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We examine phenomenologically the4Hesin-flight K2, p2d spectrum atpK2 ­ 600 MeVyc and
uKp ­ 4± within distorted-wave impulse approximation calculations by using a coupleds3N-Ld 1

s3N-Sd model. The result shows that there exists a pole of the4
SHe unstable bound state on the second

Riemann sheet of the complex energy plane, and its complex eigenvalue isE
spoled
S1 ­ 21.1 2 i6.2 MeV

near theS threshold. Because of theS branch cut associated with opening theS channel, an
asymmetric peak for4SHe appears with lying at 3.7 MeV below theS13H threshold and the width
of about 10 MeV, which is in good agreement with the recent observation. [S0031-9007(98)07879-

PACS numbers: 21.80.+a, 25.80.Pw, 27.10.+h
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Recently, Nagaeet al. [1] confirmed the existence of
the4

SHe bound state in the in-flight4HesK2, p2d reaction
at 600 MeVyc (4±) in the E905 experiments at BNL.
This state might be interpreted as a strange partner
the a particle [2], together with the4LHe ground state.
Therefore, it is of great importance to understand th
structure of the4SHe bound state, which hasJp ­ 01 and
T . 1

2 , because the flavor SU(3) nature seems to survi
in theS-hypernuclear side [3].

It has been discussed for about ten years whether4
SHe

is a bound state or not. Hayanoet al. [4] reported the first
observation of the4SHe bound state in the4He (stopped
K2, p2) reaction at KEK. However, Dalitz and Deloff
[5] suggested that the observed peak originates from
threshold cusp at theS13H threshold, reanalyzing the
exclusivep2 data from the stoppedK2 by helium bubble
chambers (HeBC). Because the atomic orbit whereK2 is
absorbed on theK2-4He atom is unknown, we could not
refute their opinion only from the theoretical analysis o
the 4He (stoppedK2, p7) data [6].

In contrast to the stoppedK2 reactions, the in-flight
K2 reaction enables us to choose the experimental co
dition; the recoil momentum forS sLd amounts toqS .
120 MeVyc sqL . 54 MeVycd at 600 MeVyc. The sub-
stitutional recoil-less condition on the4He target is suited
to populate hypernuclear states withJp ­ 01. Thus the
E905 experiments realized that the peak of4

SHe is clearly
observed below theS threshold, as shown in Fig. 1.

On the other hand, it has long been recognized that t
LN-SN coupling plays a significant role in understand
ing the hypernuclear problems, see, e.g., Refs. [8,9]. T
coupling is expected to be one of the key elements f
solving the anomalous binding energies of4

LHe, 4
LH, and

5
LHe [10,11]. Moreover, the strongSN ! LN conver-
sion causes a threshold cusp at theS1p threshold in the
K2d ! p2Lp reaction [12]. Consequently, we believe
now that theA ­ 4 hypernuclei,4LHe and4

SHe, are very
promising objects to be studied in order to see the impo
tance of theL-S coupling quantitatively.
0031-9007y98y81(24)y5287(4)$15.00
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In this Letter we examine phenomenologically th
4HesK2, p2d spectrum with the distorted-wave im
pulse approximation (DWIA) by using a couple
s3N-Ld 1 s3N-Sd model, in order to establish the struc
ture of the 4

SHe bound state. Our purpose here is
determine the pole position of4

SHe from the experimental
data and to demonstrate the spectrum behavior when
pole near theS threshold resides away from the physic
region by theS branch cut.

Now we consider hypernuclear final states from t
K2-4He reaction classified as

K2 1 4He ! sad p2 1 3He 1 L ,

sbd p2 1 3H 1 S1,

scd p2 1 3He 1 S0,

sdd p2 1 X11 1 L , (1)
where X11 ­ d 1 p or p 1 p 1 n for the p2 spec-
trum. It has been realized that an enhancement near
S13H threshold in thep2 spectrum of Eq. (1) is con-
nected with the dominance of the secondary process,

f4
SHeg ! X11 1 L , (2)

where the producedS hyperon in the real or virtual
4
SHe state subsequently interacts with a second nucle
and it is converted to aL via the internalSN ! LN
processes. The conversion induces generally the c
nuclear breakup because a convertedLN pair gets large
energy from the mass differencemS 2 mL . 80 MeV.
Indeed, the HeBC data suggest that3N breakup states
of sdd p2 1 X11 1 L contribute dominantly near the
S threshold rather than those ofsad p2 1 3He 1 L [5],
while contributions of3N breakup states inS channels
are negligible. Quantum mechanically, the mechani
of the enhancement is associated with a pole for4

