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Production of Kaonic Nuclei K pp by p(p, K"
and p(d, Ko) Reactions

Htar Win Htike', Mar Mar Htay’ and Khin Swe Myint’

Abstract

Reactions p(p, K"K pp and d(p, K)K pp are promising means to
populate kaonic nuclei and in this work, the differential cross sections of
the above reactions have been investigated theoretically. Existence of
kaonic nuclear bound states is of utmost significance in studying
antikaon nucleon interactions. The present work would provide
experimentalists with important information on setting up experiments to
search for bound state kaonic nuclear systems. Green’s function method
have been employed to determine the cross sections and it is found that
there is a remarkable peak structure in spectrum which indicates the
formation of K pp kaonic nuclei. The optimum incident proton energy
for p(p, K*) and d(p, K") reactions to produce K pp is proposed to be
4GeV.

Key words: Kaonic nclei, Green's function method, antikon nucleon
interactions.

Introduction
Theoretical Research of Kaonic Nuclear States

Recently, existence of exotic few-body nuclear systems involving an
antikaon K(K orK°) as a constituent have been predicted based on

phenomenologically constructed KN interactions (Akaishi and Yamazaki,
2002). The predicted binding energies and level widths of the bound states

in K ppn, K ppnn and K~ *Be are Ex=118, 114, 108 MeV and T = 21,
34, 20 MeV respectively (Yamazaki and Akaishi, 2006). These binding
energies are very large and the corresponding states lie below the

Znemission threshold (~100 MeV). Because of the stron% KN attraction

they have enormously high nucleon densities pave~0.5fm™, about 3 times

the normal nuclear density py~ 0.17 fm™. In deeply bound K states the

core nuclei are largely compressed due to the strong attraction of a K.

Such compact nuclear systems are called " K nuclear clusters" or K bound
states in non-existing nuclei.

1. Demonstrator, Dr, Department of Physics, Mandalay University
2. Assistant Lecturer, Dr, Department of Physics, Mandalay University
3. Pro-Rector, Dr, Mandalay University
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The basic ingredient for this new family of nuclear states is I=0
K~p, which is identified as the known A(1405) or A" with a binding energy
of Bx = 27 MeV and a width of ' = 40 MeV. The lightest system of K

nuclear clusters is K™pp (and its isospin partnerK’pn), which was

predicted to have Bx = 48 MeV and I' = 61 MeV. It is vitally important to
study such exotic objects from both theoretical and experimental sides.
Experiments stimulated by these theoretical investigations have been
performed at KEK and FINUDA to search for the kaonic deeply bound
nuclear states.

These experimental evidences are not sufficient to obtain most
reliable information on kaonic nuclear states yet. Thus many experimental
researches have been awaited to be able to settle the controversial state of

kaonic nuclear study. There are various reactions to populate K nuclear
clusters, however, all of these cannot be carried out experimentally because
some of these may have very low reaction cross sections. Therefore,
theoretical calculations for feasible reactions producing kaonic nuclear
bound states are urgently required.

Various K bound systems can be populated by the following
reactions such as p(p,K*)ppK~, d(p,K’p)ppK~, *He(K™,n p)ppK ",
*He(n*,K*)ppK~,d(p,K")K ppp, d(p,K*)K ppn *He(p,K*)K ppn,
‘He(p, K°)K ppn. We are going to investigate the simplest reactions
p(p,K*)ppK~ and d(p, K’p)ppK™ to produce the lightest kaonic nuclear
system .

Formulation of Production Cross Section

Transition matrix element for the above reaction can be expressed in
terms of relative and center of mass momenta of initial state and final state,

J_[k k, ©2| T|k,,0]. 1)

After performing the necessary calculations, the above equation becomes

ITe|= J2_8(k -k, k(zlﬂjdq-'(cpg”

OEdlf) o
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~ Mpko_Mpo
where k = .
Mp+Mp
k'= and
M _+m
ppK
qr - MA' qP _M q
M.+M

Transition matrix element Tg and transition rate W§ are related by
27 .
W; == 8(E” -E)) [Ty p(B), @)

which is the Fermi's Golden Rule. Wy is the transition rate, the delta term

B(Eg-“) — E,) guarantees the conservation of energy. The differential cross
section can be written as
3
do = W, = @)
Vo
where, v, is the velocity of incident proton, v, =#k,c?/E, and v,/L’is

incident flux. So we have the differential cross section for the reaction by
inserting the value of transition rate as follows:

__3__2325(5(.,) E)(—I—-) dk, [T;| (5)

where d%c is represented the differential cross section of the reaction with
momentum of out going particle K in the range k; and k;+dk; and that of
A’p in the range k; and ky+dk; . In order to include both bound states-and
continuum final states, we employ Green's function method (Morimatsu and
Yazaki, 1985) in our calculation.

