55+ 0.23
0.34-0.36 16.16- 0.75 3.4-3.6 0.632- 0.056 —0.24—0.20 457+ 0.23
0.36-0.38 14.53+ 0.71 3.6-3.8 0.63% 0.056 —-0.20—0.16 4.50+ 0.22
0.38-0.40 13.35- 0.68 3.8-4.0 0.54% 0.052 -0.16—0.12 4.69+ 0.23
0.40-0.42 12.26- 0.66 4.0-4.2 0.456- 0.048 —-0.12—0.08 4.40+ 0.22
0.42-0.44 11.83+ 0.65 4.2-4.4 0.418 0.046 —-0.08—0.04 4,81+ 0.23
0.44-0.46 10.42+ 0.61 4.4-4.6 0.414 0.045 —0.04-0.00 4.65- 0.23
0.46-0.48 8.64+ 0.56 4.6-4.8 0.375- 0.043 0.00-0.04 4.65 0.23
0.48-0.50 7.76+ 0.54 4.8-5.0 0.34% 0.041 0.04-0.08 4.48 0.23
0.50-0.52 7.43+ 0.54 5.0-5.2 0.297 0.039 0.08-0.12 4.45% 0.23
0.52-0.54 7.07 0.53 5.2-54 0.23% 0.035 0.12-0.16 4.7% 0.25
0.54-0.56 5.70+ 0.49 5.4-5.6 0.26& 0.037 0.16-0.20 4.38 0.24
0.56-0.58 5.20+ 0.48 5.6-5.8 0.21% 0.033 0.20-0.24 4.6% 0.26
0.58-0.60 4.56+ 0.46 5.8-6.0 0.18% 0.030 0.24-0.28 4.2% 0.25
0.60-0.62 4.13F 0.45 6.0-6.2 0.15% 0.028 0.28-0.32 4.7Z 0.28
0.62-0.64 3.8+ 0.45 6.2-6.4 0.17% 0.030 0.32-0.36 4.5% 0.02
0.64-0.66 3.74 0.46 6.4-6.6 0.12& 0.026 0.36-0.40 4.7% 0.30
0.66-0.68 2.06+ 0.35 6.6—-6.8 0.194- 0.032 0.40-0.44 452 0.31
0.68-0.70 1.93t 0.35 6.8-7.0 0.14% 0.027 0.44-0.48 5.14 0.35
0.70-0.72 2.42+ 0.40 7.0-7.2 0.11% 0.024 0.48-0.52 4,16 0.34
0.72-0.74 1.8k 0.35 7.2-7.4 0.13% 0.026 0.52-0.56 4.34 0.38
0.74-0.76 1.13+ 0.29 7.4-7.6 0.087% 0.021 0.56-0.60 5.06 0.45
0.76-0.78 1.26+ 0.32 7.6-7.8 0.118 0.025 0.60-0.64 4.14 0.45
0.78-0.80 0.84+ 0.28 7.8-8.0 0.08% 0.021 0.64-0.68 3.9% 0.51

8.0-8.2 0.113* 0.024 0.68-0.80 5.25 0.79

8.2-8.4 0.072+ 0.019

8.4-8.6 0.051+ 0.016

8.6-8.8 0.062+ 0.018

8.8-9.0 0.077+ 0.020

9.0-9.2 0.036+ 0.014

9.2-9.4 0.061+ 0.018

9.4-9.6 0.051+ 0.016

9.6-9.8 0.026+ 0.011

9.8-10.0 0.041 0.014
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FIG. 10. Dependence of the prod®ir,, for x>0 on s for FIG. 11. Thed/yw" =~ invariant mass distribution. The solid

