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ABSTRACT

We present a preliminary report on a study of the exclusive reaction
pp •*• pph+h" (h = u,K,p) at /s = 63 GeV and /s = 45 GeV, with
h + and h~ in the central region. This reaction has been suggested as
a method of searching for gluonium states. The mass distributions in the
H+TT- system appear to be identical at the two values of /o •
They show a rapid order of magnitude decrease in cross-section at 1000 MeV/c2

and 1500 MeV/c . Further structure is observed above 2000 MeV/c2.
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I. INTRODl'CTIOM

We are investigating the properties of the mesonic system M produced via

the exclusive reaction pp •*• pNp, where the state M consists of two charged'

particles which are contained in the central region y < 1 and are

fully measured. The two final state protons have almost the full c m . momentum

of Che incident protons (x_ ^ 0.95).and are well isolated in rapidity from

the central region ( y ^ 4 . 0 ) . The stare M must have Q = B=S=O. In the

framework of Regge theory such events are produced by double pomeron exchange

(DPE) [Ij and the quantum numbers of M are further constrained to be 1=0,

G=+l, C=+l. There are also constraints on the V of M; for example for a

71 ir or K K state thus produced one expects J = 0 , 2 , 4- etc. Such a highly

constrained system is of great interest for meson spectroscopy, especially in

view of the importance of establishing the existence (or non-existence) of

gluoniurn states (glueballs) [2] and the interpretation of the pomeron in QCD

as multiple gluon exchange [31. The possible value of this reaction in

gluonium searches was first pointed out by Robson [4].

Earlier experiments at lower c m . energies [5] did not isolate the DPE
o

process ; for example the presence of a clear p signal in Che

T^IT" channel (forbidden for DPE) demonstrated a strong contamination

from non-pomeron exchange. However at the highest ISR energies experiments [6]

have obtained a signal with all the expected characceristics of DPE, but they

were hitherto limited in both statistics and mass resolution. A signal was

observed at M ^ around 1300 MeV/c2, aCtribuCed to Che f(1270), but no

other significant structures were seen.

In this paper we present high statistics data with good mass resolution on

the IT IT (exclusive) final state, and limited data on the exclusive

K+K~ and pp central states, aC /s= 63 GeV. We also have some data at

/s= 45 GeV, which are referred Co only in seccion V, where the TT+TT~

mass spectrum is presented.



II. APPARATUS

The Axial Fieid Spectrometer (AFS) [7] is usad for measuring che

central hadrons. Charged particles are measured with up to 42 space-points

per Crack in Che cylindrical central drifc chamber covering over 85% of Che

azimuth « in 40° < 3 < 140° with dp/p ^ 2.5% p(CeV/c). Particles can

be identified as fl, K or p(p") over most of Che relevant mass region from

dE/dx measurements in the chamber. (A ful 1-azimuth electromagnetic and

hadronic calorimeter and two walls of Nal crystals can be used for dececcion

of if ,n ,K etc. but were not needed for the present study of

charged particle events).

To provide a trigger for this reaction and to measure the

trajectories of the forward protons we installed four small (5cm x 5cm

transverse dimensions) Crack detectors above (UP) and below (DOWN) each

downstream beam pipe at a distance z ^ 9m from the intersection, see

Fig. 1. Each Crack deteccor consiscs of three drirt chambers spaced over

1.1 m and two "̂  3cm x 3cm scintillation councers at Che front and back.

The drift chambers [8] each have four horizontal sense wires, the vertical

(y-direccion) drift distance being measured with a precision of O i> 120

Urn per wire. The wires are equipped with charge division read-out to give

Che horizontal (x-direction) position to 0 ^ 1.2mm (che wires are 5cm

long ; only the central 3cm are used). A final scate proton passes through

the ISR vacuum for ^ 8 m before emerging through a chin (0.2mm stainless

steel) window in a circular-elliptical pipe transition. Multiple scattering

and magnetic deflections are negligible, and we measure dy/dz and dx/dz with

O M 0 " 4 and ^3x10" respectively. Each forward track detector

covers 34 d 4 8 mrad over ^ 45° of azimuth $.

