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Abstract

We report evidence for the h, state of charmonium in its 7.y decay mode and lack of evidence
in the J/4%7°® mode. We studied these channels in pp annihilations near the center of gravity of
the 3P; states, where the h, was reported in the .J/47® mode by E760, our previous experiment,
at 3526.2 £ 0.15 £ 0.2 MeV, with I'r <1 MeV. We observe an event excess in the 7,y mode near
3526 MeV. Testing the null hypothesis of a linearly varying background cross section against the
alternate hypothesis that includes a resonance near 3526 MeV, we reject the null hypothesis with
P ~ 0.001. The resonance mass is 3525.8 + 0.2 = 0.2 MeV and the resonance width < 1 MeV. We
estimate 10.0 £ 3.5 < I'p,B8,., < 12.0 £ 4.5 eV, corresponding to fixed values 0.5 < T'g < 1.0 MeV.

We find no event excess within the search region in the J/¢7® mode.



Heavy quarkonium physics continues to be an important field for our understanding of
QCD [1]. Charmonium occupies an intermediate regime between the bb system, where an
expansion in the strong coupling constant is justifiable, and the light mesons, where nonper-
turbative effects dominate. Of the charmonia below the DD threshold, the h.(1'P;(117))
is the least accessible. The 3S; states (J/¢ and 1)') are formed in eTe~ annihilations, and
the 3P and 'S states are populated respectively by E1 and M1 decays of the 35; states.
In etTe™ annihilations, either sequential radiative transitions through the x. (E1 followed
by M1), or an I- spin-forbidden pionic transition from the 9’ can potentially populate the
h. state. The observation of the h., resonantly formed in pp annihilations, is one of the
principal objectives of experiments E760 and E835 at Fermilab. In 1992, E760 reported the
observation of the h, in the J/y7® decay mode, at Er = 3526.2+0.15(stat) £0.2(sys) MeV
with I'r < 1.1 MeV (90% confidence level) [2]. We estimated the probability that such an
observation could arise by chance in our search region as 1/400.

We subsequently made two additional data runs as E835 with the upgraded detector
described in reference [3]. In both of these we took data in the h. search region and in
several nearby regions that are suitable for background determination. In this article we
describe the analysis of the possible J/¢7° and 7.y decay modes of the h. using the data
for both runs.

The observation of the h. is important because a comparison of its mass with the masses
of the 3P states provides information on the spin-dependence of the Q@ interaction. In the
QCD potential model [4], the confining potential makes no contribution to the hyperfine
interaction and the Coulombic one-gluon potential leads to a hyperfine splitting only in S
states. Thus the hyperfine splitting in the P states, given by the difference between the
spin-weighted average mass of the 3P states < M (3P;) > and that of the h,, is predicted to
be close to zero. The corrections to this result are small and nearly all theoretical papers [5]
predict this splitting to be several MeV or less. The current experimental value of < (*Py) >
is 3525.30 +0.07 MeV [6], permitting determination of the hyperfine splitting if the h, mass
can be accurately measured.

In pp annihilations, charmonium states are formed by the coherent annihilations of the
three quarks of the proton and the three antiquarks of the antiproton. The A, is expected
to be less than 1 MeV in width and to decay with roughly equal rates by the E1 transition
to 1.y and to light hadrons [7].



The E835 experiment has been described in detail elsewhere [3]. In brief, antiprotons are
stored and stochastically cooled in the Fermilab Antiproton Source until the desired number,
a stack of typically ~ 6 x 10'!, has been accumulated. The p are then decelerated until
the desired energy is reached. The internal hydrogen-gas-jet target is turned on and data
taking is begun. Within a stack, data are taken at different energies, identified as runs, by
accelerating or decelerating the stored beam. The reaction products are identified in the
nonmagnetic detector, which is optimized for the detection of photons and e*. The detector
is cylindrical, consisting of three scintillator hodoscopes H1, H2’, and H2, followed by a multi-
cell threshold Cerenkov detector and a 1280-element lead-glass electromagnetic calorimeter
(CCAL). Two cylindrical chambers built of proportional drift tubes and a scintillating fiber
tracking chamber were used for charged-particle tracking in 1997. An additional fiber tracker
was added for the year-2000 run. A plane of scintillation counters (FCH) and a planar lead-
glass calorimeter (FCAL) are used to detect forward-going particles. The luminosity monitor
counts small-angle elastic scatters.

With respect to E760, the most important detector modifications were:

e We implemented pulse shaping and added a TDC for each channel of the CCAL and

FCAL in order to manage pileup and accidentals at higher instantaneous luminosities.

e We replaced the E760 FCAL with an array of lead-glass modules. [3]. In E835-1997
this detector was operational for & 50% of the time. In E835-2000 it was 100%

operational.

