





B.Pontecorvo' was the first who as early as 1956 drew
attention [1] to the possibility of unusual annihilation processes
forbidden on a free nucleon but allowed on a bound nucleon. In
ordinary annihilation of an antiproton with & nucleon at least two
mesons should be created. However, if annihilation takes placé in
a nucleus, it is possible to create only one meson in the final
state, for instance

p + dsn+ P : (1)
p+dsnl+n (2)
> 717 +n
+ —_

p+d=>K +=Z (3)

or to arrange the annihilation without any mesons, for example:
= 3
p+ "He > p+n (4)

+ He » p+p. S (5)

=]

Unfortunately, the experimental information about the
Pontecorvo reactions is rather scarce. The reaction (1) has been
observed ([2-4] 1in antiproton annihilation at rest with the
branching ratio W(n p) at the level of 107>, New precise
measurements of this reaction were Made\by the OBELIX collaboration
[5]. The reactions (2) were seen recently by the. Crystal Barrel
collaboration [6]. An upper limit was imposed [3] on the relatlve
probi?ility of reaction (3) for stopped antlprotons W(K =) <
8x10

investigated up to now.

. The mesonless annihilation proceSses (4)-(5) haye not been

In the conventional‘approach one may treat the reactions
(1)-(3) as two-step processes shown 1n Fig.1. N )
After antiproton annihilation on a bound nucleon two mesons
are created and one of them is absorbed on the second nucleon of
the deuteron. Clearly, this process of the meson absorption on one
nucleon is characterized by rather high momentum transfer. Thus
the amplitude of the process must be very sensitive to small
internucleon distances in the deuteron. . ‘
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Fig.l - Diagrams for the Pontecorvo reactions p+d=>M+ N,

This conclusion is confirmed by the results of concrete
calculations of reactions  (1)~(4) performed in A[7—9]. The

- probability of Pontecorvo reactions was found to be strongly
dependent on the choice of the deuteron wave function.

Nevertheless, it seems that the two-step model predicts [7] a too

small branching ratio for the reaction (1) ( at the level of few
. . -6 . . ;

units times 10 ~). An impression about an agreement between the

experimental data and theoretical models can be obtained from

Table 1, in which some typical predictions are presented.

Table 1. The _branching ratios of different Pontecorvo
reactions for pp annihilation at rest. Comparison between theory
and experiment.

THEORY [7] [é] [10] {9] [13]
p+dsn +p 2.710°°% 3.810° 3.010° 8.5.107°
SR+ A 3.1 1077 8.1 107"
K +% 7.6107° 2.510% 7.8107° ,
b+ Hesp+n (7.7-13.4) 1077
EXPERIMENT: W(pdsnp)= (0.9t 0.6) 10°° [2]
= (2.8% o.3)-1o’5 [3]
= (1.4 0.7) 107° [4]
. = (9.6% 1.7) 10°% [5]
Wpda-k'g")y < 8 107° [3]

Alternative approaches were considered in [10-13]. Thus in
(1),(3) are calculated within the
model of evaporation of a fireball with B=1 baryon charge. To

[10] the yields of reactions

obtain the experimental yield of the reaction (1) an assumption is
that - the formed in -10% of all pA
annihilations.For the probabilities of reactions (3) this model

needed fireballs are
predicts the values at the level of 10_6, just slightly below the
existing experimental limit. These results sharply contrast with
fhe predictions of two-step models which give W(K+Z_) ~ 10"8
[7,8]. ‘

In another approach, investigated in [11,12], the Pontecorvo



reactions are treated wusing ~information from

[11].

lie somewhere between the extreme predlctlons of [10] and. those of
the two-step models.

In principle, one may try to treat Pontecorvo reactions in

terms of quarks as a process, where antiquarks of the antiproton

annihilate on quarks of both nucleons

. (see, for instance, diagram
in Fig.2). ' .

'"'""I

n - N
- N

Fig.2 Antiproton annihilation on two nucleons.

