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o Abstract: Antiproton proton annihilations into final states containing at least one K l meson have 
been studied in a 150 000 picture bubble chamber experiment. The experiment covered 
six'incident antiproton momenta in the range 1.6-2.2 GeV/c. Cross sections at each in- 
cident momentum are determined for the more abundantly produced final states, and 
momentum averaged cross sections are determined for some rarer final states, including 
O~ O,*O- + . . . .  

K K and K K K K . Coplous resonance production, Includlng double resonance pro- 

duction, is observed, and percentage contributions of different resonance channels are 
evaluated. Cross sections and resonance fractions are compared with results of other ex- 
periments at antiproton momenta in the range 0.7-3.7 GeV/c. 

1. INTRODUCTION 

Antiproton-proton annihilations into final states containing at least one visible 
K O . . . . .  1 decay have been studied at six m o d e n t  antlproton momentum in the range 

1.6-2.2 GeV/c in a bubble chamber experiment. The six momenta (total c.m. ener- 

gy) were 1.62 GeV/c (2294 MeV), 1.76 (2347), 1.82 (2368), 1.88 (2389), 1.94 

(2410), and 2.20 (2500). The sensitivity at each momentum was ~ 0.6 events per 

/lb of  cross section. 

Cross sections for all final states were determined at each momentum. Copious 
production of  K*, p and co mesons was observed, and there was also evidence for A2, 

D, and ~ production. The percentage contributions of  resonance channels to the var- 
ious final states were evaluated, assuming that different processes are incoherent and 

using Lorentz-invariant phace space. No evidence for violation of charge conjugation 
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symmetry (or CP invariance) was observed, so normally charge conjugate reactions 
were combined. Our results are compared with results of other experiments at var- 
ious incident ant iproton momenta.  

The final states K~K~Tr+n'-rr °, o + ~ + o + - o o KI~  7r K2mTr _ 1) obser- K1K-~ 7r 7r , and (rn 2> 
ved in this experiment have been reported previously, together with the 
K+K-Tr+1r-Tr ° final state, in a paper dealing with pp ~ KKTrlrTr, where the main em- 
phasis was on possible direct channel resonances. Reference to other ~p reactions 
studied with the same bubble chamber film may be found in that paper. More de- 
tailed accounts of  V - p r o d u c t i o n  may be found in refs. [2, 3]. 

2. SCANNING AND MEASURING 

The entire film (150 000 pictures) was double scanned for V events. The events 
found were disagreement scanned, measured, and processed through the pregeome- 
try, geometry,  and kinematics programs CAST, TVGP, and SQUAW. Three remea- 

surement passes were made. 
o decay from an ac- o i f i t s 3  constraint fit t o a K  1 A V was accepted as a good K 1 

ceptable beam track interaction ("pont ing" fit) had a confidence level 2> 10 6. If  
the V also fit as A or A decay, then if only one of  the fits had confidence level 2> 
10 -.2 that fit was accepted, otherwise the ambiguity was resolved by examining bub- 
ble densities. Since the energies of  this experiment are above the AA threshold but  
below the AA.n+lr threshold, this ambiguity only occurred with zero-prong beam 
interactions. 

Events that failed to pass the reconstruction programs after the remeasurements 
were examined at the scan table. From those that appeared to be good events (usu- 
ally with some special measurement difficulty),  an appropriate correction factor was 
determined,  which varied from ~ 9% for 4 - p r o n g  events to 1.6% for 0 - p r o n g  
events. There was a very small incident momentum dependence. 

Vees that fit the 1-cons t ra in t  hypothesis K~ ~ 7r+Tr-_, but  failed the 3 -cons t ra in t  
"point ing" fit on all measurements, and were not A or A, were reexamined at the 
scan table for possible overlooked origins. The number found to have previously un- 
discovered acceptable origins was less than 0.5% of  the number of  accepted K~. Thus 
we believe that there is no unaccounted for loss of  events resulting from mismeasure- 
merit, misidentification of  origin, or inadequacies of  the fitting program. 

Table 1 
Numbers of accepted K~ events in the fiducial volume. 

Main vertex prongs 1-V 2-V 

0 274 86 
2 2379 442 
4 637 12 
6 0 0 
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For V events with prongs, the scanning efficiency was calculated from the double 
scan to be 0.98 for 1 - V  events and 0.99 for 2 - V  events. The results of  a triple scan 
of some of  the film was used to calculate the scan efficiencies for 0 - p r o n g  events, 
and gave 0.90 (+0.04) for 1 - V  events and 0.99 for 2 - V  events. The lower efficien- 
cy for 0 - p r o n g  1 - V  events is not  unreasonable. 

The final (uncorrected) numbers of accepted K~ events, after a fiducial volume 
cut, are given by event topology in table I. There was also one 0 - p r o n g  3 - V  event. 

3. RESOLUTION OF FINAL STATES 

The kinematic f t t i ng  program performed a multivertex fit to each of the various 
possible hypotheses,  if one or more Vs satisfied the pointing f i t . A  main vertex X 2 
was defined for each fit as the difference between the X 2 values of the multivertex 
fit and the pointing V fit ( or fits if a 2 - V  event. The confidence level derived from 
this main vertex X 2, using the appropriate number of constraints (usually 4 or 1) 
was used to select the acceptable fits amongst those at tempted.  

Of the 0 - p r o n g  2 - V  events, only one fit the hypothesis K~K~ with a main ver- 
tex confidence level > 10 - 6  (the one had a confidence level of  50%). The 24 events 
that fit the o o o K I K I n  hypothesis with confidence level > 10 - 2  were accepted as 

O O O O O O to K1Klmn , m _  K1KlZr events, while the remaining 61 events were assigned > 2. A 
missing mass plot (fig. l (a))  showed essentially no overlap between these two cate- 
gories. 

Of the 0 - p r o n g  I - V  events, 10 had a missing mass in the range 300--600 MeV, 
and were accepted as K~(K °) events, while the other 70 were assigned to the class 
K~K°mn °, m ~ 1. The missing mass plot (fig. l (b))  showed that there was no over- 
lap between these two categories. 

>~ 

-2'00 0 200 690 I000 
MISSING MASS MeV 

tad ! . . . . .  

400 800 1200 1600 
MISSING MASS MeV 

Fig. 1. Calculated missing mass for 0-prong events. (a) 2-V events: shaded events are Kl°K~n°, 
cross-hatched event is K1K l . °  o (b) 1-V events: shaded events are K~(K°). 
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The 2 -p rong  2 - V  events that fit with confidence level > 10 -6  either the 4 - c o n -  
straint o o + - KlKlrr  7r hypothesis or the 1-constra int  o o + - o K1KlZr 7r 7r hypothesis were ac- 
cepted as that event type. Six events fit both, but  all favored the former hypothesis 
and were t aken to  be K~K~Tr+Tr - events. The remaining events of this topology were 
assigned to K~K~Tr+Tr-mTr °, rn _> 2. From a missing mass plot it was estimated that 

O O + - -  O the number of events of this last type that were erroneously taken as K1Kllr 7T 
events was ~ 1% of the K°K ° l  1 lr + ~-TT° events. 

In the 2 -p rong  I - V  and 4 -p rong  I - V  events, there were numerous kinematic 
ambiguities between various final state hypotheses. Therefore all these events were 
examined in a special bubble density scan. The scanners were given, for each prong 
of an event, the projected ionizations for both kaon and pion hypotheses, using un- 
fitted momenta,  as well as beam and V ionizations. Normally a decision on a track 
could be made if the momentum was less than ~ 700 MeV/c, corresponding to a re- 
lative K to 7r ionization ratio of 1.44 ( in  a bubble chamber with good clear tracks, 
we tended to be a little conservative here). The bubble density information was com- 
bined with the kinematic fit results to determine the correct final state for each 
event. A kinematic fit was deemed acceptable if the confidence level was greater 
than 10 -3  for 4 -cons t ra in t  fits (i.e. no missing neutral particle) or 10 . 2  for 1-con-  
straint fits (one missing neutral particle). A missing mass "fit" (two or more missing 
neutral particles) was acceptable if the calculated missing mass plus twice its error 
was greater than the minimum possible (i.e. 2m0r °) or m(K °) + m(Tr°), m = mass). 

