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We study the structure ofL(1405) by means of a coupled-channel potential model and by fitting low-energy
K̄N data, including theK2p scattering length obtained from the latest x-ray measurements of the kaonic
hydrogen atom. From the best fit obtained, we find two possible interpretations ofL(1405), either as~1! the
702 three-quark state strongly coupled withK̄N andpS or ~2! a pS resonance and/or an unstableK̄N bound
state. In the latter case, the three-quark state that belongs to the 702 multiplet is located slightly above theK̄N
threshold and results in a sharp resonance peak in theK2p elastic cross section at laboratory momentum
170 MeV/c. To explore these possibilities, measurements of thepS invariant mass distribution and theK2p
cross sections with finer resolution are required.

PACS number~s!: 36.10.Gv, 13.75.Jz, 14.20.Jn, 14.40.Aq
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I. INTRODUCTION

The interpretation ofL(1405) — either as an elementa
baryon with three-quark structure or a meson-baryon co
posite — has been controversial for the last few decade
has been a key issue in theoretical studies of theK̄N system
at low energies and particularly in attempts at resolving
so-called kaonic hydrogen puzzle@1–8#. The puzzle was
concerned with an apparent discrepancy between theS
level shift of the kaonic hydrogen atom determined fro
measurements of the atomic x rays@9–11# and that from the
low-energyK̄N scattering data@1,5,12–14#. The atomic data
indicated a downward shift of the 1S level, while the scat-
tering data were extrapolated to theK2p threshold to predict
an upward shift@15#. The puzzle itself, however, has bee
resolved recently by new elaborate measurements of x
from the atom, which revealed an upward shift of theS
level @16#:
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523236636111

i

2
~40762086100! eV, ~1!

where the first and second errors correspond to the statis
and systematic errors, respectively. Through the formula
Deseret al. @17#, the above shift and width of the 1S level
can be converted to theK2p scattering length as1

AK2p5~2 0.7860.18!1 i ~0.4960.37! fm, ~2!

where the errors have been estimated simply by adding th
arising from the statistical and systematic errors in Eq.~1!.

1The uncertainty in the formula of Deseret al.due to the extrapo-
lation of the scattering amplitude from theK2p threshold to the
Coulomb level can be estimated@17#, in this case, to be less tha
2% (.0.01 fm) for both real and imaginary parts.
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This is compatible with theK2p scattering length extracte
from the scattering data. For example, using theK̄N scatter-
ing lengths in isospin channelsI 50 and 1 of Ref.@12#,

A0521.601 i 0.75 fm,

A150.081 i 0.69 fm, ~3!

and taking their average, we haveAK2p52 0.761 i 0.72 fm.
The reason why the structure ofL(1405), observed as a

resonance in thepS invariant mass distribution, was a cru
cial point in explaining the puzzle is thatL(1405) lies just
25 MeV below theK̄N threshold and has a strong influen
on the low-energyK̄N data. As one can see from Eq.~3!, the
negative ReAK2p is consistent with the negative ReA0. The
negative ReA0 can be interpreted as due to the existence
an isosinglet bound state ofK̄ andN, and it may be under-
stood by the picture thatL(1405) is~mostly! a K̄N and/or
pS composite@1,5,8,12–14#. However, this does not neces
sarily rule out the possibility thatL(1405) has an
elementary-baryon component. The SU~3! quark model in-
deed predicts a three-quark state that has the same qua
numbers asL(1405), as a member of the 702 multiplet with
two partnersL(1670) andL(1800) ofJp51/22. In Ref. @3#
it has been proposed thatL(1405) is dominantly this 702

state and that its strong coupling withK̄N andpS makes its
mass much smaller than the other two members.

In this work, we address the question as to whet
L(1405) can be interpreted as the 702 three-quark state, and
if not, where the mass of the ‘‘missing’’ 702 state can be.
We study the coupled system ofK̄N and pS near theK̄N
threshold by means of a coupled-channel potential model
capture the essential features of the system in the en
©2000 The American Physical Society06-1
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range considered, we mostly focus on the isosinglet sta
We introduce an elementary particle withJp51/22 which
represents the 702 three-quark state~we call it L0) and as-
sume that its bare mass lies within the low-energy region
K̄N. We adopt a separable potential to describe the me
baryon interaction and a Yukawa-type form for th
L0-meson-baryon coupling. For the isotriplet states, we s
plify the problem by explicitly using theK̄N channel only
and including thepS and pL channels by means of com
plex coupling constants. By fitting the low-energyK̄N data
including theK2p scattering length in Eq.~2! and solving
the eigenvalue problem for the isosinglet states, we exam
the probabilities of the three-quark and meson-baryon c
ponents inL(1405). Throughout this work, we assume iso
pin symmetry and neglect the mass differences among
particle channels ofK̄N and those ofpS.

