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__We study the structure df (1405) by means of a coupled-channel potential model and by fitting low-energy
KN data, including theK™p scattering length obtained from the latest x-ray measurements of the kaonic
hydrogen atom. From the best fit obtained, we find two possible interpretatioh§1€f05), either agl) the

70" three-quark state strongly coupled wKiN and 7>, or (2) a w2 resonance and/or an unstaBl&l bound
state. In the latter case, the three-quark state that belongs to thaui@iplet is located slightly above theN
threshold and results in a sharp resonance peak irkKthe elastic cross section at laboratory momentum
170 MeV/c. To explore these possibilities, measurements ofrtBeinvariant mass distribution and the p

cross sections with finer resolution are required.

PACS numbgs): 36.10.Gv, 13.75.Jz, 14.20.Jn, 14.40.Aq

[. INTRODUCTION This is compatible with th& ™ p scattering length extracted
from the scattering data. For example, using ke scatter-
The interpretation of\ (1405) — either as an elementary ing lengths in isospin channels=0 and 1 of Ref[12],

baryon with three-quark structure or a meson-baryon com-

posite — has been controversial for the last few decades. It

has been a key issue in theoretical studies ofthesystem Ap=—1.60+i0.75 fm,

at low energies and particularly in attempts at resolving the

so-called kaonic hydrogen puzz[@—8]. The puzzle was

concerned with an apparent discrepancy between tBe 1 A;=0.08+i0.69 fm, ©)

level shift of the kaonic hydrogen atom determined from

measurements of the atomic x rgd@s-11] and that from the _ _ _

low-energyKN scattering datél,5,12—14. The atomic data and taking their average, we hakg-,=— 0.76+i 0.72 fm.

indicated a downward shift of theSLlevel, while the scat- The reason why the structure 4f(1405), observed as a

tering data were extrapolated to tke p threshold to predict '€sonance in therX invariant mass distribution, was a cru-

an upward shif{15]. The puzzle itself, however, has been ci@l point in explaining the puzzle is that(1405) lies just

resolved recently by new elaborate measurements of x ray&d MeV below theKN threshold and has a strong influence

from the atom, which revealed an upward shift of th® 1 on the low-energKN data. As one can see from E@), the

level [16]: negative Ré\. -, is consistent with the negative Rg. The
negative Ré\y can be interpreted as due to the existence of

e+i r_ —323+63+11+ |—(407t 208+100) eV, (1) an isosinglet bgund state &f and N and it may be under-
2 2 stood by the picture thak (1405) is(mostly) a KN and/or

where the first and second errors correspond to the statistic?aflE compositg1,5,8,12—-14 However, this does not neces-

and systematic errors, respectively. Through the formula Oﬁ?ergenizlre-bc;l:to;hgorgogifrllltltyﬂrg?;ﬁ(ti?i)mggzl iﬁ?
Deseret al. [17], the above shift and width of theSllevel y-bary P ' q

can be converted to thHép scattering length ds deed predicts a three-quark state that has the same quantum
numbers as\ (1405), as a member of the 70@nultiplet with
Ag-p=(—0.78+0.18 +i (0.49-0.37) fm, (2)  two partnersA(1670) andA(1800) ofJ”=1/2". In Ref.[3]
it has been proposed that(1405) is dominantly this 70
where the errors have been estimated simply by adding thosgate and that its strong coupling wittN and 72 makes its
arising from the statistical and systematic errors in 89.  mass much smaller than the other two members.
In this work, we address the question as to whether
A (1405) can be interpreted as the 7three-quark state, and
The uncertainty in the formula of Deset al. due to the extrapo- 1| NOt, where the mass of the “missing” 70state can be.
lation of the scattering amplitude from th€ p threshold to the ~We study the coupled system KN and 72 near theKN
Coulomb level can be estimatéfl7], in this case, to be less than threshold by means of a coupled-channel potential model. To
2% (=0.01fm) for both real and imaginary parts. capture the essential features of the system in the energy
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range considered, we mostly focus on the isosinglet stateso bound state and thus the scattering states form a complete
We introduce an elementary particle willf=1/2" which  set in this channel. On the other hand, there may be a bound
represents the 70three-quark statéwe call it Ag) and as-  statds) in the KN channel, so, in general, for channel 2 in
sume that its bare mass lies within the low-energy region foEq. (7) represents a bound state or a scattering state. We
KN. We adopt a separable potential to describe the mesorexpand| ¥ z) using these complete sets:
baryon interaction and a Yukawa-type form for the
A o-meson-baryon coupling. For the isotriplet states, we sim-
plify the problem by explicitly using th&KN channel only
and including ther> and wA channels by means of com- 3 _
plex coupling constants. By fitting the low-eneryN data  Where «g and «; , are the probability amplitudes for the
including theK ~p scattering length in Eq(2) and solving ~ States|Ao) and r¢i,u> contained in|W ), respectively.
the eigenvalue problem for the isosinglet states, we examin&herefore
the probabilities of the three-quark and meson-baryon com-
ponents inA (1405). Throughout this work, we assume isos-
pin symmetry and neglect the mass differences among the
particle channels oKN and those ofr3.. P(72)=2) |ayd? (10