The requirement that an acceptable constrained or missing mass fit be compatible 
with the bubble density information, and a preference for constrained over missing 
mass fits if both were acceptable and compatible with bubble density, served to give 
a unique final state to most events. However, some events did remain ambiguous, 

Table 2 
Ambiguous 2-prong events. 

Final states Number of events 

O + - -  O - -  + KIK ~r ,K1K Ir 

K~K+rr-no, , ,o,r- + o l ~ l r k  71" Yf 

o + -  o K~%-(i¢o) K1K ~r- lr , 

K o  K -  + o K~It+Tr (KO) 

K O ~ r +  - o ~ O T p -  + o T r o  + . T r o ~  
1 ~  l r  7r , ~ . i  r .  rr 7r , ~ . l ~ r  7r t~- ) 

o + - K~K+ - M  Kl~r rr M, 

o + - K~K-Tr+M Kln n M, 

o + - o + - K~K-Tr+M Kln 7r M, K1K n M, 

K~K+K-(K°), K~K+n-M or K~K-rr+M 

7 

14 

39 

35 

9 

54 

56 

l0 

7 

M indicates more than one missing neutral particle. (K °) indicates an unseen K o _ KlO or K 2.° 
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viz. 231 out  o f  2379 2 -  prong events and 4 out  o f  637 4 - p r o n g  events.  The small 

number  o f  4 - p r o n g  ambiguit ies  results f rom the small number  o f  missing mass 

events wi th  4 prongs and the lower labora tory  m o m e n t u m  of  the particles. The frac- 

t ion o f  charged kaons with  m o m e n t a  less than 700 MeV/c  was 0 .31 ,0 .5  5, 0.76,  and 

0.83 respectively for 3, 4, 5, and 6 - b o d y  annihilations.  Details o f  the 2 - p r o n g  am- 

biguous events are given in table 2. In the calculat ion o f  cross sections, the ambigu- 

ous events were assumed to divide up into the compet ing  final states in the same 

ratios as the unambiguous  events.  

Plots o f  the missing mass and the k inemat ic  fit X 2, with and wi thou t  cuts on the 
m o m e n t a  o f  the charged tracks, showed that  the events which were assigned to 4 -  

constra int  fit final states were in fact very clean, wi th  an est imated con tamina t ion  

of  < 2%. Some con tamina t ion  o f  the 1 - cons t r a in t  fit final states is possible f rom 

missing mass events;  such con tamina t ion  was est imated to be < 5% for the 2 - p r o n g s  

and < 3% for the 4 prongs. 
A very few events,  22 t w o - p r o n g s  and 18 f o u r - p r o n g s , h a d  no acceptable fit com- 

patible wi th  bubble  density, and were classified as " r e j ec t ed" .  Most  o f  these were con- 

sidered to arise f rom the conf idence  level cut-offs men t ioned  above. Conf idence  

Table 3 
Final states of unambiguous 1 -V events. 

Final state Number 

K~(K °) 10 

K~M 264 
O + KIK 7r + cc. 221 

KO.,+ o 1~,. 7r 7r +cc. 599 

K~zr+~r - (K °) 440 
O + KIK rr M+cc.  332 
O + - -  KlTr 7r M 524 

K~K+K-(K °) l0 

NO,z+ + 1 n 7r lr ~ +cc. 347 
KO.~+ + =o 1 ~ rr rr ir +cc. 192 

o + + 
Kllr lr = ~ (K °) 24 

KOv+ + 1 ~ n 7r zr M+cc.  
5O 

K O + +  lrr rr rr rr M 

K~K+K+K- rr + cc. 2 

M indicates more than one missing neutral particle. 
o (K °) indicates an unseen K ° - K I or K 1. 

cc. stands for charge conjugate. 
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Table 4 
Final states of unambiguous 2-V events 

Final state Number 

oro 1 K1K 1 
O O O 

K1Kln 24 
O O 

K1K1M 61 
0 ~ 0  + -- K1Klrr rr 177 

KO,rO + o llXln n rr 207 
KO..O + 1K1 n It M 43 

O O + --  
K1K1K K 1 
N O , t O  + + 1~1 n n n n 12 
KO,rO + + O lr~l n n ~ 7r lr 2 

M indicates more than one missing neutral particle. 

level plots for accepted fits were generally fairly flat, with a small tail at < 0.01 for 
the 4 -cons t ra in t  fits. Hence this number of rejects is not unreasonable. 

The final numbers of events unambiguously assigned to the different final states 
are listed in tables 3 and 4 respectively for 1 - V  and 2 - V  topologies. 

4. CROSS SECTIONS 

A count of the number of good beam tracks on every twentieth frame, and a 
computation of the average path length of a beam track in the fiducial volume, en- 
abled event numbers to be converted into microbarns of cross section. The resulting 
microbarns per event at the six beam momenta were 1.85 (1.62 GeV/c), 1.64 (1.76), 
1.61 (1.82), 1.37 (1.88), 1.58 (1.94), and 1.54 (2.20). A study of delta rays on a 
sample of pictures showed that the contamination of the beam by pions and muons 

was 0.4%. 
Before converting events into microbarns, each event was weighted according to 

the probability that the K~(s) decay in our fiducial volume. The fiducial volume for 
a beam track interaction was made smaller than that for V decays to avoid large 
weights. In addition, for all except the 2 and 4 -p r ong  2 - V  events, a close cut was im- 
posed and a corresponding weight calculated. For 2 and 4 - p r ong  1 - V  events, the 
close cut was a 4 mm radius sphere centred at the beam interaction point, and for 
the 0 - p r o n g  events an ellipsoid (5 mm by 5 mm by 2.5 ram) was used. The resulting 
weight for an event (both sources combined) averaged ~ 1.20, and was very seldom 

greater than 1.50. 
Various corrections were applied to the raw cross sections calculated from the 
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weighted  events.  These cor rec t ions  were for the scanning ineffeciency and remea- 

su rement  failures m e n t i o n e d  earlier, for K~ - '  n ° n  ° decays using a K~ ~ n+n - 

b ranching  ratio o f  0 .684,  and for very small or very large angle K~ decays.  The last 

cor rec t ion  was applied because such Vs are no t  so easy to  recognise in scanning 

(scan eff ic iency calculat ions omi t t ed  these ex t remes) ,  and was de t e rmined  f rom 
o plots  o f  the K 1 c.m. decay angle to be 0.97 for I - V  events,  1.00 for 2 - V  events.  

The final cross sect ions  at each beam m o m e n t u m  are given in table 5 for various 

final states.  Cross sect ions averaged over the four  central  beam m o m e n t a  are given 

in table 6 for some final s tates with small numbers  o f  events.  The errors take in to  

Table 5 
Final state cross sections (in microbarns) 

1.62 

Beam Momentum (GeV/c) 

1.76 1.82 1.88 1.94 2.20 

M indicates more than one missing neutral particle. 

