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As early as 1956, just half a year after the discovery of the
antiproton, B.Pontecorvo drew attention [1] to the possibility of
unusual annihilation processes forbidden on a free nucleon but allowed
on a bound nucleon. These are the annihilation reactions with only one

meson in the final state:
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or annihilation without any mesons at all:
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Unfortunately the Pontecorvo reactions have not been practically
investigated up to now. Only reaction (1) has been observed. In the
experiment [2] 6 events of reaction (1) were found in the antiproton
annihilation at rest. The corresponding relative probability of (1D
was W(rt_p)= CO0.98% 0.4> - 10_IS of the total probability of
Ed—annihilatlon. Recently reaction (1) has been measured in the LEAR
experiment [3], where it was found that WCn-p) =C2.8% 0. 3)-10_5, and
the upper limit on the relative probability of reaction (2>: W CK+Z_)
< 8- 10—6 was found for the stopped antiprotons. The mesonless
annihilation processes (4)-(5) have not been observed yet.

Interest in studying the Pontecorvo reactions (1)-C(5) is mainly
motivated by their sensitivity to high momentum components of the
nuclear wave function, where quark-gluon degrees of freedom may play
an important role (see, c.f. [4,5]1). Let us illustrate this statement
considering the two-step annihilation mechanism of the triangle
diagrams of Fig.1l. After antiproton annihilation on a nucleon in the
deuteron two high energy mesons with Tkin = my are created, one of
the mesons being absorbed on a second nucleon of the deuteron. It is
clear that this process cannot conserve energy-momentum at each step
and the virtuality of the particles in the intermediate state should
be very considerable X m . Thus the amplitude must be very

N
sensitive to the small internucleon distances in the deuteron.



We have calculated the probability of reactions (13>-C3) using
the two-step model Csee, Figs.1 ad and bd).The preliminary results of
our analysis were published in [5] C(the diagram of Fig.1 ad has been
mainly analysed DJ.
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Fig.1 Diagrams of the two-step model for the reaction (1)

Under the assumption that the two-meson annihilation amplitude NN
- M+M_ exhibits a smoother momentum dependence than the deuteron wave
function one may obtain the following:
F Cpd » MO = F CpN » MM D Ay, =)

where AA is the meson absorption amplitude described by the

triangle diagram of Fig. 1ad:
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Here P Py are the momenta of the neutron and proton , gMNNCq > is
the MNN vertex function, Gdanp) is related to the deuteron wave
function wdeD as follows:

» S/2 » +2
= md D
Gdnp(p) 8 m wd(p) (cb + p /mdy 8

here Eb is the deuteron binding energy, m and M are the nucleon and
meson masses, respectively. We used only the S-state of the deuteron
wave function.

The amplitude AA from (72 was calculated according to usual
rules of the nonrelativistic diagram technique (see, e.g.[B1). Then
the nucleon propagator may be treated as follows:
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where EJ and Tj stand for the total and kinetic energy of the nucleon
J
Integration of (70 over the energy is reduced to the evaluation

of the residue in the positive energy pole of the neutron propagator
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Her_e Ti' 31 and m, are the kinetic energy, ;:lomantum and mass of the
final state baryon; Am = mg - m is the difference between the hyperon
and nucleon masses in reactions (2) -(3 , for reaction (1> Am = O.
Note that in the nonrelativistic limit the amplitude (7) is pure real
because the nucleon m and the meson M cannot be simultaneously on the
mass shell.

Finally, eq. (10> may be rewritten as:

3 - Fod
a4 p, FunNC P2 K2
- e d
A, =2 Im - . J- ¥4CPyY . s
3 +2 4 -
C -
2m 6, CP; * Py kK + B P MDD

To clarify the main features of the Pontecorvo reactions let us
treat (15) under the assumption that the deuteron wave function has
more sharp dependence on i;a as compared with the form factor FMNN and
meson propagator. Then we find:
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One can see that AA depends strongly on the behaviour of the
deutron wave function ¥y at small internucleon distances . However
wd(r) + 0O whenr + O, therefore the Pontecorvo reaact.ions shouldaalso
be sensitive to the meson-nucleon form factor FMNN(q D at large g . We
used the following MNN form factors FMNN(qa) :

FMNNann e Aﬁ 34E G- = A;f 5" a7
with n=1 or 2 Cmonopole or dipole form factors) and Af = 1.44 t‘mz. A:
= 0.71 fma.

