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ABSTRACT 

'+'~~;;~i~K~ production (xF > 0.2) with an associated charged 
of five or less has been observed in an experim n 

designed to trigger on two negtral strange particles. The K&C' 
mass distribution shows f (1270), 
~~l::73O:,~r~d"':i~:,"6'" cross 

A (13201, 
sections 7 

f'(1515), sd 
nucleon for xF > 0.2 of 

. . 
feren&al cro:s section; 

and 0.6f0.2 pb respectively. The dif- 
indicate 

S*(975), whereas the f"(1270), 
central production of the 

A (13201, f'(l5151, and S*'(1730) 
have a sizeable leading componen z . 
this data sample 

Inclusivel.24 production in 
is described by a (1-xF) distribution in 

qualitative agreement with simple quark counting rules. Both 
the KgKg and single Kg p$ distributions at large xF show evi- 
dence for diffractive or resonance production. 
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New states have been most readily observed in formation and 
production processes when restrictions exist on the quantum 
numbers of the initial or final state particles. The J/psi 1,2 

and upsilon 3 states are the most prominent recent examples of 
this situation. The goal of the present experiment was to look 
for new states of definite Jp decaying to two neutral strange 
particles, specifically ti and hi. The 
KZX , K°Kou- oo+-- 

AX, as well as RZA , 
, and KSKSu rl v data samples are discussed in other 

papers . 53 We consider here the KiKz events, which have 

Jp restricted to O+, 2', 4+, etc. 

The experiment (E-580) was carried out in the Fermilab Mul- 

tiparticle Spectrometer {MPS) with a ZOO-GeV/c n- beam. The 
target consisted of 20 layers of 0.25 in. plastic scintillator 
and was followed by a 2.14m helium-filled decay region located 
0.73~1 downstream of the active target. The superconducting 
spectrometer magnet imparted a 697 MeVfc transverse momentum 
kick to the charged tracks. Event reconstruction was made pos- 
sible by a chamber system with 10,000 proportional wires and 24 
planes of magnetostrictive spark chambers. The experiment was 
designed to trigger on the production of two neutral strange 
particles by counting hits in two PWC planes located between the 
target and decay region and in seven downstream PWC planes, four 
immediately following the decay region and three after the mag- 
net. An increase of four (t one)'-in the multiplicity was 
required by the trigger. An additional requirement was made 
.that the number of directly produced charged particles through 
the spectrometer be five or fewer. More details on the experi- 
mental setup are contained in references 6 and 6. 

Approximately 1.2 x lo6 triggers were processed through 
pattern recognition, geometry, and kinematics programs and 
yielded 70.5K two-V0 events. These two-V0 events were composed 
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of 62% KaKo s s, 8% ~1, 29% K’A 
so 0 

or $1 , and 1% hh or >i. The n 

or ic: contamination in the KSKS data sample is estimated to be ~~~ - 
2%. At a typical momentum of 29 GeV/c the unfitted Kl mass 

resolution is estimated to be 14 MeV full width at half maximum 
(OHM). The KzKz mass resolution at a momentum of 40 GeV/c varies 
from 25 MeV at a mass of 1.9 GeVto 55 MeV at a mass of 3.5 GeV 

based on studies of the K" 
and E-(1320). 

s, A, K*+-(890), K*+-(14201, S+-(13801, 

The MPS was configured to optimize the combined geometrical 
acceptance (typically 70-85% for K.!$," masses of 2 GeV) for par- 
ticles produced forward in the center-of-mass (xF > 0.2) and 
probability (IS%) for both decays to occur within the decay 
region. Figure 1 shows the combined geometrical acceptance and 
decay probability as a function of xF for various values of K$," 
mass. Because of inefficiencies and clustering in 'the PWC's 
used in the trigger, the trigger efficiency was dependent upon 
the associated charged particle multiplicity. For the trigger 

- efficiency calculation chamber efficiencies were obtained using 
diagnostic triggers containing non-interacting beam tracks. ! 