K)'K+rr" + cc. 203 104 100 103 102 78 

error 28 19 18 17 18 15 
o + O K1K rr 7r +cc. 386 304 274 353 323 278 

error 40 33 31 33 33 30 

KO,.O + lr~lrr rr 107 139 136 138 132 107 

error 25 28 27 26 26 23 
O O + 

K1K2 n rr 251 150 201 152 107 125 

error 36 34 35 31 28 28 

KO,~+ + lJX n n n +cc. 181 212 183 181 179 161 

error 27 28 25 24 25 24 
0 O.+ 0 KIKllr  rr n 117 172 200 136 106 151 

error 27 31 34 26 23 29 

o + + )TO KIK ~r rr n +cc. 67 79 99 123 104 136 

error 17 17 18 19 19 22 
O O O __ 

Kl(K2mn , m > 1) 108 58 141 126 99 85 

error 29 27 30 24 23 24 
O O K1K1M 54 94 35 36 28 53 

error 17 24 13 12 11 15 

K~K+rr M + cc. 204 169 176 167 185 201 

error 28 24 24 22 24 25 
0 + 0 o > Klrr rr (K2mn , m _  1) 237 176 168 229 192 156 

error 39 39 39 34 33 36 
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Tab le  6 
F ina l  s t a te  c ross  s e c t i o n s  (e)  ave raged  over  a n t i p r o t o n  m o m e n t a  1 , 7 6 - 1 . 9 4  G e V / c  (in m i c r o b a r n s ) .  

F ina l  s t a te  cr e r r o r  

o o 1 1 
K I K  l 

o , o  5 2 
K 1 K  2 

KO,.O o 
l ~ . l r r  18 5 

K o , ~ o  + - - . ,  l i ~ l r r  rr :vi 36 6 

K O , . O  + + l r-_ln rr n rr 5 2 

. 0  O + + 
K 1 K 2  n n n rr 9 4 

O O + -- 
K 1 K 2 K  K 8 3 

M i n d i c a t e s  m o r e  t h a n  o n e  miss ing  n e u t r a l  pa r t i c le  

account errors in the events to microbarns conversion factor, in the corrections ap- 
plied, and in the ambiguous events assignments, as well as the statistical errors in the 
numbers of events. In all cases the last of  these dominates. 

The cross sections for final states containing a K~ were derived from the numbers 
of the appropriate K~K~ (+ pions) and K~(K °) (+ pions) events, where (K °) denotes 

6 0 0  

4 0 0  

f (a) K~ K~ r r ;  rr ° o Montanet 
v Barlow 
x this expt. 
a Schroeder 
• French 
• Baltay 

f 
~20c 
z 
_o 
h- 

{ (b) K~ K~Tr*w - 
co 20C { 

8 " 

o e + (c) K, K, rr rc 

soc ~ t 2°o l }t~ 
I00  

1.0 18 2 6 .3.4 
BEAM MOMENTUM GeV/c 

___~ . O  - + T O  O O + O O + - -  
Fig. 2. Cross  s e c t i o n s  fo r  (a) p p  K 1 K  rr n ; ( b ) ~ p - - + K 1 K l n  rr ; ( c ) ~ p - - + K 1 K 2 r r  n . 
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500- 

~.. 2 0 0  

~ I 0 0  

0 9  

~20C 
rr" 

I00. 

(a)K~ K-*TT ~' ~, Barlow 
this expt 

[] Schroeder 
• French 
• Battay 

;~ ~ ]: ~ D'Andlau 

(b) K°' K ? n'" rr÷ rr"n"° {i l 

I 0  18 2.6 34 
BEAM MOMENTUM GeV/c 

O + ¥ O + ¥ + - -  O Fig. 3. Cross sections for (a)~p~ K1K-~ ; (b)~p--, K1K-Tr lr ~ ~ . 

O O an unseen neutral kaon (either K 1 or K2), by use of the known geometrical efficien- 
o _+ rrOrrO branching ratio. cies and K 1 

The cross sections of table 5 show no significant evidence for any narrow direct 
channel resonances. 

In figs. 2 and 3 some final state cross sections are plotted versus beam momen- 
tum, together with results$ from other experiments [4-9] .  

5. ~p --* K°K ° 

O O Cross sections, averaged over 1.76-1.94 GeV/c beam momentum, for Op -+ KIK 1 
o O and pp -+ K1K ~ of 1 ± 1 #b and 5 i 2/lb__respectively, derived from 1 ,2 -V  event 

and 7 , 1 - V  events, give a total pp -+ K°K ° cross section of 7 ± 2 #b. In comparison, 
the pp ~ K+K - cross section at the same momenta is [10] 40 + 4 #b. Thus the 
isospin zero and one amplittides of NN ~ KK must be of the same order of magni- 
tude, with their interference giving the large K+K - to K°K -6 ratio. In a simple ex- 
change model, this result implies dominance of A exchange over E exchange. At 1.2 
GeV/c, cross sections__ of [5] 6 + 2/~b for pp -+ o o K1K2 _ K 1 K l a n d 2 7 ± 5 / ~ b f o r p p _  + o o 
give a ~p ~ K°K ° cross section of 39 ± 6#b, which can be compared to the ~p ~ K+K 
cross section at 1.12 GeV/c of [ 11 ] 61 + 4/~b. 

The small number of events prevents any detailed study of K°K ° angular distri- 
butions. However, the fact that 8 of the 10 K~(K °) events (combining all incident 
momenta) have Lcos0* [ < 0.5, where 0* is the c.m. production angle, suggests that 
the reaction is not strongly peripheral. In contrast, the pp ~ K+K - reaction shows 
a clear forward peak at these momenta [10]. 

:~ The cioss sections at 700 MeV/c are taken from the review of Montanet (ref. [4]). 
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6. pp  ~ K~Ken ~ 

A total of  228 events was assigned to these reactions, including 7 that were am- 
biguous between K~K+n - and K°K-1 7r +. In all effective mass plots, the events were 
weighted by the K~ decay probabil i ty,  and each ambiguous event was given an addi- 
tional weight of  0.5 for each reaction. The effect of using unweighted events instead, 
or of choosing the best X 2 of the ambiguous events is minute. 

The effective mass plots,  displayed in fig. 4 for all incident momenta  combined,  
showed considerable K *± production but  very little K *°. A maximum likelihood fit 
to the Dalitz plot ,  assuming contributions from two incoherent K* Breit-Wigners 
and phase space (relativistic Breit-Wigners with the same mass and same constant 
width were used) gave a K* mass of 887 -+ 5 MeV, K* width of  42 -+ 8 MeV, and 
fractions of charged and neutral K* of 30 -+ 5% and 3 -+ 3% respectively, for all inci- 
dent momenta  combined (the errors quoted on the fractions were simply derived 
from the statistical errors on the number of  events in the K* mass bands). For the 
four central momenta  (1 .76 -1 .94  GeV/c),  the fractions found were 29 -+ 6% and 
1 -+ 3%. Appeciable deviations from these average values were found at 1.94 and 
2.20 GeV/c, where the charged K* fraction was ~ 12%, and at 1.62 GeV/c, where 
the neutral K* fraction was 12%. Thus there may be a sharp drop in the K*±K + 
cross section at 1.91 GeV/c, and in the K*°K ° cross section at ~ 1.70 GeV/c, but  
bet ter  statistics are needed to confirm this. 

5 0  

20 

0 6 I 0 14 18 
"~ MASS (K'}E) GeV 

z2O 

> io 

o 

2O 

IO 

0.98 13 1.7 2 I 
MASS (KtK~) GeV 

o +- ~T 
Fig.  4.  E f fec t ive  mass  d i s t r i b u t i o n s  fo r  K 1 K  n even ts  (all i n c i d e n t  m o m e n t a ) .  T h e  curves  are 

p r o j e c t i o n s  o f  t he  m a x i m u m  l i k e l i h o o d  fit .  
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The solid lines in fig. 4 are the projections of  the maximum likelihood fit. There 
is no significant evidence for K*(1400) or any KK resonances. 

