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Abstract 

The measurement of different reactions of ~d annihilation at rest in a gaseous target has 
been performed using the OBELIX spectrometer at LEAR (CERN). A strong deviation 
from the OZI-rule prediction was found from the measurement of the ratio R = ~b~r/to~r in 
two regions of proton momenta, P < 200 MeV/c  and P > 400 MeV/c:  R(&~r- / toTr-)  = 
(133 + 26)× 10 -3 and (113 + 30)× 10 -3, respectively. These values are about 30 times 
greater than the theoretical prediction. For the first time the excitation of the A-resonance 
was observed among the final-state products of ~d annihilation. The existence of a broad 
enhancement in the 4~r invariant mass at m = 1480 MeV, seen in previous experiments, was 
confirmed. A = 100 MeV downward shift of the bump position, when the proton momen- 
tum increased up to P > 400 MeV/c ,  was also observed, while the positions of to, p and 
f2(1270) did not change with the proton momentum. The following branching ratios were 
measured: BR(~d ~ 7r-~bp) = (6.62 + 0.49) × 10 -4, for P < 200 MeV/c ;  BR(pd --* zr-~bp) 
= (0.95 + 0.22) × 10 -4, for P > 400 MeV/c ;  BR(~d ~ r - t o p )  = (49.7 + 8.9) x 10 -4, for P 
< 200 MeV/c;  BR(~d ~ ~--top) = (8.38 + 1.09) × 10 -4, for P > 400 MeV/c;  BR(~d --+ 
2~--zr+p) = (150 + 6) × 10 -4, for P < 200 MeV/c ;  BR(~d --* 2~--zr+p) = (16.6 + 0.9) × 
10 -4, for P > 400 MeV/c ;  BR(~d --* 37r-2~r+p) = (326 + 12) × 10 -4, for P < 200 MeV/c;  
BR(~d --+ 37r-2~-+p) --- (44 _ 7) × 10 -4, for P > 400 MeV/c;  BR(~d ---, AK+~ "-) = (0.96 + 
0.19) × 10 -4, for P > 400 MeV/c ;  BR(pd ~ AK+~--~ "°) ---- (3.5 + 0.8) × 10 -4, for P > 400 
MeV/c;  BR(~p ~ 2~r-27r +) = (540 + 20) X 10-4; BR(~p --* 3~ -3~  "+) = (251 + 21) x 10 -4. 

Keywords: NUCLEAR REACTIONS d(p-bar,X), E at rest; Measured ~b- to-production, 
absolute branching ratios. OBELIX spectrometer. 

1. Introduction 

We repor t  on  the m e a su re m e n t  of  annihilat ions of  s topped ant iprotons  in a 
deuter ium-gas  target  pe r fo rmed  with the O B E L I X  spec t rometer  at L E A R  (CERN) .  
The  main  physical motivat ion for  these measuremen t s  was to study ~b-meson 
produc t ion  in ~ annihilation. I t  has been  st imulated by the experimental  data  
[1-3]  showing that  the yield of  ~b in ~p annihilat ion is remarkably  high and the 
ratio be tween  ~b-meson and to-meson produc t ion  is larger  than  the expectat ion 
f rom the O Z I  rule [4]. Moreover ,  these data  demons t ra te  the highest degree  o f  the 
OZI - ru le  violation among  all o ther  had ron  interact ions at different  energies.  

Indeed ,  according to the  O Z I  rule, it was predic ted  [5] that  

BR(~IN --* ~bX) tan  2 5, (1)  
R ~ - ~ _  

B R ( ~ I N  ~ toX) 

where  ~ = 0 - 0 i is the deviat ion f rom the ideal mixing angle 0 i = 35.3 °. 
Since the vector  mesons  are practically ideally mixed, 8 is small. I ndeed  the 

mixing angle f rom the quadrat ic  G e l l - M a n n - O k u b o  mass formula  is 0 = 39 ° and 
f rom the l inear one  is 0 = 36 ° [6]. Substi tuting these values in (1) one  obtains 

R = 4.2 x 10 -3 for  the quadrat ic  mass formula ,  (2) 

R = 0.15 x 10 -3 for the l inear mass formula .  
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These predictions are in sharp contrast with the recent data on ~p annihilation 
at rest. The  AS TERIX Collaboration [2] found that the ratio 4~r/torr for annihila- 
tion from the S-wave was as high as R = (76.9 + 17.1) X 10 -3. The Crystal Barrel 
Collaboration [3] confirmed the violation of the OZI rule obtained by the AS- 
T E R I X  group, and found for the ratio ~brr°/tozr ° the value R = (140 ___ 40) x 10 -3. 
They also found a significant high violation of the OZI rule for the ~by/toy ratio. 

Indications of significant OZI-rule violation in antiproton annihilation on neu- 
trons existed since the old bubble-chamber experiments [7,8], which had found a 
substantial yield of the ~b~-- channel. Using the branching ratio for the ~n ~ tort-  
channel from [9,10], one could obtain R = (83 + 25) x 10 -3. However, the statistics 
in these experiments was rather scarce. For  instance, in [7] only 54 events of the 
~bzr- channel were found. 

Recently, the OBELIX Collaboration has measured the ~b- and oJ-meson 
production in the annihilation of antineutrons in liquid hydrogen [11]. A significant 
violation of the OZI  rule was found with R = BR(~bzr+)/BR(o)rr +) = (110 + 15 + 
6) x 10 -3. 

We have investigated the following reactions: 

~ + d ~ , n - - +  ~b + p, (3) 

~ + d ~ ' - + ¢ 0  + p, (4) 

in antiproton annihilations at rest on gaseous deuterium using the OBELIX 
spectrometer at LEAR (CERN). 

The branching ratios of thTr- and toTr- channels were measured for two 
regions of proton momenta: P < 200 M e V / c  and P > 400 M e V / c .  A substantial 
violation of the OZI  rule was found. The ratio R = ~bTr/toTr is about 30 times 
higher than the theoretical prediction obtained following the quadratic mass 
formula. 

Complementary to the study of ~b-meson formation, which was performed with 
a dedicated trigger, we took data on ant iproton-deuter ium annihilation at rest 
with a minimum-bias trigger. It was possible to measure the branching ratios of the 
following reactions: 

+ d --* 2zr - r r++ p, (5) 

+ d ~ 3z r -+  2zr++ p, (6) 

for two regions of proton momenta: P < 200 M e V / c  and P > 400 MeV /c .  
The possibility of exploring the high-proton-momentum region brought some 

interesting information concerning the dynamics of ~d annihilation. For the first 
time the excitation of the A-resonance was observed among the final-state prod- 
ucts of ~d annihilation. 

A broad bump in the 4zr-invariant mass at m = 1497 + 8 MeV with a FWHM = 
177 + 14 MeV was seen in reaction (6). A similar enhancement  had been seen 
previously [12] and was dubbed ~(1480). Later this bump was seen also by the 
A S TER IX Collaboration [13], which found that the position of the peak changed 
with the increasing of the proton momentum. 
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In our data we observed the same effect of the shifting of the bump position of 
= 100 MeV downward when the proton momentum increased up to P > 400 
MeV/c. We also observed that the positions of to, p and f2(1270) did not change 
with the proton momentum. 

In the nucleon-spectator region (P < 200 MeV/c)  the reactions 

+ d ~ 27r-+ 2,r++ n, (7) 

+ d --¢ 37r-+ 37r++ n (8) 

were studied and their branching ratios determined. 
We also studied reactions with the A-hyperon formation. The interest in such 

processes comes from the fact that in the annihilation on a free nucleon, A 
production occurs at an antiproton-momentum threshold Pth = 1436 MeV/c. 
However, in antiproton annihilations on nuclei, even antiprotons at rest could 
create A, via rescattering of the annihilation mesons (for a review, see [14-17]). So 
in our case both nucleons of the deuteron should participate in the process and it 
is interesting to establish the experimental features of such "two-body" annihila- 
tions. 

In our data sample with proton momenta P > 400 MeV/c we have identified 
the following reactions of A-production: 

+ d ~ a + K+zr -,  (9) 

+ d -~A + K++ 7r-+ ~.0, (10) 

and studied their characteristics. 
The paper is organized as follows. Section 2 contains the description of the 

OBELIX experimental apparatus. The procedure of the data analysis of the 4~- 
and to-meson production is described in Section 3. The results of the measure- 
ments of different ~d annihilation channels with pions in the final states are 
discussed in Section 4. The production of A-hyperons is discussed in Section 5. 
Section 6 contains the concluding remarks. 

2. Experimental apparatus, trigger and data taking 

2.1. The O B E L I X  spectrometer 

The measurements were performed using the OBELIX spectrometer located on 
the M2 beam line at the CERN low-energy antiproton ring (LEAR). The layout of 
the OBELIX spectrometer is shown in Fig. 1. The full description of the OBELIX 
spectrometer can be found elsewhere [18]. Here we give only a short description of 
the detectors relevant to the present measurement. 