In the next section, we solve the eigenvalue equation
the isosinglet states in the coupled-channel system, an
Sec. III we give formulations for theK̄N scattering states
Our main results are presented and discussed in Sec. IV

II. EIGENVALUES IN ISOSINGLET STATES

We first consider the isosinglet states. We label the ch
nels of L0 , pS, and K̄N as 0, 1, and 2, respectively. Ac
cordingly we write the free Hamiltonians for these chann
asH0 , H1, andH2. Then the total Hamiltonian is given by

H5H01 (
i 51,2

Hi1 (
i 51,2

~V0i1Vi0!1 (
i , j 51,2

Vi j
(0) , ~4!

where we have singled out the interaction terms involv
channel 0. The subscripts in Eq.~4! represent the particle
channels on which the operators act, and the superscrip
the potential between two meson-baryon channels stand
isospinI 50. The particle channel~and isospin! subscripts of
an operator indicate that the projection operators onto
corresponding spaces are attached to the operator. The
eratorVi j

(0) , for example, acts on channelj and changes it to
channeli in an isosinglet state.

We solve the eigenvalue equation

HuCb&5EbuCb&, ~5!

whereEb is the eigenvalue for stateb. When the real part of
an eigenvalue is located below theK̄N threshold but above
thepS threshold, the eigenvalue becomes complex. Whe
appears on the second Riemann sheet of the complex en
plane, we call it apS resonance and/or an unstableK̄N
bound state. We expanduCb& in terms of complete set
spanning the three channel spaces. They are defined by

H0uL0&5M0uL0&, ~6!

~Hi1Vii
(0)!uf i ,m&5Ei ,muf i ,m&, i 51,2, ~7!

in center-of-mass coordinates, whereM0 is the bare mass o
L0 and taken to be a free parameter. In Eq.~7!, m denotes an
eigenstate in channeli. We assume that thepS channel has
01520
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no bound state and thus the scattering states form a com
set in this channel. On the other hand, there may be a bo
state~s! in the K̄N channel, so, in general,m for channel 2 in
Eq. ~7! represents a bound state or a scattering state.
expanduCb& using these complete sets:

uCb&5a0uL0&1 (
i 51,2

(
m

a i ,muf i ,m&, ~8!

where a0 and a i ,m are the probability amplitudes for th
states uL0& and uf i ,m& contained in uCb&, respectively.
Therefore

P~L0!5ua0u2, ~9!

P~pS!5(
k

ua1,ku2, ~10!

P~@K̄N#B!5ua2,bu2, ~11!

P~@K̄N#S!5(
k

ua2,ku2 ~12!

are the probabilities with which one finds the three-qua
state, thepS scattering states, aK̄N bound state, and theK̄N
scattering states inuCb&, respectively.

For theL0-meson-baryon interaction in Eq.~4! we adopt
a Yukawa-type form

^L0uV0i uf i ,m&5l i^v i uf i ,m&, i 51,2. ~13!

For the meson-baryon potentialVi j
(0) we assume the follow-

ing separable form:

^f i ,nuVi j
(0)uf j ,m&5h i j

(0)^f i ,nuv i&^v j uf j ,m&, i , j 51,2,
~14!

wherel i andh i j
(0) are real coupling constants.

We first solve Eq.~7! for channels 1 and 2 with the po
tential given by Eq.~14!. For the scattering states we have

^v i uf i ,k&5
v i ,k

12h i i
(0)I i~Ei ,k!

, ~15!

where

I i~E!5^v i ugi~E!uv i&, ~16!

gi~E!5~E2Hi1 i e!21, ~17!

and

v i .k5^kuv i&. ~18!

Here uk& is a plane wave state in the center-of-mass sys
of channeli with momentumk, whose magnitude is deter
mined by the channel energyEi ,k through the relation

Ei ,k5v i ,k1e i ,k , ~19!
6-2
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NATURE OF L(1405) PHYSICAL REVIEW C 62 015206
with v i ,k5Ami
21k2 ande i ,k5AMi

21k2. Themi andMi are
the meson and baryon masses in channeli:

mi5H mp5135 MeV,

mK5494 MeV,

Mi5H MS51192 MeV for i 51,

MN5938 MeV for i 52.
~20!

If there is a solution for

12h22
(0)I 2~E2,b!50, ~21!

it is a bound state with eigenvalueE2,b in the K̄N channel.
The normalized wave function for this bound state is giv
by

uf2,b&5Z2~E2,b!21/2g2~E2,b!uv2&, ~22!

where

Zi~E!5^v i ugi~E!†gi~E!uv i&. ~23!