The data discussed in this paper contain 27,136 KzKi events 

which satisfy the fiducial volume and track quality cuts des- 
cribed in reference 6. The effective mass distribution of the 
KiKi events is shown in Figs. 2. There is clear evidence close 
to threshold for structure in the mass plot. - ,- The accepted 
values of the f'(12701, A2(1320), f'(1515), and S*' (1730) are 
indicated in the Figure. Above the f'(1515) the only evidence 
for 
S*' 

structure in the Kg: mass spectrum is in the region of the 
(1730). 

The solid curve in Fig. 2 was obtained by fitting the 
mass spectrum to a background shape (dashed-dot curve) plus 
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incoherent sum of Breit-Wigner resonance forms for the f"(1270), 

~~ (1320) , f'(1515) and S*'(1730). The proximity of the f'(1270) 
and A2(1320) to each other, their widths, and the experimental 
mass resolution make a clear separation of these resonances 
ambiguous. We have nevertheless chosen to parameterize the 

0 0 
KSKS mass spectrum this way rather than by a single peak of 
arbitrary shape and width in the f"(1270)/A2(1320) mass region. 
The x2/DOF for the fit is 0.95. The mass and width for all 
resonances except the Sk' were fixed at values given by the Par- 
ticle Data Group. 9 The fitted S*' parameters are M = 
1.742f0.015 GeV and r = 0.057f0.038 GeV. The background curve 
has the form: 

(M-Q) aexp(-fW-yMZ), (1) 
where M is the KiKi mass, Mth is the threshold mass, and aI 
Bf y are parameters.to be~d&f&&i&d. 

The acceptance curve plotted in -Fig. - 2 indicates that the 
combined decay probability times geometrical acceptance times 
trigger probability decreases smoothly over the mass range from 
l-2 GeV at a rate much less than the falloff in the mass spec- 
trum. The decay probability was obtained for each Ki using its 
potential decay length and momentum. The geometric acceptance 
was obtained by generating for ea&h real event 100 events rotat- 
ed about the beam direction, letting each Kz decay isotropically 
in its rest frame at random locations in the decay volume con- 
sistent with its lifetime, Hnd tracing each decay product 
through the magnet and chambers which constitute the MFS. The 
trigger efficiency, which depends on the number of primary 
tracks accompanying the two vees, was calculated from the effi- 
ciencies of the chambers used in the hardware trigger. -An 
additional factor, the software reconstruction efficiency, was 
obtained using a subset of the real data to produce hits in each 
chamber according to its known efficiency, smearing the coordi- 
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nates by taking into account each chamber's wire spacing, and 
generating a pseudo-data record for each event. The resulting 
Monte Carlo output was processed through the same analysis pro- 
grams as the real data in order to obtain the reconstruction 

' efficiency. 

Combining the geometrical acceptance and decay probability 
with the trigger efficiency and software reconstruction effi- 
ciency we obtain an average sensitivity for this experiment for 
forwardly produced K$,” pairs (xF p 0.2) of 147Oz340 events/*, 
based on an effective incident beam of 1.0 x lOlo pions and' a 
scintillator (CH) target of 15.58 gm/cm2. This corresponds to a 
forward KS: cross section of 16.2f3.8 @a per nucleon assuming 
an Al dependence. The trigger efficiency is a sensitive func- 
tion of chamber efficiency and due to varying operating 
conditions we estimate the uncertainty in the trigger'efficiency 
at 20%. This is the largest contribution to the error in the 
sensitivity. 

As a check on our sensitivity calculation a sample of KF," 

events froUt the Fermilab 15 ft. hydrogen-filled bubble chamber has 
been processed through an acceptance program similar to that 
described above. It was found, with poor statistics, that of 
the 620f200 nb inclusive cross sectionlO only 19f9 nbll would be 
accepted by our experiment. Thus our cross section normaliza- 
tion is in good agreement with that expected from the bubble 
chamber. c' 

The average sensitivity of the experiment can be calculated 
in a number of ways. In this paper, the sensitivity used far 
the differential cross sections is based on the number of effec- 
tive (dead-time corrected) beam tracks, target thickness, and 
estimates of the various acceptances in the experiment on an 
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event-by-event basis as described,above. The average value of 
147Of340 events/pb/nucleon quoted here is for K>i events with 

XF > 0.2 and associated charged multiplicity < 5. 

