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A high-statistics search for the production of narrow pp states with a p beam at 5 GeV/c
finds no evidence for such states from threshold up to 2.3 GeV. In particular, we set an

upper limit {95%C.L.) of 9 nb for any state below 1.95 GeV with I (5 MeV in the reaction

pp —+pp~ . Comparable limits are set for the reaction pp —+pp {p+co) and inclusive pp pro-

duction.

I. INTRODUCTION

The existence of narrow NX states, a subject of
considerable interest to experimentalists and theor-
ists alike, has been increasingly called into question
over the last few years. The original observation of
narrow states produced by baryon exchange' has
been contradicted by subsequent experiments '

while the existence of a narrow pp state (I & 5 MeV)
with 1935-MeV mass seen in some formation ' and

production experiments has not been confirmed by
later ones. However, the situation concerning the
existence of this state is still unsettled. The data of
Hamilton et al. are consistent with the existence at
that mass of an object broader (I &20 MeV) than
previously claimed with a cross section about 2%%uo of
the annihilation cross section. A new experiment'
which claims much better resolution than Hamilton
et al. seems to confirm the previous observation by
Bruckner et al. s of a narrow state (I' & 4 MeV) with
cross section =5%o of the annihilation cross section.
The most recent result is that of Sumiyoshi et al. "

which seems inconsistent with the existence of either
a narrow or broad object. Additional information is
clearly still needed.

It is natural to expect that a state seen in pp for-
mation should be observable in baryon-exchange
processes and the most suitable reactions would be
of the type

pp ~(pp)f+x (1)

where (pp)f is fast in the laboratory system and X
is the recoil system. The use of a p beam allows one
to study pp systems produced by baryon exchange in
the forward direction (where detection and identifi-
cation are easier) with relatively low beam momen-
tum and low recoil mass so that the cross sections
are large. We have reported on a preliminary
analysis of reaction (1) with a p beam at 5 GeV/c in
a previous publication. In this paper we have
dropped some restrictive requirements on the data,
thereby increasing our acceptance, particularly at
low pp masses, by as much as a factor of 20 without
substantial increase in the background. We still ob-
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serve no evidence for narrow states. Our present
upper limits (95% C.I..) range from 10 nb below
1.95 GeV (I & 5 MeV) to 60 nb at 2.2 GeV (I & 20
MeV). The limits below 1.95 GeV correspond to
&8% of the production cross section per 5 MeV
and are 5 times lower than our previous publica-
tion.

II. EXPERIMENTAL LAYOUT

The experiment was conducted at the Brookhaven
National Laboratory multiparticle spectrometer
(MPS) with a 5-GeV/c separated p beam incident on
a 60-cm-long liquid-hydrogen target. The layout of
the beam, known as the medium-energy separated
beam (MESB), is described in detail in Ref. 12.
Typical beam intensities achieved with the MESB
tuned to 5-GeV/c antiprotons were 40000 p's per
pulse of the Alternating Gradient Synchrotron
(AGS) with 2 X 10' protons incident on the produc-
tion target.

The purity of the p beam was typically 70%.
Three gas Cherenkov counters C1, C2, and C3
filled with Freon 12 at 0.5, 0.5, and 61 psig, respec-
tively, identified pions (C 1 C2 C 3), kaons
(Cl C2 C3), and antiprotons (Cl C2 C3) in the
beam. Contamination of valid events by misidentifi-
cation ofp 's was negligible.

The beam line contained a beam spectrometer
consisting of four proportional wire chambers
(PWC's) surrounding the last 8' bending magnet in
the beam-transport system. The beam-momentum
resolution (o ) was 0.3%.

The apparatus for the experiment is shown in Fig.
1. It consists of the MPS magnet filled with an ar-

CB (1 r ii)

/SX

ray of spark-chamber modules for measuring
charged-particle trajectories, three multiwire propor-
tional chambers for triggering purposes, and, down-
stream of the MPS magnet, a large high-pressure
gas Cherenkov counter (C7) with y threshold of 10
and two scintillator hodoscopes (H 5 and H 7). De-
tailed descriptions of the various elements of the
MPS can be found in Ref. 13; here we include only a
brief summary of the MPS configuration relevant to
this experiment.

Two types of spark chambers were used. Sur-
rounding the target on the left, right, and directly
downstream were three arrays of capacitive-readout
chambers labeled SL, , Sg, and SD in Fig. 1. SL, con-
tained three chamber modules interspersed with
three P%C's, Sz had two modules, and SD had three
modules. Each module had two X readouts (anode
wires parallel to the magnetic field) and two Y
readouts (anode wires perpendicular to the magnetic
field); the PWC's in SL, read out in the X direction.