Note that uf2,b& is the only bound state for the potenti
given by Eq.~14! andE2,b is real.

Using these eigenstates of Eq.~7!, we can now solve Eq
~5!. With the help of the equality

^v i u~E2Hi2Vii
(0)1 i e!21uv i&5

I i~E!

12h i i
(0)I i~E!

, ~24!

we can expressa i ,m in Eqs.~10!–~12! in terms ofa0 as

a1,m5
l1$12h22

(0)I 2~Eb!%1l2h12
(0)I 2~Eb!

d(0)~Eb!

3^f1,mug1~Eb!uv1&a0 , ~25!

a2,m5
l2$12h11

(0)I 1~Eb!%1l1h21
(0)I 1~Eb!

d(0)~Eb!

3^f2,mug2~Eb!uv2&a0 , ~26!

where

d(0)~E!5@12h11
(0)I 1~E!#@12h22

(0)I 2~E!#

2h12
(0)h21

(0)I 1~E!I 2~E!. ~27!

The eigenvalues$Eb% of our coupled-channel system are o
tained as complex roots of

U12h̃11
(0)~Eb!I 1~Eb! 2h̃12

(0)~Eb!I 1~Eb!

2h̃21
(0)~Eb!I 2~Eb! 12h̃22

(0)~Eb!I 2~Eb!
U50, ~28!

where

h̃ i j
(0)~E!5h i j

(0)1
l il j

E2M0
. ~29!
01520
n

When we solve Eq.~28!, the complex functionI i(Eb) must
be analytically continued to the appropriate Riemann shee
the complex energy plane. The normalization condition
uCb& requires

ua0u5F11Ul1$12h22
(0)I 2~Eb!%1l2h12

(0)I 2~Eb!

d(0)~Eb!
U2

Z1~Eb!

1Ul2$12h11
(0)I 1~Eb!%1l1h21

(0)I 1~Eb!

d(0)~Eb!
U2

Z2~Eb!G21/2

,

~30!

where

Zi~Eb!52
Im@ I i~Eb!#

Im@Eb#
. ~31!

Now we can calculate all the probabilities defined by E
~9!–~12! in the stateuCb&.

III. K̄N SCATTERING STATES

We fix the parameters by fitting the low-energyK2p
cross sections for elastic and inelastic processes, theK2p
scattering length, and thepS invariant mass distribution be
low the K̄N threshold. In order to calculate these quantiti
we need theK̄N scattering matrices in the isosinglet an
isotriplet states.

For the isosinglet states, we denote the scattering ma
element from channeli to j by Ti j

(0)(E) and define

T(0)~E!5S T11
(0)~E! T12

(0)~E!

T21
(0)~E! T22

(0)~E!
D . ~32!

When we eliminate theL0 channel, the scattering matrice
satisfy

T(0)~E!5V(0)~E!1V(0)~E!g~E!T(0)~E!, ~33!

where

V(0)~E!5S uv1&h̃11
(0)~E!^v1u uv1&h̃12

(0)~E!^v2u

uv2&h̃21
(0)~E!^v1u uv2&h̃22

(0)~E!^v2u
D , ~34!

g~E!5S g1~E! 0

0 g2~E!
D . ~35!

We can solve Eq.~33! to obtain

T(0)~E!5
N(0)~E!

D (0)~E!
, ~36!

where
6-3



e

ab

l
f
es

v
le

the

e

we

ters
s-

toff

d
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N(0)~E!5V(0)~E!2@h̃11
(0)~E!h̃22

(0)~E!2h̃12
(0)~E!h̃21

(0)~E!#

3S uv1&I 2~E!^v1u 0

0 uv2&I 1~E!^v2u D ~37!

and

D (0)~E!5@12h̃11
(0)~E!I 1~E!#@12h̃22

(0)~E!I 2~E!#

2h̃12
(0)~E!h̃21

(0)~E!I 1~E!I 2~E!. ~38!

Note that the zeros ofD (0)(E) on the complex energy plan
are the eigenvalues$Eb% that are the roots of Eq.~28!.

As for the isotriplet state, we explicitly consider theK̄N
channel only and take into account thepS andpL channels
by a complex coupling constant. We assume a separ
form for the K̄N potential,

V22
(1)5uv2&h22

(1)^v2u, ~39!

whereh22
(1) is complex. Thus theK̄N scattering matrix in the

isotriplet state is given by

T22
(1)~E!5

uv2&h22
(1)^v2u

12h22
(1)I 2~E!