Our previously published data has relied on two other 
approaches to relate our observations to inclusive Kg,” produc- 
tion as measured in the bubble chamber. 

The first approach, similar 
'4 inclusive KiA paper, 

to that employed in our 
was 

sectionlo 
to divide the total KgKi cross 

of 620f200 vb into the observed number of KiKi events 
and yields for our data a normalization factor of 44f14 
events/W. This normalization factor implies that our estimated 
total cross sections will be roughly 33 times the directly meas- 

. ured cross sections with x F'j 0.2 and associated charged multiplicity 
5. 5. We will make use of this approach in this paper'when we 
calculate the total cross sections for the production of the 
resonances seen in Fig. 2. 

0 0 
The second approach, employed in our studies of diffractive 

KSKS production, 
0 0 the KSKS pair. 

used an exp(-6 xF) distribution for ds/dxF of 
This distribution, based on bubble chamber 

results, was convoluted with our acceptance to yield a sensitiv- 
ity of 450flSO events/nb for K~K~,- 

oo+-- 
and 240f80 events/& for 

KsKsif zr m in references 6 and 7 respectively. The 
tion used in the extrapolation 

xF distribu- - 
was determined from bubble 

chamber data for which the bulk of the dataI' has xF c 0.2. As 
we now show, this bubble chamber xF distribution falls more 
rapidly than does our data. 

The xF distribution for inclusive KiKi production is dis- 
played in Fig. 3(a), while the invariant differential cross 
section is presented in Fig: 3 (b) . A simple exponential has 
been fitted to the distribution in Fig. 3(a) over the region 
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0.4 < x _ F 5 0.9 and yields a slope parameter of 3.2fO.l. This 
slope is a factor of two shallower than that seen in the bubble 
chamber and leads to a factor of two increase in the sensitivity 
quoted in our previously published papers on diffractive produc- 
tion. The invariant cross section in Fig. ._ 3(b) shows evidence 
of diffractive or resonance production for xF > 0.8. This 
observation is consistent with the fact that most of the events 
in this region have an associated charged multiplicity 5 1. 

In Fig. 4, we plot the differential cross section ds/dps, 
for inclusive X2: production. This distribution has been fit- 
ted with a simple exponential and is well described by an 
exp(-bp$ distribution, with b = 2.1f0.1 (GeV{;)-2. This p$ 
slope is shallower,than'the bubble chamber result which is 

primarily for xF c 0.2. The pf distributions are shoun in Fig. 4 

for events corresponding to various xF regions. The slope appears 
to remain fairly constant, in contrast to single particle 

results.12 At high xF (xF > 0.7) we do seem to see a steeper 

slope. If we parameterize the data by a sum of two exponentials, 
the shallower slope has essentially the same value of 2.1 (GeV/c)-2 
as the bulk of the data. The steeper component may be associated 

with diffractive production. 

Table I shows the observed number of events, Ki? branching 
ratio, and two cross sections for each of the resonances seen~ in 

Fig. 2. 
ment, l3 

The S*'(1730) has been seen in only one other experi- 
also in the K~K: decay mode, and we have therefore taken 

the l@ decay mode to have a 100% branching fraction. The first 
cross section, measured directly in this experiment, is for K°Ko 

s s 
events with x F > 0.2 and with five or fewer accompanying charged 
pions and is corrected for the decay branching fraction. The 
total cross section estimates for the resonances are calculated 
using the normalization factor of 44514 events/ub, the decay 



PAGE 8 

branching fraction, and the relative acceptance at the resonance 
mass. 