The OBELIX spectrometer consists of four sub-detectors arranged inside and 
around the open-axial field magnet (OAFM), providing a field of 0.5 T in an open 
volume of about 3 m 3. These detectors are: 
(1) the spiral projection chamber (SPC): an imaging vertex detector with three-di- 

mensional readout for charged tracks and X-ray detection; 
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(2) the time-of-flight (TOF) system: two coaxial barrels of  plastic scintillators for 
charged particle identification at the trigger level. The first barrel  consists of 
30 slabs (1 cm thick, 80 cm long) situated 18 cm from the beam axis; the second 
barrel  consists of 84 slabs (4 cm thick, 300 cm long) located 136 cm from the 
beam axis. The intrinsic t ime resolution of the system is 800 ps FWHM; 

(3) the jet drift chamber  (JDC) for tracking and particle identification by dE/dx 
measurement .  The detector consists of  two half-cylinders (160 cm in diameter,  
140 cm long). The 3280 sense wires are organized into 82 azimuthal sectors of 
4 ° and are equipped with a 100 MHz 8-bit F A D C  readout  system on both 
sides. The intrinsic spatial resolution is tr z = 12 mm, O'r6 = 200 ~m. The 
momen tum resolution, which was measured at 928 M e V / c  for monoenerget ic  
pions from the reaction ~p ---> 7r+~ "-, was found to be o" = 3.5%; 

Eo 40 F" . . . .  ' . . . .  i . . . .  ~"~ ~ 8 0 0  . . . .  ' . . . .  ' . . . .  ' . . . .  ' . . . .  

N 20 , / ,,c 600 

10 :i~.: ::: 500 

- 1 0  ";.~',:.'." ..'." 

- 2 0  t 200 

- 3 0  : : : :  , , , i , 100 
-4.0 10 20 30 40 ~-15 - 1 0  - 5  0 5 10 

T nsec L cm 

700 

,5 60o 

500 

400 

300 

200 

I O0 

' ' ' 1 ' ' ' 1 '  

0 
- 4 0  - 2 0  

i i ] i i , 

c )  - 

L , l , ,  

1.4 

1.2 

1 

0.8 

0.6 

0.4 

0.2 

0 
0 20 40 0 

Z cm 

' ' ' I ' ' ' ' ' I ' ' 

: . . . . .  ,.':--" K 

0.2 0.4 0.6 0.8 
P GeV/c  

Fig. 2. (a) The distribution of the minimum times in the inner TOF slabs for the annihilation events 
with different z-coordinates of the vertex. The z = 0 point corresponds to the center of the target. 
Mylar and target annihilations can be separated by a straight line. (b) The distribution of the 
annihilation times projected on the line shown in (a) (dashed line). The solid line corresponds to the 
distribution of the annihilation times occurring within the 16 ns gate signal, delayed by 20 ns from the 
antiproton arrival. (c) The distribution of the annihilation vertices along the beam axis. The dashed line 
corresponds to the distribution without demand on the time gate, the solid line is the z-distribution of 
the vertices within the time gate. The target entrance and exit windows are at q:31 cm. (d) The 
distribution of velocity/3 for the particles with different momenta. Solid lines enclose the region used 
for kaon selection. 
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(4) the high-angular-resolution gamma detector (HARGD): an electromagnetic 
calorimeter consisting of four modules made by layers of 3 x 4 m 2 lead 
converter foils enclosed by planes of limited streamer tubes. 

The HARGD modules were under test during the data acquisition and their 
data are not included in this analysis. 

2.2. Data taking and trigger configuration 

Antiprotons of 105 MeV/c  supplied by LEAR with A p / p  < 10 -3 crossed a 80 
~m beam scintillator counter, which gave the start to the event timing and trigger 
logic. After passing through the 78 ~m mylar entrance window, the antiprotons 
were stopped in a cylindrical gaseous target filled with deuterium at NTP. The 
thickness of the target mylar walls was 12 ~m. The length of the target was 62 cm 
and the antiprotons stopped in a rather limited central part of the target. 

The diameter of the target was 6 cm and, to avoid the problems connected with 
the annihilation on the target mylar walls, the trigger signal was generated in a way 
which took into account the fact that signals in the inner TOF slabs from 
annihilation in gas arrived later in time than those from the annihilation in mylar. 

To suppress the annihilations in mylar all readout systems of the OBELIX 
detectors were active only within a time gate which arrived 20 ns after the signal of 
the front beam scintillator. The width of the time gate was 16 ns. The effect of this 
time selection is shown in Fig. 2. In Fig. 2a the distribution of the minimum times 
in the inner TOF slabs for the annihilation events with different z-coordinates of 
the vertex is reported. One can see two spots in this plot, which can be separated 
by a straight line: one, at small times, from annihilation on mylar, and the other, 
with typical time t > 20 ns, from annihilation in the gas target. These two regions 
can be well separated by projecting them on the straight line. The projection on 
this line gives the distribution shown in Fig. 2b by the dashed line. One can see two 
peaks, the small one coming from the annihilation on mylar, and the big one from 
the annihilations in the gas target. The solid line shows the distribution of the 
annihilation times occurring only within the 16 ns gate signal. The bump from the 
annihilations on mylar practically disappears. Only a small fraction of annihilations 
on mylar still contaminates the data sample. This fraction was estimated to be 
W(myl) = (0.60 _ 0.02)% of all annihilations. 

The distribution of the annihilation vertices along the beam axis is shown in Fig. 
2c. The dashed line corresponds to the distribution without demand on the time 
gate, the solid line is the z-distribution of the vertices within the time gate of 16 ns. 
It is seen that the selection of the events within the gate indeed chooses the 
annihilations in the central part of the target. This distribution also demonstrates 
that practically all events are due to annihilations at rest; the percentage of 
annihilations in flight was determined as W(in-flight) = (0.80 + 0.03)%. The part of 
the annihilations in the front mylar window was W(front) = (0.04 _ 0.02)%. 

The data used in this analysis were collected with a special trigger dedicated to 
the selection of two charged kaons from ~b-decays. The trigger conditions were as 
follows: 

(1) Three or four hits in inner and outer layers of  the TOF system. 
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(2) Angular correlations. The topology of the trigger was chosen after Monte 
Carlo simulation of the reaction 

~b + r r -+  p~, 
~ + d ~  

~b ~ K + + K  - . 

It turned out that in the lab system the opening angle between two kaons was 
rather small, -~ 25 ° + 13 °, whereas the angle between the pion and a kaon was 
rather large, -- 179 ° ± 19 °. Therefore a typical event looked like a pion recoiling 
back-to-back off a pair of strongly correlated kaons. 

To select events with such angular correlations the following coincidence 
between the signals from the counters of the inner TOF barrel was requested: two 
hits in any three adjacent slabs correlated with one hit in an opposite slab. 

(3) Demand on a slow particle. To increase the percentage of kaons among the 
triggered events it was requested that the time difference between any hit in the 
inner TOF counters and a hit with maximum time in the outer TOF barrel should 
be greater than 9 ns. This condition rejected pions which had average time 
differences of the order of 3 ns. 

The overall statistics consisted of 1.1 × 106 triggered events. A sample of 
1.4 × 105 events taken with the minimum-bias trigger, requiring only the disap- 
pearance of an antiproton in the target, and 1.8 X 105 events with trigger on 
multiplicity (from 3 to 8 hits in the TOF barrels) were also available. 

2.3. Trigger efficiency 

The trigger efficiency was evaluated from the sample of minimum-bias events. 
These events were recorded with special trigger flags, corresponding to conditions 
(1)-(3) previously mentioned. The data were then analyzed in order to select the 
sample of events which did obey the trigger conditions. Comparison of this sample 
with the sample of the flagged events gave the trigger efficiency. This information 
was inserted in the Monte Carlo simulation code. 

The efficiencies of the inner and outer TOF counters were also determined 
from the analysis of the minimum-bias data. A map of the efficiency of each slab of 
the TOF system was constructed and used in the Monte Carlo code. The average 
efficiency of the inner TOF counters turned out to be E(TOF) = (93 + 1)% for one 
track. For the outer layer of TOF, e(TOF) --- (88 + 1)%. 

2.4. Evaluation of  the total number of  annihilations 

The total number of annihilations in the target was measured using the inner 
TOF barrel of scintillator counters. The system counted first the number of hits N o 
in the barrel within the time gate. If within the gate the trigger requirements were 
fulfilled, the event acquisition started. All the counter sealers were inhibited 
during the readout of an event. If another antiproton hit the beam counter in a 
time interval of the readout, a signal of the pile-up stopped the event acquisition. 
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The total number of annihilations N u which occurred in the detector when it was 
open for data taking was 

N(events) [1 - W(myl) - W(in-flight) - W(front)] 1 (11) 
NM=N° N(trig) e-'-M' 

where N(trig) is the number of all triggers, N(events) is the number of readout 
events unaffected by the pile-up antiprotons, and W(myl), W(in-flight) and W(front) 
are the corrections for annihilation in the mylar walls, in flight and in the front 
target window, respectively. 

The quantity E M is the efficiency of the inner barrel of TOF for the monitoring 
procedure. The losses include annihilations into neutral final states, events with 
undetected charged particles due to the geometrical acceptance of the barrel and 
the efficiency of the TOF counters. It turned out that CM = 0.982 + 0.004. 

3. ~b- and co-meson production 

Reactions of antiproton annihilation in deuterium have been analyzed for two 
regions of proton momenta: P < 200 MeV/c and P > 400 MeV/c. The main 
motivation to select the region-of-low-energy protons was the intention to obtain 
branching ratios for the annihilation on the neutron. It was found in previous 
experiments with bubble chambers [7,8] that the distribution of the proton-spec- 
tators with P < 200 MeV/c  followed a Hulthen-like spectrum, which means that 
the effects of meson rescattering were small in this region. 

The limit of P > 400 MeV/c was chosen since it is starting from this momen- 
tum value that the experimental conditions for detecting protons in the OBELIX 
apparatus become optimal. Indeed, protons with lower momenta have a significant 
probability to interact with the material of the inner TOF barrel, which is 1 cm 
thick. 

