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Abstract

The photo-inducedK∗ vector meson production is investigated for the study of theΛ(1405) resonance. This reaction
particularly suited to the isolation of the second pole in theΛ(1405) region which couples dominantly to thēKN channel.
We obtain the mass distribution of theΛ(1405) which peaks at 1420 MeV, and differs from the nominal one. Combined
several other reactions, like theπ−p → K0πΣ which favours the first pole, this detailed study will reveal a novel structur
theΛ(1405) state.
 2004 Elsevier B.V.
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In recent years, we have been observing a rem
able development in hadron physics, especially
baryon resonances. Chiral models which implem
strongs-wave meson–baryon interactions have b
showing that some of the 1/2− resonances, such a
the Λ(1405), are strongly dominated by quasi-bou
states of coupled meson–baryon channels[1–4]. The
case of theΛ(1405) as a quasibound state is not
merit of the chiral Lagrangians since it was pre
ously obtained in a unitary coupled channel appro
in Refs. [5–7]. The use of chiral Lagrangians h
allowed a systematic approach to face the mes
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baryon interaction. In these pictures, the resonan
generated may be regarded as another realizatio
5-quark dominated states, although the lowest F
space to generate the quantum numbers ofΛ starts
from 3-quark states. Thes-wave meson–baryon in
teraction at lowest order in the chiral Lagrangians
given by the Weinberg–Tomozawa term which co
tains an attractive interaction in thēKN channel as
well as its couplings to other meson–baryon chann
Therefore, confirmation of this picture is important
order to understand better the non-perturbativedynam
ics of QCD.

One interesting finding concerns the structure
theΛ(1405) resonance; several groups have repo
that there are two poles in the region ofΛ(1405)
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in analyses based on the chiral unitary models[8–
15]. The existence of two poles was first fou
in the context of the cloudy bag model[16], and
recent studies of chiral dynamics reveal the deta
structure of these poles. For instance, in Ref.[17],
they found two poles atz1 = 1390 − 66i MeV
and z2 = 1426− 16i; the former at lower energ
and with a wider width couples dominantly toπΣ

channels, while the latter at higher energy with
narrower width couples dominantly tōKN channels.
If this is the case, the form of the invariant ma
distribution of πΣ , where the Λ(1405) is seen,
depends on the particular reaction used to gene
the Λ(1405) [17]. In fact, different shapes of mas
distributions were observed in previous theoreti
studies[18,19] and in Ref. [20] it was found that
theπ−p → K0πΣ reaction was particularly selectiv
of the first Λ pole. It is therefore desirable to stud
the nature of theΛ(1405) focusing on whether suc
two poles really exist in the nominated resonan
region.

In this Letter, we propose another, hopefully bet
reaction induced by photons for the extraction of
second pole around theΛ(1405) resonance:γp →
K∗Λ(1405) → πKπΣ . A great advantage of thi
reaction is the use of a linearly polarized photon be
and the observation of the angular distribution ofπK

decaying fromK∗, which is correlated with the linea
polarization of the photon.

As we shall see below, if we produce aπK sys-
tem in a plane perpendicular to the photon polari
tion, thet-channel exchanged particle is dominated
the kaon; heavier strange mesons contributions sh
be suppressed due to their larger masses. Igno
(hopefully small) background contributions from, f
instance, unknown higher nucleon resonances als
is sufficient to consider only the processes with ka
exchange, as shown inFig. 1. The exchanged kao
rescatters in isospinI = 0 and 1 channels. Then th
former couples strongly toΛ(1405), especially to the
higher pole, while the latter does it toΣ(1385). We
utilize thes-wave meson–baryon scattering amplitu
calculated by the chiral unitary model[9,12]. The
amplitude generates theΛ(1405) resonance dynam
cally, while theΣ(1385) is not generated because
is a p-wave resonance. In order to perform a rea
tic calculation, we introduce theΣ(1385) field explic-
itly.
Fig. 1. Feynman diagram for the reaction.M andB denote the me-
son and baryon of ten coupled channels ofS = −1 meson–baryon
scattering. In this Letter we only takeπΣ andπΛ channels into
account.

Fig. 2. Feynman diagram forγ → K−Kπ .

The scattering amplitude as described by the
gram ofFig. 1can be divided into two parts

−it = (−itγ→K−Kπ)
i

p2
K− − m2

K−

(1)× (−itK−p→MB).