In the next section, we solve the eigenvalue equation for k
the isosinglet states in the coupled-channel system, and in _

. . oy K — 2

Sec. Ill we give formulations for th&N scattering states. P([KN]g)=|azp|?, 11
Our main results are presented and discussed in Sec. IV.

|‘I’/3>:010|Ao>+i=§;2§#: @i | bi ) (8

P(Ag)=|aol?, ©)

_ 2
Il. EIGENVALUES IN ISOSINGLET STATES P([KN]S)_; |a2'k| 12
We first consider the isosinglet states. We label the chamgre the probabilities with which one finds the three-quark
nels of Ag, 7%, andKN as 0, 1, and 2, respectively. Ac- state, therS scattering states, &N bound state, and tHeN
cordingly we write the free Hamiltonian_s fo.r th-ese-channelsscattering states ifW ), respectively.
asHo, Hy, andH,. Then the total Hamiltonian is given by For the A ,-meson-baryon interaction in E¢4) we adopt
a Yukawa-type form

(AolVail i ) =Nivil $i ), T=1.2. (13

where we have singled out the interaction terms involvingFor the meson-baryon potentM[jo) we assume the follow-
channel 0. The subscripts in EG}) represent the particle ing separable form:

channels on which the operators act, and the superscript for

the potential between two meson-baryon channels stands for (¢; |V ;)= 70X i Jvid(vil by ), 1.i=12,
isospinl =0. The particle channéand isospihsubscripts of (14
an operator indicate that the projection operators onto the ) )

corresponding spaces are attached to the operator. The O\fyhere)\j and 7;;” are real coupling constants. _
eratorV(”, for example, acts on chanrieand changes itto e first solve Eq/(7) for channels 1 and 2 with the po-
channeli in an isosinglet state. tential given by Eq(14). For the scattering states we have

We solve the eigenvalue equation

H=Ho+ X Hi+ > (Voi+Vig+ > VO, @
i=1,2 i=1,2 i,j=1.2

Uik
_ vildi )= ——————, 15)

I 9 =Esls), ® 0= T o0 E (
whereE is the eigenvalue for staj@. When the real part of where
an eigenvalue is located below tKeN threshold but above
the w2 threshold, the eigenvalue becomes complex. When it Li(E)=(vi|gi(E)|v}), (16)
appears on the second Riemann sheet of the complex energy
plane, we call it awX resonance and/or an unstat{eN gi(E)=(E—Hi+ie) %, (17)
bound state. We expandVz) in terms of complete sets
spanning the three channel spaces. They are defined by and

H0|A0>:M0|A0>1 (6) vi.k=<k|vi). (18)

(Hi+Vi(i°))|¢i,#>= Ei i, =12, (7)  Herelk) is a plane wave state in the center-of-mass system

of channeli with momentumk, whose magnitude is deter-

in center-of-mass coordinates, wheg is the bare mass of mined by the channel enerdy  through the relation
A, and taken to be a free parameter. In Ef), u denotes an

eigenstate in channél We assume that the2 channel has Eik=wixt €k, (19
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with w; = m?+k? ande; = VM?+k?. Them; andM; are

the meson and baryon masses in chamnel

{mw= 135 MeV,
i

~ | mc=494 Mev,
Ms=1192 MeV fori=1,
i = - (20)
My=938 MeV for i=2.
If there is a solution for
1- 7 2(E2p) =0, (21)

it is a bound state with eigenvall®,, in the KN channel.
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When we solve Eq(28), the complex function;(E;z) must

be analytically continued to the appropriate Riemann sheet in
the complex energy plane. The normalization condition for
|'W 5) requires

The normalized wave function for this bound state is given

by
|bap)=Za(Ezp) " Y292(Eqp)|va), (22
where

Z(E)=(vilgi(E)gi(E)|v;). (23

Note that|¢,p) is the only bound state for the potential

given by Eq.(14) andE,,, is real.