The c.m. production angle for the K -+, with respect to the incident particle of  like 
charge, is shown in fig. 5(a) and (b) for two selections on the K~Tr ~ mass, (a) 840 
940 MeV and (b) < 840 MeV plus 9 4 0 - 1 2 4 0  MeV. There appears to be a forward 
peak in the K*-+K; reaction. The cosine of  the decay angle 0 (the Jackson angle, the 
angle between the ~ and n -  in the K~Tr- rest frame or the p and the 7r + in the K~n + 
rest frame) is shown in fig. 5(c) and (d) for the same two K~Tr; mass selections. A 
non-isotropy appears in the K* mass band. The azimuthal angle distribution in the 
Jackson frame is flat for all K~Tr ~ masses. 

There is a very little K *° signal in the KI°M or K~K~ events, in agreement with 
the small K~K *° signal in this reaction. In a simple exchange model, the large K*-+K; 
to K*°K ° ratio implies dominance of A exchange over % exchange, the same result 
as was found in the KK final state. 

In the experiment at [5] 1.2 GeV/c, considerable amounts of  K *-+ and K *° were 
found in K~K-+n; events, as well as possible A 2 ~ KK and K*(1400). In a fit to the 
data without K*(1400), for which the evidence was not very strong, the resonance 
fractions found at 1.2 GeV/c were 28 + 3% K *+, 14 -+ 3% K *°, 7.5 -+ 3% A 2. Thus, 
for a beam momentum change from 1.2 to 1.76 1.94 GeV/c, the K~K-+n; cross sec- 
tion drops from 252 -+ 15 #b to 102 -+ 9 ~b, the charged K* fraction remains con- 
stant, and the neutral K* fraction drops to nearly zero. The present 1.62 GeV/c 
data suggest that most of the cross section and K *° decrease occurs between 1.62 
and 1.76 GeV/c. In the related K~K~n ° reaction, the cross section drops from 59 +- 7 
#b at 1.2 GeV/c to 18 -+ 5/ab at 1.76-1.95 GeV/c. 

(o) ~ F ,L,  ! 

l O ~ j  lO 

-,o 0-o- ~-,o oo ,o 
COSINE C M PRODUCTION ANGLE 

L,J ! ~ (C) ~ (d) 

-IO OO IO -IO OO IO 
COSINE DECAY ANGLE 

o -+ ¥ Fig. 5. Angular  d is t r ibut ions  for  K1K n events. (a) K -+ c.m. p roduc t ion  angle (K+.p or K -p) 
0 V- 0 T 

for  K17r mass 8 4 0 - 9 4 0  MeV; (b) as (a), bu t  for Kl~r mass < 840 or 940 1240 MeV; (c) the 
0 :t: - - - -  + • 0 g 0 F- decay angle of  the K i n  sys tem (n .p or n . p m  K c r  rest f rame) for K i n  mass  840--940 

MeV; (d) as (c) b u t  K ° n  ~ mass < 8~10 or 9 4 0 - 1 2 4 0  MeV'. 
1 
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7. ~ p  -+ K-+K~rr;rr ° 

A total of  599 events was assigned unambiguous ly  to these two reactions, 325 
K+K~Tr-n ° and 274 K~K~rr% °. In addi t ion,  14 events were ambiguous be tween  
these two reactions and 83 events were ambiguous with ~p  -+ o + KI~  7t-(K°) .  In the 
m a x i m u m  likelihood fits described below, the different  possible fits of  an ambigu- 
ous event were assumed to be equally probable,  and so weights of  0.5 or 0.33 were 
given to each ambiguous K-*K~Tr~Tr ° fit. If  instead the fit with the lowest X 2 was 
taken, the resulting fractional changes in the resonance fractions were less than 5%. 
All events were given a weight according to the probabi l i ty  that the K~ decay in our 
fiducial volume,  bu t  the effect of  this weight was very small (average weight was 

1.17). 
Effective mass plots showed considerable K* and p product ion ,  and no  clear evi- 

dence of  any other  t w o -  or three-body resonances. Hence a m a x i m u m  likelihood 
fit was performed,  assuming an incoherent  sum of  four K*KTr channels,  two K ' K *  
channels,  pKK and simple KKmr phase space. The matr ix  e lement  for each resonance 
channel  was wri t ten  as a Breit-Wigner ( 1 / T  ~ (m 2 - m2)  2 + m2F2),  or a product  of  

u u 

two Breit-Wigners, with a cons tant  width for the K and a mass dependen t  width 
(P = F o ( m o / m ) ( q / q o )  3 , where q is the breakup m o m e n t u m  of the lr+v - system 
with mass m) for the p. The K* and 0 masses (too) and widths (Po) were set at 892,  
5 0 , 7 4 5 , 1 4 5  MeV respectively, as suggested by  some prel iminary fits. (A fit to the 
mass interval 750 I000  MeV of  the KTr mass plot for all constrained four-body re- 
actions combined ,  with a Breit-Wigner and a cons tant  background,  gave a satisfac- 
tory fit with K* mass of  891 MeV and width of  45 MeV). 

Channel 

Table 7 
. -* O ¥ o Results of fit to pp ~ K Klrr 

Percentages 
All momenta 1.76-1.94 (GeV/c) 

* 0  0 o K Klrr 9-+2 10-+2 9 ± 2  11_+3 

K*°K+~; 7.+ 2 8 ± 2  8+ 2 10+ 3 
* +  0 ¥ K Klrr 9-~ 2 14- '2  12-+2 17- '3  

K*-+K'Vrr ° 17 -+ 2 23 -* 3 17 +- 2 24 -* 3 

K*°K *° 2 -* 1 0 a) 3 .+ 1 0 a) 

K*+K *-  8 -* 2 0 a) 8 .+ 2 0 a) 

K +Klp'° ~- 25+3_ 24+4  26-+4 25+5  
+ 0 ¥ 0 K-Klrr rr 23 21 17 13 

Log L 146 132 111 100 

a) fixed at 0. 
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The fractions of each channel given by the maximum likelihood fit are listed in 
table 7, for all momenta combined and for the four central momenta combined, 
both with and without double-K* production. The quoted errors correspond to 
changes of 0.5 in the logarithm of the likelihood (as given by the program [12] 
MIGRAD). Fits at each momentum separately showed no appreciable deviations 
from the values of table 7 for the various fractions. 

The presence of double-K* events was confirmed by studying a scatter plot of 
opposite (Kn) +- mass combinations. That area of the plot with both masses in the 
range 7 4 0 - 1 0 4 0  MeV was subdivided into nine equal squares and the quantities A, 

B, C, were defined as follows: A as the number of events in the central square, C as 
the sum of the events in the four corner squares, and B as the sum of the events in 
the remaining four squares. Studies of phase space like KKnn, K*Kzr, and K ' K *  
events showed that the number of K ' K *  events at our momenta was given by N = 

1201 ] 120 
.~ (a) K*- TP',K° n -o : 

o ~0L ~ '<~ 

f 
,~ L 

08 12 16 
MASS (K'rr) GeV 

08 1.2 16 
MASS (KTr) GeV 

mass distributions for K~K+rrZ.nOn events (all incident momenta). The curves Fig. 6. KTr effective 
are projections of the maximum likelihood fit. 

..ot ,o, 1.,ol ,b> 1 

z z 
.~ , ! o  ' ~ 4  ' i : a  ' > 0 . 4  ' o : S  i :z  

w MASS (K*K °) GeV w MASS (Tr*-]T °) GeV 

I  o/5 
['4 1.8 Z.2 I,'4 ' 1'.8 ~ 2'2 

MASS (K~K°~ ' )  GeV MASS (K±K,°Tr °) GeV 

Fig. 7. KK, 7rn, and KKTr effective mass distributions for K~Kerr+n ° events (all incident momen- 
ta). The curves are projections of the maximum likelihood fit. 
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2.3 (A - 1.05 B/2 + 1.05 C/4). Applied to our data, this gave K*+K * -  fractions of  
7.0 +- 3.0% and 7.2 -+ 3.6% respectively for all momenta  combined and for the four 
central momenta ,  in agreement with the maximum likelihood fit. 

