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Kaon spectrum from (7, K) reaction on 28Si target in the region of
XY production is analyzed in impulse approximation for different strengths
of the X single particle potential. It is concluded that this potential is
repulsive, and its strength is consistent with the Nijmegen model F of the
hyperon—nucleon interaction.

PACS numbers: 21.80.+a

1. Introduction

Our present knowledge of the X' hyperon interaction with nuclear mat-
ter, represented by the single particle (s.p.) potential Uy, comes from the
following sources:

— Strong interaction shifts ¢, and widths I, of the observed X~ atomic
levels [1,2].

— Final state interaction of X hyperons in the strangeness exchange
(K~ ,m) reactions, which affects the observed pion spectrum (see, e.g.,
[3], and [4] — hereafter referred to as I).

— Free space hyperon—nucleon scattering data, to which the hyperon—
nucleon interaction potential may be fitted (see, e.g., [5-8]), and with
this potential one may calculate Uy, (see, e.g., [9-11]) L.

* This research was partly supported by the Polish State Committee for Scientific
Research (KBN) under Grant No. 2P03B7522.

! This indirect way of determining Us is burdened by the scarcity of the hyperon—
nucleon two-body data. In fact, the procedure is often used in the reversed direction:
knowing Us helps to determine the hyperon—nucleon interaction (see, e.g., [2]).
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All these sources imply that the YN interaction is well represented by the
Nijmegen model F of the baryon-baryon interaction [6], which leads to a
repulsive Uy, with the strength of the repulsion of about 24 MeV at the
equilibrium density of nuclear matter [11,12].

Recently, a new source of information on Uy became available: the fi-
nal state interaction of X hyperons in the associated production reaction,
(m, KT). The first measurement of the inclusive KT spectrum from the
(7=, Kt) reaction on a silicon target was performed in KEK at pion mo-
mentum of 1.2 GeV/c [13].

In the present paper we analize the inclusive KT spectrum reported
in [13] and try to determine Uy, consistent with this spectrum. We extend
the procedure applied in I in the case of the strangeness exchange reaction
to the case of the associated production. We simply calculate the cross
section for the inclusive (7~, KT) reaction in the impulse approximation
with different strengths of Uy, and compare it with experimental results.

The paper is organized as follows. In Section 2, we calculate in the im-
pulse approximation the cross section for the (7—, K ™) reaction, and obtain
final expressions for the inclusive spectrum of the produced kaons. In Sec-
tion 3, we present our results for the (7=, K*) reaction on the #8Si target
and compare them with the experimental results of [13]. Discussion of our
results and conclusions are presented in Section 4. The determination of
the transition matrix for the elementary process 77 + P — K+ + XY~ is
presented in Appendix A.

2. Cross section for the inclusive (7—, KT) reaction
in the impulse approximation

In the XY s.p. model, the motion of X~ in the hypernuclear state pro-
duced in the (7~, K*) reaction is described by the wave function ()
which is the solution of the s.p. Schrdodinger equation with the s.p. poten-
tial Ux(r) = Vy(r) + iWx(r), where Wy represents the absorption due to
the YA conversion process Y~ P — AN. The target protons involved in
the elementary process 7~ P — KT X~ are described by the wave functions
Yp(r) which are bound state solutions of the s.p. Schrédinger equation with
the shell model potential Vp(r).

We want to calculate the cross section for the (7, K1) reaction in which
the pion 7~ with momentum k. (in units of /) and energy E, hits a target
proton in the state ¥p (with s.p. energy ep) and emerges in the final state
as kaon K+ in the direction kx with energy Ex (both E; and Ef are
total energies including rest masses), whereas the hit proton emerges in the
final state as a XY~ hyperon with momentum ky. We apply the impulse
approximation with K™ and 7~ plane waves, assume a zero-range spin-
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independent interaction for the elementary process 7~ P — K1Y~ (with
a constant transition matrix ¢) and obtain (with spins suppressed in the
notation):

2

t/drexp(iqr)¢2,k2(r)(_)*¢P(T) ;
(1)

where the momentum transfer ¢ = kg — k,, and 1/12,;@(7*)(_) is the X scat-
tering wave function which behaves asymptotically as exp(ikyr) + incoming
wave.