Most of che solid angle noc covered by che central deteccnr or the

forward Crack detectors was covered by "** 100 scintillacion counters. The

OR of these counters was used as a veto in the trigger logic. The trigger

required an AND of the following conditions :
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(i) a coincidence between the two scintillators in both forward 'UP1

arris or both forward ' D O W arms (Chus ensuring no background frow

elastic scattering),

(ii) at least 2 elements of a 44-scintillator central cylindrical

'barrel' hodoscope to have hits,

(iii) no detected charged particles in the angular regions covered by the

veto counters.

III. DATA TAKING AND RECONSTRUCTION

At /s= 63 GeV we present data from *v» 930,000 triggered events,

corresponding to "^ 200 hours of running with a typical luminosity ">• 1.7

x 10-"-en"zsec~ . Events were rejected if a second interaction occurred

within 100 ns of the triggered event, using timing information from all the

scintillator elements. Remaining events were analysed using the standard AFS

pattern-recognition and track-ficting programs. We then selected for further

analysis those events with two and only two central tracks, each with >_ 30

degrees of freedom, _> 15 z-measurements (from charge division), dp/p <

0.1 and fitting to a common vertex. 12% of the triggers remain. We then

calculate Zpv for the central hadron pair (p is the vertical momentum

component) and show its distribution in fig. 2a for the UP.UP and DOWN'. DOWN

triggers separately. Distinct peaks occur centred at -0.32 GeV/c (for UP.UP)

and + 0.32 GeV/c (for DC'.-.'N.DOWN) demonstrating clearly the presence of

exclusive events. [As dy/dz for each forward track is (5.25 ± 2.5)x 10

their momenta must be ^0.32 GeV/c/(2 x 5.25 x 10~3) ^ 30 GeV/c as

expected]. Less than 10 % of the events have Q= ±2 for the central pair,

and for these events the Zp distribution, shown as the shaded area in

Fig. 2a, shows no momentum-balancing peak as expected for non-exclusive

events. Only Q=0 central pairs are retained.

We then applied further quality cuts on the central tracks (vertex

fit X and track length) and required that the vertex be within the
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interaction diar.ond. Tracks were identified using the truncated mean of the

dE/dx measurements after correcting for an observed run-to-run variation

resulting from snail fluctuations in the drift chamber gain- All tracks were

assigned to one of five identification classes : unambiguous it, K or p(?) ,

TT/K ambiguous or ff/K/p ambiguous- A track was then required in each of

the two forward drift chamber telescopes and its direction cosines found ;

for cy/dz only the information frcm the telescope itself was used, while for

dx/dz the central vertex position was included in the fit. We then

calculated the momenta of the forward protons, assuming an exclusive C-prong

event and using the p a nd £ constraints. For this calculation the
z

incident momenta were corrected for momentum compaction(i .e • the correlation

between momentum and position within the beam) from the vertex position. The

distribution of Zp of the four final state particles is then found to

be centred at zero with a=35 MeV/c ; a cut is applied at ± 60 MeV/c.

Finally we calculate the difference between Zp. of the initial (IN) and

final (OUT) states (in the ISRlab. frame, Zp (i;<) 1,3 GeV/c). This is

shown on a logarithmic scale in Fig. 2b, and shows a sharp peak centred at

zero. The background due to residual non-exclusive events is shown as a

dashed line. A cut is applied at ± 150 MeV/c which then contains i> 5^

residual background (either non-exclusive events or events where one of the

four tracks was badly measured).