Table I also contains two entries for the 'S*(975). Using 
the functional form of equation (1) to represent the background 
in the KS: mass spectrum of Fig. 2, we find little evidence 
for the S*(975). However, the background shape near K>i thres- 
hold is not well understood. A plausible background shapes can 
be obtained by combining kaons from different events which have 
the same multiplicity and which also do not .violate 
energy-momentum conservation. In addition to the actual 
observed (raw) number of S*(975) events obtained by subtracting 
the mixed event K'K' s s background, a corrected number was obtained 
under the assumption that the S* could be represented by a Breit 
-Wigner shape with mass 975 MeV and total width 40 MeV. 
Integrating the distribution from threshold to 1150 MeV gives a 
correction factor of 4.5. A partial-wave analysis of K&K' at 
threshold indicates that the S* is a virtual Al? bound state with 
a width below & threshold of 40 MeV.14 Some theoretical specu- 
lations15 suggest that it is a centrally produced four-quark 
state. 

The invariant XF distribution for the resonances in Table I 
have been extracted from the data in each XF interval using 
techniques similar to those described above but with all reso- 
nance parameters fixed. The invariant differential cross 
sections corrected for acceptance and trigger efficiency are 
plotted in Fig. 5. The data have been fit to the form 
(l-x,)? As can be seen in the figure, the S*(975) is produced 
predominantly in the low xF or central region and has a 
(l-x )2.0*0.3 distribution. The invariant x 

Fa 
F distributions of 

the f (1270) and A2(1320) have been combined. Along with the 
f'(1515) and S*'(1730), the f"/A2 has been fit to (I-x,)~. All 
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three distributions are consistent with a = 0.23kO.25 and indi- 
cate a significant leading particle component. 

These resonance total cross sections are plotted in Fig. 6 
along with entries for the f", g, and K*(1420)'mesons from an 
ISR experiment16 and for the p" from a Fennilab bubble chamber 
experiment17. The curve in Fig. 6 is calculated from the 
Bourquin-Gaillard model,18 which estimates the inclusive cross 
sections for resonance production as a function of the resonance 
mass. The ISR production cross sections for f", g, and K*(1420) 
have been extrapolated to our energy region using the Bourquin- 
Gaillard energy dependence. The K*(1420) appears at a mass of 
1920 MeV due to the composite mass scale inherent in the model. 
In this model each unit of strangeness in the resonance requires 
the composite mass to be increased by 500 MeV because an 
additional strange quark must be pulled from the sea.' 

A goal of this experiment was to search for new resonances 
0 0 decaying to KsKs. We present in 'Fig. 7 the upper limits for 

the cross section times branching fraction as functions of 
0 0 

KsKs 
mass for the production of such resonances with xF > 0.2. The 
two curves relate to different assumptions about the resonance: 

the lower curve corresponds to a resonance whose assumed width 
of 25 MeV is narrower than our mass resolution which dominates 
the upper limit calculation; the upper curve to a resonance whose 
width of 100 MeV is much wider than our resolution. The upper 
limit decreases because the background falls more steeply than 
does the sensitivity of the experiment. Beyond a KgKi mass of 
4 GeV, the background is negligible and the upper limit rises 
as the sensitivity continues to decrease. At the 95% 

confidence level a narrow resonance with a mass of 2 GeV and a 
cross section times branching fraction of 16t3.8 nb would be 
observed in this experiment. These curves do not reflect the 
uncertainty in our experimental sensitivity of 23% which should 
be added in quadrature. 

We turn now to the single KS” distributions, which can be 
obtained from this K~K! data sample. To the extent that associ- 
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ated production can be neglected, these distributions can be 
compared with inclusive data from other experiments. In Fig. 
8(a) we plot the Ki xF distribution and in F,ig. 8 (b) the 
invariant cross section x,dc/dx,. One curve in Fig. 8(b) is a 
fit over the interval 0.2 < xF < 0.8 to a distribution of the 
form (l-~~)~ with e = 1.61f0.03. This value for a is consistent 
with the Fermilab Single Arm Spectrometer &AS) re5ults.12 
Simple quark counting rules 19 in which the K 0 s is both K" and K", 
predict that the xF distribution is a linear combination of 
(l-~~)~ and (l-xF)l. The other curve is a fit to the form 