We investigate the following reactions:

pp — he = J/Yr°, J/Y — etem, 7% =y (1)

pp — he = Y, e = VY (2)

Tables I and II give the range of center-of-mass (cm) energies /s, the rms cm-energy
widths o(y/s) ~ 0.2 — 0.5 MeV, the integrated luminosities L, and the candidate totals
for the 1.y and J/¢7° reactions. The cm energy for each event is obtained from an off-
line calculation that relies upon the contemporaneous measurement of the beam-revolution
frequency and beam-orbit length of the stored antiproton beam. We estimate the (rms)

experimental uncertainty in the central energy to be 0.07 MeV. The uncertainty in the
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Stack Vs oss| L |candidates
MeV keV|pb~!|ney|J/9hm®

I-xc, scans | 3470+3515 | — [5.82| 0

1-61 3524.50-.68 |304| 3.72 | 0 9
I-58 3525.06-.22 {280 2.90 | 0 10
I-62 3525.35-.58 [282|3.53 | O 10
I-55 3525.49-.76 {292| 3.48 | 1 15
I-60 3525.70-.86 {282 2.98 | 1 9
1-63 3525.77-.86 {281 | 3.82 | 3 2
I-59 3525.79-.89 (2441 1.20 | O 2
1-19 3526.08-.11 {411]1.99 | 2 3
I-56 3526.05-.14 [295]2.29 | 0 3
I-57 3526.10-.32 {295/ 3.31 | O 6
1-51 3526.47-.55 | 317 0.98 | 0 2
1-64 3526.50-.55 |282]3.23 | 1 7
I-54 3526.51-.51 |296| 0.65 | 0 0
1-52 3526.70-.94 [256|3.09 | O 7
I-53 3527.39-.55 |215|1.40 | O 1
1-50 3529.04-.19 1402|2.33 | 0 6
I-15 3534.21-5.67|533|1.30 | O 3
I-x¢, 35453565 | — |11.10| 1
I-n.search 35703670 | — |33.99| 2

I’ 36703695 | — | 9.00| O
I-high energy| 3700+4400 | — |2.61| 0

TABLE I: E835-1997 data sample analyzed: the range of cm energies, mean rms width, inte-
grated luminosity L, and candidate totals for each stack. In the analysis, each run, with a typical

integrated luminosity of 0.2 pb™ !, is considered separately.



Stack N oss| L |candidates
MeV  |keV|pb~t|n.y|J/yn°

II-xco scans |3330+3400| — | 8.51 | 2
II-x o scans |3400+-3430| — |24.35| 3
II-x(1 scans  |3470+3515| — | 5.98 | 0
11-23 3523.27-.43|390| 3.06 | 0 8
11-39 3524.78-.801297| 2.03 | 0 3
11-21 3525.16-.18{300| 3.51 | O 5
11-20 3525.46-.501309|4.31 | 1 13
II-16 3525.70-.751376| 3.32 | 1 10
I1-37 3525.87-.891256| 1.67 | 1 4
11-38 3525.88-.91|288|1.64| 1 8
I11-18 3526.01-.06(294 | 3.74 | 3 9
II-15 3526.14-.25(442| 3.67 | 0 3
11-24 3526.18-.34|346| 0.51 | 0 1
11-36 3526.27-.29(268| 1.65 | 0 8
11-35 3526.26-.31{291|1.49 | 0 5
11-41 3526.29-.331253|1.95| 0 8
11-22 3526.24-.30{280| 2.63 | 0 11
11-25 3526.30-.33/304|0.95| 0 2
11-26 3526.40-.46| 328 2.47 | 0 5
II-17 3526.51-.59(291| 3.71 | O 8
11-19 3526.86-.90(311(3.04 | 0 8
11-40 3527.29 |265|1.22| 0 2
11-28 3528.61-.62| 364 1.28 | 0 3
11-27 3529.09-.13(385(247 | 0 6
IT-x ¢ 3545+3565| — | 1.12] 0

I1-¢' 36703695 — [14.51| O
II-high energy|3700+4400| — | 7.26 | 0

TABLE 1II: E835-2000 data sample analyzed: the range of cm energies, mean rms width, integrated
luminosity L, and candidate totals for each stack. for each stack. In the analysis, each run, with

a typical integrated luminosity of 0.2 pb~!, is considered separately.



absolute center-of-mass energy is +0.02 MeV due to uncertainty in the ¢’ mass, which is
used to determine the reference beam-orbit length. During part of the E835-1997 data-
taking, some of the beam-position monitors, used to determine the beam-orbit length, were
miscalibrated. The cm energies for these data have reduced precision.