The former part(−itγ→K−Kπ), as shown inFig. 2, is
derived from the following effective Lagrangians[21,
22]

(2)

LK∗Kγ = gK∗Kγ εµναβ∂µAν

× (
∂αK∗−

β K+ + ∂αK̄∗0
β K0) + h.c.,

(3)LV PP = − igV PP√
2

Tr
(
V µ[∂µP,P ]),

where K, Aµ, Vµ and P are the kaon, photon
octet vector meson and octet pseudoscalar me
fields, respectively. The coupling constants are de
mined from the empirical partial decay width ofK∗:
ΓK∗±→K±γ = 0.05 MeV andΓK∗±→Kπ = 51 MeV.
The resulting values are|gγK∗±K±| = 0.252 [GeV−1]
andgV PP = −6.05. The lattergV PP is the universa
vector meson coupling constant. We note that the
fective Lagrangian(2) is consistent with a vector me
son dominance model[23]. Using the above interac
tion Lagrangians, the amplitude forγ → K∗+K− →
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Fig. 3. Feynman diagram forK−p → MB.
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K0π+K− is given by1

−itγ→K−K0π+

(4)

= i
√

2gV PP εµναβpµ(K0)pν(π
+)kα(γ )εβ(γ )

P 2
K∗ − M2

K∗ + iMK∗ΓK∗
,

where p and k are the momenta of the partic
in parentheses,εµ(γ ) is the polarization vector o
photon, andΓK∗ is the total decay width ofK∗,
for which we use the energy-dependent one fo
virtual K∗, ΓK∗ = Ap3

CM, where pCM is the two-
body relative momenta of the final state, andA =
2.05 × 10−6 [MeV−2] such thatΓK∗ ∼ 51 MeV at
the resonance position.Eq. (4) is instructive to show
the correlations between the photon polarization
the K0 and π+ momenta. In order to maximize th
contribution of thet-channel we select theK∗ in the
direction of the photon. Then, it is easy to see t
the amplitude is proportional to sinφ whereφ is the
angle between the plane defined by theK0 and π+
momenta and the photon polarization (in the Coulo
gauge,ε0 = 0). Hence, the maximum strength of t
amplitude occurs when thisplane is perpendicular t
the photon polarization.

In addition one needs not to worry about sy
metrization in the case where there are two eq
charge pions in the final state. In this case the inter
ence term is zero and one can omit the symmetriza
and the 1/2 factor in the cross section.

The amplitude(−itK−p→MB) consists of two parts
as shown inFig. 3

(5)−itK−p→MB(MI ) = −itChU(MI ) − itΣ∗(MI ),

where−itChU is the meson–baryon scattering amp
tude derived from the chiral unitary model, and−itΣ∗

1 For the final stateK+π0, the amplitude is reduced by facto

1/
√

2, and therefore, the resulting cross section becomes one
In the rest of this Letter, we show the result forK0π+.
is the Σ(1385) pole term.MI is the invariant mas
for K−p system, which is determined byM2

I = (pγ +
pN − pK∗)2. In the chiral unitary model[9,12], the
coupled channel amplitudes are obtained by

(6)tChU(MI ) = [1− V G]−1V,

whereG is the meson–baryon loop function andV

is the kernel interaction derived from the Weinber
Tomozawa term of the chiral Lagrangian. This amp
tude reproduces well the total cross sections for s
eral channels. It also leads to dynamically genera
resonances in good agreement with experiment. S
theΣ(1385) is not generated in this resummation b
cause it is ap-wave resonance, we introduce it expl
itly with its coupling to channeli (Σ(1385) → MB)
which is deduced from theπN� usingSU(6) symme-
try in [24,25]and given by

(7)−itΣ∗i = ci
12

5

gA

2f
(S · ki ),

wheregA = 1.26, and we use the meson decay c
stantf = 93×1.123 MeV[9]. This is a nonrelativistic
form for the transition between spin 1/2 and 3/2 par-
ticles, whereS is a spin transition operator[26] and
the coefficientsci are given inTable 1. Note that these
couplings reproduce well the observed branching
tio of Σ(1385) decay intoπΛ andπΣ . Then we have
the amplitude

−itΣ∗(MI ) = −c1ci

(
12

5

gA

2f

)2

(S · k1)(S
† · ki )