7~ -nucleon interactionfuncertainties are statistical and systematic curve shows the fit to the data described in the text. The lower
errors added in quadratyreMeasurements from different targets histogram shows the background-subtracted signal with the Monte
have been normalized to Be assuming/Adi? atomic mass depen- Carlo expectation superimposésblid curve.
dence. The curve represents the parametrization described in the
text. Results from previous experiments have been adjusted to agccording to Brown and Cah[r16] the phase space for a
count for the appropriatd/— ™ u~ branching ratio where nec- decay such ag(2S)—J/ 7" 7 is modified by chiral sym-
essary. metry so that the dipion mass distribution is skewed toward
high values, a conjecture strongly supported by Mark 1l data
dependence of thd/y cross section onys for x>0 is  [17]. Our data, shown in Fig. 12, are also consistent with the
shown in Fig. 10. The effect of the different target materlaIsR distribution measured by Mark lll. Requirin@,,
used by the various experiments was accounted for by nor=0 g reduced the number of combinations by a factor of 4
malizing all data to beryllium, assuming &f atomic mass \jith an estimated 23% loss of(2S) signal.
dependence, where=0.90+0.02[1,7,15. The curve in Fig. The resultingd/¢7* 7~ mass plot, shown in Fig. 11,
10 represents a parametrization ofwﬁadependence of the exhibits a cleary(2S) signal with a FWHM of 12 MeV/
J/¢ production cross section in the form c?, consistent with our Monte Carlo simulation. A fit to the

o=0o(1=Myy/\s)", (5.2

with (=(25.7+1.9) nb/nucleon anch=7.3+0.26.

-1
N"dN/dR
[o)]
T
|

VI. ¥(2S) PRODUCTION 5 L ]

We have detected(2S)’s both in the dimuon(Fig. 4) Lo \
and in thed/y7* 7~ (Fig. 11) decay modes. We report on 4 - .
(i) differential and integrate@(2S) cross sectionsiji) the -
fraction of inclusivel/ ¢'s due to(2S) decays, andiii ) the
ratio of the(2S) decay rates intd/ ¢y 7~ andu™ u™.

For the analysis ofl/ ¢t 7~ final states, we used the - ]
J/ four-momenta combined with the four-momenta of two 2 r 5
opposite-sign charged trackassumed to be piopsriginat- i
ing from the same primary vertex. TBéy7* 7~ mass was
calculated by adding the nomind{s mass to the difference i —
between the invariant masses of the'u 7#"7~ and ; e 1
uu” systems. Tracks identified either as mudgwia pen- 0 o=t b e o
etration through the muon detectoor as electrons from 04 05 06 07 08 09 1
photon conversiong&ria detection of pairs of opposite charge Run=Mpd (M, M
tracks with an invariant mass less than 20 M&dy/ were not
considered as candidate pion tracks. We also required the FIG. 12. The distribution oR_. for ¥(2S)—J/ym* =~ de-
ratio of invariant masseR,,=M;./(M,,.-—M,,), 10 cays. The points represent our background-subtracted data; the
be greater than 0.8. This requirement was imposed sinceurve represents the parametrization of the Mark 11l requi@.
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FIG. 13. Product oB(¢(2S)—J/¢7* w~) and ¢(2S) differ- FIG. 14. Dependence of the ratio of inclusiyé2S) and J/ ¢

ential cross section as a function @ xg (nb/nucleon, (b) p% cross sections oR's for 7~ -nucleon interactionguncertainties are
[nb/nucleon{GeV/kc)?]. The solid curves are the parametrizations statistical and systematic errors added in quadrature
given by Eqgs(4.1)—(4.3) using the values of the parameters deter-

mined by fits forJd/ production, and substituting th#(2S) mass #(29) differential cross section have employed the dimuon
in the 7 calculation. The shape of the fitted inclusi¥ayxg distri- decay mode using 150 Ge¥/[18] and 253 Ge\ [19] in-
bution is shown as a dashed curvdanfor comparison. The curves cident pions, and 800 Gew/incident protons in the central
are normalized to they(2S) branching ratio times the inclusive . 20’
cross section. Xr région [. - - o
The solid curves in Fig. 13 represent the parametrizations
iven by Egs.(4.1)—(4.3) with the #(2S) mass substituted
or the J/ mass, and the values fa; «,8,c from the fit to
the J/ ¢ differential spectra reported in Sec. IV. The observed
agreement demonstrates that the shapes of the measured
J/y and ¢(2S) differential distributions can be described by
similar parametrizations. We use these parametrizations in
the evaluation of acceptance and efficiency in the following