The bulk of the trajectory information came from
the magnetostrictive-readout chamber modules fil-
ling the downstream half of the MPS magnet.
There were eight SX modules containing XUVX
readouts each, and six SY modules with YY
readouts. U, V denote chamber wires inclined +15'
with respect to the X wires.

The trigger PWC's T1 and T2 were located in the
downstream half of the MPS magnet as shown in
Fig. 1. The magnet was run at 5 kG central field
during this experiment.

The high-pressure Cherenkov counter C7 was
filled with 50 psig of Freon 12. It is a 3-m-diameter
cylindrical vessel with optical components along the
horizontal axis and symmetric with respect to its
horizontal and midplane. Cherenkov light is reflect-
ed first from a plane mirror and then from an ellip-
tical mirror before entering a bank of 160 photomul-
tipliers, divided equally among top and bottom of
the pressure vessel. Each photomultiplier is fitted
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FIG. 1. Schematic diagram of the experimental layout.
T1 and T2 are planar PWC's; H7 and H5 are
scintillation-counter hodoscopes; C7 is the high-pressure
Cherenkov counter. All these elements have been used in
the triggers. SL, , S~, and S~ are regions with capacitive-
readout spark chambers. SX and SF are regions with
magnetostrictive-readout spark chambers. The MPS
magnet was set at 0.5 T I,'the direction of the field points
into the paper).
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FIG. 2. Efficiency for detecting ~'s with C7 as a func-
tion of momentum (p).
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with a lucite light pipe in the shape of a Winston
cone, '" which also acts as a pressure seal. This light
pipe is connected inside the vessel to an aluminized
Winston cone mirror guiding the Cherenkov light to
the photocathode.

H5 is a 112-counter scintillation hodoscope with
2.5-in. -wide slats.

87 is an 18-counter hodoscope, 9 top and 9 bot-
tom, symmetric with respect to its horizontal mid-
plane. Groups of 18 photomultipliers from C7 are
ganged together in coincidence with a matching 18-
in. slat from H7 to form C7 H7 and C7 H7 coin-
cidences.

The trigger required a fast forward proton or K+
with momentum greater than 1.2 GeV/c. The
momentum of the trigger particle was selected by a
three-dimensional coincidence-matrix logic system.
It consisted of two random-access memories'
(RAM1 and RAM2). The input signals to RAM1
were ( T 1,T2,H 5) and to RAM2 were
( T 1,T2, C7 H 7 ). The RAM1 system selected
events having positive tracks in the required
momentum and angular range. The RAM2 system
ensured that the momentum-selected tracks went
through the C7 fiducial volume and, by using C7 as
a veto, rejected m.+'s accepted by RAM1. For mo-
menta greater than 1.8 GeV/c the RAM1 and
RAM2 coincidence rejected more than 99% of the
n.+'s. In Fig. 2 we show the efficiency of C7 as a
function of m+ momentum. The m's were obtained
from K ~a+n m decays using a 5-GeV/c K
beam. Since the proton momentum distribution for
our selected events peaks above 2.0 GeV, if we keep
events with p & 1.6 GeV/c, the n+ contamination in
our whole sample will remain quite small.

III. DATA SELECTION
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FIG. 4. MM (pp) for all combinations with

M(pp) &2.3 GeV requiring only that the p satisfy the
trigger requirements and have p & 1.6 GeV/c.

periment each at 5 GeV/c. While this paper focuses
on the p-beam data, some results from the K beam
will also be presented, to demonstrate the quality of
the data. The two experiments (p and K ) were
identical in all respects except for the beam. The
triggers were processed through pattern recognition
and track-fitting programs on the BNL CDC 7600
computer (where the processing time was about 250
msec per event).

The reaction studied was

PP ~(PP)rasI+X

where X is chiefly composed of neutral and
charged pions. The event-selection process included
the following requirements: (1) a reconstructed ver-
tex inside the liquid-hydrogen target, (2) a positive
nonpion particle with momentum & 1.6 GeV/c

Table I lists the pertinent fluxes and rates of this
p-beam experiment and a comparison E -beam ex-

400

N

~ 500
cf
O
o 200
I-
LLI

l 00
UJ.

po

I
I

I I

I I

I

I I
I I
I

I
I

I
I

I
I

I
I

I

I

I

-0.2 0.2 l.40.6 I.0
MM2 (pp) (GeV2)
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satisfying the RAM trigger requirement, and (3) at
least one additional negative reconstructed particle.
A total of 192000 events satisfied the above three
criteria. The additional requirement that a negative
track with momentum greater than 1.6 GeV/c go
through C7, i.e., identifying the negative track as a
nonpion, reduced the sample to 7000 events. This
reduced sample of events was published in Ref. 3.
In this paper that requirement will be dropped.

