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4The study of bound states of 
harm-anti
harm quarksrevolutionized our understanding of hadrons beginningwith the dis
overy of the J= meson in 1974 [1℄. Al-though numerous 
harmonium (
�
) states are now known,others should be observable. Re
ently, the Belle Collab-oration reported a new parti
le, X(3872), observed inex
lusive de
ays of B mesons produ
ed in e+e� 
olli-sions [2℄. This parti
le has a mass of 3872 MeV=
2 andde
ays into J= �+��. A natural interpretation of thisparti
le would be a previously unobserved 
harmoniumstate, but there are no su
h states predi
ted to lie at ornear the observed mass with the right quantum numbersto de
ay into J= �+�� [3, 4℄. Within the framework ofQCD, mesons may also arise from more 
omplex systemsthan the 
onventional quark-antiquark bound state [5℄.The proximity of the X(3872) mass to the sum of theD0 and D�0 masses suggests that the X(3872) may be aweakly-bound deuteron-like \mole
ule" 
omposed of a Dand D�. Another possibility is that the X(3872) is a 
�
ghybrid meson|a 
�
 system possessing a valen
e gluon.These novel interpretations have ex
ited great interest inthe X(3872) [6℄. Whether it is a new form of hadroni
matter or a 
onventional 
�
-state in 
on
i
t with theoret-i
al models, the X(3872) is an important obje
t of study.Here, we report the observation of a J= �+�� resonan
eprodu
ed in
lusively in �pp 
ollisions and whi
h is 
onsis-tent with the X(3872).The analysis uses a data sample of �pp 
ollisions atps = 1:96 TeV with an integrated luminosity of 220 pb�1
olle
ted with the upgraded Collider Dete
tor (CDF II)at the Fermilab Tevatron between February 2002 and Au-gust 2003. The important 
omponents of the CDF IIdete
tor for this analysis in
lude a tra
king system 
om-posed of a sili
on-strip vertex dete
tor (SVX II) [7℄ sur-rounded by an open-
ell drift 
hamber system 
alled theCentral Outer Tra
ker (COT) [8℄. The SVX II dete
tor
omprises �ve 
on
entri
 layers of double-sided sensorslo
ated at radii between 2.5 and 10.6 
m. On one sideof the sensors, axial strips measure positions in the planetransverse to the beamline. Strips on the other side areused for stereo measurements. The latter strips are tiltedwith respe
t to the axial strips: on one layer by +1:2Æ,another by �1:2Æ, and three by 90Æ. The a
tive volumeof the COT is a 3.1 m long 
ylinder 
overing radii from43 to 132 
m with 8 superlayers of 12 wires ea
h. In or-der to provide three-dimensional tra
king, superlayers ofaxial wires alternate with superlayers of +2Æ stereo an-gle wires and superlayers of �2Æ stereo angle wires. The
entral tra
king system is immersed in a 1.4 T solenoidalmagneti
 �eld for the measurement of 
harged parti
lemomenta transverse to the beamline, pT . The outermostdete
tion system 
onsists of planes of multi-layer drift
hambers for dete
ting muons [9℄. The Central Muonsystem (CMU) 
overs j�j � 0:6, where � � � ln[tan(�=2)℄and � is the angle of the parti
le with respe
t to the di-re
tion of the proton beam. Additional muon 
hambers

(CMX) extend the rapidity 
overage to j�j = 1:0.In this analysis, J= ! �+�� de
ays are re
orded us-ing a dimuon trigger. The CDF II dete
tor has a three-level trigger system. The Level-1 trigger uses tra
ks inthe muon 
hambers with a 
lear separation in azimuthfrom neighboring tra
ks. The eXtremely Fast Tra
ker(XFT) [10℄ uses information from the COT to sele
ttra
ks based on pT . XFT tra
ks with pT � 1:5 GeV=
(pT � 2:0 GeV=
) are extrapolated into the CMU (CMX)muon 
hambers and 
ompared with the positions of muontra
ks. If there are two or more XFT tra
ks with mat
hesto muon tra
ks, the event passes the Level-1 trigger.Dimuon triggers have no requirements at Level 2. AtLevel 3, the full tra
king information from the COT isused to re
onstru
t a pair of opposite-sign muon 
andi-dates in the mass range from 2:7 to 4:0 GeV=
2. Eventspassing the Level-3 trigger are re
orded for further anal-ysis.The o�ine analysis makes use of the best available 
ali-brations of the tra
king system for re
onstru
ting events.Well-re
onstru
ted tra
ks are sele
ted by a

epting onlythose with � 3 axial SVX II hits, and> 20 axial and> 16stereo COT hits. Tra
ks are re�t to take into a