Jymtm~ mass spectrum using a two-Gaussian resolutio
function for the signal and a fifth-order polynomial for the
background vyields 22444(staj+20(sysy background-
subtracted combinations. Th&2S) mass obtained from the
fit is (3.684-0.002 GeV/c?. The systematic error in the
number of(2S) combinations reflects the uncertainties in
the background and signal shapes. ¥(25) analyses

The (2S) differential cross section as a function xf Based on a signal of 2244(staj*20(sys) detected
andp? is shown in Fig. 13 and tabulated in Table IL. Thesew(zs),S we obtain B(4(2S)— /gt )o(m Be
distributior?s were obtainedzby fitting th@’z/xw*rr* Mass  _, y(29)+X)/A=[7.4=1.5(stah+1.2(sysh]  nb/nucleon
spectrum in bins oke and p7. The resulting background- for x_>0.1. The systematic uncertainty quoted assumes the
subtracted signals in each bin were corrected for acceptancg,, and 4(2S) x. distributions are described by the same
and reconstruction efficiency, including the effects of theparametrization, and takes into account variation in the mea-
R requirement. The differential distributions were normal-gredJ/ yx. distribution[a variation of+0.4 in the value of
ized to the branching ratio times the measured integrated —» 5 i Eq.(4.1)]. It does not account for possible contri-
cross sectior{discussed beloyw Other measurements of the ptions due to th&® requirement.

Using the branching ratioB(J/¢— u* u™)=0.0597

TABLE 1. Differential cross sections fo(2S) production in  +3 0025 and B((2S)— /Yyt )=0.324+0.026 [10],
515 GeVEs ™ Be interactions. Quoted uncertainties reflect statisti-the ratio of the inclusive cross sectionsr(m Be
cal errors only. The normalization uncertainty-46%. —(29) + X) o (7 Be—Jl r+X) is  0.15+0.03sta}
+0.02sysh. This ratio is consistent with results obtained at
lower energies, as shown in Fig. 14, and exhibits little varia-
tion over they/s range currently accessible.

X bin do/dxe p2 bin do/dp?
(nb/nucleon  [(GeVk)?] [nb/nucleoniGeVic)?]

0.0-0.5 4.21.4 The fractional contribution of alk(2S) decays to the
0.10-0.24  23.19.3 0.5-1.0 3.81.4 observed)/ys signal is given by
0.24-0.38  13.94.4 1.0-15 3.21.2
0.38-0.52  8.83.2 1.5-2.0 2.41.3 ,
052-0.66 56821  2.0-25 0.41.2 foom Ny2s) gyt »- X BWH(25) = I ¢X) )
0.66-080 1410  25-3.0 0.81.0 YE NGy = X B2 = A g T )

(6.
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where B(y/(25)—J/X)=0.57+0.04 [10]. Ny .+ .-

(\T\ T T T T T T T T T T T T | T T T
=9600*+105(stah+=100(sysy is the number of J/¢'s 3 200 - @) ]
having x in the range 0.1-0.8N, g ..+, =220 2
+44(stah =20(sys) is the number ofy(2S)’s that decay into %

a J/¢ in the samexg range. The factok,; represents the 5
relative detection efficiencyproduct of acceptance and re- §
construction efficiencyof the J/ ¢ and (2S) decay modes: g | | | |

: 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

o

&)

Ayt E o 34 36 3.8 4 4.2 4.4
ki= =2.07£0.12sysh. + 2
! al//(2S)—>J/l//7T+7T7.glﬂ(zs)*h]/lﬂﬂ T y J/W m mass (GeV/c’)
(6.2) C\T\ T T T T T T T T T | T T T | T T T

o
Using the above values, we firfg,,s=0.083-0.017stab E 500 ¢ Uiy (b)
*0.013sys) in the J/¢ x¢ range 0.1-0.8. The systematic 5 L §
uncertainty quoted also does not account for uncertainties ‘@
due to theR ., requirement. This is the first determination of %