This final sample contains 34839 events. As the events are

exclusive (apart from the 5% background) it is sufficient to identify one of

the two central hadrons unambiguously and to require that the other be

consistent with having the same identity. In fact only 0.3% of the events in

this final sample have inconsistent identification (eg K with U, or K/TT

with p etc). Only 269 events ars classified as K+K~, requiring at least

one K to be uniquely identified, and 19 as pp". The vast majority of the

events (9S.9%) are either uniquely identified as, or consistent with beings

1+H~ and we take them as such. (Note that the K/TT ratio in this

sample is much less than that in typical hadronic collisions at this energy.)
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For Che TTTT events the d i-stribution of Feynman x for the protons

F = p£/Pnax) is shown in Fig. 3a on a logarithmic scale (2 entries per

event, with no correction applied for the acceptance of the apparatus). The

distribution peaks strongly above x_=o.99, 99-5% of the events having
r 2

*p- > 0.95. The range in t is 0.015 <!c i<0.045 (GeV/c) .The observed distributions

of the rapidity of the central pions, and of the central TTTT pair, are shown

in Fig. 3b. The acceptance of the central detector (with the track quality

cuts we required) cuts off the y^ distributions at ly! = 1.

IV. MASS SPECTRA AT /s = 63GeV

Fig. 4a shows the effective mass distribution of the TT+TT~ events in

25 MeV/c2 bins. The distribution rises rapidly from threshold, peaks at

"YJOO MeV/c2 and then fall surprisingly slowly (not as fast as 1/N2) to

9 50 MeV/c2, with no clear enhancement at the p° mass. Absence of the

P° signal is evidence that background from reggeon exchange is small. The

distribution drops very rapidly between 950 MeV/c2 and 1050 MeV/c2, and

then shows a broad enhancement centred at 1300 MeV/c2. This higher mass

region is better shown with the expanded vertical scale in Fig. 4b. One sees

again a relatively rapid drop between 1400 and 1600 MeV/c2 followed by a

rather flat continuum. However the extension of the mass scale in Fig. 4c

shows (now in 50 MeV/c bins) that this continuum decreases again over a

relatively narrow mass interval from 2300-2500 MeV/c2. Near 3000 MeV/c2

there are few events, and none above 3500 MeV/c , although the geometrical
a

acceptance is still close to its maximum value at high mass. In order to

present the full mass range together, the complete distribution is shown in

Fig. 5 with a logarithmic scale.

The data of Figs. 4 and 5 are not corrected for acceptance as a function of

mass. A straightforward Monte Carlo has been used to simulate the DPE process,

generating t^> ^ of Che final protons exponentially as exp (-ait I) and

the rapidity of the central system uniformly within the rang1? -1 to +1. The

results are insensitive to the precise value of exponential slope parameter;

ct = 6.5 (GeV/c)2 has been used. To simulate an s-wave decay of the central

system the IT TI were produced isotropically in their overall
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rest frame. Sir.ple geometrical cuts were imposed on the tracks. The resulting

acceptance versus mass is shown in Fig.6. It clearly cannot give rise to the

observed structures. We have carefully investigated whether the existence of

definite momentum ranges for the identification of different particles can

give rise to such effects, and conclude that they cannot. The mass resolution

is calculated to be G%. -v, 15 MeV/c
2 at 1000 MeV/c2 rising to a>{ ̂  27 >!»V/c2

at 2200 MeV/c . '.-.'Q estimate a possible systematic error on the mass scale of

20 MeV/c2 at 1000 MeV/c2 and 30 MeV/c2 at 1500 MeV/c2.

We present the mass spectra of the identified K*:c~ and pp pairs in

Fig.7. The !<+;<~ spectrum rises sharply at threshold to a level V7% of

the TT+7T~ spectrum up to 1400 MeV/c2. The distribution does not show

the rapid fall between 1400 and 1600 MeV/c2 observed in the 77+TT~

spectrum, with the result that at (1500 ± 50) MeV/c2 the KK/TTTT ratio is

(55 i 11 )Z. More statistics are required to establish whether the !< K

data exhibit an excess of events around M,,r; "o 1575 MeV/c2. It should be

noted in this context that the upper limit on K identification in the drift

chamber cuts increasingly into the spectrum above 1600 MeV/c2. For

completeness, the pp~data, consisting of only 19 events, are shown in Fig.7b.