Expression (15) was also used to calculate the contribution from
the vector meson absorption in the intermediate state. The interaction

of vector mesons with nucleons is described by two constants !‘1 and fa

udcf, r ey =messmae du - casd
2 m
In our estimations we confine ourselves by taking into account

only the charge-like interaction and put IuNN T t‘l

If the iN-. n+ﬂ- annihilation proceeds in the S—wave ( from the

3351 stated, then n —mesons are in the P-wave and the spin structure

-
of the amplitude (6) is of the form w"cPlacP Do cg"‘)) o K> wpd,
where
-+ -
B=2 m CP /CE, + m D - PyAE, + my D,
-
sgm) is the vector of deuteron polarization, K is the relative
momentum of n-mesons , w(;;) stands for the antiproton spinor: y =
%
102w.r.

It means that in the case of pion absorption instead of the

scalar AA (15> we have to introduce the vector amplitude
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where gn+np = ¥2 g, - g°/4n =14
Then, calculating the probability we should average the
amplitude squared over the spin projections of the antiproton and the

deuteron.

.

Therefore, the P-wave structure of MNN vertex in the case of
pseudoscalar meson absorption can be taken into account by
-+
2 , 2
substituting | AAI instead of | AA| )

The amplitudes from (6) are normalized in a standard way:
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Here S, , p-
N_* Ppp

>
(Sd.psd)are the total energy and the c.m.s. momentum of
the BN(Ed) -system.

The relative probability of one-meson annihilation is:
ofpd 3 p M D

wchd SpMI=—— . = ca21>
aannde)
- + - 2
=WCpp MM 2 | AA | - in the case of vector
. meson absorption
-
=W Cpp = MM 2 | AAla- in the case of pseudo-
scalar meson absorption .
Here
- 3 *
aannc ppP> Pa™ p;;p SN
x = ) cazad
- 2 b
aann( pd> pn+ [.—:'d Sd

where p:— and p:+ are the c.m.s. momenta of the mesons in the final
state of the reactions Ed > p n and Ep < M M-, respectively,

It follows from the data (7] that near the threshold aannCEp)/
oannde)= 0.8552. Then the coefficient «# for reaction (1) is equal
to 0.247.

One must also consider the contribution from annihilation on the
neutron (Fig.1b). In reaction (1>, for instance, it is possible to

create a pair n n° ¢ ];n » n 77> followed by n° absorption. As found

recently in the experiment (8], the S-wave is dominant in the NN =
nn annihilation amplitude near the threshold. It implies that here
the isovector state is the main one. Then it is easy to calculate the

total contribution of diagrams in Fig.1a) and 1b)



Wipd s n p) = 4 wchd s 7 pd, 23
where Wp(pd =2 m p) stands for the probability of annihilation on the
proton (diagram of Fig. 1ad).

In the calculation of the mnp-channel contribution we consider
only the annihilation on the proton because according to [9] 84% of
events of annihilation of antiprotons at rest in the reaction Ep 2> np
come from the 1381 state with the isospin I=0. It is clear that the
contribution from the w —meson. absorption is due to the diagram of
Fig. 1b) of the annihilation on the neutron.

Reaction (2) may proceed only via annihilation on the proton.
Both annihilation diagrams are important in reaction (3), Let us
write the answer via WPCKOA) which corresponds to the annihilation on
the proton C(Fig. 1ad):

WCpd » KA = n° ¥ KON c2e>
where

n = |C3 A - AD/CA -AD |, 25>

1
A1 and Ao are the isovector and isoscalar amplitudes of NN =2 Klz.
Bearing in mind that [10,13]
= o
WCpp » K K D |A1 A°|
= =0.85 * 0.11 (26
WCpn =+ K K™ 4 |a |‘2

2

and using the data of [10] on small interference between
the amplitudes Ao and A1 in the S-state one may find:

na x 4- cer>

In Table 1 the branching ratios of different NN annihilation

channels into two mesons used in our calculation are collected.

Table 1., Relative probabilities W of different two meson NN

annihilation channels for the stopped antiprotons.

- - - -+
Channel n+n n p+ T w K K - KOEO

L&) 0.37+0.03 1.35%0. 2*) 0.41%+0.08 0.096+0.008 0.08+0.05

Ref's. 11 12 13 11 11

* ¥ <
. In [12)] the branching ratio of rr'p+ was measured but there is

- + + ¥
an indication that m p is about a half of n p

Table 2 shows the results of the calculation of the probability of
reaction (1) for different deuteron wave functions and form factors
2
FMNNcq 2
Table 2. The relative probability W of the reaction E +d =» rt—+p.
calculated for Paris [14], Reid soft core [15] and Hulthen

deuteron wave functions.