The energy conservation imposes the following relation between the en-
ergies of the particles involved in the (K, 7") reaction:

d30' . EKEWMECQkKkE
dks:dkkdEx (2)° (he)Ckx

G

_QME:MPCQ—M202+eP+E7r—EK- (2)

ex

Notice that the recoil of the hypernucleus is neglected here.
If only the energy spectrum of kaons at fixed kf is measured then this
spectrum, d?c/dkxdEj, is obtained by integrating cross section (1) over

I{?E:
d*a(lpjp) :/dl%g{ 3o (lpjp) } (3)
dkx dE§ dksdkrxdEr )

Here, we have indicated explicitly the quantum numbers [pjp of the s.p.
state ¢p of the proton on which the elementary process 7~ P — K+ X~ takes
place. To get the experimental pion spectrum, we have to sum expression
(3) over all states occupied by target protons.

Let us consider the case when the [pjp proton shell is closed, i.e., when
all the 25p + 1 magnetic substates of the [pjp shell are occupied by protons
(as is the case with the 28Si target considered in the next section). When we
introduce the spin coordinate ¢ and the X' and P magnetic quantum numbers
1y and mp, we may write the total contribution of the {pjp proton shell to
the pion spectrum in the form:

d*o(lpjp)  ExE-Msc®kiks
dkrdE (2m)° (he)Oky

S(lpjp) = dk
pPjP HZ/ z

zmp

t*S(lpjp), (4)

2

/ drexp(—iqr)s sy (1 €) T Gpinsmn (1:6)|
(5)

where the X scattering wave function 1/1(271)@ s behaves asymptotically as a
plane wave with momentum ky and spin projection py + incoming wave,
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Ypipjpmp 18 the normalized proton wave function in the s.p. state with
quantum numbers [pjpmp, and de denotes the r integration and the &
summation.

A straightforward calculation (similar to that in [14]) leads to the fol-
lowing expression for S(Ipjp) in terms of Wigner 3-j symbols [valid in the
case of a pure central potential Uy (without spin—orbit coupling) considered
in the present paper|:

Spjp) = (4m)2(2jp +1) Y (2L +1)(20 +1)
Ll

. 2
(6 o) Htianie P ©

with
(Uir(gr)lipjp) :/drul(kg;r)()*jl(qr)RleP(r), (7)

where Ry,;,(r)/r is the radial part of ¥p,jpmp and w(ks;r)) /r is the
radial part of the [ component of 9y k..., whose asymptotic behavior is
w(ks;r) ) fr — Gilksr) ~ hl(Q)(k:Er). Notice that the dependence on the
kaon scattering angle @ enters through the relation: ¢? = k2 + k;f( —
2k krcosO.

3. Results for the 28Si target

Similarly as in I we assume for the ) s.p. potential the form of a square
well
Us(r) = —(Vso +iWso)0(R — 1), (8)

where the radius R is the same as the radius R in expression (9) for the
proton s.p. potential. For the depth of the absorptive potential, we use the
value Wy = 2.5 MeV, obtained in [15] and [16] from the X~ P — An cross
section. For the depth Vyg we assume values varying from —40 to 20 MeV.
Notice that Vi is positive for an attractive and negative for a repulsive
potential.

For the proton s.p. potential, we use — as in I — the form:

UP(T') = —Vpog(R — 7") — VPlSlS(S(R — 7"), (9)

with Vpg = 46 MeV and Vpjs = 15 MeV fm. The radius R = 3.7559 fm
has been adjusted to the proton separation energy Bp = 11.585 MeV. This
potential leads to the s.p. proton energies in the ds/2, p1/2, p3/2, and s/9
states: 6p(d5/2) = —Bp, ep(pl/g) = —22.91 MeV, €P(p3/2) = —26.88 MeV,
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and €P(81/2) = —35.70 MeV, which agree qualitatively with the separation
energies determined in the (p,2p) and (e, €'p) reactions (see [17]).

The Coulomb interaction of X'~ and the target proton is not taken into
account explicitly. Its average value inside the nuclear core is £6 MeV, and
we assume that it is included into Vyy and Vpg.