The energy conservation term  O(E; — E?‘)) can be written as

...l a
;&EE—E‘:’F Zn:';; Im(®"

1 n
= e ®
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The equation of differential cross section in terms of coordinate
representation becomes

E . =1 " 1 s 1 12
d’c=(2x) °dk(—)lmdrdr'k‘k’ "Nk'r'[¢|k
7=(2x) t2E N\ 7z ) (i erel 5 HA.p+i8lr>< r i)
(7)
where r is the relative coordinate of A" and proton. (r A'p ). The term,
(r| 1 —|r'), is solved by using Green’s function method.
E-H ap TIE
d’c k,E, f—l)
24 - Oo
dEld Ql 2k0 \ )

r 4

X m[i—t‘-mi [[drdr' e +1)(-i)i%€ ® € ® xj,(Qn)j (Qr) U:(“)Ug(w]

=0 \\Y

t)
This is the final equation for mathematical formulation of

differential cross section. U9(r.) and Uj}(r,) are the stationary and out-
going solutions of the Schrédinger equation

{k2 + dfz E e(lr: )_ V(r)}G(r,r')= 0. )]

U%(0) =r*'and U} (r) = krh} (kr) are boundary conditions of these
solutions at origin and at the asymptotic region respectively.

Results and Discussions
Energy Dependence of Reaction Cross Section

Since the threshold energy of above reaction is 2.4 GeV, we input
the various kinetic energies of incident proton, KE;, from 2.4 GeV to 7.0
GeV with 0.5 GeV incremental intervals.
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For a particular value of the projectile proton kinetic energy, there
are many possible ways of sharing the energy between the outgoing kaon

K"and K™ pp (or A'p) system. Thus we calculated the maximum total
energies of outgoing K™ (E™) for each input proton energy (KE,;). By
decreasing 5.0 GeV to this E{"™ about 300 times, the corresponding

relative energies of K pp system, (Easp) are obtained. Therefore we
obtained 300 differential cross sections with respect to the relative energies

of K pp system for one input kinetic energy of incident proton. From
these values, the maximum differential cross section is found.

Table (1) shows the list of various differential cross sections with
respect to the total energies of A'p system (E A%p), for various Kkinetic
energies of projectile proton, KE;, = 2.5 to 7.0 GeV. It is found that the
maximum differential cross section (d’°o/dE\/d’Q; = 0.21 pb/MeV/sr) is
obtained at the projectile proton energy 4.0 GeV, which can be clearly seen
in Figure (1).

Figure (2) shows the variations of differential cross sections with
respect to the relative energies of A'p at this incident energy 4.0 GeV. The
maximum differential cross section (do/dE\/d’Q; = 0.21 pb/MeV/sr) is
observed at Exs;= —64 MeV. This value gives the binding energy of a
bound state K pp system. Then the observed decay width (-41.59 MeV) is
also determined at FWHM of the peak of Figure (2). The differential cross
section at (Ex+,>0) corresponds to the free emission of A’ particle.

Differential Cross Section with Various p-p Interaction Ranges

We have known that the range of nucleon-nucleon interaction is
proportional to the reciprocal mass of exchanged particle or mass of boson,
(1/mg). So we have analyzed the various differential cross sections with
respect to the various boson masses mg = 1020, 770 and 500 MeV/c? for ¢
meson, p meson, and K meson respectively which are shown in Table (2).

We have found that the binding energies of K pp system are the
same (64 MeV) but cross sections are different. It can be clearly seen in
Figure (3). The maximum differential cross section, 0.26 pb/MeV/sr, is
obtained at mg = 1020 MeV/c®. These bosons are exchanged to mediate
proton-proton interactions and the largest boson which means the shortest
range interaction give the maximum differential cross section. It is the
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same as we expected from the beginning that the reaction is likely to realize
at large momentum transfer or at short range interaction.

A’p Size Effect on Reaction Cross Section

In order to investigate the A"p size effect on the reaction cross
section we constructed the different A p potentials as follows. The various
A’p potentials giving the same binding energy but different root mean
square sizes are phenomenologically determined by varying the strengths
and range para-meters. We demonstrated this effect by employing the
potential parameter sets which are shown in Table (3).

Then the various bound-state peaks for various root mean square
(rms) sizes from Rp+p = 0.80 fm to 2.33 fm are compared. Figure (4) shows
* that the bound-state peak decreases dramatically, when we increase the rms
size from Rasp =1.05 fm to 1.46 and 2.33 fm. It also shows that with a
denser A’p system (Ra#=0.93 and 0.80 fm) the peak height increases.