The admixtures of multiquark states
function have been introduced in [13].
. bag the predicted branchiﬁg
with the experimental value.

in the deuteron wave
For 0.3% admixture of a 6-q
ratio for the reaction (1) coincides

It is important to note that the definition of the Pontecorvo

reactions as processes which are forbidden in the annihilation on

the free nucleon but allowed on the bound one is rather broad and

a lot of processes are covered by this definition. For -instance,

there should exist a lot of one-meson annihilation reactions like

p+dsM+ N, (6)

: . v line-reversed
reactions using a "quasi—detailed balance" method [12] or in a

more elaborate way on the basis of the. reggeon .diagram technique
The author of [11] predicts probabilities for (1),(3) which

\r

where M stands for any heavy meson, like mn,p,w ...etc.
(see the diagram of Fig.1b)
The class of the Pontecorvo reactions also. includes . the

processes of the resonance formation
- * .
p+d=-M+N , (7)

where N* may be any baryon resonance, like A(1232) or N(1540).
(see, the diagram of Fig.lc).

It is instructive to analyze the characteristics of (6)- (7)
plotting the dependence of the invariant momentum transfer t
versus the mass M ;¢ of the produced mesonic  .system (see Fig.3).
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Fig.3 Dependence of the invariant momentum transfer t on
the mass M ¢¢ of mesonic system in the Pontecorvo reactions

p+d=aM+N.

. One can see that for a reaction with light meson production,
the t is negative and reaches t=-1.5 Gevz-for the case -of pion.
When the mass of the meSonic systém M eff increases to the value gf

eff ZmN , the momentum transfer tends to the value of t=m N
corresponding to the annihilation on-.a free nucleon. It is clear
that in the vicinity of t=m2N the leading diagram will be.the one
with the nucleon pole.. Bearing in mind strong dependence of the

deuteron form factor on t one could understand  that, in general,



the production of llght mesons will be suppressed with respect to
the heavy ones.

) Let us’ compare the characteristics of (6)-(7) with those for
the "conventional" Pontecorvo reaction pdsm p. In Table 2 the
average momenta of the final state particles produced in some
reactions. (6)-(7) of pd annihilation at rest are given. If these
processes proceed via the two-step mechanism, their branching
ratios should dependkupoﬁ the probability of the first step, i.e.
on the probability of the pp annihilation into two mesons. Some of

the relevant two meson branching ratios are given in the Table 2..

Table 2. The characteristics of the Pontecorvo reactions (6)-(7).
TM and TN stand for kinetic energies of the meson and the nucleon

in the final state, P is their averaged momentum calculated for
the nominal resonance mass and for
w(pp-—MlMZ) is the branching ratio -of pp annihilation into

twoc mesons on the first step [14].

annihilation at rest.

Final state Intermediate‘w(ﬁp——Mle) P Ty Ty
state % Gey/c GeV GeV
np atn” 0.37% 0.3 1.246 1.114  0.621
p” p ntp” 1.5 + 0.3 1.116 0.586  0.520
w n 7% 0.52¢ 0.05 1.111 0.576  0.515
aa(980) p nta 5 0.38% 0.06 1.029 0.441  0.454
£,(1270) n nof2 0.24% 0.07 0.865 0.267  0.338
a,(1320)7p n'a, 1.32¢ 0.10 0.832 0.240  0.316
AX(1560) n n%ax 0.37t 0.06 0.630 0.122  0.192
m A(1232) nn 0.37¢ 0.3~ 1.130 1.00 0.441

Inspection of this Table immediately reveals that the nucleon
from Ponfecorvo reactions (6) should have a significant momentum,
greater ‘than 1 GeV/c in the case of pN or wN final states. Even
for annihilation into a heavy meson, 1like AX(1560) [15], the
momentum of associated nucleon is 0.630 GeV/c.