A(l-x) 3 + B(l-x)' which yields A/B = 1.54iO.09, 

The pg distribution shown in Fig. 9 for Ki is described 

by a sum of two exponentials with slopes 2.3tO.l and 
5.2f0.2(GeV/~)-~. The shallower slope parameter is in reason- 
able agreement with the SAS results and is also consistent with 
most hadronic pz distributions. In Fig. 9, we also show the p 2 

T 
distribution for various slices in xF of the Kg. We note a 
slightly steeper p: slope as xF increases, an effect also seen 
in the SAS results. We note that the KS” pi distribution has a 
more rapid fall-off than does the same distribution for KiKi. 
This effect is expected from uncorrelated K>i combinations. At 
large xF, we also note an enhancement at low p:, which may be 
associated with diffractive processes or resonance production. 
,Fitting the data to a sum of two exponentials, as done for the 
K°Ko s s distribution, we find that the shallower term has the same 
slope as the bulk of the data. 

The results of this experiment on KzKz production can be 
summarized as being generally consistent with other 
hadro-production experiments despite our limited acceptance and 
restrictions on associated charged multiplicity. We observe the 
s* (975) , f"(1270)/A2(1320), f'(1515), and S*'(l730), but no 

, 
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higher mass resonances. The invariant xF distributions show the 
S*(975) to be-centrally produced, while the other resonances 

have a significant leading particle component. The single Ki 

distributions in these data are also consistent with other 
experiments. 

. 



PAGE 12 

Acknowledgements 

We wish to thank the Fermilab staff, especially S. Hansen 

and R. Cantel for their valuable help during the experiment. 
This work was supported in part by Department of Energy con- 
tracts (Arizona, Florida State, and Tufts) and National Science 

Foundation grants (Arizona, Notre Dame, Vanderbilt, and Virginia 
Tech.). 

, 



PAGE 13 

Footnotes and References 

(a) 

lb) 

(c) 

(d) 

(e) 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

Former address: Florida State U., Tallahassee, Florida 
32306 

Present address: Motorola Inc., Phoenix, Arizona 85008 

Present address: Dept. of Physics, Nanking U., Nanking, 
People's Republic of China 

Present address: Burr-Brown Research Corp., Tucson, Arizona 
85706 

Present address: 1782 Calle Yucca, Thousand Oaks, Califor- 
nia 91360 

J.J. Aubert et al., Phys. Rev. Lett. 33, 1404 (1974). 

J.E. Augustin et al., Phys. Rev. Lett. 33, 1406 (1974). 

S.W. Herb et al., Phys. Rev. Lett. 39, 252 (1977). 

E.C. 'Fenker et al., .Fenailab:PubT84/13-EXP, submitted to 
Phys. Rev. D. 

J. Ficenec et al., submitted to Phys. Rev. D. 

T.Y. Chen et al., Phys. Rev. D28,2304 (1983). 

C.C. Chang et al., FERMILAB-Pub-83/99-EEP, to be published 

in Phys. Rev. D29. (19841.: -~ 
J. Poirier et al., in "Multiparticle Dynamics 1981," 
proceedings of the XIIth International Symposium, Notre 
Dame, Indiana, edited by W.D. Shephard and V.P. Kenney 
(World Scientific, Singapore, 1982),,p. 153. 

Particle Data Group, "Review of Particle Properties," Phys. 
Lett. z,l (1982). 

D. Bogert et al., Phys. Rev. D16, 2098 (1977). 

S. Hagopian, Private Communication. See Ref. 10. 

A.E. Brenner et al., Phys. Rev. D26, 1497 (1982). 

A. Etkin et al., Phys. Rev. 025, 2446 (1982). 

14. A.B. Wicklund et al., Phys. Rev. Lett. 45, 1469 (1980). 



PAGE 14 

15. R.J. Jaffe, Phys. Rev. D15, 267 (1977). .- 

16. A. B&m e-t al., Phys. Rev. Lett. 41, 1761 (1978). 
~- _- 

17. F.C. Winkelman et al., Phys. Lett. s, 101 (1975). 

18.' M. 0ourquin and J-M. Gaillard, Nucl. Phys. w, 334 
(1976). 