Concluding Remark

We concluded that the projectile energy 4 GeV gives the maxi-mum
differential cross section for the reaction p(p,K")K pp. This is a significant
information for experimentalist. We have found that differential cross
section depends upon the p-p interaction range. The smaller the range of p-
p interaction, the larger the value of differential cross section of this
reaction. It means that mass of boson which is exchanged between two
protons plays an important role in determining the differential cross section.
And it also depends on the root mean square (size) distance of A‘p system.
The shorter the root mean square distance of A'p system, the higher the
peak of the spectral shape of differential cross section. We can therefore
extract information concerning the p-p interaction and A’p interaction from
the experimental data by considering these theoretical aspects.



Universities Research Journal 2008, Vol. 1, No. 3 241

Table (1) The list of various differential cross sections with respect to the
relative energies of A p (Easp), for various KE,.

KEp Emp dG/dEl/d2Q|
(GeV) (MeV) (ub/MeV/sr)
2.5  -64.73 0.1564
3.0 -64.90 0.1941
3.5 -65.18 0.2097
4.0 -64.04 0.2142
4.5 -65.20 0.2117
5.0 -64.89 0.2057
535 -64.62 0.1973
6.0 -64.30 0.1877
6.5 -63.90 0.1773
7.0 -65.07 0.1667

- 0.22

> o0 -

E 0.20 T..---:- .-

g

€ 0194 -

%

g 0181

&

3 0174

£

E—", 0.16 -

a .

0.15 ' T - — ;
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Kinetic Energy of Projectile Proton, KE (GeV)

Figure (1) The curve of differential cross section for various Kkinetic
energies of incident proton.
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Table (2). The lists of various differential cross sections for various kinetic
energies and for various boson masses.

Table (2.a). exchange particle ¢ meson

KEp EAtp do/ dE]/ dZQ]
(GeV) (MeV) (ub/MeV/sr)
2.5 -64.73  0.1928
3.0 -64.88 0.2393
3.5 -65.17 0.2586
4.0 -64.04 0.2641
4.5 -65.20 0.2611
5.0 -64.89 0.2536
5.5 -64.61 0.2433
6.0 -64.29 0.2314
6.5 -63.89 0.2186
7.0 -65.07 0.2056

Table. (2.b) exchange particle p meson

KE,  Eax, do/dE;/d°Q
(GeV) (MeV)  (ub/MeV/sr)
255 -64.73 0.1564
3.0 -64.88 0.1941
3.5 -65.17 0.2097
4.0 -64.04 0.2142
4.5 -65.20 0.2117
5.0 -64.89 0.2057
5.5 -64.61 0.1973
6.0 -64.29 0.1877
6.5 -63.89 0.1773
70  -65.06 0.1667
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Table (2.c). exchange particle K meson

KE, Eas, do/dE/d"Q
(GeV) (MeV) (ub/MeV/sr)

2.5  -64.73 0.1407
3.0  -64.88 0.1747
3.5  -65.17 0.1887
40  -64.04 0.1928
45  -65.20 0.1906
50  -64.89 0.1851
55  -64.61 0.1776
6.0  -64.29 0.1689
6.5  -63.89 0.1596
7.0  -65.06 0.1501

0.25

0.20 B i, S e o R 0 R e B R BB S e AR AT ot 5 TS S S TR S AR R R
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Figure (2) The curve of diﬂ”ergntial cross sections with respect to the
relative energies of A p at KE, = 4.0 GeV.



244 Universities Research Journal 2008, Vol. 1, No. 3

030 ——— —— == ———— e ———— —
&
% 0.25 — o et s o e NS S TS——
3 1 i) | TR ———— ___ o
g e () MIESSON
Lo
E Oty o oo om0 g i [ Rl st ot 0 o P PAVVESESON)
w
3 K Esson
O
=
- -
:
=
Q

0.00 e : ; .

-400 -300 -200 -100 0 100 200
Total Energy of A*p System, E ., (MeV)

Figure (3) The curve of dlﬂ'erentlal cross sections with respect to the
relative energies of A p at KE, = 4.0 GeV with various boson
masses.

Table (3) Differential cross sections with respect to various potential

strengths
A'p Potential Range Root Mean Differential
Strength Parameter Square Cross Section
(MeV) (fm) Distance (fm) (ub/MeV/sr)
(-714.50,-59.00) 0.50 0.80 0.8036
(-413.30,-35.33) 0.75 0.93 0.4926
(-295.00,-42.00) 1.00 1.05 0.2142
(-155.00,-20.00) 2.00 1.46 0.0997
(-119.00,-25.00) 3.00 1.79 0.0427

(-93.08,-20.72) 5.00 - 2.33 0.0261
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Spectral Shapes with Different Size Parameters
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Figure (4) Spectral shapes of differential cross section with different size
parameters.
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