The geometrical and cut efficiencies are calculated using the detector simulation, and
include the effects of dead calorimeter channels as well as stack-by-stack variations in the
calibration. The effect of extraneous interactions overlapping signal events is included by
overlaying events from randomly-timed triggers onto a set of simulated events. Efficiencies
are calculated for each energy point in order to take into account the different run condi-
tions. The method of using the detector simulation to calculate efficiencies was checked

previously [3] for eTe™ 7y events and other data samples.

1.y Reaction

Trigger and Event Selection

We used a two-branch trigger system to record neutral events having either two large
back-to-back energy deposits PBG3, or at least 80% of the total available energy deposited
in the CCAL ETOT-HI [3]. For neutral triggers, the charged-particle veto was the OR of
a coincidence between corresponding counters of the two innermost scintillator hodoscopes,
H1 and H2', and the forward scintillator hodoscope FCH.

In the offline selection, we reject events with H2' or H2 signals not in coincidence with
the corresponding Cerenkov counter. Those with coincidences are retained as events in
which a photon converted after H1. We select events containing three candidate photons in
CCAL, defined as clusters with energy > 20 MeV (> 5 MeV in the central block) occuring
within 6 ns of the trigger time. We reject those with an FCAL signal within 6 ns of the
trigger time. We define an undetermined cluster as one without timing information, or with
Euster < 300 MeV and occuring within 15 ns of the trigger. We reject events where the
invariant mass of a candidate photon with any other candidate or undetermined cluster
satisfies |m.., —mo| < 35 MeV. We determine the acceptance for the selection to be ~ 26%
by simulation, using the known differential cross section for this reaction: electric-dipole

decay of the h, followed by the isotropic decay of the 7..



The main background to single-photon showers is showers produced by coalesced 7°
decays. We develop a likelihood ratio, which we call the photon weight (PW), to discriminate
between these alternatives. This measure is analogous to the electron weight (EW) described
in Ref. [3], where the variables given below are described. It is based on the following

attributes of the shower:

e sy and s4, the cluster second moments

e cluster mass, given by

My = \/<Z E? = (5 p)” 3)
obtained from the calorimeter block energies for a 5 X 5 matrix centered on the shower.

e [F35, the ratio of the energy in a 3 x 3 matrix to that in a 5 x 5 block matrix centered

on the shower.

e F5,4, the ratio of the energy in a 2 X 2 matrix to that in a 4 X 4 matrix centered on the

shower.

We use a clean set of x.1 and x.2 events (x.; — J/¥y — ete™7), where the energies are
comparable to those of h. radiative decay, as a source of showers for the probability density
functions used in the likelihood ratio, the 7 for the lowest energy photon, and the ete~
for the higher energy photons. We use candidates for pp — eTe 7y, with My+.- < 2800
MeV, taken in the yx.; and x.o regions, as a source of events enriched in showers produced
by coalesced m° decays. Figure 1 shows the cluster mass distribution for the lowest energy
photon and Figure 2 for the higher energy photons for our candidates. In both plots
we also show corresponding distributions for the clean x.; events and candidate ete 7y
events with M +.- < 2800 MeV. The distributions for our candidates are compatible with
the corresponding ones for the clean eTe™ 7y events; the lowest-energy and higher-energy
photons are distinctly separated, and the sample of e*e™ 7 candidates enriched in coalesced
7% showers contains many events with bad cluster masses. We cut on PW, the ratio of
likelihoods for the photon and background shower hypotheses, so that PW; x PW, > 1 and

PWs; > 1.5, where the s are ordered so that E,; > E,» > E,3, where the £, are cm energies.



A four-constraint kinematical fit to the hypothesis pp—3~ is performed and we require
a nominal x? probability P(3v) > 107*. If there are undetermined clusters in the event, we
require that P(37) >P(4), the latter being the nominal x? probability for any fit to pp—4-.
(These cuts do not remove any events that would not be removed by the subsequent cut on
the fit probability for pp—n.y. However we discuss them to demonstrate their relatively high
efficiencies.) By simulation we determine that these cuts reduce the acceptancexefficiency
product to ~ 18.5%.

The Dalitz plot for the candidate events in the A, band, selected to be 3524< /s <3524
MeV, is given in Fig. 3, where we plot measured quantities. For pp—n.y at 3526 MeV, the
n. band follows a straight line connecting points at 3.553 GeV? on the M?% and M2, axes.
No 7% band is seen due to the cut on m.,, described above. We observe n and 7’ bands as
well as a continuum of events for M4 > 1 GeV?, M% >1 GeV?2. These features are derived,
respectively, from pp—7%n, 7%, and 37° events, where the 7°s decay symmetrically or highly
asymmetrically; for such a 7° decay only a single cluster, in approximately the direction of

0

the 70, is identified. We refer to events where a 7° is misidentified as a y as feed-down events.