. ~40!

We calculate the scattering matrices

TK2p→K2p~E!5
1

2
@T22

(1)~E!1T22
(0)~E!#, ~41!

TK2p→K̄0n~E!5
1

2
@T22

(1)~E!2T22
(0)~E!#, ~42!

TK2p→p0S0~E!52
1

A6
T21

(0)~E!. ~43!

The cross sections are given by

sa→b~E!54p
q

k
U2 Avkvqekeq

2pE
Ta→b~E!U2

, ~44!

where the subscriptsa and b represent the initial and fina
particle channels, respectively, andk andq are magnitudes o
their center-of-mass momenta. We have ignored the thr
old difference between theK2p and K̄0n channels.

In addition to the scattering cross sections given abo
we calculate the invariant mass distribution of the isosing
pS channel,WpS(E). Apart from a constant factor, it is
given by

WpS~E!}k uT11
(0)~E!u2, ~45!

wherek is the momentum in thepS channel. In the vicinity
of the L(1405) resonance we writeT11

(0) as

T11
(0)~E!5

1

r1~E!

G/2

E2ER1 iG/2
, ~46!
01520
le

h-

e,
t

wherer1(E) is the density of states for thepS channel, and
ER andG are obtained from

Re@D (0)~ER!#50 ~47!

and

G5
2 Im @ D (0)~ER! #

$d Re@ D (0)~E! #/dE%E5ER

. ~48!

Note that in general the pole ofT11
(0)(E) does not coincide

with any of the~complex! eigenvaluesEb .
We choose a Gaussian function for the form factor of

separable potentials:

v i ,k5
exp@2k2/L2#

A2v i ,k

, ~49!

whereL is the cutoff momentum. The parameters which w
have to determine arel1 , l2 , h11

(0) , h22
(0) , h12

(0)5h21
(0) , h22

(1) ,
M0, andL. In order to reduce the number of parameters,
utilize the relation

l15
3

2
l2 , ~50!

which emerges from the SU~3! quark model, and fixL to be2

L52000 MeV. ~51!

Thus there are six parameters left.
The experimental data which we use to fix the parame

are the low-energyK2p cross sections for elastic and inela
tic processes listed in Table I@18#, theK2p scattering length
given in Eq.~2!, and theL(1405) resonance@19# with

~ER , G/2!5~1406.564.0,2561! MeV. ~52!

2We also performed calculations withL51000 MeV and found
that the results are not changed by the magnitude of the cu
momentum.

TABLE I. The low-energyK2p cross sections for elastic an
inelastic processes.

k ~MeV/c! sK2p→K2p ~mb! sK2p→K̄0n ~mb! sK2p→p0S0 ~mb!

110 87.29610.71 29.266.3
120 19.968.6
130 79.2266.28
140 33.465.6
150 69.6165.39
160 17.662.4 16.166.9
170 75.7664.24
180 17.962.1
190 59.0963.41
200 15.861.7 10.564.0
6-4
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TABLE II. Parameters which fit the experimental data. The last column gives the binding energy
isosingletK̄N bound state emerging from the potentialV22

(0) when no coupling with the other channels
assumed.

h11
(0) h22

(0) h12
(0) h22

(1) l2 M0 (MeV) E2,b (MeV)

Set A 24.2273 26.9098 1.3259 24.4193-i4.8107 0.1141 1429.8 1426.8
Set B 23.6145 26.7145 21.6698 24.2195-i2.8561 0.0190 1449.7 1429.4
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IV. RESULTS AND DISCUSSIONS

We have found two sets of parameters which yield
best fit of the experimental data. We call them set A and
B. These parameters are listed in Table II, along with
binding energy of the isosingletK̄N bound state emerging
from Eq.~21! when the given set of parameters is used. O
the parameters are obtained, we can evaluate the eigenv
$Eb% by solving Eq.~28! numerically and calculate the prob
abilities defined by Eqs.~9!–~12!.

In set A the mass ofL0 is located at

M051429.8 MeV, ~53!

which is approximately 2 MeV below theK̄N threshold. Fig-
ure 1 shows theK2p elastic cross section calculated from s
A. Using the parameters of set A, we have found two ro
for Eq. ~28! whose real parts are located below theK̄N
threshold and above thepS threshold. They appear on th
second Riemann sheet of the complex energy plane. Th
fore these roots can be interpreted as resonances in thepS
channel and/or unstable bound states in theK̄N channel.