At the moment, the only available experimental results for the (7=, K™)
reaction with X' hyperon production are those on the silicon target at p, =
1.2 GeV/c reported in [13]. In Fig. 1, the data of [13| are compared with our
results for d?c/ dki dEy obtained with three values of Vsg: 20 MeV (curve
A, attractive V), —20 MeV (curve B, repulsive Vy), —40 MeV (curve C,
repulsive V). The By on the abscissa is the separation (binding) energy of
X~ from the hypernuclear system produced (in the ground or excited state)
with the nuclear core left in its ground state. (If the hypernuclear system
produced consists of the hyperon attached to the nuclear core in a state with
an excitation energy E*, we have —By = ey + E*.)
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Fig.1. Kaon spectrum from (7~, K*) reaction on *8Si at 0 = 6° at p, =

1.2 GeV/c. See text for explanation.

Our results, curves A, B, and C, were obtained with the value of > =
0.1257 E7 MeV? fm%, fitted to the measured value of the total cross section
for the free 7~ + P — K + X~ process at pion momentum equal 1.2 GeV /c.
We do not take into account the proton motion in the target Si nucleus,
which would require averaging the cross section around pla® = 1.2 GeV/c.

To obtain a sufficient accuracy, especially at higher values of —Bjy;, the
summation in expression (6) was extended over values of L up to L = 12.
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4. Discussion and conclusions

The data points in the inclusive pion spectrum in Fig. 1 at positive values
of By correspond to reactions with emission of A hyperons (except for final
X bound states possible only for attractive V). In the present paper, we do
not consider processes with emission of A hyperons, and consequently, our
calculated curves in Fig. 1 start at —By = 0. We calculate the cross section
for the (7~, K) reaction in the impulse approximation with the X~ wave
function determined by the Schrédinger equation with a complex potential
Us whose imaginary part Wy represents the XA conversion treated as an
absorption. However in the inclusive (7~, KT) experiment, kaons may be
accompanied not only by X'~ hyperons but also by A hyperons produced in
the XA conversion?. Thus treating the YA as absorption neglects the part
of kaon spectrum accompanied by A emission.

One way of including this A emission part of kaon spectrum was shown
in [14] where the A channel was introduced explicitly into the description.
The results of [14] indicate that although A emission is crucial at negative
and small positive values of —Bjy, at higher values of —Bjy it is relatively
less important, especially when the A-nucleus interaction in the A channel
is taken into account. The method used in [14] is an approximate one — it
applies the effective two-channel approach [18].

Another way of including the part of kaon spectrum accompanied by A
emission is the Green function method [19], applied in [13]|. After introducing
approximations clearly stated in [19] (concerning , e.g., the coupling between
different core states), the Green function method leads to expressions for
the cross sections for the (7—, K™) reactions accompanied by X emission
(the X escape cross section dQJeSC/dl%KdEK), and by A emission (the XA
conversion cross section d2ccon /dl%KdEK), which depend on the effective
s.p. 2 Hamiltonian obtained from the full X’ and A channel Hamiltonian by
eliminating the A channel.

In actual calculations, one uses in the effective X' Hamiltonian a phe-
nomenological local Y-nucleus s.p. potential. In principle, the XN elastic
scattering may contribute to the Y—nucleus potential (see, e.g., [15]), and
it could imply that the XN elastic scattering contributes to the conver-
sion cross section. Let us also mention, that in this approach one cannot
investigate the effect of the A-nucleus interaction.

The results shown in Fig. 1 clearly rule out an attractive potential V.
Even if we applied an adjustable scaling factor — a procedure applied in [13]
— to the curve A (which has a maximum at —By = 89 MeV), the resulting
curve would differ from the experimental points.

2 A direct production of A hyperons is not possible in the (7=, KT) reaction.
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From the results shown in Fig. 1, we conclude that the strength of the
repulsive X potential is somewhere between 20 and 40 MeV, 20 MeV <
—Vxo < 40 MeV. The present estimate leads to Vi slightly more repulsive
than estimates based on the analysis of strangeness exchange reactions [4]
and X'~ atoms [2]. Nevertheless the present estimate is not inconsistent with
the other estimates, especially considering the error bars at the data at high
values of Bjy.

We do not believe that considering distortion of kaons and pions would
change our conclusion, as it was shown in [13| the distortion effect does not
affect the spectrum shape very much.

Our present result differs from the result of the analysis in [13] which
suggest a 150 MeV strength of the repulsion in Vy, which would be com-
pletely inconsistent with the ¥~ atomic data, and the analysis of the (K, )
reactions.

Our final conclusion is that the s.p. X potential is repulsive inside the
nucleus, and the strength of the repulsion is consistent with the Nijmegen
model F of the barion—barion interaction.