We make a sequence of cuts to reduce the background.

1. Since the pp annihilations to two and three light mesons are strongly
forward /backward-peaked, the angular distribution for feed-down events is
forward/backward-peaked. ~ As the cm angular distribution of v; and 7, from
ney is nearly uniform, we require that |cosfi| < 0.5, |cosf| < 0.5, reducing the

acceptance x efficiency to ~ 13.5%.

dN
dcos 63

2. The cm angular distribution for the radiative decay of the h.—n.y is o sin® 03,
while the data show a backward peak, as seen in Fig. 4. The reactions pp—m°X? are
forward-backward symmetric in the cm frame. However forward 7% are more likely
to be misidentified as single photons, producing feed-down events where relatively
low-energy photons go backward. We thus require that —0.4 < cos#*3 < 0.7, which

reduces the acceptancexefficiency to ~ 10.9%.

3. We apply a two-vertex, 5C kinematical fit to 7.y and set a x? probability cut at > 0.01,
which we find by simulation reduces the overall acceptance x efficiency to ~ 8.5%. The
events in the h, band 3524< /s <3527 MeV selected by the cm angular cuts (small
dots) and those also fitting 7.y (large dots) are shown in Fig. 5. The dotted line
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shows the center of the 7.y band, in which we expect a uniform density of signal
events. Although we have a large number of 7,7 fits from the 7°7 and 7%’ channels, for
Ms3 >1000 MeV we have a group of events compatible with the reaction pp—n.y with
relatively little background. In Fig. 6 we plot the x? probability against /s for 5C
kinematical fits to 7.y for candidates with 3522< /s <3530 MeV and M3 >1000
MeV, along with the integrated luminosities for E835 and E760. The figure shows the
clustering of high-probability events near 3526 MeV.

4. Fig. 7 shows the My distribution, before and after (shaded) the cuts previously applied
are applied, in which clear n and 1’ peaks are seen from 7°n and 7% events. We
restrict the analysis to M,z >1000 MeV, thereby reducing the acceptance to ~ 3.2%.
Here we use the measured rather than fitted Mg, since we are discriminating against
background events with more than three photons, and the 3 fit pulls the energies and

momenta in those events to satisfy the kinematical constraints.

In the A, search region there are 8 events for E835-1997 and 7 events for E835-2000. We
plot M, for these events in Fig. 8 with the corresponding distribution derived from the
simulation. The distributions for both data sets are compatible with the simulation. The
observed cross section for pp—n.y is plotted in Fig. 9. We note that the background cross
section is large near /s = 3400 MeV and decreases rapidly with energy.

We make the following tests: For events away from the h. search region we rescale the
7 energies by the ratio 3526.2//s(MeV) and examine the resulting Dalitz plots for events
appearing in the 7,y band. No candidates are present. We also examine the sensitivity of
the selection to the value of m,_ used in the 5C fit. Within the range 2850< m,, <3150

MeV, the selection is unaffected.

Significance of the resonant signal

There are several methods for estimating the significance of the event excess in the

ne7y channel.

1. Binomial significance with a prior: alternate hypothesis: We test the null hypothesis

HO, that the cross section is the same in the signal bin and background bin, against the



alternate resonant hypothesis H1, that the signal bin has a larger cross section, where the
signal bin is chosen from the E760 J/v7° analysis. We bin the E760 data in the h, search
region (3522.6< /s <3527.15 MeV) so that the peak observed is contained in a single signal
bin between 3525.6 and 3526.4 MeV. For the E835-1997 data, the integrated luminosity
for the h. signal bin is 19.07 pb~!, and that for the background bin, extending from the
Xe1 t0 Xe2 but excluding the signal bin, is 40.05 pb™!, for binomial coefficient P, = 0.323.
There are 7 events in the signal bin and 2 in the background bin for P=0.0068. For the
E835-2000 data, the corresponding values are 25.69 pb~! in the signal bin and 31.73 pb~! in
the background bin for P, = 0.447, and 6 events in the signal bin and 1 in the background
bin, for P = 0.035. Combining both data sets we have 44.76 pb~! in the signal bin, 71.78
pb~! in the background bin, P, = 0.384 and P=0.00059. These results are summarized in
Table III.