The mass distributions implied by the maximum likelihood fit are in reasonable 
agreement with the experimental mass distributions (fig. 6, 7). An excess of events 
at 1280-1340  MeV in the KeK~ mass spectrum may be at tr ibuted to the A2, and 
suggests that 4.0 -+ 1.5% of  the events proceed via the channel A2n+-n °. There is no 
significant evidence for any other resonances; in particular there is less than 1% D 

+ O K - K I n  and no strong threshold ILK enhancement.  
In table 8 results on this reaction in different experiments [5, 7 - 9 ,  13] are com- 

pared. Some caution is necessary here because of  the differing methods used to ob- 
tain the resonance fractions. In addition, at the three higher momenta  there are in- 
creasing numbers of ambiguous events, and the resonance fractions were determined 
from study of  only the unambiguous events. 

Each resonance fraction at 2.7, 3.0, and 3.7 GeV/c was determined by  fitting to 
the appropriate mass spectrum a curve consisting of  phase space and a Breit-Wigner 
(multiplied by  phase space at 2.7 GeV/c), with reflections of  other resonances taken 
into account at 2.7 and 3.7 GeV/c. At 1.2 GeV/c a maximum likelihood fit similar 
to ours was made, with double-K* production set to zero. At 0.7 GeV/c a maximum 
likelihood fit included D, E, P,Flresonances and a KK threshold enhancement (the 
latter was also included at 1.2 GeV/c). 

The 1.2 GeV/c fit gave 19 + 3% K *° and 37 + 3% K *+- , which agree well with our 
fit when the K ' K *  fractions are set to zero (columns 2 or 4 of table 7). The 0.7 
GeV/c fit gave a total single K* fraction (including E, f ' ,  F 1 decays) of 38 + 3%, 
with a breakdown into the four K*Kn channels in reasonable agreement with ours 
when we allow non-zero K ' K * .  This 38 -+ 3% also agrees with the K* fraction at 
3.7 GeV/c. Thus it appears that in the K +- K~n~zr ° final state, the fraction of  single 
K* production remains relatively constant at ~ 40% in the momentum range 0.7 
3.7 GeV/c (assuming that K ' K *  production is small above ~ 2 GeV/c). 

The p fraction appears to be constant from 0.7 to 2.0 GeV/c, but  the pA 2 compo- 
nent of  this falls from 10 -+ 1% at 0.7 GeV/c to ~ 0% at ~ 2.0 GeV/c. The appreci- 
able KK threshold enhancement seen at 0.7 and 1.2 GeV/c does not appear at our 
momenta,  and the significant E°n ° channel (5 -+ 1%) seen at 0.7 GeV/c and not  at 
1.2 GeV/c is again not seen at our momenta,  although an excess of 9 -+ 5 events at 
1380-1460  MeV in fig. 7(c) is compatible with 1.2 + 0.7% E°n °. 

O o + O O + - -  
8 . ~ P ~ K 1 K l n "  n ,K1K2n n 

A total of  177 2 - V  events was assigned to the final state K°K°I 1 n +n , with no 
ambiguities. 440 1 - V  events were assigned unambiguously to the final state 

0 0 -I- 0 KI(K )n n , where (K °) denotes a missing neutral kaon, either a K~ or a K 1 which 
decayed outside the bubble chamber or into n°n °, while 83 events were ambiguous 
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Table 9 
O 0 + O O + - -  Results of fits to ~p ~ K1K lrr rr andKl (K  )~ ~r . 

Final state Channel Percentages 
All momenta 1.76-1.94 GeV/c 

O O + - -  
K1Kllr 

K*+K°rr v 47 ± 10 72 -+ 8 39 + 12 69 + 9 

K*+K * 17+ 5 0a )  20-+ 6 0a )  

K°K°o 15 ± 6 15± 6 16± 7 16-+ 7 

K°K°rr+rr 21 13 25 15 

Log L 45 37 34 26 

K~(K°)n 

K*-+K°rr; 34± 6 6 3 ± 5  31± 8 60± 

K*+K * 19± 3 0a )  18± 4 0a)  

K°K°o 13-+ 4 12±4  15± 5 14+ 

K°K°rr+rr - 34 25 36 26 

Log L 111 84 67 50 

K*+K°rr ~ 28 +- 10 59 ± 8 27 ± 14 55 + 11 

Ko,~o + - K , + K , -  0 a) lr~2rr rr 20± 5 17+ 7 0a )  

K°K°p 12+ 7 11 ± 7 14+ 9 13± 9 

K°K°rr+n - 40 30 42 32 

a) fixed at zero. 

b e t w e e n  o o + - K I ( K  )n n and one or b o t h  of  K~K±n~Tr °. The p rocedures  descr ibed  in 

the  sec t ion  on cross sec t ion  d e t e r m i n a t i o n s  led to es t imates  t ha t  47 a m b i g u o u s  

events  be longed  to the  K~(K°)Tr+lr final s ta te ,  and t ha t  326  of  the  487  K~(K°)n+n  - 
1 / 0 1 1 0  + - -  events  were r~lr,_2~r ~r events .  

M a x i m u m  l ike l ihood  fits, s imilar to  those  for  the  K~K±n~n ° final s tates,  were 
made on the  ,~o,,o + r~liXlTr Ir events and on the K~(K°)Tr+rr - events, with the same K* 
and p masses and widths. Ambiguous events were weighted by 0.5 or 0.33, but no 
geometrical weights were used (their effect on the fits is very small). The results are 
shown in table 9. The K~K~n'+zr resonance fractions were calculated from the 
K~K~Tr+Tr - and K~(K°)Tr+n " fractions, using the previously determined division of 
the  o o + K I ( K  )Tr 7r events .  Again the  presence  o f  K ' K *  events  was c o n f i r m e d  b y  a 

s imple analysis  o f  a KTr mass sca t ter  p lo t ,  wh ich  gave K ' K *  f rac t ions  o f  25 + 8% and 
18 + 5% respect ive ly  for ,.-o,,o + + - - lXllXl'/r rr and KI(K2)rr  rr for all m o m e n t a  combined .  

The effect ive mass  d i s t r i bu t i ons  impl ied  b y  the  fits give reasonable  ag reemen t  

w i th  the e x p e r i m e n t a l  d i s t r ibu t ions ,  wh ich  are shown  in fig. 8 1or b o t h  f inal  s ta tes  
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~'° I (a) 

2 0 0  

g 

l~[3 I00 

I 0 1 4  18 

MASS (K°K °) GeV 

> 

7H 20 

0 4  0.8  12 

MASS (Jr*]r-) GeV 

~> 

/ 
0 8  12 16 

MASS (K°n -±) GeV 

tO) 

1.4 1.8 2 2 

MASS (K°K°TT ~-) GeV 

. o , o  + -- K~(K°)n+n - events combined tall inci- Fig. 8. Effective mass distributions tor K 1Klrr Tr and 
dent momenta). The curves are the sum of the projections of the,maximum likelihood fits. 

combined .  The only appreciable difference be tween  the two sets of  mass plots was 

at low KK masses ,  an excess of  13 -+ 4 events at 1 0 1 5 - 1 0 2 5  MeV in the K~(K°N%r - 

events indicates that  4 + 1% of  the , ,o . ,o  + - _ r~l~2~" 7r events proceed via the 4)~T%T- channel.  
No significant evidence for the produc t ion  o f  any other  resonances was found.  With- 
in the l imited statistics there was no strong variat ion of  the resonance fract ions with 

m o m e n t u m .  
O O ~ + - -  A m a x i m u m  l ikel ihood fit at [5] 1.2 GeV/c  on K1KlVr 7r events assumed a ma- 

tr ix e lement  squared for K* produc t ion  o f  the form:  

IT 12 ~ IBW a + BW b + e i¢ (BW c + BWd)12, 

where 1/BW ~ m 2 - m 2 + i m o F  and the subscripts (a,b) and (c,d) refer respectively 
O 

to K77r ÷ and K~Tr-. combinat ions .  The fit was not  sensitive to the value of  ~. In our 

fits we have used: 

tTI 2 ~  IBWal2 + IBWbl2 + IBWcl2 + IBWdl2. 