PARIS REID HULTHEN Fiasi
wcn,nh 5.7-10°° g.2-10°° 1.4:10°° monopol e
Wn .o 3.0.10°% 1.1.1071° 3.5.10°° monopol e
WoCn L 5.8.10°° 1.4.10711 4.7-107° monopol e
Wen ,nh 2.7.10° 1.0.10°° 4.1107° dipole
10 -11 9
¥ Cn ,0 0D 1.8+10 5.9:10 3-10 dipole
WoCn W 1.1.1071°% 3.8.0711 2.2.107° dipole
Experiment: WC pdanp)=CO. 9% O. 810> (2

One can see that the results are strongly model dependent.
Nevertheless, some common conclusions may be drawn:

i> For all wde) and FMNNan) the contributions from p- and
w-meson absorptions seem to be small (two orders of magnitude) in
comparison with the pion absorption.

iid> The sensitivity of the results to the choice of F'MNN(qa)
is substantial. The steeper dependence on q2 the less the
probability WC pdst pd.

iii> The probability of (1) calculated with the realistic wde)
and MNN form factor is always less than the experimental result. For
example, calculations with the Paris wave function and the dipole
form factor gives WC pdan pd = 2.7+10 ©

The reason for this suppression is the strong oscillations of the
realistic wave functions wd(p) at large momenta Cp = 1 GeV-/cd, which
are relevant in the Pontecorvo reactions. Such oscillations arise due
to the NN repulsive core result in wdCr) + O at r =« O C see
eq.(16)). The quark degrees of freedom should lead to the nonzero

values of Cr> at small distances owing to the tunnelling of the

v
d
quarks between different nucleon bags.(Note, that eq. (16) loocks like
the result followed from the reduced QCD formalism proposed by Brodsky



[4]1)>. Qualitatively, this situation is imitated by the Hulthen wave
function which anomalously slowly decreases at large p . As one can
see in Table 2, the calculation with the Hulthen wave function and the
dipole form factor demonstrates reasonable agreement with the
experimental data. of course, this agreement should not be
overestimated.

A similar treatment of the diagrams of Fig 1.,which includes some
relativistic corrections was done in [16]. However, in [16) the

calculations were performed only with the Hulthen wave function and

for the monopole formfactor. It was found that w CEd =» n_p) = 1.5
-10_4. According to E.Oset private communications, using the Bonn
*)

deuteron wave function also leads to the decrease of W(;_)d = n_p) 3
The branchings of one-meson annihilation with strange meson
production €(2)-C(3) are collected in Table 3.

Tgble 3. The relative probabilities W of reactions p +d =DK++ Z ;
K™+ A calculated for the Paris [(14) and Hulthen deuteron wave
functions. The values R of the ratio of the probabilities of
reactions (2> and (3> to that of (1) R= W(K,XD ~ WCm pd are

also given.

PARIS HULTHEN F oo
wekt+ 57> 5.0°10°° 5.2.10°7 monopol e
W CK®+ A D 1.5-10‘7 2.7-10_5 monopol e
wekts 57 o 7.3.10710 7.1.10° 2 dipole
W Ko+ A D 3.0-10°8 3.1-1077 diipoie
RCK'ETS 8.8-10 % 2.7.10°2 monopole
RCK®AD 2. 6-10_2 1. 9_10—2 monopol e
rRCk'ET 2.7-10°% 1.7.10°% dipole
RCKCAS 1.1-10°% 7.6:10° 2 dipole

- F = -6 F_=
Experiment: WC p d » K'£) < 8.10°5; Rek'sT <o0.20 (31

L It must be stressed that in [16] there was an erroneous
statement that our calculation [8] takes into account only the
on-shell meson absorption. In fact, this contribution is simply
zero in the framework of the nonrelativistic formalism which we
used. Our calculations consider only the virtual meson absorption.
This contribution is the dominant one as shown in [16].

The branchings of one-meson annihilation with a strange meson
are also strongly model-dependent. Though, the ratios R of the
probabilities of reactions (2) and (3> to that of (1) do not vary too
much with a model and may be regarded as a guide for future
experiments. For example, using the Paris wave function it was found
that R (K* £75= wek" £ ~ weapd= 2.7010% and R k© A= 1.1.1078
whereas using the Hulthen wave function the corresponding ratios are
RCk™ £5= 1.7.10™* and R k® A= 0.8-10%.In all variants the
probability of reaction (2) is less than that of reaction (3) because
the (K £ N) coupling constant is smaller than the (K A N) one .