ount theionization energy loss appropriate for the parti
le hy-potheses under 
onsideration [11℄. Dimuon 
andidatesare sele
ted in the mass range from 2:8 to 3:2 GeV=
2 af-ter being 
onstrained to originate from a 
ommon pointin a three-dimensional vertex �t. The resulting signal-to-ba
kground ratio for J= 
andidates is about 5-to-1 [12℄.Pairs of 
harged tra
ks, both having pT � 0:35 GeV=
 andassumed to be pions, are then �t with the dimuon 
an-didates to a 
ommon vertex. In this three-dimensionalvertex �t, the dimuon mass is 
onstrained to be the worldaverage J= mass [13℄. We require that the �2 for theJ= �� vertex �t must be less than 40 for six degrees-of-freedom.The number of J= �� 
andidates per event passing theabove pre-sele
tion requirements 
an be quite large forevents with a high multipli
ity of 
harged tra
ks. Theseevents 
ontribute a large amount of 
ombinatorial ba
k-ground relative to a small potential signal. We reje
tevents that have more than 12 pre-sele
tion 
andidateswith masses below 4.5 GeV=
2. A large number of 
an-didates are a

epted at this stage. However, after the �-nal sele
tion the average number of J= �+�� 
andidateswithin the mass window of 3.65-4.0 GeV=
2 is less than1:2 per event for events with at least one a