2. Binomial significance with a posteriori alternate hypothesis with correction for
multiple hypotheses: We select a bin with the expected width containing the event
excess, test HO against H1 as above, and multiply the resulting P by the number of
independent H1 (Bonferroni correction). For a 0.5 MeV signal bin we find 12 events in
3525.7< /s <3526.2 MeV with integrated luminosity 31.79 pb~', and 4 events in the
remaining background bin between the Y. to Y. containing 84.75 pb~! for P, = 0.273.
Taking the conservative Bonferroni factor 10 we find P=0.0009. For a 1.0 MeV signal bin
we have 13 events in 3525.7< /s <3.5267 MeV (49.85 pb~!) and 3 events between the
Xe1 and X2 (66.69 pb~!) for P, = 0.428 and, taking a Bonferroni factor 5, P = 0.010. We
note that if we impose a more restrictive cut, M2, >1.2 GeV?, so as to exclude more events
under the 7’ peak, then we are left with 8 events in the region 3525.4< /s <3526.2 MeV,
and 2 events outside the h. signal region, for the combined data sets. This result, with

reduced statistics, still corresponds to a very low binomial probability for the null hypothesis.

3. Poisson significance: We estimate the expected number of background events n;, in
a bin with the expected width, derived from a linear fit to the background cross section.
Using our full data set, 3300< /s <4400 MeV, we estimate the background cross section
at 3526.2 MeV to be 79 £ 16 fb yielding n, = 2.51 £ 0.51 for 3525.7< /s <3.5262 MeV
(np = 3.94 + 0.80 in 3525.7< /s <3526.7 MeV). The Poisson probability for > 12 (> 13)

10



Run L(signal) (pb~1)|L(back) (pb~!)| P, |N(signal)|N(back)| 7P

E835-1997 19.07 40.03 0.323 7 2 0.0068
E835-2000 25.69 35.03 0.447 6 1 0.035
E835-combined 44.76 75.06 0.384 13 3 0.00059

TABLE III: Binomial Ps for the 1.7y channel in E835-1997, E835-2000, and for both runs combined,

using the a priori (E760) signal bin.

events in the respective interval is 0.000039 (0.00063). We again take a Bonferroni factor
10 (5) and obtain P = 0.00039(0.0031).

4. Significance from the likelihood ratio: As described below, we simulate 50,001
experiments with the conditions of E835 under the hypothesis of a linear background, and
find the probability that a likelihood as large or larger as that observed arises by chance,

yielding P between 1x10~% and 3x10~% depending upon the assumed resonance width.

We have tested the null hypothesis of a uniform cross section against the alternative
hypothesis of a narrow peak in the expected h. region. All of our tests yield a highly
significant P. In the absence of a narrow peaking background, these provide strong evidence

for a resonance near 3526 MeV.

Resonance and background parameters

We fit the measured cross section to the sum of background and resonance terms, the
latter Breit-Wigner with resonance energy Er and width I'g, convolved with the density
function of the cm energy, which is taken as Gaussian with rms width o 5 determined for
each run. The data are binned by both /s and o so we can include the latter in the
model, and fit by the Poisson maximum likelihood method. The expected number of events
for the i’ bin at mean cm energy /s = E;, mean cm-energy rms width o./s = 04, bin width

AFE; and integrated luminosity L;, is:

11



[i(ERr,Tr, 0p, Obkga) = Li[ovkga(Ei) +

Iy T

(27)1/20, E' — Bp)? +1%/4

2 2
ER—4mP
4

Obkga(E) is parameterized as og+b(E(MeV)—3526.2). The data are insufficient to fit for I'g.

where o, = eouti—gBﬁpB,M, €our 1S the acceptancexefficiency product, k? = , and
This is not surprising as the putative resonance peak is narrow and evidently undersampled.
For fixed values of I'p in the range 0.5-1.0 MeV, we obtain the values of Ef, 0,, 0y and b

that minimize the negative log likelihood:

—ln,C(ER, Op, Ubkgd) = — Z N,lnfz + Z fz + Z l?’LNZ' (5)

We fit the data from 3300 to 4400 MeV. The x., and x., data provide nearby background
regions on either side of the h. search region. The background is mainly due to 37° events
where the 7° decays are symmetrical or highly asymmetrical, thus simulating single photons.
Background from nr%7? events is reduced in comparison to 37° by the much smaller cross
section, and by the smaller laboratory £ of the n. Of 23 events selected, 15 are in the h,
region with the rest in the x.,, X¢,, and 7, search regions. The results are given in Table IV
for five values of ['y,. We observe that the background parameters are relatively independent
of I'r, and that the signal strength I';,B,, , increases slowly from 10.04£3.5 to 12.0£4.5 eV as
I'g increases from 0.5 to 1.0 MeV. The maximum likelihood favors smaller I'g. P(nominal),
a relative measure of significance obtained from the approximation that —2AInL for the
resonant less the non-resonant hypothesis is distributed as x?(1), is given in Table IV.