The al ternat ive expression above was tried on the o o + - K1K ! 7r 7r events,  wi th  ~ set to 
zero, and r e su l t ed in  a poorer  fit and smaller K* fract ion,  viz. 56 -+ 7% K*K°Tr, 

13 + 6% KKp,  Log g = 32, for all m o m e n t a  combined ,  to be compared  wi th  the val- 
ues in table 9. 

Two  internal  consis tency checks can be made be tween  the K°K°k~Tr ° final-states. 

Simple isospin considerat ions  lead to the predict ions 
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Table 11 
Comparison ofpp o o + --, K 1K2rr n at different incident momenta (resonance fractions in percentages). 

Ref. 14 15 this expt. 
Momentum (GeV/c) 0.7 1.1 - 1.2 1.76-1.94 
Cross section (~b) 280 -+ 23 153 ± 17 

K,+-Kon~a) 57-+ 5 42+ 5 27+_ 14 

K*+K *-  23+ 3 27+- 3 17-+ 7 

K°K°p 0± 2 2 +- 2 14-+ 9 

zr+Tr- 5+- 1 7 +- 1 4 + 1 

I:-+,n; 14 -+ 3 3 +- 1 n s  

a)excludes K'K*,  includes F 1 ~ K*K. 

a ( K * + K  * -  -+ K°k~rr+rr ) - o(K*+K * - - +  K-+K%;rr ° )  = 0 , 

o(K*+-K°n ~ -+ K°K°n%r - )  - 2o(K*-+K% ~ -+ K-+K%r~Tr °) = 0 

Our fits and cross sections give for the left  hand side o f  the first equa t ion  67 +- 16 - 

52 + 8 = 24 + 18/~b and for the second equat ion  164 -+ 29 - 116 + 16 = 48 + 33/~b. 

In b o t h  cases, there is about  a 1.5 standard deviat ion disagreement  wi th  the predic- 

tion. This may  indicate that  the mat r ix  e lements  used in the fi t t ing are inadequate ,  

but  clearly a higher statistics exper iment  is needed to conf i rm the disagreement.  We 

note  that  at 0.7 GeV/c  the published fits [14] and cross sections [4] give 169 + 40 - 

260 + 20 = - 91 -+ 4 5 / l b  and 336 + 32 - 316 + 32 = 20 + 45 ttb respectively.  

Compar ison o f  the K~K~n+Tr - final state in di f ferent  exper iments  [5, 7 9 ,141  is 
+ O + made in table 10. As in the K - K j r - f i "  case, there appears to be some disagreement  

be tween  the 2.7 and 3.0 GeV/c  cross sections,  unless there is some unusual behavior  

near these momenta .  The single K* fract ion may  again be approx imate ly  constant  

wi th  m o m e n t u m ,  but ,  con t ra ry  to the K+K~Tr~n ° case, the K*+K * -  f ract ion does 

not  appear to fall be tween  0.7 and ~ 1.8 GeV/c .  
Results  on the o o + - K1K27r 7r final state have been repor ted  [14, 15] at 0.7 and 

1 . 1 - 1 . 2  GeV/c ,  and are compared  with  our results in table 11. 

- -  + 0 ¥ + - -  

9 .  pp ~ K - K l n  7r 7r 

The number  o f  events assigned to this react ion was 347,  wi th  no unresolved am- 

biguities. A s tudy of  this react ion,  wi th  emphasis on the energy dependence  o f  the 

total  cross section and the K* p roduc t ion  cross sect ion,  wi thin  our energy range, has 

been  repor ted  [1]. Max imum l ikel ihood fits to the events have now been  performed,  

to de te rmine  fract ions o f  K*, P, and associated produc t ion .  
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Table 12 
• ,-+,pO + + -- Resu l t s  of  fits to  ~p--+ ix i x l r r - n  n . 

Percentages  
All m o m e n t a  1.76 1.94 G e V / c  

K,O,•O 
+ 

~.lrr  n 2 - + 2  2 6 ± 5  5 - + 7  2 6 . + 6  

K*.+K-7~+rr - 0 ± 2 31 .+ 5 0 .+ 2 30 -+ 6 

+ o -T- 
K Kl r r  p 2 4 - + 8  4 3 - + 6  2 9 - + 8  4 5 - + 7  

K*°K*-+lr -7 17 ± 4 0 a) 18 .+ 6 0 a) 

K * ° K ~ #  22 .+ 6 0 a) 20 - 8 0 a) 

K*.+K+o 31 ± 5 0 a) 28 ± 8 0 a) 

K-+ K°~-7 lr+rr - 4 0 0 0 

Log L 151 116 107 84 

a) f ixed  at  zero  

4O 

g 

o 
(D 

0 4. 0 8 12 
MASS (ir*Tr-) GeV > 

z 

I0  14 18 
MASS (K~K~ °) GeV 

 40I 

14 18 
MASS (K±K?~r ~) GeV 

• - 0 + -7 + - -  
F i g .  9. Ef fec t ive  mass d i s t r i b u t i o n s  for K1K-r r  rr rr events  (all i nc iden t  m o m e n t a ) .  The  curves 

are p ro jec t ions  of  the m a x i m u m  l i ke l i hood  fit. 
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Table 13 
~ - -  -+ 0 ¥ + -- Comparison ol pp--* K Klrr rr ~ at different incident momenta (resonance fractions in percen- 

tages). 

Ref. [6] This expt. [71 [81 [9] 
Momentum (GeV/c) 1.2 1.76-1.94 2.7 3.0 3.7 

+41 Cross section Lab) 105 -+ 10 189 + 14 151 + 26 177 + 26 97 14 

K ' a )  (inc. K*o) 67 + 4b)  89+ 12 75-+ 15 60+- 15 75 + 15 

o(inc. K*o) 30+ 5 77+ 10 40+ 10 35-+ 10 25 + 10 

K'K* 0b)  18+ 6 ns 20+ 5 ns 

K*O 0 b) 4 8 -  + 11 15 +- 10 ns ns 

a K* means K*Knlr + 2K*K*m 
b K 'K* fractions were set to zero at 1.2 GeV/c. 

ns means not seen. 

The m a x i m u m  l ikel ihood fits assumed K *°, K *-+, and P resonances were present,  

singly and in pairs, and the matr ix  e lements  used were the same as in the four-body 
fits described above. The K* and p mass and width  were again set at 892,  5 0 , 7 4 5 ,  

145 MeV respectively.  Changes o f  + 20 MeV in the p width or +- 10 MeV in the p 
mass led to slightly smaller values of  the l ikel ihood funct ion and to the same reson- 

ance fract ion,  within the stated errors. Unweighted  events were used in the fits; intro- 

duct ion  o f  a geometr ical  K 1 decay weight  gave negligible changes. 
Results o f  the fits are given in table 12. Fits at individual m o m e n t a  showed no 

strong deviat ions f rom these combined  values; There is clearly much associated pro- 

duct ion  of  resonances:  the three-body channels account  for ~ 70% of  the reaction.  

Table 12 gives a total  K* fract ion per event of  0.89 (all m o m e n t a  combined) ,  which 
agrees well with the value of  0.93 + 0.10 f rom ref. [1], where these fract ions were 

obtained direct ly f rom the Krr mass spectra. 