f 429 Using ¥(2S) decays intal/4; previous measurements £
used theu* ™ decay mode of thes(2S) [21-23. Our E o Ll e iy
. . . o
value forf g is consistent with these measurements. o 3.2 3.4 3.6 38 4 4.2
The ratio of they(2S) decay partial widths was deter- Jhyt mass (GeV/c?)
mined as
o T T L R L L L
(4 L
B(y(2S)—=Jdlym*77) >
— 2 50 - ©
B(#(25)—u"u") S I
_ Nl,//(ZS)ﬁJ/l,/m*w* K 6.3 g
Ny@s)—utuXBQIg—pu™) 2 g
where  Nyg)yjynt - =224+ 44(stah =20(sys) and 8 0 I I

Nye2sutu-=270+35(stah+50(sysh), and  k,=2.17 38 4 42 44 46 48
+0.17sys) is the ratio of the detection efficiencies in the v(@S)n” mass (GeV/c)
two modes. We find B((2S)—J/ gt 77 )IB(4(2S) - o .
—>,u+,u’)=30.2t7.1(sta1)i6.8(syst) (again, the system- FIG. 15. The mvanan} mass distributions f@ J/ 7" 7, (b)

. ) 4 . J/y™, and (c) (2S)m combinations. The solid curve ifa)
atic uncertainty quoted does not include contributions due tqepresems a fit to the candidate “hidden” charm resonance plus

the_ Ro- requirement The F:urrent world average for. this_ background as described in the text. Dashed histograms show the
ratio calculated from Particle Data Group information is 545 spectra obtained by combinidigs or ¢(2S) candidates and

42+107[10]. pions from different events.
VIIl. SEARCH FOR “HIDDEN”" We have also investigatetl y== and (2S) 7= spectra
CHARM RESONANCE STATES in a search for charged resonance states decaying into either

J/gor (2S), plus a single charged pion. The search involv-

We searched for evidence of the enhancement in théng the ¢(2S) employed ¢(2S)—J/ym" 7~ events. As
JIymt 7~ mass spectrum around 3.836 Ge¥/feported in  shown in Figs. 1) and 15c), the data indicate no evidence
[24]. A fit to the mass spectrum obtained in i€2S) analy-  for significant structure. Mass spectra obtained by combining
sis (see Sec. V)l was performed using a double-GaussianJ/ or (2S) and pions from different events are also shown
resolution function centered at 3.836 Ge¥for the “hid-  for comparison.
den” charm candidate, in addition i#(2S) and background
shapes. Figure 18 shows the result of this fit. The excess
was calculated as the number of entries above the fitted back- VIIl. SUMMARY
ground in the mass regid8.836+0.015 GeV/c2. This pro-
cedure vyields 5230(sta) background-subtracted combina- We have studied the production affy and (2S)
tions to be compared with 22M4(sta) H(2S) charmonium mesons in 515 GeMf~ Be collisions in
combinations. The corresponding 90% confidence level upthe Feynmark range 0.Kxg>0.8. For xz>0.1, we
per limit on the value for B(X(3836)—J/¢m  7") measure the cross section8(J/¢y—u* u )o(7w Be
o(m~ Be—X(3836)+ X)/A for x>0.1 is 3.1 nb/nucleon, —J/¢+X)/A=[9.3+0.1(stah=1.1(sysh] nb/nucleon
assuming the same production properties for#@S) and and B(#(2S)—J/¢ym" 7 )o(m~ Be— #(2S) + X)/A=[7.4
the “hidden” charm resonance. The 90% confidence level=1.5(stad=1.2(sysy]| nb/nucleon. The shapes of the mea-
upper limit is the cross section calculated for thttistically ~ sured differential distributions for th# ¢ and 4/(2S) can be
insignifican) number of background-subtracted combina-adequately described by the same parametrization.
tions observed plus 1.28 times the sum in quadrature of the The fraction of the inclusivel/y yield due to ¢(2S)
statistical uncertainty and a 20% systematic uncertainty. decays isf ;,5=0.0830.017stay=0.013sys). The ra-
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