SHe in
the s-wave scattering amplitude of Eq. (1). Such a po
resides on thesecondRiemann sheets211d [13], which
describes anunstablebound state in theS channel and
gives rise to a resonance in theL channel. The pole
position corresponds to a complexeigenvalueof the3N-Y
© 1998 The American Physical Society 5287
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FIG. 1. The calculated spectrum of the4HesK2, p2d reaction
at 600 MeVyc s4±d, together with the BNL data [1], as a
function of the hypernuclear energyDMHY ­ MHY 2 MA.
The histogram redraws the data to compare the spectrum w
the data of theL region [7]. A peak at 194 MeV corresponds
to the4

LHe ground state. The solid and dashed lines denote
p2 spectra for the total andJp ­ 01 states, respectively, with
a detector resolution of 3.63 MeV FWHM.

system on the complex energy plane. To establish
structure of a4

SHe bound state, it is necessary to extra
its pole position from the observed spectrum.

The inclusive double-differential cross section fo
sK2, p7d reactions in DWIA [6] is estimated by using
the Green’s function method [14]; the meson distorte
waves are calculated with the help of the eikonal a
proximation. The Fermi-averaged amplitudesfsYpd for
K2N ! pY reactions are obtained from the free one
[15]. The hypernuclear final states with the natural pa
ties,01, 12, 21, . . . , are considered because the spin-fl
processes are known to be negligible insK2, p7d reac-
tions at600 MeVyc [15]. Our calculations have assume
that the3N core nucleus is rigid, where3N denotes the
s3He, 3Hd doublet. Thus Green’s function of the3N-Y
final states in Eq. (1) is obtained by solving a couple
equation with3He 1 L, 3H 1 S1, and3He 1 S0 chan-
nels. The3N-Y potential matrix withJp ­ 01 on the
isospin bases is given by

Û ­

0B@ UL,1y2 UX,1y2 0
UX,1y2 US,1y2 0

0 0 US,3y2

1CA . (3)

The diagonal potentials forT ­
1
2 , 3

2 are given as

UY ,T sRd ­ VY ,T sRd 1 iWY ,T sRd (4)

for Y ­ S, L, where the imaginary partWY ,T is a
spreading potential, which describes effectively all o
the 3N breakup processes. TheL-S coupling potential
UX,1y2 is assumed to be real. We obtain these potent
forms by folding the centralYN interaction like SAP-
1 [16] with the core-nuclear3N density. Therefore, the
diagonal potentials have a repulsive core and an attract
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tail, of which strengths can be determined to fit th
experimental data.

In our framework, we search for parameters of potenti
strengthUL,1y2, UX,1y2, US,1y2, andUS,3y2 by making a fit
to the experimental data. Since the4HesK2, p1d reaction
populates onlyT ­ 3

2 S states, we determineUS,3y2 by
fitting the p1 data. The3N-Y system has a bound state
with Jp ­ 01 in theL channel, which is the4LHe ground
state withBL ­ 2.39 MeV. Thus we put a constraint on
the parameters to fit this value. For givenUX,1y2, we
can determine a set ofVL,1y2 andVS,1y2. Here we made
UX,1y2 satisfy a plausibleS admixture of about 2% in4LHe
[17]. In addition, the Fermi-averaged amplitudesf sYpd
remain in ambiguities, so the relative phase ofwL swSd
for Lp sSp I ­ 1d to Sp I ­ 0 channels should be
determined from the present fit [18].

The five parameters of the strengthssVL,1y2, VS,1y2,
WS,1y2d and the phasesswL, wSd are determined by fitting
thep2 data overall;VL,1y2 andVS,1y2 are well determined
by the existence of two peaks for4

LHe and4
SHe in the

data. To make a detailed fit to the shape near theS

threshold, we tuneWS,1y2, wL, and wS. As a result,
we obtain the3N-Y potential for the best fit. Using the
potential, we can also explain the data of HeBC [5] an
4He (stoppedK2, p7) [19] experiments.