(8)× i

MI − MΣ∗ + iΓΣ∗/2
Ff (k1),

where we have introduced a strong form factorFf (k1)

for the vertexK−pΣ∗ in order to account for the finit
size structure of the baryons. We adopt a monop
typeFf (q) = (Λ2 −m2

K)/(Λ2 −q2) with Λ = 1 GeV.
In the present reaction around the region ofΛ(1405),
the effect of the form factor is not very large.
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Table 1
ci coefficients

Channeli K−p K̄0n π0Λ π0Σ0 ηΛ ηΣ0 π+Σ− π−Σ+ K+Ξ− K0Ξ0

ci −
√

1
12

√
1
12

√
1
4 0 0 −

√
1
4 −

√
1
12

√
1
12

√
1
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Table 2
Possible decay channels from baryons

Intermediate baryon Decay channe

Λ(1405) I = 0 π±Σ∓, π0Σ0

Σ(1385) I = 1 π±Σ∓, π0Λ

The cross section is then given by the squa
amplitude ofEq. (1) integrated over the four-bod
phase space. After eliminating four momenta variab
from the twelve momenta (of four particles), we c
write a total cross section as a function of the incid
energy

√
s:

σ
(√

s
) = 2MMΣ

s − M2

∫
d3p1

(2π)3

1

2ω1

∫
d3p2

(2π)3

1

2ω2

(9)× 1

2

1∫
−1

d cosθ
1

4π

P̃3

MI

∣∣t (cosθ)
∣∣2,

wherep1(2) andω1(2) are the momenta and energy
the finalK(π) from K∗, andP̃3 is the relative three
momentum ofMB (∼ πΣ or πΛ) in their center of
mass frame. The angleθ denotes the relative angle
MB in the CM frame of the total system. We ha
performed this integration by the Monte Carlo meth
As we have mentioned before, the advantage of
reaction is that the identification of theK∗ production
is cleanly done in experiments. Observation of
three pions in the processK∗+ → π+ + K0 → π+ +
(π+π−) can be made with high efficiency and with a
three momenta measured.

Before going to the numerical results, here we m
tion theMB channels decayingfrom the intermedi-
ate baryonic state (B∗ ∼ Λ(1405),Σ(1385)). There
are four possibleMB channels as shown inTable 2,
two charged and two neutral channels. In the pre
case, since we have theK−p channel initially, the
I = 2 component ofπΣ channel is not allowed
Considering the Clebsh–Gordan coefficients[18], the
charged channels (π±Σ∓) are from the decay of bot
Λ(1405) (I = 0) andΣ(1385) (I = 1), while the neu-
tral channels are from either one of the two;π0Σ0 is
from Λ(1405) andπ0Λ is fromΣ(1385).

Now we present numerical results for total cro
sections. Unless we observe angular distributio
there is not distinction between cross sections of
larized and unpolarized processes. Therefore, our
dictions below are compared with the results of b
polarized and unpolarized experiments directly. Ho
ever, from the experimental point of view it is mo
practical to concentrate in the region where theK0π+
reaction plane is perpendicular to the photon po
ization to maximize the weight of theK∗ produc-
tion mechanism and reduce possible background
Fig. 4, we show the total cross sectionsσ(γ + p →
K∗ + B∗ → π+K0 + MB) as functions of

√
s for

different MB channels. As seen in the figure, t
present mechanism shows up strength at an en
slightly lower than the threshold ofK∗Λ(1405) ∼
K∗Σ(1385) since the physical resonances have a
nite width and hence a mass distribution. In the
tal cross section, the isospin one (I = 1) MB = π0Λ

channel is the largest in size, coming fromB∗ =
Σ(1385). This might disturb the contribution from
Λ(1405) of I = 0, unless the separation of these t
channels is done. However, it turns out that the
servation of another chargedπ from the intermediate
baryon (eitherΛ(1405) or Σ(1385)) helps.