epted 
an-didate. The spe
i�
 number of pre-sele
tion 
andidatesallowed per event is determined by the optimization pro-
edure des
ribed below.In order to suppress J= �+�� ba
kgrounds we tightenthe sele
tion 
riteria to: �2 < 15 for the one degree-of-freedom dimuon vertex �t, dimuon invariant mass within60 MeV=
2 (�4 standard deviations) of the world averageJ= mass, pT (J= ) � 4 GeV=
, �2 < 25 for the J= ��vertex �t, pT (�) � 0:4 GeV=
, and �R � 0:7 for both
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FIG. 1: The mass distributions of J= �+�� and J= ����
andidates passing the sele
tion des
ribed in the text. A largepeak for the  (2S) is seen in the J= �+�� distribution aswell as a small signal near a mass of 3872 MeV=
2. The 
urveis a �t using two Gaussians and a quadrati
 ba
kground todes
ribe the data. The inset shows an enlargement of theJ= �+�� data and �t around 3872 MeV=
2.pions. Here, �R is de�ned as p(��)2 + (��)2 where�� is the di�eren
e in azimuthal angle between the pionand the J= �� 
andidate, and �� is the di�eren
e inpseudorapidity.The values used in the above sele
tion 
riteria are de-termined by an iterative optimization pro
edure in whi
hthe signi�
an
e S=pS +B is maximized. The quantitiesS and B respe
tively represent the numbers of signal andba
kground 
andidates obtained as a fun
tion of the val-ues of the sele
tion parameters. B is available from ba
k-ground �ts of the data in a window around 3872 MeV=
2.We use  (2S)! �+�� to model the X(3872) yield S asthe sele
tion is varied. The  (2S) signal is mu
h largerthan that of the X(3872), and must therefore be s
aleddownward for the signi�
an
e 
al
ulation. The s
ale fa
-tor is determined su
h that S mat
hes the observed X-yield from a referen
e sele
tion. Be
ause the X(3872)signal is 
onsiderably smaller than the ba
kground, thedenominator of the signi�
an
e ratio is dominated by B,and the optimization is not sensitive to the pre
ise valueof the s
aling.The J= �+�� mass distribution of the sele
ted 
an-didates is displayed in Figure 1. Besides the largepeak showing the  (2S), a small peak is observed at a
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FIG. 2: The mass distributions of J= �+�� 
andidates withm(�+��) > 0:5 GeV=
2 (points) and m(�+��) < 0:5 GeV=
2(open 
ir
les). The 
urve is a �t with two Gaussians and aquadrati
 ba
kground. The inset shows an enlargement of thehigh dipion-mass data and �t.J= �+�� mass around 3872 MeV=
2. To �t the mass dis-tribution, we model ea
h peak by a single Gaussian anduse a quadrati
 polynomial to des
ribe the ba
kground.A binned maximum likelihood �t of the mass spe
trumbetween 3:65 and 4:0 GeV=
2 is also shown in Figure 1.The �t yields signals of 5790�140  (2S) 
andidates and580� 100 X(3872) 
andidates.The \wrong-sign" J= ���� mass distribution is alsoshown in Figure 1, and no signi�
ant stru
tures are ap-parent. We examine the hypothesis that the 3872-peakmay originate from another state by in
orre
t assign-ment of the pion mass. The masses of J= �+�� 
andi-dates are re
omputed in a window around the 3872-peakfor the alternate hypotheses J= h+1 h�2 , where h+1 h�2 are�+K�, K+K�, p��, pK�, and p�p (and 
harge 
onju-gates). This results in broad mass distributions with nopeak-like stru
tures. Thus, the 3872-peak is not an ar-tifa
t of some other state, known or unknown, de
ayinginto a J= and a pair of hadrons in whi
h one or bothhadrons are misassigned as pions.The X(3872) signal reported by the Belle Collabora-tion favors large �+�� masses. Our data support this
on
lusion as well. We divide the data into two subsam-ples: 
andidates with dipion masses greater, or less, than0:5 GeV=
2. From the Belle results, this is a large enoughvalue to probe the high mass behavior of the X(3872)
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andidates and yet not eliminate all the  (2S) referen
esignal from the high-mass subsample. Figure 2 shows theresulting J= �+�� mass distributions. The prominen
eof the X(3872) peak is enhan
ed over the ba
kground inthe high-mass sample, and no peak is apparent for lowmasses. Fitting the high-mass spe
trum between 3:65and 4:0 GeV=
2 gives 3530 � 100  (2S) 
andidates and730�90 X(3872) 
andidates. The �tted mass and widthof the  (2S) are 3685:65�0:09 (stat) MeV=
2 and 3:44�0:09 (stat) MeV=
2, respe
tively. For the X(3872) we ob-tain a mass of 3871:3� 0:7 (stat) MeV=
2 and a width of4:9� 0:7 MeV=
2. The latter value is 
onsistent with de-te
tor resolution. Our mass is in good agreement with theBelle result of 3872:0� 0:6 (stat)� 0:5 (syst) MeV=
2 [2℄.Requiring M(�+��) > 0:5 MeV=
2 redu
es the ba
k-ground by almost a fa
tor of two, and apparently in-
reases the amount of �tted X(3872) signal. A signi�
antpart of the additional signal is attributable to an in
reasein the �tted width. The original �t over all dipion massesreturns a smaller but 
onsistent width of 4:2�0:8 MeV=
2.We 
on
lude that the X(3872) signal yield after the dip-ion requirement is un
hanged within statisti
s, and thusthere is little signal with dipion masses below 0:5 GeV=
2.The same 
on
lusion is rea
hed by dire
t examinationof the low dipion-mass distribution shown in Figure 2.We use the high-mass sample for measuring the X(3872)mass as the improved signal-to-noise ratio redu
es thestatisti
al un
ertainty.The �t displayed in Figure 2 has a �2 of 74.9 for 61degrees of freedom, whi
h 
orresponds to a probability of10:9%. To estimate the signi�
an
e of the signal, we �rst
ount the number of 
andidates in the 3 bins 
entered onthe peak, i.e. 3893. The 3-bin ba
kground is estimatedfrom the �t to be 3234 
andidates, leaving a signal of 659
andidates. In a Gaussian approa
h, this 
orresponds toa signi�
an
e of 659=p3234 = 11:6 standard deviations.The Poisson probability for 3234 to 
u
tuate up to orabove 3893 is in good agreement with the Gaussian esti-mate, 
onsidering the approximations of ea
h method.The systemati
 un
ertainty on the mass s
ale is re-lated to the momentum s
ale 
alibration, the varioustra
king systemati
s, and the vertex �tting. These ef-fe
ts were studied in detail for our measurement of themass di�eren
e m(D+s )�m(D+) [11℄, where the system-ati
 un
ertainty was �0:21 MeV=
2. A larger system-ati
 un
ertainty arises for our X(3872) mass determina-tion be
ause it is an absolute measurement. We use the (2S) mass to gauge our systemati
 un
ertainty. Withthe dipion mass requirement, the  (2S) mass is mea-sured to be 0:3 MeV=
2 below the world average mass of3685:96� 0:09 [13℄, a di�eren
e substantially larger thanthe statisti
al un
ertainty of 0:1 MeV=
2. However, stud-ies of the stability of the  (2S) mass for di�erent sele
-tion requirements indi
ate an un
ertainty of 0:4 MeV=
2should be assigned. Variations of the �t model and �trange have negligible e�e
t on the mass.

In summary, we report the observation of a state 
on-sistent with the X(3872) de
aying into J= �+��. Froma sample of 730�90 
andidates we measure the X(3872)mass to be 3871:3�0:7 (stat)�0:4 (syst)MeV=
2, and �ndthat the observed width is 
onsistent with the dete
torresolution. This is in agreement with the measurementby the Belle Collaboration using B� de
ays [2℄. The av-erage mass from the two experiments, assuming un
or-related systemati
 un
ertainties, is 3871:7� 0:6 MeV=
2.Our large sample of this new parti
le opens up avenuesfor future investigations, su
h as produ
tion me
hanisms,the dipion mass distribution, and spin-parity analysis.We thank the Fermilab sta� and the te
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