3.1. ~ + d -~ ~r -+  ~ +Ps (Pp < 200 M e V / c )  

~b-mesons were searched looking for their decays into K+K -. The events with 3 
tracks reconstructed in JDC and negative total charge were analyzed. To select the 
final state, a 1C kinematic fit was applied and events with CL > 5% were retained 
for further analysis. 

To separate kaons from pions, a cut on the time-of-flight was applied. In Fig. 2d 
the /3-distribution of the selected particles as a function of their momenta is 
shown. The band of kaons is dearly visible. Solid lines enclose the band used for 
kaon selection. 

To choose events with proton spectators, a cut on the reconstructed total 
momentum of the charged particles in JDC, Ptot < 200 MeV/c, was introduced. 

In Fig. 3a the invariant mass of the K+K - system for events satisfying all 
selection criteria is shown. A clear narrow peak in the ~b-region is seen, superim- 
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p o s e d  to  some backg round .  T h e  
func t ion  s m e a r e d  by  a gaussian:  

F ( m )  = B G ( m ) [ 1  + c 0 B W ' ( m ) ]  , 

w h e r e  m is the  invar ian t  mass  of  two kaons  and  

d i s t r ibu t ion  was f i t t ed  wi th  a B r e i t - W i g n e r  

(12)  

H e r e  

BW'(m) = fBW(m', m4,, F4,)G(m' ) din. 

r(m') 
(me, - m,) 2 + F ( m ' ) 2 / 4  

BW(m' ,  m,~, F,~)= 

is the  B r e i t - W i g n e r  func t ion  wi th  the  wid th  

r(m') =/', ~ m' 

(13)  

(14)  

(15)  
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smeared by the gaussian G(m' )  which reflects the experimental mass resolution: 

G ( m ' )  = ( 21/~- O') -1  exp[-(m-m')2/2o'2], (16)  

q(m)  in (15) being the kaon momentum in the resonance rest frame. 
The background was approximated by the following expression 

B G ( m )  = (m - m0)  al exp(a 2 + a3m + a4m2), (17) 

where m o is the K + K  - mass threshold value, and a i are free parameters. 
The data were fitted, after integration of the expression (13), in each bin of the 

experimental histogram. The width of 4~ was fixed from the particle properties 
tables in [6]. The parameter o- of gaussian (16), which corresponds to the experi- 
mental mass resolution, is cr = 4.1 + 0.2 MeV. There were 859 _+ 57 events under 
the ~b-peak. 

3.1.1. Reliability o f  the @selection 
The trigger on a slow particle and strong angular correlations turned out to be 

quite adequate for selection of the ~b~-- final state. To illustrate this, in Fig. 4 the 
invariant mass of kaon pairs is plotted for events passing through the kinematical 
fit cut and TOF identification as K+K-r r  - final state. We remind that the trigger 
should select events with configuration 1-(23), where particle 1 is back-to-back to a 
pair of strongly correlated particles 2 and 3. In the case of the ~b-decay we expect 
that particles 2 and 3 should be kaons. Whereas for the non-resonant K + K - ~  -- 
channel two kaons may occur in all combinations, (13), (23) and (12). 

The open area in the histogram of Fig. 4 corresponds to the sum of all three 
combinations (13), (23) and (12), the hatched part of the histogram corresponds to 



588 

o 200 
>--~ 175 

150 
"J 125 

100 o - -  
L .  

75 
1.1 .1  

50 
25 

V.G. Ableev et aL /Nuclear Physics A585 (1995) 577-617 

160 ~ 140 i 
120 
1 oo 

( , 9  

80 
,- 60 

W 

40 

' I ' ' I ' ' ' I 

o) 

+ 

0.6 0.7 0.8 
iv- momentum (;eV/c 

20 
0 0 

' I I ' [ 

0.2 0.4 0.6 
K *(-) momentum GeV/c 

>• g-- 225 , 
200 ~. 200 
175 175 
Iso o = 15o 

 125 ,~125 
~100  .~ 100 
L~ 75 "~ 75 

50 "' 50 
25 25 

O0 0.1 0.2 0.3 0.4 0.5 00.6 0.8 

, [ , , f , , 

d 

1 .2 
Total momentum GeV/c M2,~,(K+K-n -) Ge~/c 4 

Fig. 5. Comparison between the results of the Monte Carlo simulations (crosses) and the experimental 
data (solid line). (a) Momentum distribution of negative pions; (b) momentum distribution of kaons; (c) 
distribution of the total momentum of particles in JDC Ptot = Pl + P2 + P3; (d) missing-mass-squared 
distribution. 

the "wrong"  combinations (13) and (12). One can see that the ~b-peak is clearly 
dominated only by the fight combination (23), and there is no contamination from 
the "wrong" combinations in the ~b-meson region. It means that we could correctly 
assign the masses of the particles, in some sense, already at the trigger level. 

3.1.2. Comparison with the Monte Carlo simulation 
In Fig. 5 the momentum distributions of pions, kaons and "proton-spectators" 

as well as the distribution on the missing mass for events that passed the selection 
criteria are compared with results of the Monte Carlo simulations (shown by 
crosses). The momentum distribution of  negative pions (Fig. 5a) has a maximum at 
650 M e V / c ,  as expected from the kinematics of the ~n -~ 4~¢r- two-body reaction. 
The Fermi motion of the neutron in the deuteron smears the momentum of pions, 
and the final distribution may be approximated by a gaussian with tr = 27.5 d: 1.3 
M e V / c .  

In Fig. 5b the momentum distribution of kaons is shown. The average kaon 
momentum is around 350 M e V / c ,  i.e. the kaons are slower than pions. This 
facilitates the selection of kaons from pions by TOF.  
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In Fig. 5c the distribution of the total momentum of particles in JDC, Ptot =Pl  
+P2 +P3, which should be equal to the momentum of the proton-spectator, is 
shown. Indeed, the Ptot-distribution exhibits the typical Hulthen-like behaviour and 
it agrees with the distribution obtained by the Monte Carlo simulation shown by 
crosses. In the Monte Carlo simulation the Locher-Svarc [19] deuteron wave 
function was used. 

In Fig. 5d the missing-mass-squared distribution is shown for the reaction 
~d ~ qb~r- X. A clear bump at the proton mass can be seen. It is worthwhile to 
mention that the background reaction 

p + d --* (h + ~r- + ~.0 + Ps. (18)  

should have the 2 Mini s starting at 1.16 GeV 2. The absence of events in this region 
indicates that the selection criteria work well in suppressing this background 
reaction. 

3.1.3. Angular distribution of kaons from d~-decay 
One of the interesting features of the strong violation of the OZI rule in 

antiproton annihilation is the observation made by the ASTERIX group [2] that 
the yield of the d~" channel is substantial if the annihilation takes place from the 
protonium S-wave. For annihilations from the initial P-wave they have not seen the 
~bcr channel at all. 

In the present data the angular distribution between a kaon and the direction of 
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Fig. 6. The ~k ~ K + K -  decay angular distribution in the reaction ~ + d  ~ ~ r - +  ~b +Ps- 0 is the angle 
between the fast kaon with respect to the qb-momentum in the K + K -  rest frame. The solid line 
corresponds to the sin20 dependence expected for annihilation from the 3S 1 state. 
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~. is fairly well described by sinZ0 (see Fig. 6), as expected for annihilation from the 
S1 initial state. The annihilation from the 1P 1 state would lead to a uniform 

angular distribution. 
However, the apparent absence of annihilation into ~bTr- from the P-state 

should not be regarded as an indication of a small branching ratio for 4~7r- in this 
initial state. In spite of the fact that the probabilities for the antiproton to 
annihilate from the S- and P-wave of the ~d atom are believed to be almost equal 
in deuterium gas [2], the probabilities to annihilate from the (NN) S- and P-waves 
may be different. The antiproton in deuterium from a fixed atomic state may 
annihilate in nucleon-antinucleon states with different angular momenta. Indeed 
a previous OBELIX result [20] indicates that the percentage of annihilation from 
the (NN) P-wave in gaseous deuterium is (18 _+ 7)%, while theoretical estimations 
[21] give the value of = 33% for the (NN) P-wave fraction in deuterium. Therefore 
the angular distribution of Fig. 6 may simply reflect the S-wave dominance of (NN) 
interaction in ~d annihilation. 

3.2. ~ + d ~ rc - +  ~b + P[ast (ep > 400 M e V / c )  

To select this reaction in the high-proton-momentum region (P > 400 MeV/c)  
the sample of events with 4 reconstructed tracks in JDC was used, having the 
confidence level for the kinematical hypothesis greater than 3% and obeying 
time-of-flight cuts for proton and kaon identification. 

The invariant-mass distribution of K+K - for events satisfying the applied cuts is 
shown in Fig. 3b. The statistics is rather scarse but the peak from the ~b-meson is 
dearly seen. There are 38 + 6 events under the peak. 

The Monte Carlo simulation of this reaction is complicated by the fact that one 
should know the shape of the proton-momentum distribution at rather high 
momenta. It is impossible to simply use some realistic deuteron wave function, 
because rescattering of the annihilation mesons strongly distorts the high-momen- 
tum tail of the proton spectrum [21]. In the present simulation the results of the 
calculations by Zou and Locher, where different meson-rescattering diagrams were 
considered [22], were used. 