FIG. 1. TheK2p elastic cross sections calculated with the p
rameters of set A.
01520
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These eigenstates show up as two peaks in thepS invariant
mass distribution. The energy and width of the first one i

~ER , G/2!5~1407.56, 25.12! MeV, ~54!

and we identify this state asL(1405). The second one has
little higher energy and much smaller width: in fact, it
located too close to theL(1405) peak and its width is too
narrow to be resolved in the currently available data for
mass distribution. In Table III the probabilities to findL0,
the pS scattering states, theK̄N bound state, and theK̄N
scattering states in these eigenstates are given in percen
both states the probability forL0 is comparable with those
for the pS scattering states and theK̄N bound state. There
fore the L(1405) resonance can be understood as aris
from the three-quark stateL0 which strongly couples to the
pS and K̄N channels.

The key difference between set A and set B is that in
B, the mass ofL0 is above theK̄N threshold:

M051449.7 MeV. ~55!

Again we found two roots for Eq.~28!. One of them has its
real part below theK̄N threshold, appearing on the secon
Riemann sheet of the complex energy plane. This state
sults in thepS mass distribution as theL(1405) peak, with

~ER , G/2!5~1407.50, 25.13! MeV. ~56!

As can be see in Table III~the first line for set B!, this state
barely contains the three-quark state and it is compo
dominantly of thepS scattering states and theK̄N bound
state. The other root was found on the third Riemann shee
the complex energy plane, with its real part lying above
K̄N threshold. From the probabilities shown in Table III, th
state can be interpreted as the three-quark state whic
strongly coupled to theK̄N scattering states. This state has

-

TABLE III. EigenvaluesEb obtained from Eq.~28! and prob-
abilities to find the three-quark state@P(L0)#, the pS scattering
states@P(pS)#, the K̄N bound state„P(@K̄N#B)…, and theK̄N
scattering states„P(@K̄N#S)… in the corresponding eigenstates.

Eb ~MeV! P(L0) P(pS) P(@K̄N#B) P(@K̄N#S)

1424.71-i3.67 32.11 51.81 15.66 0.42
Set A 1427.68-i12.29 14.14 49.03 31.24 5.59

1421.47-i19.92 0.25 48.33 35.05 16.37
Set B 1449.77-i0.05 44.51 0.70 0.05 54.74
6-5
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very narrow width and shows up in theK2p elastic cross
section as a small and sharp peak, as seen in Fig. 2. V
interestingly, this peak successfully reproduces the partic
data point at laboratory momentumk5170 MeV/c. On the
other hand, in Fig. 1 this point seems a little off the smo
curve of the cross section obtained from set A.

We should note here that the above values ofM0 are
subject to uncertainty due to the mass difference between
particle channels ofK̄N ~or pS) which we have neglected in
our calculations. In particular, in set A the difference b
tweenM0 and theK̄N threshold is roughly the same as th
mass difference betweenK2p and K̄0N, and we cannot say
for certain if M0 is below or above theK2p threshold. Fur-

FIG. 2. TheK2p elastic cross sections calculated with the p
rameters of set B.
tt,

y

01520
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thermore, while theK2p scattering length, Eq.~2!, has been
included at theK̄N threshold, theK2p branching ratio data
will put further constraints@20# on theK̄N amplitude at the
threshold. If these data are included,M0 in fits that corre-
spond to the above two sets — especially set A — may be
different from M0 given in Eqs.~53! and ~55!. We have
found, however, that for both sets A and B, the composit
of L(1405) as described above is not changed whenM0 is
varied within a range of about 2 MeV.

In summary, we have studied whether or notL(1405) can
be interpreted as the three-quark state that belongs to the2

multiplet of the SU~3! quark model. We have used a simp
fied coupled-channel potential model and fit the low-ene
K̄N scattering data, theK2p scattering length determine
from the latest measurements of atomic x rays, and thepS
mass distribution. Two sets of parameters which best
these data have been found, with the bare mass of the th
quark state lying within the low-energy region around t
K̄N threshold. The first set allows us to interpretL(1405) as
the three-quark state strongly coupled with thepS and K̄N
channels, as proposed in Ref.@3#. The second set, on th
contrary, reproducesL(1405) as apS resonance and/or a
unstableK̄N bound state. For this set of parameters,
three-quark state manifests itself as a narrow resonanc
the scattering region ofK̄N and as a sharp peak in theK2p
elastic cross section around the data point atk
5170 MeV/c.

We have thus two possibilities, if the bare mass of t
702 three-quark state lies in the low-energy region forK̄N:
the three-quark state gives rise to eitherL(1405) or a sharp
resonance in theK̄N scattering states — in the latter ca
L(1405) is a meson-baryon composite. To explore th
possibilities, measurements of thepS mass distribution and
the K2p cross sections with finer resolution are required.
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