From the results presented:in Teble 2 one may see again, that
the.simplest Pontecorvo reaction p + d » nm + p is by no means the
most probable. In fact, the probability to see the channels like

p+d=p +p° . (8)

- or

p+ds ag +p (9)

seems to be more favourable owing to higher branching ratios in»§N
annihilation. ' '

First estimations of the probabilities of the. Pontecorvo
reactions with different mesons M were done in [16]. It was
predicted that the branching ratio of the reaction p+dsp+p
may be two times greater than. that of p + d » 7 + p and the
branching ratio of‘(9) may be even greater, at the level of 10_4.

A In general one should regard as a Pontecorvo reactlon all
processes like (6) or (7) which cannot take place on free ‘nucleon
or be a consequence of the on-shell meson rescattering. By analogy
with those processes depicted by diagrams of Fig.1l these reactions
may be considered as a two-step process when annlhllatlon into
2‘3 4,... mesons is followed by a meson absorption on one nucleon

(see, Fig.4).
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It is clear that such one-nucleon absorption of mesons is. a
rare process but it should exist in all channels .of antiproton
‘annihilation in nuclei where pions or kaons are created. It should
be:-a common reaction of antiproton-nucleus annihilation in which
two-nucleons are involved by definition.

The. signatures ‘of these reactions are qu1te definite and
follow from the intrinsic two-body kinematics .of the‘Pontecorvo

reactions:



p+ 2N > M+ N (10)

which implies the strict relation between the total momentum of the
meson system P ‘and its effective mass M off"
iy 1 Pontecorvo’
crude estimations of the total probability of al on

reactions in p A annihilation give

W= % WNN » mm) * S_. (11)
m

Here W(NN = mm) is the branching ratio of the correspon@ing
annihilation channel with m pions and S  is the probability that a
pion will be absorbed on one nucleon. As an estimate for the value
of 5 one may use the’ ratio of Wl p+dsm+ p) toW( p+p=m +
n ) Wthh is about 10 2. Then from (11) one may conclude that 1t
is reasonable to expect for the probability of all Pontecorvo
reactions the ‘value at the level of at least 1% of all
anﬁihilations "So the Pontecorvo reactions are by no means some
rare and exotic channels of pA annihilation. They should be quite
usual and eépecially important for the high-momentum part of the
pA annihilation spectrum.
There is a lot of interesting physical problems which could
" be explored by investigation of the Pontecorvo reactions. A good
example is the search for the so called C mese? with the mass of
1480- MeV andthe width ' = 130 * 60 MeV (J 1 ) . ThlS state was

observed [17] in the effective mass spectrum of Qn system from-

the reaction
n o+ p - (x¥ ¥~ no) n (12)

at 32.5 GeV/c.
The authors [17] stressed as the exclusive property of the C

the’ fact that it was 'not " observed  in -the wn . channel. .That,

indicates on the strange contents of - the ~C-meson.. Dover -and

Fishbane [18] argued that the C-meson is a good candidate for the.

four-quark exotic system of ssqg type. That is the reason why the

investigation of the C-meson properties and decay modes is rather
important. However the experimental situation ﬁith‘search for the
C-meson is rather controversial. In some experiments there are
indications of its observation (for review, see [19]), in others
the absence of any signal was claimed ([20,21]. In particular,
recently the ASTERIX collaboration [21] did not ebserve the
C-meson in pp annlhllatlon at rest in the &mm mode w1th the upper
level of 3 107°.

From the decay scheme of the C-meson it follows that its
isospin is I=1 and it is possible to search for charged states of
the C in the Pontecorvo reaction of p annihilafldnloh'deuterium:

S @+ n ’
s K +'K__'

" The merits of searchlng for the C-meson' in phié reaction are
the follow1ng

“1.The absence “of | the comblnatorlal background ~Inthe pp > &nn

reaction one never knows whlch pion comes . from Cc- decays and which
one recoils agalnst the-C.

2.The absence of the background from the. meson resonance decays.
Thus, in antiproton-annihilation on hydrogen at rest , in the pp =
¢nm channel, the probability of the pp > @po mode contributes

about 50% of all énn yield. That impedes the search for the

C-meson if its yield is less than that for &p channel.