The purpose of this experiment is to look for nar-
row pp resonances. However, our identification and
selection process will also accept pm. and pE as
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FIG. 7. MM (pK+ ) spectrum for events with
1.505 &M(pK+) &1.530 GeV and —t(p~pK+) &0.6
(GeV/c)'.
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well as E+n. , E+E, and pE+, These un~anted
combinations create a background, but a narrow pp
peak should still be recognized. In order to reduce
kinematic reflections from non-g7p events, several
cuts were applied to the data. The notation to be
used for missing-mass calculations is as follows:
For the reaction pp —+@@+X,MM (pip) means the
square of the mass of X calculated as a missing
mass with the masses of the positive and negative
particles assumed to be p and p, respectively. Figure
3 shows the missing-mass spectrum MM (pp) for
the subsample where both the positive and negative
particles are identified by C7 to be nonpions. The
m. , il and (p, co) peaks are clearly evident. This
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FIG. 6. (a) M (pK+ ) for all pairs, satisfying
—t(p~pK+) &0.6 (GeV/c); (b) same as (a) but in addi-
tion, require 1.05&MM {pK+)&1.45 GeV and include
in case of ambiguity only the pair with lowest
—t(p~pK+); the solid curve is the result of a fit with a
simple Breit-%'igner form plus quadratic background; {c)
M(pK+) for events requiring —t (p —+pp) &0.6 (GeV/c)
and —0.15 & MM (pp) &0.76 GeV .
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FIG. 8. MM (pp) spectrum for events with —t &0.6
(GeV/c) and M(pp)&2. 3 GeV. If more than one pair
per event satisfies the requirements we only 'include the
one with smallest —t. The shaded events under the first
peak are two-prong events. The shaded events under the
third peak are those for which 1.05&MM (pK+) &1.45
GeV2.
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(o) for pp~E+E +X all combinations. The solid
curve is a fit to a simple Breit-Wigner form with parame-
ters fixed to the values obtained in (a) plus a quadratic
background. The closed circles (0) are the same events

requiring —0.15 &MM (pp) &0.76 GeV and —t(p~pp)
&0.6 (GeVr~)'.

sample of events is fairly clean, especially if
MMi(pp) & 0.76 GeV [because MM (pE+ ) and
MM (pE ) have thresholds at the A/A) mass,
respectively]. No narrow pp resonances were ob-
served in this sample (see Ref. 3}.

The acceptance for both the positive and the nega-
tive particle entering C7 is small (1 to 2%) and
severely reduces the angular coverage. For this
reason, in the following analysis only the positive
particle is required to be identified by C7. However,
30%%uo of the events contain more than one negative
particle, and this leads to some combinatorial back-
ground. A series of cuts were applied to the data to
enhance the pp signal relative to the background
without drastically reducing the statistics of the sig-
nal. First, the mass of the pp system was restricted
to be below 2.3 GeV; this reduces the combinatorial
background. Figure 4 shows MM (pp) for a total of
210000 combinations from 180000 events that satis-

fy this first cut. The n.and (p, co} signals are clear-
ly visible above large backgrounds. In order to
reduce the E p and pE+ contamination, the second
selection required that —0.15 & MM (pp) & 0.76
GeV . Events with pE+ or E p are accompanied
by at least a A or A, and will hence have a missing
mass squared greater than 0.76 GeV . The lower
bound of the second selection removes only E+E
or E+m events, without appreciably reducing the
g7p sample. Figure 5 shows the momentum transfer
square (tzz) from p to pp for events that pass the
first cut (open circles) and the first and second cut
(closed circles). Resonances in pp should be pro-
duced by baryon exchange and should be peripheral.
The second cut clearly favors the low tevents, t-here-

by enhancing peripheral pp production. A third cut,

tzz & 0.—6 (GeV/c), was then applied, reducing the
sample to 58000 events of which only 5% have
more than one pp possibility due to multiple nega-
tive tracks. For the remaining discussion, if more
than one pp hypothesis exists, then the one with the
lowest