The interest in measuring the ~b-yield at high proton momenta was motivated by 
the suggestion [23] to look for the exotic C(1480) resonance production in the 
binary reaction 

+ d ~ C(1480) - + p, 

C---* ~-- + ~b (19) 

as a possible explanation for the OZI-rule violation. 
This controversial exotic state with I = 1, jPC = 1- -  and width F = 130 _+ 60 

MeV was observed by the Lepton-F group [24] and was regarded as a candidate for 
the 4-quark ~sq~ state [25,26]. 

In Fig. 7 the invariant-mass distribution of ~b~-- is plotted for (a) the raw data 
and (c) for the data corrected for the experimental acceptance. The behaviour of 
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the acceptance of the apparatus  is given in Fig. 7b. A peak at about 1.5 G e V  can 
be seen, but the limited statistics prevents any conclusion. 

3.3. ~ + d ~ ~" - +  to +ps (Pp < 200 M e V / c )  

To test the O Z I  rule it is desirable to compare  the measurements  of the 4, and 
to-meson yields under  the same experimental  conditions. However,  for the present  
trigger, dedicated to the selection of events with at least one slow particle in the 
final state, the ~ + d ~ ~ ' -  + to + Ps channel selection was not suitable. In fact, the 
proton-spectators  could not traverse the inner barrel  of the T O F  system and the 
pions in this reaction are mainly fast. On the other  hand, there were no measure-  
ments  of this reaction for annihilation in gas. Therefore  the sample with only a 
multiplicity trigger was used to determine the branching ratio of  this reaction. 

To select the above reaction, events with 3 reconstructed tracks in J D C  and the 
proper  total charge were chosen. Information from the vertex detector SPC was 
also used in the cases when it registered a particle with positive charge and with a 
track which was not connected to any other tracks in JDC. 
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The background reactions 

~ + d ~ 2 ~ r - + ~ r + + x r r ° + p  s, x = 0 o r 2 , 3  . . . .  (20) 

were suppressed by the cuts on the missing mass. 
To eliminate the residual background the kinematical features of the binary 

reaction ~n ~ zr-to were taken into account, particularly the fact that the ~r- 
recoiling against the to should have a momentum peaked at 750 MeV/c. At the 
same time the momenta of positive pions from to-decay are less than 700 MeV/c. 
This fact gives the possibility of rejecting background events with low-momenta zr- 
and high-momenta 7r +. Cuts on the rr--momentum P > 600 MeV/c  and on the 
7r+-momentum P < 600 MeV/c  were applied, as suggested by Monte Carlo 
simulations. 

In Fig. 3c the invariant mass of the ¢r+Tr-zr ° system for events obeying the 
selection criteria is plotted. To calculate the neutral-pion momentum it was 
assumed that 

P~r o = -etot,  (21) 

where/'tot is the total momentum of pions and of the proton-spectator measured 
by SPC. 

A peak associated to to-production can be seen; however, the assumption (21) to 
determine the 7r°-momentum via the total momentum of pions and the proton- 
spectator is not quite perfect. In fact, approximately 30% of the proton-spectators 
have low momenta (P < 40 MeV/c)  and they simply cannot pass through the 
mylar of the target to enter into the vertex detector. This eventually increases the 
smearing of the to-peak due to the addition of errors from the determination of the 
charged-particle momenta. 

The distribution of Fig. 3c was fitted by the sum of a gaussian and a third-order 
polynomial. The number of tos in the peak turned out to be N~, = 222 5: 39. 

3.4. ~ + d -~ 7r - +  to -[-Pfast (ep > 400 M e V / c )  

For the selection of this reaction in the high-proton-momentum region (P > 400 
MeV/c)  the data from the triggered sample, with 4 tracks reconstructed in JDC, 
having the 1C fit confidence level of at least 3%, and with protons identified by the 
time-of-flight, were used. 

The invariant-mass distribution of the ~'+~r-~r ° system for these events is 
shown in Fig. 3d. A clear peak in the to-region can be seen. The distribution was 
fitted by a gaussian with a third-order polynomial. There are 499 + 63 events under 
the peak. The width of the peak is tr = 21 5:8 MeV. The mean value is m -- 782.0 
5:3.1 MeV. It is remarkable that the position of the to-peak is not different from 
the nominal value. 

To perform the Monte Carlo simulation one has to deal with the problem 
associated with the determination of the high tail of the proton-momentum 
spectrum. Fortunately, the number of tos in this sample allowed us to divide the 
proton-momentum spectrum in bins of 100 MeV/c  width and to determine the 
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number of tos in each bin. These numbers were corrected for the acceptance of 
the apparatus in this mass region assuming a flat dependence of the proton- 
momentum distribution within each bin. The resulting dependence of the to-yield 
from the proton momenta is shown in Fig. 8. One can see that it is rather fiat. The 
solid line corresponds to the result of the calculations by Lev and Buzatu [27], 
where rescattering of the annihilation mesons was taken into account. The experi- 
mental data are slightly higher than the prediction from the meson-rescattering 
model, but the momentum dependence is reproduced rather well. 

3.5. q~ and to branching ratios 

The final results on ~b- and t0-production, for different regions of the proton 
momentum, are collected in Table 1, where the number of events, detection 
efficiencies E and branching ratios are given. The detection efficiency for the total 
procedure of final-state selection was determined by Monte Carlo simulations. It 
took into account the geometrical acceptance, the trigger efficiency as well as the 
selection cuts used. The correction for the neutral decay modes of ~b and to was 
included in the branching ratios shown in Table 1. 

There are some systematic errors in the procedure adopted for the determina- 
tion of the branching ratios. The following effects were analyzed: 
(1) The efficiencies of the counters of the TOF system were included into the 

Monte Carlo simulation from a detailed study of the events from the mini- 
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Table 1 
Branching ratios for $- and to-meson production in different regions of proton momentum P 

Final state P Number ~ (MC) BR (~Sd) BR (,Sn) 
(MeV/c)  of events (10 -3) (10 -4) (10 -4) 

¢k+zr-+Ps <200 859+57 10.0 +0.2 6.62+0.49 14.8+_ 1.1 
~b + ~'-  + p 400-1000 38+ 6 3.00+0.09 0.95+-0.22 
t o + ~ ' - + P s  <200 222+39 95 +5 49.7 +-8.9 111 +-20 
to + , r -  + p 400-1000 499 + 63 2.40 + 0.06 8.38 + 1.09 

mum-bias sample. The procedure of determination of such an efficiency map 
has some uncertainties, reflecting, for instance, differences between the map 
for pions and for kaons due to different dE/dx. The estimated systematic 
error is +5 E 1 ~ _160~. 

(2) Uncertainties in the Monte Carlo procedure in taking into account nuclear 
interactions of the particles. This results is an increasing of the branching 
ratios of 2%, i.e. e 2 = + 2%. 

(3) Uncertainties in the determination of the vertex position lead to slightly 
different distributions for experimental data and Monte Carlo data. The 
corresponding systematic error is •3 ~--" - - 0 . 5 % .  

+ 5.4 rr/ The total systematic error including all the above effects is es.  --- -16 7o. 
It was not possible to separate the annihilation on the proton and on the 

neutron in deuterium. That is why the branching ratios of Table 1 concern all 
annihilations in deuteron. However, in the case of low proton momenta (P  < 200 
M e V / c )  the information of [28], according to which the ratio between the 
annihilation on the neutron and on the proton was R(~n/~p)  = 0.81 + 0.03, was 
used. Based on this proportion it was possible to obtain from the present data the 
branching ratios of ~b- and to-production in ant iproton-neutron annihilation. They 
are given in the last column of Table 1. 

Even though a straightforward comparison with the results of the measurements 
in bubble chambers [7,8] is not quite correct, it is nevertheless useful to recall that 
BR(On -~ ~b~--) = (9.2 ± 1.1) × 10 -4 [7], BR(~n ~ ~brr-) -- (8.8 __ 2.2) × 10 -4 [8]. 

The present statistics is a factor of 10 greater than that in these experiments. 
The old values for BR(~n ~ to~r-) from the measurements in liquid deuterium 

are: BR(~n ~ tort-)  = (6.7 ± 1.1) × 10 -3 [9], BR(~n ~ tow-) = (4.1 ± 0.8) X 10 -3 
[10], in disagreement with the present results. These bubble-chamber results are 
also in disagreement with the branching ratio ~p ~ toTr ° which has recently been 
measured by the Crystal Barrel Collaboration [29]. The advantage of the CB 
measurements is that they have directly measured all ,/s from the to-decays. They 
found BR(toTr°)=(5.73 _ 0 . 4 7 ) ×  10 -3. According to the isospin invariance 
BR(torr-) = 2BR(to~'°). 

In order to test the whole procedure for the determination of the branching 
ratios, the branching ratio of the reaction 

+ d --* 2 ~ - +  ~'++ p (22) 
was evaluated both for the data sample with trigger on ~b and for the data sample 
with multiplicity trigger. Reaction (22) was selected for protons with momenta 
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0.4-0.8 GeV/c.  The branching ratios turned out as 

BR(~d ---) 2zr-rr+p) = (16.6 + 0.9) X 10 -4 (23) 

for (k-trigger data, and 

BR(~d ---) 2~r-Tr+p) = (16.3 + 1.7) x 10 -4 (24) 

for multiplicity-trigger data 
This agreement between branching ratios obtained from different sets of data, 

with different monitor numbers and different trigger efficiencies, gives confidence 
to the whole procedure used for the evaluation of the absolute branching ratio. 

3.6. Violation of the OZI rule 

From the data shown in Table 1 the following ratio R = (h~'/torr was obtained: 

R(4~rc-/to~r-) = (133 + 26) × 10 -3, P < 200 MeV/c,  

= (113 + 30) X 10 -3, P >  400 MeV/c.  