We also perform a Poisson maximum likelihood fit to the model of equation 4 where we
add the expected angular dependence of the background and signal terms. The background
angular distribution within the angular interval —0.4 < cosf; < 0.7 is obtained from events
in the interval 3522 MeV< /s <3529 MeV satisfying all selection criteria except for the
photon weight cuts and the x? probability cut for the 7.y fit. It is compatible with isotropy.
The signal angular distribution is oc sin?#5. The fitted parameters do not significantly
change but InL increases by 2.68 suggesting that the expected E1 decay angular distribution
is a better hypothesis than isotropic decay.

The result for I'z,B,,, is consistent with the expected branching ratios of several x10°

for the pp mode and about 0.5 for the 7.y mode [7, 8. We numerically estimate

12



Tr Eg LopBry| 00 b —log £|P(nominal)| P(sim) |P(sim)f
(MeV) (MeV) (eV) | (fb) |(fb/MeV) (x1073) |(x1073)|(x1073)
0.5(fixed)|3525.831312110.0138) 77730 | -0.36 | 34.19 0.30 0.98 | 0.86
0.7(fixed)|3525.821513110.832| 79731 | -0.37 | 34.86 0.62 1.90 | 1.70
0.8(fixed)|3525.821030 [11.275:5| 80731 | -0.37 | 35.15 0.85 2.28 | 2.08
0.9(fixed) |3525.81 7053 [11.6147| 80732 | -0.38 | 35.41 1.1 2.74 | 2.40
1.0(fixed) |3525.817022112.0755| 81732 |  -0.38 | 35.66 1.5 3.16 | 2.76
No resonance: 156":%8 -0.74 40.72

TABLE IV: Fits to the E835-1997 and E835-2000 7.y data in the energy range 3300<
v/s <4400 MeV. The background is linear with cross section o at 3526.2 MeV and slope b. The
binning is: /s by 150 keV, o s by 50 keV; Npns= 64. The nominal significance P(nominal) is
derived from the approximation that —2AlnL for the resonant vs the non-resonant hypothesis is
distributed as x?(1). P(sim) is determined by simulation, and is the probability that the likelihood
ratio for the resonance-plus-background hypothesis vs the background-only hypothesis is greater
than the experimental value. P(sim)! is also determined by simulation and is the probability
that both the likelihood ratio and the signal strength I';pBy 4 for the resonance-plus-background

hypothesis vs the background-only hypothesis are greater than the experimental values.

the significance of the resonant signal by simulating and fitting 50,001 experiments,
taking the integrated luminosity at each energy to be the experimental value, allowing
3525.2 < My < 3527.2 and fixing I'p between 0.5 and 1.0 MeV. We test the background
hypothesis against the alternative hypothesis of background plus a resonance by com-
puting the probability that a signal appears by chance that is at least as significant
and/or as large as that observed experimentally. The numerical Ps, given in Table IV, fall

between 1 and 3 x1073, compatible with the significance found by binomial Poisson analysis.
J/47° reaction
The detection of this decay channel is comparatively easy since the J/i provides a
strong signature with small accidental background. However the study of the resonant

channel is complicated by the presence of a continuum pp— J/y7® signal predicted by
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theory [11] and detected by E760 at the predicted level. Since continuum and possible
resonant amplitudes would interfere, the energy dependence of the cross section could be
asymmetrical. Further, detectability of a narrow resonance depends crucially on the width

of the beam and on the integrated luminosity distribution.

Trigger and Event Selection

The trigger for the inclusive reaction:
pp — J/U + anything — e“e  + anything . (6)

was designed to accept events with a large-mass ete™ pair within the acceptance of the
central detector. It was implemented by requiring two charged tracks as defined by a coin-
cidence between two hodoscope counters (H1xH2) aligned in azimuth, with at least one of
the two particles tagged as an electron by a signal in the corresponding Cerenkov cell. In
addition, two large energy deposits (clusters), separated by more than 90° in azimuth and
with an invariant mass greater than 60% of the center of mass energy, were required in the
CCAL. The efficiency of this trigger was measured to be 0.90 4+ 0.02 from a clean sample of
pp — ' — et e~ events, taken with relaxed trigger conditions. Online, a filtering program
identified electron candidates as CCAL energy clusters aligned with tracks formed by the
hodoscopes and Cerenkov elements.