Using these eigenstates of Ed@), we can now solve Eq.

(5). With the help of the equality

(vil(E-H; v<°>+ie>-1|vi>—'i((+)(E)

we can expresg; , in Egs.(10)—(12) in terms ofa as

N{1— 751 5(Ep)t+ MmN o(Ep)

aq =

Pad d(o)( Eﬁ)
X (1,|91(Ep)|v1)ao, (25
1= N(Ep) N7 1 (Ep)
e dO)E,)

X(b2,92(Ep)|va)aq, (26)
where
dO(E)=[1- 7 P11(E)][1- Y1 2(E)]
— 7P 7 1(E)I (). 27

The eigenvalue$E g} of our coupled-channel system are ob-

tained as complex roots of

TTEENEY |
1- U(O)(Eﬁ)|2(Eﬁ) ’

1-7(Ep)l1(Ep)
~ R (Ep)lo(Ep)

where

7E) =7+

E_MO. 29

ANqfl- 77(0)|Z(EB)}+)\277(1%)|2(E,8)‘2

=1 Z4(E

| ol + d(o)(Eﬁ) ’ 1(Ep)
Nl 1= 7L ERh M nila(Ep)|) - o
d(O)(Eﬁ) ‘ 2\=p '
(30

here
~Im[1i(Ep)]

Zi(Ep)=— TImE,] (39

Now we can calculate all the probabilities defined by Egs.
(9)—-(12) in the statgV z).

lll. KN SCATTERING STATES

We fix the parameters by fitting the low-enerdy p
cross sections for elastic and inelastic processesKthg
scattering length, and the2, invariant mass distribution be-
low the KN threshold. In order to calculate these quantities,
we need theKN scattering matrices in the isosinglet and
isotriplet states.

For the isosinglet states, we denote the scattering matrix
element from channélto j by T{(E) and define

TO®E) T(E)

TO(E)= :
® TS(E) TO(E)

(32

When we eliminate thé\y channel, the scattering matrices
satisfy

TOE)=VO(E)+VO(E)g(E)TO(E), (33

where

(0) (0)
V(O)(E)=(|vl>7] VE)va| o) 7 E)<Uz|> (39

v PL(E)N sl [v2) 7P (E) vyl
91(E) 0
R %9
We can solve Eq(33) to obtain
NO(E)
TONE)=
B)= Sore) (36)

where
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N(© (0) (0) 0)/ =y _ 7(0) O g TABLE I. The low-energyK ™ p cross sections for elastic and
(B)=VHE)~ [77 (E)77 (B)=m (E)n (B)] inelastic processes.
[ ) 12(E) vy 0
3 k (MeV/c -pok-p (Mb —5_kon (Mb) o mb
0 |02>|1(E)<02| ( 7) ( ) Ok p—K p( ) ok p n (M) o p oso (mb)
110 87.2%-10.71 29.2:6.3
and 120 19.9-8.6
) ~(0) ~(0) 130 79.22-6.28
DY(E)=[1- 77 (E)I1(E)][1— 737 (E)Io(E)] 140 33.4r5.6
150 69.615.39
Note that the zeros d])(o)(E) on the complex energy plane 170 75.76:4.24
are the eigenvaluelE 5} that are the roots of Eq28). 180 17.921
As for the isotriplet state, we explicitly consider tKeN 190 59.0%3.41
200 15.8:1.7 10.5-4.0

channel only and take into account th& and«A channels
by a complex coupling constant. We assume a separable

form for the KN potential,

wherep,(E) is the density of states for the>, channel, and

VO = [1,) 7520, (39 Er andI" are obtained from
_ REDO(Eg)]=0 4
where 755 is complex. Thus th&N scattering matrix in the ADTER)] 9
isotriplet state is given by and
|v2) 753l 2 Im[ DO(E
TW(E) = PRI (40 = E) (Ee)] : (48)
7251 2(E) {dRe[ DO(E) //dE}e-¢,

