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Abstract
cstigated the molecular structure oflhrcc-bod). PPK . be
- + because the
inent in three-body ppK ™ structure calculation. Heitler-london molecul
- . u
lied 10 explain the structure of ppK™. In this model,
3pp

nd around another proton at other time to form a molecular-like state. Covalent bondi
:nd proton plays a SIgnnﬁcal\l role in molccu.lar formation mechanism, We Calcula(c: ("f‘\gdl?el\\'ccf, K-
pergy, cxchange Kinetic cnergy, total kinetic energy and the direct potential cnccrg)"w kt:nmc
N ! i - /v €XChange
potential encray: total potc.nual energy for ppK ™. We also calculated the total energy of ppK fg
antisymmetric case. It is obtained as 28 MeV at pp distance 1.9 fm Y PpR for

¢ inv
Ve hav o .
| molecular fcature is

- ar formation model is
is i -
moving around one proton at some time

s mmcuic and

Koy words Heitler-london molecular formation model, pPpK -

1 [\'TRODUCT!ON . . .
" Kaonic atoms and kaonic nuclei carry important informations concerning the K -nucleon

eraction in nuclear mcdlum..'l'his information is very important to understand the kaon properties
 finite density and to determine the constraints on kaon condensation in high density matter. The
hasic ingredient for this new family of nuclear state is a quasi-bound state of k-, which is identified

sthe A(1405) with a pinding energy 2? MeV and a level width 40 MeV [1]. Light kaonic nuclei are
hen calculated with this g-matrix. Binding energies of ppK’, ppnK™ and ppnnK™ are preddicted to be
15, 108, 86 MeV respectively with corresponding level widths of 61, 20 and 3 MeV [2, 3, 4]. The
ance between the two protons in the ppK™ system is 1.90 fm [5]. However the distance between
on and neutron in deuteron is 3.90 fm. Therefore p-p distance in the ppK™ system is smaller then
distance in the ppK™ system is smaller than p-n distance in deuteron due to the strong attraction
retween K™ and proton. -

In the FINUDA experiment, K s can be stopped in very thin nuclear targets, and multitracks are
&tected in the FINUDA spectrometer([6]. It can be interpreted as a bound state composed of a kaon

and two protons, hereafter abbreviated as ppK . The binding energ BWK_ =1 |51§ (stat)”3 (syshMeV

dist

and the width 1 = 67" (stat) :i(syst) MeV are obtained from the fitting in the region of 2.22-2.33

!
GeV/c™.
The theoretical results and experimental results of kaonic nuclear states are very different. Therefore,
there remains theoretically and experimentally to confirm that these events are really the deeply
bound kaonic molecular state. Existence of the narrow kaonic molecular states is still controversial
and we need further studies and more experiments. Also more experiments with better statistics are
neded to settle this problem. Therefore, we investigate the molecular structure of k

mamely ppK™,

aonic molecular

' ¢
- Structure Analysis of ppK™ Based on Heitler-london Model
ucture of ppK™. In this

at other time t© torm
olecular

Heitler-london molecular formation model is applied to explain the str
at some time and around another proton

mode| v - )
NN moving around one proton proton her {in
between K- and proton plays a significant rofc

l{_\!in . 1. N i
B ~Llfldr-hkc state. Covalent bonding
"\

Mation mechanism.,
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aussian density distribution. The second proton
ondon molecular formation mechanism js
If of the time. An extra binding called Cy,.
s. In this model, the molecular orbit i

ate having £
d on Heitler-|
er proton ha
n the two orbit

Let us first consider p K™ as an atomic st
is added to form pp K. Our model based ©
consider that K~ stays in an atomic orbit of eith
valent bond results from the overlapping betwee

described as

> == ¢a * ¢h = . _ .
Where, + represents symmetric and antisymmetric states. ¢'s are atomic orbits of K™ with respect 1o
the fixed protons 8 N
g,a s
a &/ b
I'. rb
a R b
(a) (b)
K~ (b) molecular wave function of pp K~

Fig. 2.1 Schematic diagram for (a) pp

~Lar®

The total molecular wave functions is i, = b, +dp: ¢ =€

3. CALCULATION OF TOTAL ENERGY OF ppK~

We will use the Gaussian basis wave function and the standard integral,

3
) RS P H -
Idrc“"““' =ein" (3) for our consideration system.
A

- . . . . - ar’’2 - St . > . .
By using the Gaussian basis wave function, ¢ =€~ “* ', the normalization of the molecular wave

function ppK™ is obtained as follow,

[du w2 = [du@, +oy)° = [dré2(r)+ [ drdd ()= 2f dudy (1,)da () M
N=[dopd =&)Y 242 -1/4aR?] = 2(75)3/ 21 £e—1/4aR?] (2)
o o
A s Linet; S . fy *‘I-—h:/ 2mVo ) .
verage kinetic energy of ppK™ molecular system 1S (Kgy = —— (3)
WLy
hz 1 ~Varla? I 2 hz 1 1 4
KE)= —— x—[dr.e”?%y2e2%% __ 4 [dr.ce “Byi¢e UM
( ) 2“] NI a L 2"] X N I( rh C ..“L
mﬁx.z.jdr e"):ﬂ('\,—'R) VZ Lan (4)
2m P N

From abovq equation, first two terms represent the direct Kinetic energy and third term represents the
exchange kinetic energy.
We solved the direct Kinetic energy terms in cquation (1)  which  become to be

. 3 1
(K.b)d" =2XZ|1(I)X r :3/4|1(q)x_-_...l-,ﬁ,,‘ - -
2x (1+e R4y 2x (14 Ry )
We solved the cxchal]gc Kinctic energy  term  in cquation  (4) which become to be
(Kl;)m_ =mho/2(1+e™ ® /) (-3/2+ aR’ /41 R4 6)
(