These values are in agreement with the ratio ~brr+/to~ -÷ obtained by the 
OBELIX Collaboration using an antineutron beam [11] and they are considerably 
higher than the OZI predictions (2) R = (0.15-4.2) × 10 -3. 

Moreover, wishing to take into account the difference of the phase space for the 
4)zr and to~" final states for annihilation on a quasi-free neutron (P < 200 MeV/c), 
one should multiply the ratio R by the phase-space factor f = ko,/k4, = 1.18, which 
increases the OZI-rule violation for ~n annihilation. 

It is worthwhile to evaluate the magnitude of the OZI-rule violation introduc- 
ing, following Okubo [30], the parameter Z of the OZI-rule breaking, 

v~ M(A + B ~ C + s~) 

Z = M(A + B ---) C + u~) + M(A + B ---) C + dd)" (25) 

Here M(A + B ---) C + q~t) are the matrix elements of the reaction of q~ production 
in the interaction of non-strange hadrons A,B,C. The ratio of the matrix elements 
of 4)- and to-production can be written as 

M ( A +  B ~ C+~b) Z+tan(O-Oi)  
= ( 2 6 )  

M(A + B ---> C + to) 1 - Z t a n ( 0  - 0 i ) "  

The OZI-rule demands that Z << 1 for the nonet of vector mesons. The degree 
of validity of the rule has been verified in different experiments on ~-p, pp 
scattering or ~p annihilation at different energies (see [1,30-34]). Typically, the 
deviations from the OZI rule give the following limit on Z: 

I z l  ~< 0.06-0.10. (27) 

It means that in all hadronic interactions the OZI rule could be regarded as a 
rather well-established semi-empirical rule. 

The present results on the (h/to ratio, expressed in terms of the Z-parameter, 
demonstrate, however, substantial violation of the OZI rule: 

I Zl  >/0.29 + 0.03. (28) 
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The same strong violation was found in the ASTERIX data [2] and in the recent 
Crystal Barrel results [3]. The reasons why just annihilation at rest is so particular 
among all other hadronic interactions deserve a separate study. In order to explain 
this apparent violation of the OZI rule in antiproton annihilations several sugges- 
tions were put forward: 

Resonances in the ~Tr system. If there is a resonance in the ~ r  system under 
the NN threshold, like for instance the controversial C(1480) meson [24], then it 
would be possible to explain (see, e.g., [26]) why the yield of ~ r  from the 
annihilation in the ( ~ )  S-wave is large, while from the P-wave it is surprisingly 
small [2]. However, the substantial violation of the OZI rule in the ~y  channel 
could not be due to the decay of the C-meson, which is a 1- -  state. Direct 
searches for the C-meson in ~p annihilation have been unsuccessful: the AS- 
TERIX Collaboration [2] did not observe the C-meson in the antiproton annihila- 
tion in a hydrogen-gas target in the ~-+~--  mode, and set an upper limit of 
3 x 10 -5. The Crystal Barrel Collaboration has not seen the C-meson in annihila- 
tion in a liquid-hydrogen target in the ~.0~.0 channel [35] either. As for the 
OBELIX search for the C-meson in deuterium, the limited statistics prevents any 
firm conclusion (see Fig. 7). OBELIX has also searched for evidence of C-meson 
production in antiproton annihilations in a gaseous-hydrogen target in the 4,~'+~r - 
final state [36]. The ~ invariant-mass spectrum (Fig. 9a) is in rather good 
agreement with the ASTERIX distribution (Fig. 9b) and confirms the absence of a 
C-resonance signal in the 1480 MeV mass region. 

In [26] the isoscalar partner of the C-meson was also predicted, which should 
couple to the ~ channel. However, no OZI-rule violation was seen in this mode 
[3]. 

Final-state interaction of  kaons. It is known (e.g. [3]) that the KK~- final state is 
dominated by the K*K channel. It is tempting to assume [37] that the ~ is 
produced from the final state interaction of two kaons formed in the OZI-allowed 
process ~p -~ K * K -* KI~r -~ ~ .  Specific calculations of the ~-production in 
different channels have been made in [37,38]. They underestimate the experimen- 
tal branching ratios by at least a factor of 2. Moreover, as it was pointed out in [39], 
the rescattering model could not explain why the ratio ~r~'/to~r~" is small, though 
the branching ratio for K * K * production is larger than that for K * K production. 

Admixture of  the strange sea quarks in proton. It was proposed [32,33] that the 
abundant ~-meson production can be the consequence of an admixture of ~s pairs 
in the nucleon. As a recent analysis [34] shows, an intrinsic strangeness contribu- 
tion in the nucleon wave function of only a few percent is enough to explain the 
existing violation of the OZI rule in NN annihilation at rest. 

At first glance, the intrinsic strangeness of the nucleon should lead to the same 
enhancement of the ~-production in all annihilation channels. That is contrary to 
the experimental data. The ASTERIX collaboration [2] measured the production 
of t~X and toX final states with X = ~',~/,to,p,~'~r from S- and P-wave states of the 
protonium. It occurs that the experimental values of the ~/ to ratio R for different 
annihilation channels are slightly higher (by a factor of 2-3) than the OZI-rule 
predictions (2). The only exception is for the channel with X = ~" for annihilation 
from the S-wave. 
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The measurements of the Crystal Barrel Collaboration [3] also showed that the 
ratios of ~b~-~-/to~'qr and ~b~//to,/ only slightly deviate from the OZI prediction 
(2). 

An  explanation of the different degrees of OZI-rule violation in different 
channels of ~p annihilation can be obtained under the hypothesis of a polarized 
strange sea in the nucleon [34]. According to this model, the quantum numbers of 
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an ~s pair formed from the nucleon-strangeness component depend strongly on the 
spin of the initial state. The model predicts that the ~s pairs with the quantum 
numbers of the ~b-meson are produced mainly from the triplet-spin states. The 
~b-production from the singlet-spin initial states should be suppressed. Indeed, as 
discussed above, the ~b~- channel could be formed either from a 3S 1 or from a 1P 1 
state. The strong OZI violation exists only in the triplet-spin 3S 1 state. 

Different experimental tests of this model were proposed [34]. This model could 
be tested by measurements of the f~(1525)/f2(1270) production ratio in P-wave 
annihilations and by experiments with polarized beams and polarized targets. 

The nature of the strong OZI-rule violation in the antiproton annihilation at 
rest is not yet clear. Obviously, a systematic study of annihilations into channels 
containing kaons is needed. 

4. Od annihilation channels with pions in the final state 

As a by-product of the studies of ~b-meson production, data on antiproton 
annihilation at rest on deuterium in the multiplicity (3-8) trigger were also taken. 
It was possible to select the following reactions: 

+ d ~ 2~--+ ~-++ p, 

+ d ~ 27r-+ 2zr++ n, 

+ d ~ 3~--+ 27r++ p, 

+ d ~ 3~r-+ 37r++ n, 

in the region of nucleon-spectator momenta (P < 200 MeV/c). 

(29) 

(30) 
(31) 

(32) 

These reactions were identified through a kinematical fit. In Fig. 10 the 
distributions of the missing mass squared are shown. The solid lines correspond to 
the distributions when the nucleon-spectator cut of Ptot < 200 MeV/c was applied. 
The hatched histograms correspond to events which have a confidence level for the 
investigated reactions greater than 10%. The peaks from the nucleon-spectator are 
clearly seen. The estimation of the background from the reactions with an 
additional ~.0 gives the contaminations at the level of 10%, 2%, 1% and 1% for 
reactions (29)-(32), respectively. 

The corresponding number of events, Monte Carlo simulated detection efficien- 
cies E(MC) and branching ratios are given in Table 2. The branching ratios are 
normalized to the annihilation on the proton or the neutron in deuterium in the 
same manner as was discussed in Section 3.5. 

From the results of Table 2 one can conclude that the present values for the 
branching ratios are in agreement with the results of the previous experiments. 
The present statistics is not large and it prevents a detailed amplitude analysis of 
the observed final states. 

However, the experiment offers the possibility of studying the formation of the 
same pion systems in different regions of proton momenta, which brings some 
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Table 2 
Branching ratios of fin and ffp annihilation with proton- and neutron-spectators 

Final state Number of ~(MC) (%) BR (%) 
events OBELIX Other experiments Ref. 

2~ ' -~  "+ 745 11.6 +0.1 2.71+0.11 1.57+0.21 [10] 
3.4 -1-0.2 [40] 
2.4 +0.4 [9] 

2~'-27r + 2024 12.8 +0.1 5.40+0.20 6.9 +0.6 [43] 
3~'-  2~ "+ 1079 7.7 +0.2 5.90+0.22 5.15+0.47 [10] 

6.9 +0.5 [42] 
4.2 +0.2 [40] 

3~'-  3~ "+ 252 3.43+0.29 2.514-0.21 2.1 +0.2 [43] 
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Fig. 11. The invariant-mass distribution of the ~" +r r- (solid line) and ~--~r- (dashed line) systems in 
the reaction ~d ~ 2~'-~'+ p for (a) the proton-spectators (P < 200 MeV/c) and (b) for annihilation 
with high-momenta protons (P > 400 MeV/c). 

interesting, even though qualitative, information concerning the dynamics of ~d 
annihilation. The channel with 3 charged pions in the final state will be considered 
first. 