Appendix A
Determination of the 7= + P — KT 4+ X~ transition matriz

We start from the expression for o, the total cross section for the ele-
mentary process 7+ + P — KT + X7

12 5WZ—>f [0 2T S 2
v =2 30y — ki Al
o ; = g ey - B)(IEDR (A1)

where 6W;_, /0t is the probability per unit time of the transition between
the initial state ¢ of the 7~ + P system (with energy E; = E, + Ep) and the
final state f of the K + X~ system (with energy Ey = Ex + Ey), t is the
transition matrix, and v/{2 is the incoming flux (v is the relative velocity of
the incoming pions and target protons, and {2 is the normalization volume).
The initial and final states are plane waves: |i) = |k kp) and |f) = |kxky).
They are normalized in 2 3.
We approximate the transition matrix ¢ by a constant ¢:

(Flili) = (1) = g [ dre KR (A2)

where K; =k, + kp,and Ky = kg + kyx.

3 We assume that the interaction responsible for the 7P — KJX transition does not
depend on P and Y spin which is ignored in our notation.
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Since [dre’ " vanishes for K # 0, we have |[ dre*i(Kf*K")T}2 =
[dre K=K [dr = Q [dre " ®Ks;=KdT For 2 — oo, we have
[ dre " Ks=KIT . (27)35(K ; — Ki). Furthermore, we may replace in
(A1), >y = ZkKkg by [2/(2n) ] [ dkk [ dky. In this way, we obtain:

o 1
2= W@/dkK/dkgé(Ef — Ei)d(Kf - K,). (A.3)

As o does not depend on the reference frame, we choose the center of
mass (CMS) frame, in which the calculation of o is simplest. By E and
p = hk, we denote energies and momenta in this frame. In CMS we have
K; =0, and the last ¢ in (A.3) becomes 6(K ) = 6(kx + kx), and (A.3)
takes the form:

o 1 1 11

z ) = Ey—F; A4

2 = @2 tho )/dk25( E;) = i dkcki6(Ey i), (Ad)
where

Ef =Fx+FEx= \/(MK62)2 + (Chk:K)2 + \/(M202)2 + (Chk‘K)2 . (A5)
Since
Ex + Eyx
ExEsy

we may change the integration over kx in (A.4) into integration over Ej.
Thus we get

dE; = dEk + dEx, = (ch)*kdkr (A.6)

_pl 1 B prExBEy

, AT
7 (he)* pkab Ep + Ey EB—E, (A7)

where v has been expressed through the pion laboratory momentum and
energy, v = c?pkab /pLab,

The CMS quantities in (A.7) may be easily expressed through the in-
variant s (see, e.g., [20]):

s = (Ex + Ex)? = (Bx + Ep) = (Mpc?)? + (Mc?)? + 2EXP Mpc?. (A.8)

We have:
M 2\2 M 2\2 M 2\2 M 2\2
B — S MKC)” — (Myc) 7 By = S E(Mzc)” — (Mkc) (A9)
2/s 2./5
VA(s, (Mgc2)2, (Msc?)?), (A.10)

CPK—2\/—
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where \(x,y,2) = 22 + % + 22 — 22y — 202 — 2y2.

Expression (A.7) for o together with Eqs (A.8)-(A.10) enable us to cal-
culate o as function of pion laboratory momentum pLaP.

To determine ¢, we used the total cross section ¢ measured by Good
and Kofler [21] at pL®P = 1.12-1.23 GeV/c. At each of the pion momentum
applied in [21], we determined ¢ so that our calculated value of o agreed
with the measured value. Our results for ¢ are shown in Table I together

with values of o measured in [21].
TABLE 1

Total cross section o for the 7= P — K+ X~ reaction measured in [21] and our
results for 2.

pLab [MeV/e] o [fm?] t? [MeV? fm°]

1125 21.841.1 0.163140.0082 E7
1225 23.5+£1.7 0.113240.0082 E7
1275 20.9+1.4 0.0869+0.0058 E7
1325 24.5+£2.1 0.0901+0.0077 E7

For pion momentum pl®® = 1.2 GeV/¢, at which the KEK experiment
[13] was performed, we get — by interpolating the ¢? values in Table I —
the result: t2 = 0.1257 E7 MeV? fm®.
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