Figure 2 displays the calculated4HesK2, p1d spectrum
at 600 MeVyc (4±), together with the BNL data. We
find that the calculated shape is in good agreement w
the experimental one. The reducedx2-fitting value is
x2yN ­ 12.7y31 ­ 0.41 for DMHY ­ 270 300 MeV.
Therefore, we confirm that there is no bound state
T ­ 3

2 for the 3H 1 S2 channel, because the nucleus-S

potential forT ­
3
2 is repulsive [6], which is quite simi-

lar to the potential derived from SAP-1 [16]. Some dis
crepancy of the absolute cross section might be improv
by employing more realistic meson-distorted waves or r
fined amplitudesfsYpd.

FIG. 2. The calculated spectrum of the4HesK2, p1d reaction
at 600 MeVyc s4±d, together with the BNL data [1].
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For the 4HesK2, p2d spectrum, as seen in Fig. 1,
our 3N 2 Y calculation can qualitatively fit the data
overall. We find that the meson-distorted effects ar
very important to reproduce the data. If we replac
distorted waves by plane ones, the spectrum is to
small to explain the data ofDMHY ­ 220 250 MeV
region. Most important is the fact that the calculate
curve can excellently fit to the peak behavior of thep2

spectrum near theS thresholdfx2yN ­ 30.4y31 ­ 0.98
for DMHY ­ 250 280 MeVg.

The potential we determined shows us properties of t
3N-Y system. In the4LHe ground state, theL-S coupling
leads to the S1 sS0d admixture of 1.30% (0.63%).
When the coupling is turned off, the binding energy i
obtained to beBL ­ 1.17 MeV. We confirm that the
L-S coupling is significant in4

LHe, which makes the
binding energy increase by about 1.22 MeV. To obta
the pole position of4

SHe, we calculate the complex
eigenvalue of the Hamiltonian for the3N-Y system by
the complex scaling treatment. We find that there appea
a pole of anunstablebound state withJp ­ 01 in the
S channel on thesecondRiemann sheets211d. This
complex eigenvalue represents

E
spoled
S1 ­ skspoled

S1 d2y2m ­ 21.1 2 i6.2 MeV , (5)

wherem is the reduced mass of the3H 1 S1 system and
the real part ofE

spoled
S1 is measured from this threshold.

The nature of the state originates from a strong isosp
dependence of the Lane term in the3N-Y potential. We
have confirmed that this Lane term plays an essent
role in making the3N-Y system bound in theS channel
and recovers the isospin symmetry toT . 1

2 (99%) [16].
However, since the pole resides near theS13H threshold,
it is necessary to investigateS threshold effects on the
spectrum shape.

FIG. 3. Contributions to the4HesK2, p2d spectrum near the
S threshold. The solid, long-dashed, and dashed curves
for the totalp2, p2 1 3He 1 L, and p2 1 X11 1 L final
states, respectively. The dotted curve denotes the contribut
of Jp ­ 01 in the p2 1 X11 1 L final state.
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Employing Green’s function, we can easily estimate th
contribution of each channel in Eq. (1) for thep2 spec-
trum [20]. Figure 3 illustrates the contributions of theL-
emitted final states,sad p2 1 3He 1 L and sdd p2 1

X11 1 L, near theS threshold. In the spectrum ofsad,
a rounded stepis observed at theS13H threshold. In the
spectrum ofsdd, as we expected, there appears dominant
the peak of the4SHe bound state; the produced4

SHe state
spreads to the complicatedL channels with core-nuclear
breakup, which are described byWY ,1y2 [20]. The cal-
culated shape forJp ­ 01 is clearlyasymmetric, and its
integrated cross section is about220 mbysr. This value is
almost consistent with that reported by Nagaeet al. [1],
considering the large systematic error in their fitting.