We calculate the scattering matrices Note that in general the pole d‘f(ﬁ)(E) does not coincide

1 with any of the(complex eigenvalues;.
Tk-pk-p(E)= E[T(l)(E)+T(°) E)], (41) We choose a Gaussian function for the form factor of the
separable potentials:

— 1 12 2
Tk-pion(E)=S[TRHE)-THE)], 42 e KA 49
2 Ulyk ) ( )
\/Zwi,k
1 . .
Tk-o_oso(E)=— —TOE). (43) whereA is the cutoff momentum. The parameters which we
<pmoxl J/6 21 have to determine ane;, \,, 77(1%), 77(2%)' 77(1%)_ 77(2)' 77(212):

My, andA. In order to reduce the number of parameters, we

The cross sections are given by utilize the relation
2
q \ WKW EKE, 3
o-aﬁb(E)=47TE - ﬁTaﬁb(E) , (49 7\1=E7\2, (50)

where the subscripta andb represent the initial and final \yhich emerges from the SB) quark model, and fix to be
particle channels, respectively, akdndq are magnitudes of

their center-of-mass momenta. We _have ignored the thresh- A=2000 MeV. (51)
old difference between thi€ p and K°n channels.
In addition to the scattering cross sections given abovelhus there are six parameters left.
we calculate the invariant mass distribution of the isosinglet The experimental data which we use to fix the parameters

73 channel,W, 5 (E). Apart from a constant factor, it is are the low-energi ™ p cross sections for elastic and inelas-
given by tic processes listed in Tabld18], theK ™ p scattering length

given in Eq.(2), and theA (1405) resonancfgl9] with
W5 (E)k [ TI(E)[%, (45)
(Er, I'/2)=(1406.5:4.0,25+1) MeV. (52
wherek is the momentum in therX, channel. In the vicinity
of the A (1405) resonance we wrifg{) as

2We also performed calculations with=1000 MeV and found
2 (46) that the results are not changed by the magnitude of the cutoff

(0)
1(B)= p1(E) E-Eg+il'/2’ momentum.
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TABLE Il. Parameters which fit the experimental data. The last column gives the binding energy of the
isosingletKN bound state emerging from the potent\'éfgg) when no coupling with the other channels is

assumed.
7y 75 7 759 N2 Mo (MeV) E;p (MeV)
SetA —4.2273 -6.9098 1.3259 —4.4193i4.8107 0.1141 1429.8 1426.8
SetB —3.6145 -6.7145 —-1.6698 —4.2195i2.8561 0.0190 1449.7 1429.4
IV. RESULTS AND DISCUSSIONS These eigenstates show up as two peaks instBanvariant

We have found two sets of parameters which yield thanass distribution. The energy and width of the first one is

best fit of the experimental data. We call them set A and set (Eg, T/2)=(1407.56, 25.12 MeV, (54)

B. These parameters are listed in Table I, along with the

binding energy of the isosingldé¢N bound state emerging and we identify this state a%(1405). The second one has a
from Eq.(21) when the given set of parameters is used. Oncdittle higher energy and much smaller width: in fact, it is
the parameters are obtained, we can evaluate the eigenvallesated too close to thd (1405) peak and its width is too
{Ez} by solving Eq.(28) numerically and calculate the prob- narrow to be resolved in the currently available data for the

abilities defined by Eq99)—(12). mass distribution. In Table Il the probabilities to fin,
In set A the mass oA\ is located at the 72 scattering states, thikN bound state, and th&N
scattering states in these eigenstates are given in percent. In
Mo=1429.8 MeV, (53 both states the probability fok, is comparable with those

for the 72, scattering states and ti&\ bound state. There-

L . > . fore the A(1405) resonance can be understood as arising
which is approximately 2 MeV below théN threshold. Fig from the three-quark stat&, which strongly couples to the

ure 1 shows th& ~ p elastic cross section calculated from set
P a2, andKN channels.