4.1. ~ + d ~ 2 r t - + T r + + p  

This channel has been studied for two intervals of proton momenta,  P < 200 
M e V / c  and P > 400 M e V / c .  In Fig. 11 the invariant-mass distributions of the 
~r+~ -- (solid line) and r r - r r -  (dashed line) systems are shown. Fig. l l a  corre- 
sponds to the annihilation with proton-spectators ( P  < 200 MeV/c ) ,  Fig. l i b  
shows the dipion invariant-mass distribution for annihilation with high-momenta 
protons (P  > 400 MeV/c ) .  

It is possible to see the well-known pattern of the rr+Tr - invariant-mass 
distribution with the peaks from p- and f2(1270) meson decays. In the proton-spec- 
tator region (Fig. l l a )  a hint of a third bump at the 1.5 GeV mass region also 
exists. The fit of  this distribution with three Brei t -Wigner  functions and a 
third-order polynomial background gives the mass M = 1538 + 20 MeV for this 
enhancement.  

A similar picture with an enhancement  at 1565 MeV was observed by the 
ASTERIX Collaboration in ~p ~ ~'+~'-Tr ° annihilation from P-states of the ~p 
atom [44]. The Crystal Barrel Collaboration saw this peak at a smaller mass (1515 
MeV) in ~p ~ 3rr ° [45]. The OBELIX Collaboration also saw a bump at 1540 
MeV in the annihilation of antineutrons ~p ~ zr+rr-rr  + [46]. The nature and the 
quantum numbers of this state (or states) is the subject of hot discussions (see for a 
review [47] and also [48]). 

The ~'+rr- distribution of Fig. l l a  can be compared with the corresponding one 
for the high-proton-momentum region (Fig. l lb) .  They are similar except for a 
sizeable increase of the p-yield compared to the f2 and the absence of the bump at 
1.5 GeV due to the obvious absence of available phase space. The fit of  the zr+zr - 
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distribution of Fig. l lb  by two Brei t -Wigner  functions and a polynomial back- 
ground shows that the positions of the p- and f2(1270) peaks do not differ from 
their nominal values (see also discussion in Section 4.3). 

It is commonly assumed that the main source of the high-momentum-proton tail 
in ~d annihilation is the rescattering of the annihilation mesons (see for instance 
[21]). However, high-momentum protons may be formed not only via meson 
rescattering (i.e. near  on-shell meson-nucleon interaction) but also from the 
absorption of annihilation mesons in the so called Pontecorvo reactions (see 
[17,18,23] and references therein), 

~ + O - - + M + N .  (33) 

Here  M stands for any meson like ,/,p,to or meson system of 2,3, . . .  pions. N is 
either a nucleon or a nucleon resonance like A or N * 

The diagrams of the corresponding processes are shown in Fig. 12. The relative 
contribution of the rescattering and the Pontecorvo reaction to the formation of 
the high-momentum tail of the proton spectrum is not known a priori, but it is 
clear that the two processes should lead to different distributions of the ~'+Tr- 
invariant mass. 

Indeed if the final state 

+ d ~ 2 r r - +  7r++ p (34) 

is due to the Pontecorvo processes (Fig. 12b), then it may be described as a ~N 
annihilation into 4 pions followed by the absorption of one pion. 

If the proton in reaction (34) acquires a high momentum due to rescattering, it 
means that there was annihilation into 3 pions followed by a meson-nucleon  
on-shell interaction (see Fig. 12a). 

The ~-+~-- invariant-mass distributions are different for ~N ~ 3~" and ~N ~ 47r 
channels. Thus, if the Pontecorvo reactions were the major source of high- 
momentum protons, then the 7r+Tr - spectrum should be dominated by p-meson 

7['- 71"- 
/ / 

/ /=+ / 

/ / /  / 

n \ / P N_ 
p "xxt¢/ p u . P 

~) b) 

Fig. 12. Diagrams of (a) meson rescattering and (b) the Pontecorvo reaction for the reaction ~d -+ 
2~r-rr+ p. 
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production much more than is observed in the spectrum of Fig. l l b  and should 
look like that of Fig. 13a (see Section 4.2). 

From the fact that the ~'+zr- distributions of Fig. 11 are quite similar, 
irrespective of the proton momentum, one can argue that the rescattering pro- 
cesses are effective in the formation of the proton high-momentum tail up to 1 
GeV/c .  

4.2. ~ + d --* 2 r r -  + 27r + + n 

The invariant-mass distributions of the events from this reaction are shown in 
Fig. 13. The ~'+rr- invariant mass is shown in Fig. 13a by the solid line. It exhibits 
only a strong peak from the p-decays. About 20% of the reaction is proceeding 
through the pp intermediate state. The dashed line corresponds to the 7r 7r 
invariant-mass distribution. It is rather smooth, as expected. The rr+zr + and 
~--~-- invariant-mass distributions shown in Fig. 13b practically coincide. This 
indicates the absence of acceptance distortions. The 7r+~r-~ - ± invariant mass is 
shown in Fig. 13c. It is also rather smooth. 
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In general, these distributions are very similar to those observed in ~p 
2r r -2zr  + annihilation in liquid hydrogen [49]. 

4.3. ~ +  d ~ 3rr-+ 27r++p 

This channel is interesting from the point of view of searching for resonances 
decaying into 4~- in the reaction 

~ + n ~ T r - + X  

X ~ 2~'++ 27r-. (35) 

This reaction was studied in a series of experiments [40,50]. A strong enhance- 
ment was found in the 47r invariant mass at M = 1477 + 5 MeV, F = 116 + 9 MeV 
with j e c  = 2++. It was dubbed ~(1480). 

The same strong enhancement  had been seen in the bubble-chamber data 
selected with a cut on the proton momentum ( P  < 150 M e V / c )  [41]. However, the 
assignment of the quantum numbers has been questioned by a recent re-analysis by 
Gaspero [42]. This author found that the best description of the data is obtained 
with a 0 ++ state with mass 1390 MeV and F = 310 MeV, decaying into pp and o,o-, 
where o- is the S-wave dipion interaction. In this kind of analysis the mass of the 
resonance is lower than the mass of the observed peak, due to the interference of 
these two decay modes. 

The OBELIX [51,52], and, more recently, the Crystal Barrel Collaborations [53], 
repeated this analysis for the ~p ~ 3rr-27r + channel and the Op ~ r + ~ r - 3 ~  -° 
channel, respectively. As in the Gaspero analysis, the scalar quantum numbers 
seem to be preferential and the resonance parameters are (M, F ) =  (1345,398) 
MeV and (M, F )  = (1374,375) MeV, respectively. 

The AS TER IX Collaboration studied the reaction (35) and confirmed the 
existence of a strong peak in the 47r invariant mass [13]. The position of the peak 
strongly depended on the momentum of the proton. For example, for the data 
sample with an average proton-spectator momentum ( P )  = 100 M e V / c ,  the peak 
parameters were (M, F W H M ) =  (1504,206) MeV, whereas for high-momentum 
protons with ( P )  = 400 M e V / c  the parameters were (M, FWHM) = (1359,262) 
MeV. 

The AS TER IX data were selected without a kinematical fit analysis and there 
were as many as 30% of contributing background reactions with additional ~-°s 
[13]. The background contribution may be the reason for the peak shifting. 

The distributions of 4~- invariant masses are shown in Fig. 14. To select this 
reaction, the kinematical fit analysis and a cut on the total momentum Ptot < 200 
M e V / c  were used. The solid line in Fig. 14a shows the invariant-mass distribu- 
tions of the 2~'+2rr - system. It exhibits a strong peak at the 1.5 GeV region. The 
dashed line in Fig. 14a corresponds to the invariant masses of the ~-+37r- system, 
which may be associated to the combinatorial background. The difference spec- 
trum obtained after subtraction of the background 3~--~ -+ from the 2~'+27r - 
distribution is shown in Fig. 14b. The fit to this distribution by a gaussian gives the 
following peak parameters: M = 1497 _ 8 MeV and FWHM = 177 + 14 MeV. 
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In Fig. 14d the invariant masses of the dipions 7r+Tr - are plotted. It is possible 
to see an accumulation of events just at the intersection of the two p-bands. The 
p-bands themselves seem to be absent. So there appears a dominance of the pp 
mode in the decay of the resonance. The same picture was seen in antineutron-  
proton annihilation [52]. 

In order to select the channel (35) in the high-momentum-proton region, a 
sample of 6 prong events was analyzed. Protons were identified by the TOF 
information and reaction (35) was selected by the kinematical fit. The invariant- 
mass distribution of the 2~'+2~ "- system is shown in Fig. 14c. One can see that the 
peak in this distribution is indeed shifted towards low masses in comparison with 
the same distribution for the proton-spectator region (Fig. 14a). 

The Monte Carlo simulation of the reaction (35), under the assumption of a flat 
behaviour of the proton-momentum spectrum at high momenta, confirms the 
effect of the shifting of the peak position. In Fig. 15a the result of the Monte Carlo 
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simulation of the reaction (35), when a resonance with mass M = 1480 MeV and 
width F = 260 MeV is decaying into 4~', is shown. The assumption about a flat 
proton-momentum distribution for P > 400 MeV/c,  used in this simulation, leads 
to such a reduction of the available phase space, so that only a part of the 
broad-peak structure survives. This induces an apparent shift of the peak in the 47r 
invariant-mass distribution and a shift of the peak in the difference spectrum. The 
difference spectrum of the 4~- system for the high proton momenta is shown in 
Fig. 15b by the dashed line. Indeed, the peak position is shifted by almost 100 
MeV downward in comparison with the same bump in the proton-spectator sample 
with Ptot < 200 MeV/c  (solid line). 