V. MASS SPECTRA AT /s= 45 GeV.

Data were taken at /s = 45 GeV in a special ISR run of only "V> 2 days

with a luminosity " W x 10 3 1 cm" sec~ . The experimental trigger was

identical to that used for the data at higher energy, and the events have been

analysed with precisely the same cuts. For fixed angular coverage of the

forward telescopes the It! range decreases by a factor of ^ (45/63)2 to

0.008 <ltl< 0.023 (GeV/c)2. The trigger rate decreased by a factor ^ 0 . 4 . The

difference in t ranges between the two sets of data will give rise to a factor

of ^0.3 - 0.4, depending upon the slope, a, in t.

The data at 45 GeV consist of 38,500 triggered events. As expected, £p

for the central hadron pair peaks at ± 0.23 GeV/c. After applying all the

same cuts we obtain 2321 exclusive h+h~ events with "̂  52 background ;

2293 events were identified as TT+TT~, 20 as K+K~ and none as pp".

The IT tC mass spectrum is shown in Fig. 8. The solid line is a

hand-drawn curve through the /s = 63 GeV data, normalised to the same number
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of events. The distributions dre clearly very similar, with precisely Che same

structures being observed up to masses "̂  1800 MeV/c2.

VI. ANGULAR DISTRIBUTIONS AT / S= 63 CeV

In order to investigate further the nature of the TT TT~ structures,

we have examined Che normalized moments of the angular distributions. For the

purpose, we choose a coordinate system where, in the TTTT rest frame, the

z-axis is along the t-channel axis, P^-p^ or P^"^' a n d C h e v ~ a x i s i s

along the direction I?,*"?-, or "p^xp^ (on alternate events). (Choos ing

the y-axis to be perpendicular to the production plane in the pp c.m. system

gives essentially identical results.) In this coordinate frame, che

unnormalized moments are defined by [9]:

where

and the angles (6,9) describe the it+ direction in the TT+TT~

rest frame and N is the number of events in a given mass bin.

We find chat the moments H(ll), H(20), H(22), H(31) and H(40) show definite

non-zero structures as.a function of the mass, while all other moments up to

L=M=4 exhibit no significant structures and are consistent with zero

throughout the mass region. The moments, shown in Fig. 9, are uncorrected for

acceptance and the curves show the Monte Carlo predictions, assuming s-wave

decay of the di-pion system. The magnitudes of the H(20), H(22) and H(40)

moments are clearly largely accounted for by the Monte Carlo calculation, and

we conclude that it is the s-wave that dominates the 7T7T system below 1100

MeV/c2, as expected.



However, the structure around 730 Ke'.'/c2 in H(1L), also seen in H(31), is

not caused by acceptance effects. Although a P° signal is-.not visible in

Che ~ i~ mass specCrun, our data nevertheless contain a small amount

of p°, producing interference effects between the s- and p-waves. The

presence of Che p° in our data indicates a snail but significant

contribution from a process other than double pomeron exchange. 3etween the

P° mass and 1100 MeV/c2 we do not find any significant structure in the

moments beyond that accounted for by the finite acceptance. In particular it

seems clear that the sharp drop at 1 GeV/c2 seen in the r.ass spectrum is

confined to that of Che s-wave, indicating clearly the influence of the S*

(9S0).

There is an indication that sor,e d-wave is present in our data, in the

1200-1400 MeV/c2 region, possibly due in part to the f(1270). This region

may also contain the £(1300), but final conclusions must await further

analysis •

VII. DISCUSSION'

Our data demonstrate very clearly the process of exclusive central

77 TT~ production, with little contribution from reggeon exchange (apart

from the pomeron) in contrast to experiments ac lower energies. We obtain

directly from the experiment a predominantly s-wave ir TT~ spectruu,

which contains much structure.