A. Using the parameters of set A, we have found two roots _ _ ,
e The key difference between set A and set B is that in set

for Eq. (28) whose real parts are located below tK& . )
threshold and above the3 threshold. They appear on the B: the mass of\, is above thekN threshold:

second Riemann sheet of the complex energy plane. There- Mo=1449.7 MeV. (55)
fore these roots can be interpreted as resonances imrihe
channel and/or unstable bound states in K¢ channel. Again we found two roots for E¢(28). One of them has its
real part below théKN threshold, appearing on the second
B L L L B Riemann sheet of the complex energy plane. This state re-
: . sults in thewX mass distribution as th& (1405) peak, with

I ' (Eg, T/2)=(1407.50, 25.18 MeV. (56)

As can be see in Table I[the first line for set B, this state
barely contains the three-quark state and it is composed
dominantly of thewrX scattering states and tHeN bound
state. The other root was found on the third Riemann sheet of
the complex energy plane, with its real part lying above the
KN threshold. From the probabilities shown in Table I, this
state can be interpreted as the three-quark state which is
strongly coupled to th&N scattering states. This state has a

100

G (mb)

50 - 1
N . TABLE Ill. EigenvalueskEg obtained from Eq(28) and prob-
abilities to find the three-quark staf®(A)], the w2 scattering
states[P(72)], the KN bound state(P([KN]g)), and theKN
scattering state@P([KN]g)) in the corresponding eigenstates.

P T B Es (MeV)  P(Ag) P(73) P([KNJg) P([KN]s

0 50 100 150 200 1424.71i3.67 3211 51.81 15.66 0.42
Set A 1427.6812.29 14.14 49.03 31.24 5.59

p (MeV/c) i
1421.47¢19.92 0.25 48.33 35.05 16.37

FIG. 1. TheK p elastic cross sections calculated with the pa-Set B 1449.770.05 4451  0.70 0.05 54.74
rameters of set A.
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150 T thermore, while th& ™ p scattering length, Eq2), has been

. included at theKN threshold, theK ™ p branching ratio data
] will put further constraint$20] on theKN amplitude at the
threshold. If these data are includdd, in fits that corre-
spond to the above two sets — especially Ae— may be
different from Mg given in Egs.(53) and (55). We have
. found, however, that for both sets A and B, the composition
of A(1405) as described above is not changed wikignis
varied within a range of about 2 MeV.
In summary, we have studied whether or A¢tL405) can
be interpreted as the three-quark state that belongs to the 70
multiplet of the SU3) quark model. We have used a simpli-
fied coupled-channel potential model and fit the low-energy
KN scattering data, th& ™ p scattering length determined
from the latest measurements of atomic x rays, andnthe
- . mass distribution. Two sets of parameters which best fit
these data have been found, with the bare mass of the three-
quark state lying within the low-energy region around the
KN threshold. The first set allows us to interpref1405) as
the three-quark state strongly coupled with the andKN
0 50 100 150 200 channels, as proposed in R¢8]. The second set, on the
contrary, reproduced (1405) as a2 resonance and/or an
p (MeVic) unstableKN bound state. For this set of parameters, the
FIG. 2. TheK™ p elastic cross sections calculated with the pa_three-quark state manifests itself as a narrow resonance in
rameters of set B. the scattering region N and as a sharp peak in the p
elastic cross section around the data point lat

very narrow width and shows up in th€ p elastic cross =170 MeVL. N .

section as a small and sharp peak, as seen in Fig. 2. Very We have thus two possibilities, if the bare mass of the

interestingly, this peak successfully reproduces the particulafO~ three-quark state lies in the low-energy region Kox:

data point at laboratory momentuk+ 170 MeV/c. On the the three-quark state gives rise to eitigf1405) or a sharp

other hand, in Fig. 1 this point seems a little off the smoothresonance in th&N scattering states — in the latter case

curve of the cross section obtained from set A. A(1405) is a meson-baryon composite. To explore these
We should note here that the above valuesMyf are  possibilities, measurements of th& mass distribution and

subject to uncertainty due to the mass difference between thbe K™ p cross sections with finer resolution are required.

particle channels dKN (or 7w2) which we have neglected in

our calculations. In particular, in set A the difference be-

tweenM, and theKN threshold is roughly the same as the ACKNOWLEDGMENT

mass difference betwedfi”p andK°N, and we cannot say We would like to thank Yuki Nogami for many helpful

for certain if M is below or above th& ™ p threshold. Fur- comments and discussions.
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