In Table 3 the positions of different states, as seen in the present data, are 
shown for two regions of proton momenta. The positions of resonances like 
to,p,f2(1270) do not depend on the value of the proton momentum. At the same 
time, the broad bump in the 4rr invariant mass (~(1480)) changes its position if the 
energy of the proton-spectator increases. An explanation of the shift of ~(1480) 
was given in [54] based on the assumption that rescattering of pions from the 
~(1480) decays can distort the peak position. Indeed such rescattering could 
provide the flat proton-momentum distribution which, according to the Monte 
Carlo simulation, is the phenomenological reason for the shift of the peak. Why 
such distortions do not occur with other meson resonances is an open problem. 

Table 3 
Fitted values of the resonance position for two regions of proton momenta 

Resonance P < 200 M e V / c  P = 400-800 M e V / c  

to 7725 :5  782.0+ 3.1 
p 739 5:15 734 _+ 9 
]'2(1270) 1291 5 : 8  1252 5:10 
~(1480) 14975:8 1318 _+12 
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4.4. A-resonance excitation in ~d annihilation 

In Section 4.1 it was pointed out that the invariant-mass spectra of ~-+~-- in the 
channel ~ +  d ~ 2 ~ r - + ~ ' + + p  look rather similar for two regions of proton 
momentum: in the proton spectator region (P < 200 MeV/c)  and for high proton 
momenta P = 400-800 MeV/c.  This gives an indirect indication of the dominance 
of the rescattering of annihilation mesons in the formation of the high-momentum 
tail of the proton spectrum. But if pions do interact with the proton-spectator, then 
one should observe well-known features of ¢rN interaction, such as the excitation 
of A-resonances. Previous experiments on Od annihilation could not see these 
effects in the 1rp invariant-mass distribution [55]. The sample with the multiplicity 
trigger was enriched with high-momentum protons. Low-energy protons (with 
P < 400 MeV/c)  have a significant probability to interact with the material of the 
inner TOF barrel, which is 1 cm thick, and do not fulfill the trigger requirement, 
being unable to reach the outer TOF barrel. 

In Fig. 16 the invariant-mass distributions of (a) ~'+p and (b) ~r-p systems are 
shown. To increase the statistics, events from the inclusive channel, 

+ d -~ 2¢r-+ 7r++ p +x~r °, x -- 0, 1, 2 . . . . .  (36) 
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Table 4 
Branching ratios of 3~rp and ~'-oJp final states at different proton momenta 

607 

P r o t o n m o m e n m m ( G e V / c )  B R ( ~ - p ) ( 1 0  -4)  B R ( 2 ~ - ~ + p ) ( 1 0  -4) 

0.4-0.5 1 .41±0 .~  4.465:0.32 
0.5-0.6 1.335:0.36 4.07±0.36 
0.6-0.7 1.495:0.51 4.~5:0.49 
0.7-0.8 1 .~±0.73  4.025:0.60 

were also selected. Protons and zr+-mesons were identified by the TOF informa- 
tion. Protons with momenta P > 400 MeV/c were selected. 

The peak from the A++-resonance is dearly seen in Fig. 16a, whereas the zr-p 
invariant mass distribution (Fig. 16b) looks rather smooth. The fit of the ~'+p 
distribution by a Breit-Wigner and a polynomial background gives the following 
resonance parameters: M = 1220 + 4 MeV, F = 73 + 20 MeV. 

An evaluation of the effective-mass spectra of ~rp systems in ~d annihilation has 
been performed in [56]. It was predicted that the A-peak should be seen in the 
7r+p system whereas the excitation of A in the 7r-p system is not so pronounced 
and smeared by rescattering. The results in Fig. 16 confirm these predictions. 

Another manifestation of strong meson rescattering can be seen from the 
behaviour of the proton-momentum distribution in various exclusive channels. In 
Table 4 the branching ratios of the following reactions: 

+ d ---> r r -+  ~o + p, (37) 

+ d ~ 2rr-+ rr++ p, (38) 

are given for different values of the proton momentum. 
One can see that the branching ratios for both reactions are practically indepen- 

dent of the proton momentum in the 0.4-0.8 GeV/c  interval. This is in sharp 
contrast with the behaviour which is expected if the proton-momentum distribution 
is determined by the deuteron wave function only. For the ~orr- channel the 
dependence on the deuteron wave function is shown in Fig. 9 by the dashed line. 

In Table 5 the branching ratios for different channels in two regions of proton 
momenta are compared. 

Apparently, the branching ratios of all investigated reactions decrease with 
proton momentum by about the same factor. This feature is not so obvious, since 

Table 5 
Branching ratios (in 10 -4 ) of annihilation channels in two regions of proton momenta. The ratio 
BR(400-800)/BR( < 200) is shown in the last column 

Final state BR (10 -4) Ratio 

P < 200 M e V / c  P = 4 ~ - 8 ~  M e V / c  

2~r-~ "+ 150 + 6 16.6 -t-0.9 9.0+0.6 
3~'-  2~ "+ 326 + 12 44 5:7 7.4 + 1.2 
rr-~b 6.62+ 0.49 0.95+0.22 7.0+ 1.7 
~--to 49.7 + 8.9 8.385:1.09 5.9+1.3 



608 V.G. Ableev et aL /Nuclear Physics A585 (1995) 577-617 

the probability of the final-state interaction for the 5rr channel should be greater 
than that for the ~b~r final state. However, this probability depends also on the 
average momentum of pions, and model calculations are needed to verify the 
observed "scaling". 

5. Subthreshold production of A-hyperons 

Antiproton annihilation on nuclei is an effective source for A-hyperon forma- 
tion (for a review, see [14-17]). In the annihilation on a free nucleon, As are 
produced in the reaction ~p ~ A.~ which has a threshold at Pth = 1436 MeV/c .  
However, in antiproton annihilation on nuclei even antiprotons at rest could create 
As via rescattering of the annihilation mesons. In this sense subthreshold A-pro- 
duction is a unique possibility for investigating meson rescattering. 

A-production in ~d annihilation was studied in bubble chambers [57] and in the 
ASTERIX experiment [58]. The statistics for the inclusive A-production in these 
measurements was on the level of 400 and 700 events, respectively. 
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Fig. 17. (a) Invariant mass of p~r- pairs. (b) A-momentum distribution (not corrected for the 
acceptance). (c) Invariant mass of p~r- pairs in the reaction ~d ~ AK + ¢r-. (d) Invariant mass of p~r- 
pairs in the reaction ~d --* AK + ~'-~.o.  
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In this experiment As were searched in the data sample obtained with the 
~b-meson trigger in the invariant mass of the pTr- system. Protons were selected by 
the TOF information. The following channels were selected: 

+ d ---> A + X, (39) 

~ + d ~ A  +K++~r  -, (40) 

~ + d ~ A  + K + + T r - + ' n  "°. (41) 

5.1. Inclusive A-product ion 

In Fig. 17a the invariant-mass distribution of prr- pairs is shown. The A-peak 
contains 667 + 78 events. It was fitted by a gaussian with the following parameters: 
M -- 1115.5 + 0.5 MeV and o- = 3.5 + 0.4 MeV. 

To obtain the momentum spectrum of As, background events were subtracted 
from the events in the peak region, using the neighbouring bins in the invariant- 
mass distribution of prr- pairs. The resulting distribution is shown in Fig. 17b. The 
absence of low-momentum As is due to the fact that protons with momenta 
P > 400 MeV/c were selected. 

The fit to this spectrum by a Maxwell-Boltzmann distribution is also shown in 
Fig. 17b. 

The main distinction between these data and the previous ones is that in this 
case one deals with a high-momentum tail of the A-spectrum at P > 600 MeV/c,  
whereas in the bubble-chamber data [57] only the soft part of the spectrum was 
measured. This feature is particularly suitable for the studies of the reactions (40), 
(41) which are characterized by high-momentum distribution of As. 

5.2. ~ + d  o A  + K + + ~ r  - 

To select this channel the following cuts were applied: 
(1) Total charge equal to zero. 
(2) Cut on the time-of-flight to select kaons and protons. 
(3) Confidence level for the kinematical hypothesis better than 5%. 

In Fig. 17c the invariant mass of the prr- system for the events that passed all 
selection criteria is shown. In the mass region of A a clear narrow peak is present. 
This distribution was fitted by the sum of a gaussian and a polynomial function. 
There are 35 + 7 events in the peak. The parameters of the gaussian are M = 
1116.6 + 0.6 MeV and tr = 3.1 + 0.5 MeV. 

To study the contamination from other channels the following reactions were 
simulated: 

+ d ~ A  + K++Tr-+qr  °, 

~ + d ~ A  + K + + z r - + 2 z r  °, 

~ + d ~ A  + K + + z r + + 2 r r  -, 

O + d ~ A  + K ° + r r + + 1 r  -, ~+d--->A + K ° + ~ - + + , r - + r r  °, 

~ + d - - - > A + K ° + z r  °. 



610 I~.G. Ableev et aL /Nuclear Physics A585 (1995) 577-617 

%- 

>~" 20 

0 
tO 
T-- 

" ~ 1 0  

¢ -  

" '  0 
. . . .  . . . . . .  ! . ,  

0.004 

0.002 

0 

2o 
¢- 

< 10 

Q) 

t -  
taJ 

0 

0.01 

0.005 

0 

I '1,,.!.,. 
• I . . . .  I . . . .  