I'he molecular kinetic energy of K'pp system is obtained as

‘ (Im(=1+ZaR?/4)e R"/4
Tv;\ol =—ho 2
4 (N

-aR?/4
{lte )

o

J

And then, the molecular Kineti KT
: inetic encrgy of K™ pp svstem ¢ ivi :
- . _ £) S\ v can be divide 0 two part , -
case (T, ) and antisymmetric case (T L) gediinio tw parts as symmetnic

400
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crey of K p atom is calculated as follow, T,

afaen - " =3hw/4 (8)
L hine rey between m )I le : s
o Kinetic ene PP molecule and K'p 4 Sy ici i
J\‘ ‘ A,nc“““ et o P atom in symmetric 1s obtained as
-2 3 u LT W ——
. 1 4h s., c R4 1 cuk ‘ +1 (9)
¢ hinetic enere) between K PP molecule and K'p atom in antisymmetric is obtained as
(o \ . aR?/4 ‘
v A3 - - I: = h(') - R_ ‘4
wo W T e

(10)
he average potential energy of ppK™, we used the pote
[ 10

Gaussian basis w ave function for our considerati
w the u(!R Aa+f3) }

g =~ _p2

ntial, V(r) = Voe ™™ . And then, the

on system.

Cwill > {(1+¢
3/ 1

\ ( (("} (1 +e¢ HR (Il)

2 x e " H(A+2BIR? /4(cap )

/7 _¢-

{. _ Vola/« a+B) {lie‘““z/“} (12)
[ \ -.\‘
2 the . equations (11) and (12) . the average potential energy of K 'pp molecule is obtained as
-__-.,v > {l + c-(lﬂR (a+f3) + 2 % e—u(u «2[})[{ /4((1.,3)
Vio= V,(« /((l+[3))' }

| 13
N (|+c—uR /4) (13)

{ energy of ppK™ system can be divided into two
' w'll

parts as symmetric and antisymmetric
poumml energy of pK™ atom is

{ .. \.J 'nLn 1
R R = VO{C!/(G + B)} (14)
Gooh R @ 2x(z/a)’
B cc potential energy between molecular ppK and pK’ atom in symmetric is obtained as
;.A,.A;‘
oot |+ -unx NasB) | p-a(as2BIR*/4(asp)
- _’B)i"’z, -l} (|5)
W= Vpla @ B |+ R/

sifference potential encrgy between molecular ppK” and pK™ atom in antisymmetric is obtained
Ted N

ohained as . .
08 Hc-aan- (asf) _ pa=ala+2PIR/4(as+p)

% = (16)
3\"-"_\,:(! (a+p)) “t I—C-GR:H‘ 1}
e total direct energy is obtained as (E) die = (KE) dir +(V) i
-apR? (a+p)
2 il+e }
. =3ho/dx ————+ Votau/(c + B} — a7
A aR?/4 l+e )
: (I+e”" ) (
(
e total ex rgy is
e CI\Changc e 372 {+2xc-a(aolﬂ)R:i4(u0N3 (19)
: / 2,4 amaRTA T 121= 5
E_ :n———w h.(:k: : x{-3/2+aR" /4 e +Vola/(a +B)} (ltc'ak.u)
Jdize
Tetotal energy is obtained as
Sl g {14 R @D g gerata DR dby
oo s ‘lm( |+(GR' /6)e / + ] 3
T g Vo =3ho/ l*csuR 41 {a ((1 B) (Ite—uR -‘)
) erey of ppK™ energy by using
‘fcakulazc numerically the above equation to obtain the total energy p
“RIRAN CODE.
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4. RESULTS AND DISCUSSION o e are e by
Kinetic energy. potential energy and total energy of K- ppK~ system ¢ ned by using
n 3. We calculated numerically cquation (6) and (13). The total kKinctic encrgy
lar system (ppK ) for symmclric and antisymmetric states are
tric case is smaller than the Kinetic

etic energy in symme
y of ppK~ molecule is generally smaller

equations of sectio
and potential energy of the molecu
shown in Fig. (4.1) and (4.2). The total kin

energy in antisymmetric case. In both cases, kinetic energ '
than twice the kinetic energy of (pK~) atom which is 30 MeV. For very small distances, the

potential energy in symmetric case is more attractive than antisymmetric casc. The total direct and
exchange encrgy of the molecular system (ppK~) for symmetric and antisymmetric states are shown

in Fig. (4.3) and (4.4). Fig. (4.5) shows that total energies of molecular structure (ppK™) for

symmetric and antisymmetric case gives the binding energies of this molecule. It is seen that the

binding energy of ppK™ as 28 MeV at pp distance 1.9 fm. The molecular binding energy in
case. From our study, it is found that exchange

symmetric is more strong than the antisymmetric

terms arising from molecular picture is significant in binding mechanism of this system. This is
similar to the covalent bonding in molecule. The ATMS three-body calculation of Yamazaki and
Akaishi has predicted that ppK™ system has binding encrgy 48MeV with 1.9 fm distance between the
two protons [7]. From our calculation, it is found that at 1.9fim p—p distance, the biding energy is

28 MeV.
I
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‘ (LU SION - .
300 i estigated the molecular structure of three body pPPK’ system. In this system, kaon is

" migrating between two protons. To get a better understanding of the molecular structure
el BHS = .

-
Tl

T culated the kinetic energies and potential energies for three body ppK™ system. From our
,?J‘-:‘ o~ i ~ X v
o od results. 1t is found that the structure of ppK~™ system is deeply bound with binding energies
,/\'\ 2t p-p distance 1.9 fm. Bc§idcs. we also observed that the exchange energy arising from
‘ 4.3 ;nicwrc' is significant in binding mechanism of this system.
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