Using the calculated ratios R and the experimental value for
W(Ed-on_p) [3] we can obtain the following predictions:

WCpd » K’z = 7.8.107°
WCpd » KA > = 3.1-107". czed

Therefore, the two-step mechanism for the one-strange-meson
annihilation provides the probabilities which are by one-three orders
of magnitude lower than the known experimental upper limit W CK+Z—) <
8-10_6 [3]. The discovery of these reactions at the level of
10_6—10_7 would be a clear signal of the nontrivial physics.

For exampleé, in [17] the yields of reactions (2)-(3) were
calculated in the model of evaporation of a fireball with the nonzerc
baryon charge. It was found that WCpd = K'£ > = (7.8 * O. 8)-10_6, and
RCKOA)=O.29. These results are in a- strong contrast with the
predictions of the conventional triangle diagram (28> . Further
experiments in this field with greater statistics will be very
desirable.

In conclusion, in the framework of nonrelativistic diagram
techniques for two-step mechanism the probabilities of the reactions
of one-meson antiproton annihilation at rest in deuterium have been
calculated. It was found that these processes are very sensitive to
the deuteron wave function at small distances as well as to the meson
form factors. The calculations with realistic wd(p) result in the
probability of WC pden pd an order of magnitude lower than the
experimental value. This result may indicate the importance of quark
degrees of freedom in the deuteron wave function. It appears that the
ratios W(K)D/W(n_p) are much less model -dependent and ar.e about 10_2
for RCKCA and 104 for RK'ED.

It is clear that an increase in the energy of the antiproton
gives an opportunity to study the deuteron wave function at momenta
greater than 1 GeV/c in the Pontecorvo reactions . Searching for the
Pontecorvo reactions which is planned at the OBELIX detector at LEAR

may provide this unique information.
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Kouppatiok JI.A., CanoxuukoB M.T. E4-88-808
Peakuusa [OHTEKOPBO OBYX4YaCTHUYHOH
Pd - aHHUTHITALMH

B paMKax HepeJATHBHCTCKOM, AHArpaMMHONH TeXHHKH BbIIOJIHEH
pacueT peakiuud OQHOME3OHHOM AHHWTHIISIUMH AHTHIPOTOHOB HA
meiiTepuu. IlokasaHo, YTO XapaKTePDHCTHKH 3TOH peakuHH OYeHb
YYBCTBHTEJIbHB K BHIOY BOJIHOBOH dyHKUHH OeHTpoHa Ha Malmbix
PacCCTOAHHAX U BHOGOPY Me30HHHX GOpMPaKTOPOB. PacueTs ¢ pea-
micrtudyeckont ¥ g (k) mpuBOmAT K 3HAUEHHAM W(pd ~ n"p) Ha no-
PANOK MEHBIHM SKCNEePHMEHTAlIbHOro, YTO MOXET CIYXHTb yKasa-|
HHEeM Ha CymecTBeHHbI BKNad KBapKOBbIX CTerneHeil CBOGOMbI
B TakuxX npoueccax. llokasaHo, 4YTO OTHOmEHHE BepOSTHOCTEM
R(KX)=W(KX)/W(n"p) cna6o 3aBHCAT OT MOAENbHbIX INpearnonoxe=
HuB M uX BermuuHa cocrasmaer 1072 pua R(KPA) u 1074 ans
R(K*L7).

PaBora BemmosHeHa B JlaGopaTopuH spepHbx npo6nem OHAH.

Mpenpunt O6%eNMHEHHOro HHCTHTYTA ANePHbIX HcclenoBanuii. JlybHa 1988

1small distances as well as to the meson form factors. It
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Pontecorvo Reactions of Two-Body Antiproton
Annihilation in Deuterium

Rare annihilation reactions for stopped antiprotons in
deuterium, pd - np; K'T7; KOA, are considered using the
two-step model described by fhe triangle diagram. It was
found that the probilities, W, of these processes are very

sensitive to thehehaviour of the deuteron wave function at

appears that the ratios R(KX)=W(KX)/W(rn"p)are much less

model-dependent and are about 10°2 for R(K°A) and 107% for
R(K*I).

The investigation has been performed at the Laboratory
of Nuclear Problems, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna 1988