19. ,j.F. Gunion, in Proceedings of the XVth Rencontre de 
Moriond, Les Arcs, Savoie, France, 1980 (Editions Fron- 
tieres, Dreux, France, 19801, p. 151; Phys. Lett. 
=,150 (1979). 

, 



PAGE 15 

Table Captions 

I. Parameters and cross sections for the resonances found in 
the KiKi mass spectrum. The number of observed events with 
associated charged multiplicity <- 5, the corresponding cross 
section for x F > 0.2, and extrapolated total cross section 
for each resonance are given. 

Table I 

Resonance Observed No. Kg Branching Cross Sectiona Total 
of Events Ratio (n, 5 5, XF ' 0.2) Cross Section b 

(vb) tub) 

s* (975) 
C t65 +1.5 f 50 

585 (Raw) .22 5.7 190 
-585 -5.7 -190 

+300 +7 +220 
2630 -263dCorrected).22 26 860 

-26 -860 

f'(1270) 580f150 .029 49f17 163Ot670 

A2(1320) 1050f170 -048 54215 1800f740 

f'(l515) 520f90 1.00 1.4f0.4 47f17 

S*' (1730)d 200f60 1.00 0.6O~tO.22 20f8 

a. based on forward sensitivity of 1470f340 eventdub 
with associated charged multiplicity 6 5 

b. based on average normalization of 44t14 events/ub 
C. using mixed events for background estimate 
d. fitted values: M(S*') = 1.742f0.015 GeV, r(f)*') = 

0.057f0.038 GeV 
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Figure Captions 

1. Geometric acceptance times decay probability as a function 
of xF for various ranges of effective KiKi mass. The 
acceptance is calculated for our KiKz data on an event-by- 
event basis as described in the text. The curves are merely 
guides for the eye. 

2. KzKi mass distribution. The solid cume is the result of a 
fit to the data using the background function (dashed-dot 
curve) and known resonance parameters for the fS(1270), 

~2(1320), and f'(1515). The fitted mass and width of the 
S*'(1730) were M = 1742f0.15 GeV, P = 0.060f0.038 GeV. A 
curve for the combined decay probability and geometric 
acceptance times trigger efficiency as a function of mass 
is also shown. A dashed-dot curve representing the back- 
ground based on mixed events which do not violate energy- 
momentum conservation is included. 

3.(a) The measured K°Ko s s cross section, dc/dxF, corrected for 
acceptance and trigger efficiency. 

0 0 (b) The KSKS invariant cross section, (x,) (da/dxF) for xF > 0.2. 

4. The inclusive K°Ko 2 s s pT distribution, da/dpG . The distribu- 
tions shown correspond to: (a) all events with KiKi xF > 0.2; 
(b) events with 0.3 < xF < 0.5; (c) events with 0.5 < XF < 0.7; 
and (d) events with 0.7 < xF < 1.0. 

5. The invariant xF distributions for the resonances found in 
Fig. 2. The curves are fits of the form (l-x,)=. 

6. Production cross sections for S*, f, AZ, f', and S*' at 200 
GeV/c compared with ISR data 16 and with the Bourguin- 
Gaillard model-l7 
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7. Upper limits (95% confidence level) for the production of a 
resonance decaying to KiK,?, with XF > 0.2 and associated 
charged multiplicity < 5. 

8.(a) The Ki xF distribution for Ki produced in association with 
0 another KS. 

(b) The KS” invariant xF distribution xF da/dxF for Kz produced 
0 in association with another KS. The curves are a 

(lmx )1.6f0.03 
F function normalized to the data and a sum 

'3 of (l-xF) plus (l-xK)l. 

9. The Ki p; distribution of Ki produced in association with 
another KS" for.which XK of the pair is greater than 0.2. 
The distributions shown correspond to: (a) all events with 

0 single KS xF > 0; (b) events with 0.3 < xF < 0.5; (c) 
events with 0.5 c xF < 0.7: and (d) events with 0.7 < xF < 
1.0. 
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