To investigate how the shape of thep2 spectrum
changes as the pole moves on thes211d sheet, we
vary the strengths of theL-S coupling UX,1y2 and of
the spreading potentialWY ,T . In Fig. 4(b) we illustrate
the resultant pole positions of the3N-Y system near the
S threshold: We know the pole position of4

SHe to be
at point D s21.1, 26.2d in a complex energy plane, as
listed in Table I. WhenUX,1y2 and WY ,T are turned off,
this pole moves to pointA s28.1, 0.0d, which becomes

FIG. 4. (a) Behavior of the spectrum forJp ­ 01 near the
S threshold in the4HesK2, p2d reaction at600 MeVyc s4±d.
(b) Behavior of the pole position for4SHe on thes211d sheet.
The labels A, B, C, and D are for each position given in
Table I.
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TABLE I. Positions of the poles of the3N-Y system near the
S threshold in complex energy plane and complex momentu
plane. The real part of the energy is measured from theS13H
threshold. The caseD is the best fit to the data.

E
spoledb

S1 k
spoledc

S1 E
sobsdd

S1

Sheeta (MeV) sfm21d (MeV)

A s211d 28.1 1i0.591 28.1
B s211d 23.8 2 i1.5 20.077 1 i0.411 23.9
C s211d 22.7 2 i3.9 20.210 1 i0.402 23.8
D s211d 21.1 2 i6.2 20.335 1 i0.399 23.7

aThe sheets are identified by the signs ofsIm kL, Im kS1 ,
Im kS0 d.
bPole position in the complex energy plane;E

spoled
S1 ­

skspoled
S1 d2y2m, where m is the reduced mass of the3H 1 S1

system.
cPole position in the complex momentum plane.
dObserved energyE

sobsd
S1 ­ 2jIm k

spoled
S1 j2y2m.

the 3N 1 S bound state withBS1 ­ 8.1 MeV. After
only UX,1y2 is turned on do we introduce a parameterR
in the spreading potential,R 3 WY ,T , and consider val-
ues of R ­ 0.0, 0.5, and1.0. As shown in Fig. 4, we
can pass to pointsB, C, andD, and obtain theJp ­ 01

spectra corresponding to positions of these poles. We fi
that the shape of the spectrumB is almost symmetric,
as its pole lies near the physical axis. On the contrar
when the spreading potential increases, the peak str
ture of the spectrum is quite distorted and the cross se
tion is reduced. The spectrumD falls rapidly above the
S threshold and gives us the asymmetric width of abo
10 MeV. In our calculation, therefore, the spreading po
tential is significant to reproduce the asymmetric shap
and absolute value of the peak in the experimental da
This is because the pole on thes211d sheet is shadowed
from physical view by theS branch cut opening at theS
threshold. In such a case, the position of the peak in t
spectrum does not necessarily correspond to the real p
of the complex eigenvalue ofE

spoled
S1 [21].

In order to understand this situation, it is suitable t
consider the complex momentum plane with a cut o
the real axis starting at theS threshold momentum. In
topological consideration, the position of the peak i
the spectrum might correspond to the observed ener
E

sobsd
S1 ­ 2jIm k

spoled
S1 j2y2m. This energy is for the foot of

the perpendicular from the pole of4
SHe to the imaginary

axis in the complex momentum plane, and it gives th
minimum distance between the pole and the physic
axis. The values ofE

sobsd
S1 given in Table I are in good

agreement with the peak positions in the asymmetr
spectra drawn in Fig. 4(a). Therefore, we can recogni
the asymmetric spectrum for4SHe, of which the peak
lies at 3.7 MeV below theS13H threshold and its width
is about 10 MeV. These values should be compare
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with experimental ones reported by Nagaeet al. BS1 ­
4.4 6 0.3 6 1 MeV and G ­ 7.0 6 0.711.2

20.0 MeV [1],
and by Outa et al. BS1 ­ 2.8 6 0.7 MeV and G ­
12.1 6 1.2 MeV [19].

In summary, we have examined phenomenological
the 4HesK2, p2d spectrum at600 MeVyc by using the
coupled-channel framework between the3He 1 L, 3H 1

S1, and 3He 1 S0 channels with a spreading poten-
tial. Our result shows that a pole of the4

SHe unstable
bound state withJp ­ 01 and T . 1

2 (99%) is located

at E
spoled
S1 ­ 21.1 2 i6.2 MeV on the second Riemann

sheet s211d. Because of theS threshold effect, the
asymmetric peak appears with lying at 3.7 MeV below
theS13H threshold and the width of about 10 MeV. We
believe that the present study gives us a starting point
unified hypernuclear studies fromL to S regions.
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