~ tzz ~

will be used.
One way to measure how well the pE+ and E p

possibilities have been removed is to study the hy-
potheses pp ~pE+X . Figure 6 shows various pE+
mass spectra. In Fig. 6(a), only the third cut,

r(p ~pE+—) & 0.6 (GeV/c), has been applied.
The A(1520)~pK+ is unquestionably visible. The
additional requirement 1.05 & MM (pE+ ) & 1.45
GeV (i.e., selecting missing A) greatly enhances the
A(1520) as shown in Fig. 6(b). Figure 7 shows the
MM (pE+) spectrum for events in the A(1520)
peak, i.e., 1.505 & M (pE+ ) & 1.530 GeV and

t(p +pE+) —&0.6 -(GeV/c)~ The A pe.ak is great-
ly enhanced and the number of A's are close to the
number of A(1520} events indicating that most of
the A(1520) come from the reaction pp~A(1520)
A. If instead the second and third cuts are applied,
i.e., —0.15 &MM (pp) &0.76 GeV together with

tzz &0.6 (GeV—/c), no A(1520) peak is observed
[see Fig. 6(c}]. This shows that the three cuts effec-
tively remove all pE+ events. %e thus conclude
that after cuts the contamination of pE+ events in
the pp sample is negligible. A similar argument also
applies to the pE events. Figure 8 shows the
MM2(pp) for events that pass the first and third
cuts. The ir and (p, co) peaks are clearly evident.
The third peak at 0.9 to 1.0 GeV is the reflection of
the A from the pE+ events. The cross-hatched
events under this third peak correspond to the same
events where 1.05&MM (pK+) &1.45 GeV~, i.e.,
events in the A missing-mass peak. Clearly the
third peak is almost entirely due to pE+ events and
so a MM (pp) &0.76 GeV cut eliminates most of
this background. The low number of events with
MM (pp) & —0. 15 GeV indicates that the back-
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ground from E+E and E+m events is small
(since for those events the pp hypothesis can lead to
negative MM ). The cross-hatched events under the
first peak, —0.2 & MM (pp) & 0.25 GeV, are two-
prong events. Over 97% of the events in that region
are two prong, as expected if they come mostly from
the reaction pp ~@pm .

The A(1520) peak can be used to check the exper-
imental rms resolution. A fit to the pEC+ spectrum
with a Breit-Wigner form plus a quadratic back-
ground (assuming o'=3 MeV, the calculated value
of the resolution) gives m = 1517+1 MeV and
I =13+2 MeV, compared to the world average
values of 1519.5+ 1.5 MeV and 15.5+1.5 MeV,
respectively. ' A better check of our resolution at

800-

low masses comes from reconstructed $~E+E
decays. Figure 9(a) shows events for
E p~(%+K +X ) and (K+X +A) in 1-MeV
bins in the P region. Fitting these events to a Breit-
Wigner form plus quadratic background and assum-
ing I =4. 1 MeV, gave 0 =2.6 MeV and
m = 1020.1+0.2 MeV, to be compared to the world
average value of 1019.6+0.2 MeV. This shows that
any systematic errors in the mass calculation are
small. The o obtained from the fit agrees well with
the 0 calculated from track errors which gave a
value of 2.5 MeV. Figure 9(b) shows the K+K
spectrum for the hypothesis pp —+E+E +X with
no cuts. Most of the events are not X+K, but a
small P signal can be seen at the right mass and with
the expected width, above a very large background.
At the peak the signal-to-background ratio is 1/7.
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Figure 9(b) also shows the same spectrum after re-

quiring cuts two and three, i e.,
—0.15 &MM (pp) &0.76 GeV and tzz

—&0.6
(GeV/c); there is no evidence of any P production,
consistent with the expectation that after these three
cuts the contribution from events other than pp is
negligible.

IV. LIMITS ON NARRO% pp STATES

In Figs. 10 and 11 we show the pp mass spectra,
in 5-MeV bins below 2.0 GeV and 10-MeV bins
above 2.0 GeV, after requiring
—0.15 & MM (pp) &0.76 GeV, tzz &0.6—
(GeV/c), and, if more than one combination satis-
fies those cuts, keeping only the one with lowest

tzz. Cl—early no significant structure is present for
these events, nor is there any if we select ppn, de-
fined as two-prong events with —0.15&MM (pp)
&0.2 GeV, or pp(p+co), defined as events with
0.44 & MM (pp) & 0.76 GeV .