Offline, we require that the electron quality index E'W exceeds 1.5. This quantity is
a likelihood ratio based on scintillation counter and Cerenkov counter pulse heights, and
CCAL cluster moments of both electron tracks. It is described in Ref. [3]. We limit the
et(e”) acceptance to the Cerenkov fiducial region (15° < 6 < 60°), and require that the
ete” invariant mass exceeds 2800 MeV.

Of the events passing these cuts we only accept those compatible with
o — J+1" —e +et+2y, (7)

restricting the acceptance of the two photon clusters to the CCAL fiducial region
(12° < 6 < 68°) and their measured times to be within 10 ns of the event time derived
from the trigger. Additional on-time CCAL clusters are allowed only if they are compatible
with photons radiated by the et or e™ (Egust < 100 MeV and 6, < 10°). Finally, a
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six-constraint fit to Reaction 7 is applied, and events with y? probability less than 1072
are rejected. With this set of cuts the selection efficiency is approximately 25% and the

residual fraction of accidentals is estimated to be less than 10%.

Results

In Figure 10 we plot the measured cross section for Reaction 7 over the full center-of-
mass energy range scanned by E835, but excluding (a) the x1, X2, ¢’ resonance regions to
avoid background from J/v inclusive decay channels, and (b) the h. search region (3524 <
V/s < 3527 MeV). The cross section increases slowly with energy and is compatible with that
measured by E760 (black squares). The measured value at /s = 3526 MeV is 0 = 2.144+0.17
pb.

In Figure 11 we plot the cross section for Reaction 7 observed in the h. search region,
compared to the continuum level determined from the data of Figure 10, combining data
from the 1996-97 (circles) and the 2000 (triangles) running periods. For comparison
purposes, we show an extrapolation of the E760 result to E835 data-taking conditions
(squares). The E760 data points were obtained by selecting, from the published E760
sample, events fully contained in the CCAL (51 out of 67), to generate a sample compatible
with the E835 data presented in this paper. The E760 event yields, bin by bin, were scaled
by the ratio of the E835 to E760 integrated luminosities. (We note that removing events
with photons in FCAL decreases the acceptance by ~ 0.75 and considerably reduces the
significance of the E760 signal). In the E835 data there is no evidence of an event excess

that would correspond to a narrow (< 1 MeV) resonance.

Significance of the resonant signal

We estimate the significance of a possible event excess in the J/v7° channel in the
same way as for the 7.y channel. We exclude the x.; and x.2 resonance regions, since the
radiative decays to J/v¢ry constitute a background to J/v7° and consider only data for
3520< /s <3540 MeV.

1. Binomial significance with a priori H1: We test the null hypothesis HO that the cross

section is the same in the signal bin and background bin, taking the same E760 signal

15



bin as above between 3525.6 and 3526.4 MeV, which for E835-1997 contains 19.07 pb~!.
The background bin contains 23.13 pb~!, giving a binomial coefficient for the background
hypothesis of P, = 0.45. There are 40 events in the signal bin and 55 in the background
bin for P=0.76. For E835-2000, the corresponding values are 25.69 pb~! in the signal bin
and 24.63 pb~! in the background bin for P, = 0.51, and 74 events in the signal bin and
56 in the background bin, for P = 0.11. Combining both data sets we have 44.76 pb~! in
the signal bin, 47.76 pb~! in the background bin, Py, = 0.48 and P=0.27. We also consider
the bins containing 7.7y excesses: a. 3525.7< /s <3526.2 MeV, P,=0.344, 68 signal events,
157 background events, P=0.92, b. 3525.7< /s <3526.7 MeV, 116 signal events, 109
background events, P,=0.54, P=0.78.

2. Binomial signifiance with a posteriori H1: There is no bin of 1 MeV or less in width

that contains a substantial event excess.

3. Poisson Significance: Assuming a flat cross section for 3520< /s <3540 MeV,
and obtaining o, = 2.4 £ 0.24 pb from the intervals 3520< /s <3525.6 MeV and
3526.7< /s <3540 MeV, we find n, = 76.29 and 119.6 respectively for the 0.5 and 1.0 MeV
intervals used in the 7.y analysis. The corresponding event totals are 68 and 116, fully

compatible with the background hypothesis.

We have no significant enhancement in the J/¢7° channel and do not confirm the reso-
nance reported by E760. The data are compatible with a flat cross section for /s between
3520 and 3540 MeV. An independent analysis of these data [12] reached a similar conclusion.