I , I I , . . ,  , . , ,  . . , ,  

0 0,25 0,5 0,75 1 

10 

0 . 2 5  0 . 5  0 . 7 5  

K* momentum (CeV/c) ~- momentum 

I 

1 

(CeV/c) 
Fig. 18. (a), (d) Distributions of K +- and ~---momenta, respectively, for the events under the peak of A 
in reaction (40). (b), (e) Distributions of the acceptances for K +- and ~r--detection. (c), (0  Distributions 
of K +- and 7r--mornenta, corrected for the acceptances. 

Taking into account the branching ratios and detection efficiencies, their 
contamination to the AK+~ -- channel was found to be less than 5% at the 90% 
confidence level. 

In Fig. 18a and d the momentum distributions of K ÷ and ~r- are shown for the 
detected events, and in Figs. 18c and f for events corrected for acceptances. The 
behaviour of the acceptances is shown in Figs. 18b and e, respectively. These 
distributions can give some hints for what concerns the mechanism of A-produc- 
tion in deuterium. For instance, if A is created through rescattering of kaons, 

(~p)n ~ K+(K-n)  ~ K+¢r-a, (42) 

then the momentum of K ÷ should keep memory of its value in the primary 
reaction ~p ~ K÷K - and be around 800 MeV/c  (smeared by the Fermi-motion of 
the proton in deuterium). 

If As are created from pion rescattering, 

(~p)n --* *r+ (zr+n) -* ~'-K+A, (43) 

then ~-- must have a primary momentum of about 928 MeV/c.  These values of 
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"pr imary"  momenta  in the binary reaction of Op annihilation are indicated in Fig. 
18 by arrows. 

Indeed  the observed distributions of  kaon and pion momenta  do not seem to 
exhibit any enhancement  at the "pr imary"  momenta  corresponding to the above 
hypotheses. 

The  distributions are in bet ter  agreement  with the hypothesis that As come 
from K *-rescattering: 

(~p)n  ~ K + ( K * - n )  --* K+~--A.  (44) 

In this case the K+-momentum should be around 620 M e V / c  and indeed the 
average momen tu m  of K + after a correction on acceptance is 680 M e V / c .  

The distributions of A-momentum and the invariant mass of the K+~ --  system 
are shown in Fig. 19. A-events with high momenta  dominate.  This feature recalls 
the kinematical propert ies  of the Pontecorvo reaction, 

~ + d- - ,  K * 0 + A ,  

K * o _.. K+~.- .  (45) 
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Distribution of the invariant mass of the K + lr- system in reaction (41). 

Then  one should see the peak  in the invariant mass of  K * and the peak  of A 
with a momen tum of 1.03 G e V / c .  Indeed,  there are some events in these regions 
which, however, do not form any enhancement  (see Fig. 19). So only the estimation 
of the upper  limit of  reaction (45) can be given. React ion (45) was simulated and 
the width of the expected distribution of the invariant mass of  K+~ "- pairs was 
defined. There  are 11 events at the confidence level of  95% in the region of K* 
mass. Then the upper  limit for the branching ratio of  the reaction is equal to 
3.5 × 10 -5. 

5.3. f f  + d ~ A + K + + z r - + z r  ° 

In this case one has a 1C kinematical fit, and a cut on the missing mass for the 
reaction ~d ~ A K + ~ r - X  to reduce the contamination from other channels was 
introduced. 

In Fig. 17d the invariant mass of  the p~r- system for the events that passed the 
selection criteria is shown. In the mass region of A a signal is present  and it 
contains 54 + 8 events. After  a fit with a gaussian, the parameters  are M = 1115.9 
+ 0.4 MeV and ~ = 2.9 + 0.4 MeV. 
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In Figs. 20a, c the distributions of K + and 7r--momenta are shown. The 
investigated final state could be reached through different two-step rescattering 
processes, and its interpretation is more complicated than for the AK+~r - chan- 
nel. One possibility may be the formation of a K * K  pair with subsequent 
rescattering of the kaon, 

(~p)n  ~ K *°(K°n)  --* K+Tr-ATr °, (46) 

(~n)p  ~ K* ° ( K - p )  --> K+zr-ATr °. (47) 

In this case an enhancement  in the invariant mass of the K+~ -- system should 
be seen. The distributions of the invariant mass of K+~r - and of the A-momentum 
are shown in Fig. 20b,d. Indeed, some enhancement  in the K*-region exists. 
Again, as for the AK+Tr - channel, there are some indications that the ~N ~ K * K 
intermediate states are dominant in A-hyperon production. 

5. 4. The branching ratios of  A-production 

The determination of the branching ratios for the reactions involving A-produc- 
tion was done in the same manner  as discussed in Section 3.5. The corrections for 
geometrical acceptance, trigger efficiency and selection cuts were taken into 
account. The reactions were simulated assuming phase space. 

In the case of the AK+Tr-Tr ° channel the main contamination comes from the 
two channels 

O + d ~ A  + K + + T r - + 2 7 r  °, 

~+d-- ->A + K ° + r r + + ~  - .  

(48) 

(49) 

The contamination from reaction (49) was equal to 10% and subtracted from the 
branching ratio of reaction (41). The contamination of reaction (48) was estimated 
to be about 4% of the BR(AK+rr-Tr°) .  

Table 6 
Branching ratios of A-production in ffd annihilation (in 10 -4) 

Final state Number of ~ ( M C )  (10 -3) BR (10 -4) 

events OBELIX [57] 

A K + r  - 35±7 2.1 ±0.1 0.96±0.19 0.3±0.2 
A K + ~ - ~  ° 54±8 0.57±0.05 3.5 ±0.8 2.1±0.4 
A K  *° 11 a < 0 . 3 5 , ~ %  CL 
A K  ° 1 b < 0 . ~ , 9 5 %  CL 

a 11 events in the A K + ~ r  - final state, with the K+w - invariant mass in the region of K *, were seen. 
These events were used for an estimation of the upper limit for the Pontecorvo reaction ~ d  --* A K  * --* 
A K +  zr - .  

b One event passing through the cuts of the Pontecorvo reaction/Sd ---, A K  ° was used for an estimation 
of the upper limit for this reaction. 
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The number of selected events, Monte Carlo simulated efficiency e(MC) and 
the obtained branching ratios are given in Table 6. 

As far as the Pontecorvo reaction 

~ + d ~  
K ° + A ,  

K ° ~ "n-++ rr- ,  

one event was found which could belong to this reaction at the 95% confidence 
level. The corresponding upper  limit is also given in Table 6. 

6. Summary and conclusions 

The results of the study of ~d annihilation at rest obtained by the OBELIX 
spectrometer at L E A R  (CERN) have been presented. The main aim of this 
investigation was to study the OZI-rule violation in reactions from antiproton 
annihilation. 

The branching ratios of the following reactions: 

~ + d ~ r - + ~ b  + p, 

~ + d ~ 7r-+o~ + p, 

(5O) 
(51) 

were measured for two regions of proton momenta: P < 200 M e V / c  and P > 400 
M e V / c .  

The ratio R = ~bzr/toTr was found to be 

R(6zr-/w~'-) = (133 _+ 26) × 10 -3, P < 200 M e V / c ,  

= (113 _+ 30) × 10 -3, P > 400 M e V / c .  

The errors are statistical, the systematic error  in the branching-ratio determination 
+ 5.4 t'rt was estimated to be E~s = _ 16 70. 

The values of R are considerably higher than the OZI  predictions R = (0.15- 
4.2) x 10 -3. 

These results, expressed in terms of the degree of the OZI rule violation 
(parameter  Z),  show that 

I Z l  >/0.29 + 0.03. (52) 

The OZI rule demands Z << 1 and it was verified in different experiments on ~-p, 
pp scattering or ~p annihilation at different energies (for a review see [1,30-34]) 
that I ZI  ~ 0.06-0.10. 

The evidence for a strong OZI-rule breaking in the ant inucleon-nucleon 
annihilation at rest is firmly established now in different experiments at LEA R 
[2,3,11]. The reasons why just the annihilation at rest is so particular among all 
other  hadronic interactions are not yet dear .  The model of the polarized strange 
sea in the nucleon [34] explains this feature by assuming that in the protonium 
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atom the creation of the ~brr system comes from a state with 100% polarisation of 
the nucleons (spin triplet 3S1). There are a number of predictions of this model 
[34] which deserve a dedicated investigation. If this model is confirmed, it would 
mean that the OZI rule itself is valid but the proton structure is more complicated 
than that suggested by the naive quark model. The strangeness component of the 
nucleon wave function would lead to ~b-production via connected quark diagrams. 

Different exclusive channels of ~d annihilation were also studied. The excitation 
of the A++-resonance was observed for the first time among the final-state 
products of Od annihilation. In agreement with the theoretical predictions of [5] it 
was possible to see this effect only in the sample with high proton momenta. 

The broad enhancement in the 4~" invariant mass at m = 1497 + 8 MeV with 
the width FWHM = 177 + 14 MeV was seen in the region of the previously 
observed [12] ~(1480) state. It has confirmed the effect seen by the ASTERIX 
Collaboration [13], according to which the position of this peak changes with the 
increasing of the proton momentum. The present analysis shows that the shifting 
of this peak is due to the shrinkage of the available phase space for events with 
high proton momenta. 

The positions of to, p and f2(1270) were not observed to change with the proton 
momentum. 

The measurement of the branching ratios of different channels of 0d annihila- 
tion shows that branching ratios decrease with proton momentum by about the 
same factor. 

Some indications that the ON---, K*K intermediate states are dominant in 
A-hyperon production were also obtained. 
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