. 3. Two-body kinematics of (13) allows one Eo have definite

signatures for this reaction. The simulation shows that the proton
momentum is peaked at 703 MeV/c with r.m.s.=78 MeV/c. All protons
are within the 500-800 MeV/c interval. So they can be disentangledA
from the ordinary spectator prbtons and could be identified by
time-of-flight.

The kaon momentum in the lab system is peaked at 330 MeV/c
with r.m.s= 124 Mev/c. All kaon momenta are less than 600 MeV/c.
The aqgle between two Xkaons is 430 with the r.m.s=23 degrees.
Practically all kaons are in the angular interval between 0 and 90
degrees. The angle between a kaon and a proton is 1410 with r.m.s
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240. All events are in the interval from 85 to 180 degrees. The
pion angular distributions are broad.

So, in fact, there is a correlation between two kaons which
are in the narrow cone and a high-momentum proton which is emitted
in the opposite direction.

To ééarch for the C-meson in the reaction (13) looks very
promising and challenging. The OBELIX detector at LEAR [5] is
especially suitable for this task due to its good abilities of

separation between kaons and pions.

Summarizing one may conclude that the in&estigation of the

Pontecorvo reactions can be essential in the clarifying the role
of non-nucleonic degrees of freedom in the nuclei as well as be a

good tool for search for exotic resonances. The analysis of the

Pontecorvo ‘reactions can clarify the role of two~-nucleon’

annihilation in the antiproton interactions with nuclei.

The authors had benefited from numerous discussions with
‘G.Bendiscioli, T.Bressani, C.Guaraldo, : L,A.Kondratyhk,
L.G.Landsberg, P.P.Temnikov and V.I.Tretyak, We would 1like to
thank them for fresh ideas and friendly support.

REFERENCES

Pontecorvo B.M., ZhETP, 1956,v.30, p.%47.
Bizzarri R. et al. , Lett. Nuov. Cim., 1969, v.2, p. 431.
Smith G.A., Proc. The Elementary Structure of Matter
Workshop, Les Houches, 1987, p.219.
Riedelberger J. et al, Phys. Rev., 1989, v. C40, p. 2717.
5. Adamo A. et al., Proc. 4 Conf. on the Intersections
between Particle and Nucleér Physics, Tucson, 1991.
Peters K., Proc. NAN-91 Conference, Moscow, 1991.
7. Kondratyuk L.A., Sapozhnikov M.G., Phys. Lett., 1989, v.B220,
p. 333.

10

8. Oset E., E.Hernandez, Nucl. Phys., 1989, v.A494, p.533.
9. Kudryavtsev E.A., Tarasov V.E., Preprint ITEP, 87-91, Moscow,
1991. ’
10. Cugnon J.,Vandermeulen J., Phys. Rev., 1989,v. C39, p.181.
11. Kajdalov A.B., Yad. Fiz., 1991, v.53, p.1410.
12. Falomkin I.V., Nichitiu F., Piragino G., Lett. Nuov. Cim.,
1983, v. 38, p.211.
13. Guaraldo C., Kondratyuk L.A., Phys. Lett., 1991, v.B256, p.6.
14. Armenteros R. et al., CERN preprint, CERN/PSCC/86-4,
Geneva,1986; Ssapozhnikov M.G. OBELIX report, O0X/DU-01-90,.
Geneva,1990.
15. May B.et al., Z. Phys. C, 1989, v.45, p.223.
16. Kondratyuk L.A., Sapozhnikov M.G., Proc. Workshop

- "Mesons and Light Nuclei V", Prague, 1991.
17. Bityukov S.I. et .al., Phys.Lett., 1987, v.B188, p.383.
17. Dover C., Fishbane P., Phys.Rev.Lett., 1989, v.62, p.2917.
18. Landsberg L.G., preprint IHEP, 88-143, Protvino, 1988.
19. Ratcliff R., Proc. Conf. on Hadron Spectroscopy '"Hadron 89",
ed.Frontieres, 1989.
20. Reifenrother J. et al., Phys.Lett., 1991, v.B267, p.299.

Received by Publishing Department
on February 20,.1992,

11