Conclusion

We have measured the cross section for pp — 7.7, 7. — 77y in the vicinity of the center of
gravity of the charmonium 3 P; states and observe a narrow structure (I' < 1 MeV) centered
at ~ 3525.8 + 0.2 MeV. The statistical significance of the signal corresponds to a P value
of ~ 0.001, where compatible values are obtained using binomial and Poisson counting
analyses, and from the maximum likelihood method, where we simulate the expected

distribution of likelihood ratio. The signal strength, given by I';, B, , ~ 12.0 £ 4.5 eV is
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compatible with the expected pp and 7.y branching ratios of the h.. The signal is seen
with equal strength and at the same My in the 1997 and 2000 runs of experiment E835.
For the signal-region integrated luminosity of ~ 9 pb~! taken in E760, we would have
observed between 2 and 3 events in this channel. This observation is evidence for the A, at

its expected location near the center of gravity of the charmonium ®P; states.

We have measured the cross section for pp — J/¢7® and observe no significant event

excess in the x.; center-of-gravity region.
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FIG. 1: The cluster-mass distribution of the photon for a clean sample of x.; — J/¢y —
ete y(J = 1,2) events (solid) and for candidates for the process pp — eTe™y, with M+, < 2800
MeV (open). The latter data set is enriched in coalesced 7° showers. The inset shows the lowest-
energy photon for the A, — 1.y — 37 candidates. The dashed histogram is the prediction of the

simulation.
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FIG. 2: The cluster-mass distribution of the electrons for a clean sample of x.; — J/¢¥vy —
ete”y(J = 1,2) events (solid) and for candidates for the process pp — eTe™y, with M+, < 2800
MeV (open). The latter data set is enriched in coalesced 7° showers (open). The inset shows the
higher-energy photons for the h, — 1.,y — 37 candidates. The dashed histogram is the prediction

of the simulation.
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FIG. 3: Dalitz plot for events fitting pp—~yyy for 3524< /s <3527 MeV. A cut has been made

which removes events containing 7%s. The dotted line indicates the center of the expected 7. band.
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FIG. 4: Center of mass angular distribution of y3 showing a backward peak due to feed-down events.
Cuts have been made that remove events containing 7°s and those with |cos#F| < 0.5 or |cosf3| <
0.5. The inset shows the h. candidates between 3525.6 and 3526.4 MeV. The dashed histogram is
the corresponding distribution obtained from the simulation. The dotted lines represent the cut

made on cos 3.
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fitting pp—n.y—vvyy (large dots). Cuts 1 and 2 on v cm angles described in the text have been

made. The dotted line indicates the center of the expected 7, band.
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FIG. 7: The measured invariant mass Ms3, showing 1 and 1’ peaks. A cut has been made that
removes events containing 7%s. The shaded histogram represents events remaining after the cm

angular cuts and an adequate fit to 7.y. The final analysis is restricted to Mas >1000 MeV.
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FIG. 8: The measured invariant mass of the two highest-energy photons for the h. candidates
between 3525.6 MeV and 3526.4 MeV. The dashed histogram is the corresponding distribution

obtained from the simulation. The rms widths for the data and simulation are compatible.
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FIG. 9: The cross section for pp—n.y—7y7v7y. The inset shows an expanded view of the h. search

region. The E835-1997 data are open circles and the E835-2000 data closed triangles.
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FIG. 10: Measured cross section for pp — J/1 +7° — e~ + eT + 27y over the full center-of-
mass energy range scanned by E835. The E835-1997 data are circles and the E835-2000 data are
triangles. The squares are the E760 measurements. Binning is done in 300 keV intervals. When
the luminosity and number of events collected in a bin are small, adjacent bins are combined. The

horizontal bars give the energy uncertainties obtained by in-quadrature summing of bin widths

AA_L»_A_A_'_A_A_\‘,
: \\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

3400

5500

5600

3700
Eern [ MeV ]

and beam spreads. We show a linear fit to the E835-1997 and E835-2000 data.

28



olpbl

o N O @

3

3525 5530
Eem [ MeV ]

o)
T T ‘ T T 1 ‘ T T 71 ‘ T T 1 ‘ T T 71 ‘ T T 1

Measured cross section [ pb |

—_
T T 1 ‘ T T T

O \ \ \
55272 5524 5526 5528 5530

Fern [ MeV ]

FIG. 11: Measured cross section for pp — J/¢p +7° — e~ + et + 2y within the h, search region.
The E835-1997 data are circles and the E835-2000 data are triangles. When the luminosity and
number of events collected in a bin are small, adjacent bins are combined. The horizontal bars give
the energy uncertainties obtained by in-quadrature summing of bin widths and beam spreads. The
solid line and the +10 dotted lines show the continuum level determined from the data of Figure 10.
The squares represent an extrapolation of the E760 data (shown in the insert with a superimposed
fit to a Breit-Wigner function of 500 keV widt% to E835 data-taking conditions, where the event

yields are scaled up, bin by bin, by the ratio of E835 to E760 integrated luminosities and the