The exper imenta l  mass distr ibut ions are in reasonable agreement  with the distri- 

but ions  implied by the fit (fig. 9). An excess of  events does appear at the low mass 

end of  the KK mass spectrum; the excess over the curve below 1040 MeV is 20 -+ 7 

events,  corresponding to 6 +- 2% of  the reaction.  

In table 13 our results are compared  with  exper iments  at other  m o m e n t a  [ 6 - 9 ] .  

Tl,e resonance fract ions at 1.2 GeV/c  come from a s imultaneous fit to all two- and 

three-body mass spectra, w i thou t  al lowance for associated p roduc t ion  (excep t  DO); 

those at the higher m o m e n t a  come f rom simple fits to the mass spectra using only 

unambiguous  events. It is diff icult  to draw any conclusion f rom table 13, outside of  

the fact that  the total  K* produc t ion  appears to remain relatively constant .  Our data 

are compat ib le  wi th  2 + 2% Drrrr and 4 -+ 3% ETrTr, whereas at [6] 1.2 GeV/c  the D~rTr 

channel accounted  for 6 -+ 2% of  the react ion and the Errrr channel accounted  for 

60% of  the react ion at 0.7 GeV/c  and 9 + 3% (est imated f rom the published fig. 8) 

at 3 . 0 - 4 . 0  GeV/c .  
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0 O + - -  lO .~p-+K1Kl l r  lr rP 

A total of 207 events, all unambiguous, were assigned to this reaction. 
In ref. [1 ] we reported on this reaction, and in particular on the incident moment  

variation, within our momentum range, of the K* and co production cross sections. 
No maximum likelihood fits have been made, because of the relatively low statistics 
and large number of different channels. Instead, fractions of K *-+, K *°, and co for 
the four central momenta were taken from ref. [1 ], and then various mass distribu- 
tions were generated assuming the appropriate numbers of KKco, K*KTrTr, and KKTrTrTr 
events. The deviations of the experimental mass distributions from the generated 
ones were then used to estimate the amounts of charged and neutral p present and 
to look for any other resonances (see fig. 10). 

Our results, and those obtained in other experiments [6 -9] ,  are shown in table 
14. The resonance fractions in the other experiments were determined in exactly the 
same way as for the K-+K~Tr~Tr+TT final state. The table shows a decreasing co frac- 
tion, an apparently increasing p fraction, and a relatively constant K* fraction, al- 
though the K* fraction at 1.76- 1.96 GeV/c is slighly higher than other momenta. 
The total cross section value at 3.0 GeV/c appears to be anomalously large. 

The breakdown into charged and neutral meson production in our data gives 
57 -+ 14% and 19 -+ 9% respectively for the K*, and 10 + 5% and 0 + 3% for p. An 
excess of events at low KK mass was also observed in our data, the excess below 
1040 MeV amounting to 8 -+ 3% of the events. We see less than 1% D meson produc- 

tion. 
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• O O + - -  O Fig. 10. Effective mass distributions for K1Kln rr ~r events (all incident momenta). The curves 
assume contributions from KKco, K*Krrn, and KKn~Tr events, with co and K* fractions taken 

from ref. [ 11. 
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Table 14 
O . O  + O Comparison of~-p-+ K1Kllr rr lr at different incident momenta (resonance fractions in percen- 

tages). 

Ref. [61 this expt. [71 181 [91 
Momentum (GeV/c) 1.2 1.76-1.94 2.7 3.0 3.7 
Cross section 186 + 17 151 + 15 69 + 21 139 + 18 34+~ 

. . . .  _ 1 

K*a)(inc. K*#) 40+. 5 76+º 16 40+. 10 50+ 20 30+. 15 

43-+ 3 24_+ 4 6+. 6 ns 5+. 5 

o(inc. K*P) 16+. 5 10+. 6 10+. 5 40+- 20 40± 15 

a) K* means K*KTrn + 2K*K*rr. 
ns) means not seen. 

11. ~p -+ K+'K~rr~(M) 

There were 332 unambiguous  events of  this reaction, where M implies more than 
one missing neutral  particle. In addi t ion,  120 events were ambiguous be tween  one or 
bo th  of these final states and K~rr+rr-(M). This reaction is of  interest  because of  the 
observation [15] at 1.1 1.2 GeV/c of  the D and F 1 mesons in the KKrr mass spec- 
t rum. In our s tudy of  the reaction,  only the 332 unambiguous  events have been con- 
sidered. 

Reasonable agreement  with the missing mass spectrum and the K+-a + and K~rr ~ 
mass spectra was obta ined by assuming a mixture  of  70% K+ºK~aVrr°rr ° events and 
30% K+'K~rr~rr°rr°rr ° events, each with 11% K *° -+ K+-rr ~ and 20% K *+" -+ K ~  ~. The 
K+'K~ and K+'K~rr ~ mass spectra of this model  were then compared with the experi- 
menta l  ones (fig. 11). 

The exper imental  KK spectrum shows an excess at low mass ( <  1040 MeV) 
amoun t ing  to 6 +- 2% of the events, the same fraction as in the K+-K~rrarr+rr - final 
state. The +" o K Klrr mass spectrum shows an excess of  events in the D region ( 1 2 6 0 -  
1320 MeV) of  10 -+ 5 events or 3 -+ 1.5% and a narrow enhancement  at 1 4 0 0 - 1 4 4 0  
MeV of 15 + 6 events (5 -+ 2%), which could be due to the E meson,  al though the 

width of  the latter is [13, 16] 6 0 - 8 0  MeV. In the F 1 region ( 1 5 2 0 - 1 5 6 0  MeV) we 
find a deficiency of  3 +- 5 events. 

This same final state at 1.1--1.2 GeV/c showed 18 -+ 5% D product ion  [6] ,  three 
t imes the percentage in the K-*K~rr~rr+rr - events at that  m o m e n t u m ,  and ~ 6 + lfJ. 
F 1 product ion  [15]. Most of this F 1 product ion  was in the 2 - b o d y  channel  Fl rb  
Our missing mass spectrum indicates some r? product ion ,  20 +- 7 events above back- 
ground,  bu t  the K~K+ºrr ~ mass spectrum for those events with missing mass in the r/ 
region ( 5 2 0 - 5 8 0  MeV) shows no signal in the F 1 region, al though there are 6 Dr/ 
events (see fig. 1 l(b)) .  



24 .L W. Chapman et aL, ~p annihilation at 1.6-2. 2 Ge V/c 

g i n  (0/ ] 

,,z ~o 

io 14 
MASS (K±K, °) GeV > 

w 
12 16 20 

MASS (K±K,°Tr ~) GeV 

Fig. 11. Effective mass distributions for unambiguous K~K-+Tr'-Mevents (all incident momenta)._ 
o ,+ g o o c, KOK±~VTr%rolro, The curves assume 70% KIK-Tr 7r rr , 30,~c t each with 31% K* --* Krr + (see text). 

Shaded events in (b) have missing mass (M) in the range 520 580 MeV 

12. ~p  -+ K-+K~rr;zr+zr n ° 

A total  o f  195 events was unambiguous ly  assigned to this react ion.  

The 7r+~r- n ° mass spec t rum shows tha t  co p roduc t ion  is very strong.  A fit to this 

spec t rum,  for all m o m e n t a  c o m b i n e d ,  assuming con t r ibu t ions  f rom s ix-body phase 

space and the K±K~Tr;co channel ,  showed  tha t  59 -+ 7% o f  the events p roceed  via co 

p roduc t ion ,  or 56 + 8% for the four  central  m o m e n t a .  No m a x i m u m  l ikel ihood fits 

have been  pe r fo rmed  because of  the large number  of  possible channels .  Ins tead the 

mass spectra  have been  compared  to the pred ic t ions  o f  a mix ture  of  41% s ix-body 

phase space and 59% K-+K~Tr;co (or 44% and 56% respectively for the four  central  

Table 15 
K-+K°n~n+~r n ° at different incident momenta (resonance fractions in Comparison oJ 'pp  per- 

centages). 