In the low mass region,according to Punplin and Henyey [1] the

pomeron-pomeron interaction is mediated by one-pion exchange with a strong

final-state interaction giving rise to the observed s-wave behaviour. On the

other hand, from duality one may also conclude chat the same sub-process is

mediated via s-channel resonances.The broad peak in the region around

500 MeV/c^ may then be a manifestation of the strong s-wave TTTT attraction

previously referred to as the O or £(600). To the extent that the S*(930)

is seen clearly in the DPE process, which has zero quark content in the

initial state, the S*(980) may well harbour a large admixture of a J P C=0 + +

glueball. This has been suggested by several authors [10] and N'ovikov et al

[11] (and others) conclude that there must be very strong mixing between C +

qq and gg states.
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Between 1000 and 1600 MeV/c2 structures are observed in the 7T+TT"

channel and possibly also in K+K~. The D 2 Q a n d D £ Q raomenCs i n

the TT+7T~ channel are suggestive of some d-v;ave contribution near 1300

MeV/c2. These effects are consistent with the presence of f(1270), which

could be -esponsible for the pe.ak in the TT I~ mass plot, although the

0 + £(1300) is another known state in this region. This effect is followed

by a sharp drop in di-pion production near 1500 MeV/c7 ; a striking feature

for which we have no explanation. The K*:<~ spectrum may also exhibit

structure in the same region. This could indicate the presence of the f(15151

or at the sane time be a signal for a gluonium state [12].

The existence of the rather flat plateau in the TT TT~ mass spectrum

from 1600-2300 MeV/c2, followed by a relatively rapid decrease (see Fig.4c),

is an observation that we have not understood in terms of known states- More

statistics may be required to shed light on the dynamical origin of this

region of the mass spectrum, and other channels eg TTTr7T7T, KKTTTT may provide

clues. A possible hypothesis is that a heavy state eg £(2300), O +i + +,

plays a similar role to that of the S-(980) ir. causing a rapid drop in the

cross section. Clearly the 3 CeV/c region, where the cc" threshold occurs,

would also be of great interest to study with higher statistics-
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FIGURE CAPTION'S

Fig. 1 Schematic side view of che apparatus. Only the right-hand
forward detectors are shown ; the apparatus is left-righ.t
symmetric.

Fig. 2 (a) Distribution of Zpy (vertical momentum) for the central
particles, separately for the L'P.U? and DOWN.DOWN trigger
configuration, after selecting events with-2 central tr?~l*s.
The shaded histogram shows the combined contribution fr ' + +

and — charge-pairs
(b) Difference between Zp.x of the initial pp state and the

final pph+h~ state, after requiring Ipv=0±60 MeV/c.
Note the logarithmic scale. An estimate of the background is
shown by the dashed curve.

Fig. 3 (a) Distribution of Feynman xFi uncorrected for acceptance, of
the final state protons for the 7T+TT- sample, as
inferred from E,p2 constraints,

(b) Observed distribution of rapidity y of the pions in the
final TT+TT- sample (histogram) and of the (i:+Tr~) system (circles).

Fig. 4 (a) Mass spectrum, not corrected for acceptance, of the central
*+TT- events in 25 MeV/c2 bins.
(b) shows the region 1000-2300 MeV/c2 with an expanded
vertical scale.

(c) shows the region 1500-3500 MeV/c2 in 50 MeV/c2 bins-

Fig. 5 Mass spectrum of the central 77+7T- events with a
logarithmic ordinate. The data are not corrected for
acceptance.

Fig. 6 The relative acceptance (arbitrary scale with maximum value
unity) as a function of M(TT+TT~) calculated from Monte
Carlo events generated within a DPE model with s-wave decay of
the di-pion system.

Fig. 7 (a) Uncorrected mass spectrum of the exclusive ppr*-ppK+K~
events. Loss of kaon identification artificially cuts off the
spectrum above M600 MeV/c2.

(b) Mass spectrum of-the exclusive pp-»-pppp events.

Fig. 8 Mass spectrum, as for fig.5, but for /s= 45 GeV. The solid
line is hand-drawn through the data points of fig.5 (/s= 63
GeV), normalised to the same total number of events.

Fig. 9 The normalised moments a) <Re DjQ>) b) <D§0>,
c^ <Dflo>» d) <Re D|o> versus mass of the ii

+ir~ system. The solid
curves are Monte Carlo results for the effective moments
produced by the acceptance of the apparatus for s-wave decay
of the TT+IT- system.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.