To calculate the acceptances, Monte Carlo events
were generated for reactions pp~ppX as functions
of pp mass and pp missing mass with a e '+ produc-
tion distribution and isotropic angular decay distri-
bution. The generated events were put through the
trigger requirements and the reconstruction pro-
grams. The geometrical acceptance and program ef-
ficiency is quite large, ranging from 65% near
threshold to 20% above 2.1 GeV [these include the

t &0.6 G—eV /c cut]. An additional 30% loss

occurs from inefficiencies in the trigger elements,
beam losses, etc. The final efficiencies as a function
of mass are shown in Figs. 10 and 11; these efficien-
cies assume isotropic decay-angular distributions.
In Figs. 12 and 13 we show the cos8 decay distribu-
tion in the Jackson frame (cos8J) and the tzz distri-
butions for 5 mass regions; 8J is defined as the angle
between the beam and the outgoing p in the pp rest
frame. Also included are the calculated efficiencies
as a function of cos8q and t. One can see from Fig.
12 that, although the data are not isotropic, given
the good angular acceptance when M(pp) & 2.0 GeV
estimated upper limits for narrow pp states will be
fairly insensitive to the decay angular distribution.
This is not the case for M(pp}&2.0 GeV, where

upper limits can change significantly if very
asymmetrical distributions are expected (possible if
there are large interference effects}. In the latter
case the upper limits given in Table I need to be re-
calculated using the efficiency as a function of cos8z
given in Fig. 12.

To check the efficiency calculation we used the
reaction K pe/A, P—+K+K, for which we have
a fairly clean signal and the contribution from
K p~PX seems to be small (see Fig. 14). The
overall fiux for the K data is 11 nb ' and the effi-
ciency for reconstructing K p~PA is 20+1'Fo.
This is substantially lower than for low-mass pp
pairs because of K decays. A fit to the observed
events gives 28 500+200 P's from which we obtain a
cross section (corrected for branching ratio) of 27+2
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pb, the error comes from uncertainties in the Monte
Carlo calculations. The estimated cross section for
this reaction from the world compilation' is 36+5
pb, compatible with ours.

The total flux for the p beam is 6.0 nb ' and us-

ing the acceptances shown in Figs. 10 and 11 we ob-
tain 20 upper limits given in Table II. Between the
threshold and 1.95 GeV our effective mass resolu-

CU

IA
O0
(AI—
Z
IJJ

4J

O

X(1585) 4 (I405) A ( I 520)

TABLE I. Data rates for the p beam and the com-
panion E -beam experiment.

Particles per pulse
Number of hours
Total Aux

Trigger rate

Number of triggers

40000
70
2.7x10'

1

3500

7.7x10'

15 000
300

4.5 X10'
1

1500

3x 10'

I.5 2.0
MM (GeV )

2.5

FIG. 14. MM (E+E ) spectrum from reaction
E p~E+E +X requiring 1.014&M(E+E ) & 1.026
GeV.
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TABLE II. Production-cross-section upper limits (95%
confidence level).

can be substantial if the decay angular distribution is
highly asymmetric.

M (pp)
(GeV)

r&
{MeV)

o(nb)
p+ co "Inclusive" V. CONCLUSION

& 1.95
1.95—2.0
2.0—2.05
2.05—2.2

5

10
10
20

9
17
19
26

15
26
31
55

20
36
39
58

tion varies from 2.0 to 3.0 MeV so we can give lim-
its for states with I' & 5 MeV. They range from 9 nb
for ppm to 20 nb for pp inclusive (inclusive are
events with 0.15&MM &0.76 GeV ). The resolu-
tion varies from 3 to 6 MeV between 1.95 and 2.05
GeV; thus we give limits in that region for 1 &10
MeV, while by 2.2 GeV it is 10 MeV so limits are
given for I'&20 MeV above 2.05 GeV. It is
noteworthy to point out that the limit in the S re-
gion (1935 MeV) is &8% of the "inclusive" cross
section. This is to be compared with the observation
of the S as 5% of the annihilation cross section in
formation experiments. ' As pointed out earlier
(see Fig. 12) the very good angular acceptance below
1.95 GeV implies that our limit is independent of
the angular distribution. Above 2.05 GeV it is im-
portant to keep in mind that these limits are for iso-
tropic decay angular distributions. The variation

A high-statistics search for the production of nar-
row pp states with a p beam at 5 GeV/c was con-
ducted with negative results. The experiment had
good resolution and particularly good and uniform
acceptance at low masses, &1.95 GeV. These en-
abled us to set upper limits (95% C.L.) of 9 nb for
pp~pptr, 15 nb for pp~pp(p+co), and 20 nb for
pp —+ AX [where X is defined by
—0.15&MM (pp) &0.76 GeV ] for the production
of states with I &5 MeV. From 1.95 to 2.05 GeV
our limits ranged from 20 to 40 nb for I'& 10 MeV
and above 2.05 GeV from 30 to 60 nb for I &20
MeV. The upper limits are typically a factor of 5

lower than previously published for the same reac-
tions.
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