Ref. [6J this expt. [7] [81 [9} 
Momentum (GeV/c) 1.2 1.76 1.94 2.7 3.0 3.7 

+47 
Cross section(ub) 46-+ 6 102-+9 182+30 237+ 20 201_75 

co (inc. Dco) 65+ 9 56+ 8 30+- 10 15+- 5 20+10 

D (inc. Dto) 47 + 7 16 + 5 ns ns ns 

K* a) (inc. K*p,K*co) 35 +- 13 22 + 8 50 +- 15 60 + 10 50 -+ 10 

O (inc. K*O) - -  7 + 5  15+15 5 0 + 2 0  30+-10 

a) K* means K*K1rrrrr + 2K*K*rrrr. 
ns) means not seen, 
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F i g .  12.  E f f e c t i v e  m a s s  d i s t r i b u t i o n s  f o r  K~K-+rr~-n+rr-Tr ° e v e n t s  (al l  i n c i d e n t  m o m e n t a ) .  T h e  
o + ¥ curves assume 59% K1K 7r co and 41% 6-body phase space. The shaded events in (d) have 

O + K1K- mass less than 1040 MeV. 

momenta)  (see fig. 12). There is marginal evidence for p production, some K* -+ Kn ~ 
but no K* -+ KTr °, some D ~ K-*K~Tr ~, and a low mass KK enhancement most of 
which is associated with the D. Estimates of co, p, K*, and D percentages for the 
four central momenta are listed in table 15, together with results of other experi- 
ments [6 -9 ]  (where the methods used were the same as in the five-body final states). 

Table 15 shows a roughly constant K* fraction, but  the co and D fractions de- 
crease with increasing momentum.  At [6] 1.2 GeV/c all the D meson production 
was associated with the co (apart from 1 +- 1% D~). In our data the ratio of Dco to all 
D events is estimated to be 0.50 + 0.20. A search for coK* associated production in 
our data showed that 70 -+ 20% of the K*s occur in K*Kco events. 

13. ~p -+ KKKK 

O O + -- In the 2 - V  events, there was 1 KIK1K K event. This event was at 2.20 GeV/c, 
and corresponds to a cross section (corrected for invisible decays) of 4 ~tb at 2.20 
GeV/c.  

Of the 1 - V  2 - p r o n g  events, 10 were unambiguous K~(K°)K+K - events, and a 
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Fig. 13. K~(K °) and K+K - effective mass distributions for K?(K°)K+K - events. The shaded 
events are ambiguous with two-kaon final states. 

further 7 were ambiguous between this final state and one or more two-kaon final 
states. The incident momentum distribution of these events was 0, 1 ,6 ,  0, 2, 1 for 
the unambiguous events and 0, 1, 1, 1, 1 ,3  for the ambiguous events (incident mo- 
menta in order lowest to highest, i.e. 1.62 to 2.20 GeV/c). If  the number of  real 

O O + - -  K~(K°)K+K events is taken to be 14 -+ 4, and 1 +- 1 of these are K1K1K K events, 
a momentum averaged cross section of  6.5 +- 2.5/~b results (or 8.0 -+ 3 .0 / lb  for 

KOKOK+tC 1.76 1 . 9 4 G e V / c ) , f o r ~ p - +  1 2 "" • 
The K+K - and K~(K °) mass spectra for these events (fig. 13) show evidence of~b 

production.  Of the total of  17 events, 7 have K~(K °) mass in the range 1014-1024  
MeV, and 4 have K+K mass in this range. Two events, both unambiguous, have 
both KK masses in this range, and lead to an estimate of  3 -+ 1.5 ~tb for the ~p -+ 44) 
cross section (all decay modes). 

14. CONCLUSIONS 

We have determined cross sections, and the percentage contributions of  various 
resonance channels, for several final states that result from antiproton proton anni- 
hilations and that include a K~ meson. Our results do not show any dependence on 
incident momentum that would suggest the presence of  direct channel resonances. 
There may be a sharp drop in the K°K+-~ cross section near 1.7 GeV/c. 

Strong production of  K*, p and co mesons is observed. These resonances appear 
in all final states where they are allowed by their decay properties. The q~ meson also 
occurs in the two final states that contain its KK decay mode,  but  with small cross 
section. 

Cross sections for various resonance and non-resonance channels, computed from 
our cross sections and fits for the 1 .76-1 .94  GeV/c incident momenta,  are given in 
table 16. (The fits, and hence the cross sections, assume that the different channels 
are incoherent.)  The non-resonance cross sections (e.g. K-+K°Tr~Tr °) were calculated 
from the percentage of  Lorentz-invariant phase space given by the maximum likeli- 
hood fits, minus the percentage of  any resonances observed but  not  included in the 
fits (e.g. A 2 -+ K+-K°). The different channels in the table are all mutually exclusive. 
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Channel a) 

Table 16 
Channel cross sections at 1.76-1.94 GeV/c. 

Cross section (~b) Channel a) Cross section qub) 

K+K - 40+ 4 K*e(Krr); 381 -+ 61 
O . O  K1K 1 1-+ 1 K*°(Kn) ° 236±43 
O O K1K 2 5+- 2 (KK)±o ~ 163± 25 

K*±K ~- 89 -+ 18 K°K°o° 65 -* 24 

K*°K ° 3+~ K*-+K*°Tr ~7 153 ± 51 

K*+K * 146 _+ 26 (K'K)°# ° 272 -+ 64 

K*°K *° 42 -+ 14 @n+n 17 -+ 5 
O O Dco(D-*K±K°n +) 18 + 9 K1KlCO 40 ± 7 

(K*K)°co 52 ± 24 

K,+(K:~n+rr - )  ~+11 K±K°n ~ 143 + 14 U 0 
K*O(KOn+n - ) ~o+40 o o o K1Kl~r 18 + 5 ~° 28 
(K±K°n;)# ° 110 ± 30 

~+38 (K+K°lrT-)vo 14 +- 10 K+-K°rr~n+n - u 0 

K±K°n=~rr ° 82 ± 25 

K°K°n+n - 126 +- 20 

o and K 7. K*, a) K ° means K 1 co, @ include all decay modes. 

The table shows that  ( p s e u d o - )  3 b o d y  channels have generally larger cross sections 

than 2, 4 or 5 b o d y  channels,  a l though it is diff icult  to make a strong s ta tement  here 

because some channels are no t  observable in this exper iment  and are not  listed in the 

table. The  large charged to neutral  ratio seen in the K * K  and K ' K *  channels,  and-  

also in the KK final state,  suggests a simple hype ron  exchange model  in which 

isospin-zero exchange is dominant .  

We have compared  the resonance fract ion in our final states wi th  results f rom 

other  exper iments  in the incident  m o m e n t u m  range 0.7 to 3.7 GeV/c .  Tile compari-  

son is not  comple te ly  s t ra ightforward because of  the di f ferent  methods  used to de- 

te rmine  the resonance fract ions and the di f ferent  resonance channels that  are as- 

sumed to be present.  However ,  it does appear that  the fract ions of  K* and p are 

roughly constant  over the 0.7 to 3.7 GeV/c  m o m e n t u m  range, while tile co fract ion 

decreases wi th  increasing m o m e n t u m .  Of  the three KKn resonances,  the D, E, and 

F 1 mesons,  seen at lower m o m e n t a ,  there is significant evidence in this exper iment  

only for the D, and that  only in the 6 body  final state K]K-+~n÷n ~ ' .  The 5 and 6 

body  final states, but  not  the 3 and 5 body  ones, show small but  significant low 

mass KK enhancements .  
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