In order to see this situation, we show inFig. 5
the invariant mass distributions for different dec
channels. In the figure the initial photon energy
chosen atEγ = 2500 MeV, the threshold energy fo
K∗Λ(1405) production in the laboratory frame, whic
corresponds to

√
s = 2350 MeV. Forgetting about th

experimental feasibility, the would-be observable
the neutral channel is most helpful in order to dist
guish the contributions fromΛ(1405) andΣ(1385).
As expected, theπ0Σ0 distribution decaying from
Λ(1405) (solid line) has a peak around 1420 Me
which is the position of the higher pole. In contra
the π0Λ distribution (dot-dashed line) has clearly
peak around 1385 MeV, with a larger value than
π0Σ0 distribution. In experiments, the charged sta
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Fig. 4. Total cross sections of the process with the final st
π0Σ0 (solid),π+Σ− (dashed),π−Σ+ (dash-dot-dotted) andπ0Λ

(dash-dotted) in units of [µb]. Solid bars indicate the thresh
energy of channels.

Fig. 5. Invariant mass distributions ofπ0Σ0 (thick solid),
π+Σ− (dashed),π−Σ+ (dash-dot-dotted),π0Λ (dash-dotted) and
(π+Σ− +π+Σ−)/2 (thin solid) in units of [nb/MeV]. Initial pho-
ton energy in lab. frame is 2500 MeV (

√
s ∼ 2350 MeV, threshold

of K∗Λ(1405)).

may be observed, which contain bothΛ(1405) and
Σ(1385) contributions. Hence, we show the distri
ution of charged states by the dashed and dash
dotted lines. The shapes of the threeπΣ distribu-
tions have a similar tendency as the Kaon pho
production process[18], which has been confirme
in experiments[27]. Note also that the contribution
from Σ(1385) seem to be small for these cha
nels.
It is worth showing the isospin decomposition
the distributions of charged states[18]

dσ(π±Σ∓)

dMI

∝ 1

3

∣∣T (0)
∣∣2 + 1

2

∣∣T (1)
∣∣2

± 2√
6

Re
(
T (0)T (1)∗),

(10)
dσ(π0Σ0)

dMI

∝ 1

3

∣∣T (0)
∣∣2,

whereT (I) is the amplitude with isospinI . The factor
1/2 in front of |T (1)|2 and the ratio of the coupling
g2

Σ∗π±Σ∓/g2
Σ∗π0Λ

= 1/3 (seeTable 1) explain why
theΣ(1385) does not affect the chargedπΣ channels
very much, as compared with theπΛ final state.
The difference betweenπ+Σ− and π−Σ+ comes
from the crossed term Re(T (0)T (1)∗), and when we
sum up the two distributions this term vanishes.
also show the result for the sum of the chargedπΣ

channels inFig. 5 (thin solid line). The feature tha
the initialK−p couples dominantly to the second po
of the Λ(1405) is well preserved in the total mas
distribution, although the width of this distribution
slightly larger than that of theI = 0 resonance becaus
it contains some contribution from theΣ(1385). This
is a nice feature and suggests that by observ
the mass distributions of the charged state from
intermediate baryon, it would be possible to study
nature of the second pole of theΛ(1405) resonance.

It is also interesting to see theI = 1 s-wave
amplitude in this energy region, where the existe
of another pole is discussed[8,17]. It was shown
in Ref. [17] that in theSU(3) decomposition of the
meson baryon states the interaction was attractiv
a singlet and two octets, hence it is natural to exp
the existence of anothers-wave I = 1 resonance in
addition to theΣ(1620) already reported in Ref.[9].
Indeed, a pole is found at 1410− 40i MeV in the
model of Ref. [8]. However, the properties of th
I = 1 pole are very sensitive to the details of the mo
since in different models or approximations it appe
in different Riemann sheets, but there is still so
reflection on the amplitudes in all cases. Therefo
investigation of theI = 1 s-wave amplitude would
bring further information of resonance properties.

We could have theI = 1 amplitude by combining
the threeπΣ channels (seeEq. (10)). However, the
|T (1)|2 term will contain contributions both froms and
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Fig. 6. Invariant mass distributions ofπ+Σ− − π−Σ+ (dashed),
ands-wave,πΣ(I = 1) (solid), in units of [nb/MeV].

p-wave, although the contribution of thep-wave to the
πΣ channels is small. In order to extract theI = 1 s-
wave amplitude we separate the T-matrix into par
waves as

(11)T (0) = T (0)
s , T (1) = T (1)

s + T (1)
p .

Since we are looking at the cross sections where
angle variable amongMB is integrated, the produc
of s- and p-wave amplitude vanishes. Then, t
difference of the distributions for the two charg
states contains only theT (1)

s amplitude

dσ(π+Σ−)

dMI

− dσ(π−Σ+)

dMI

(12)= 4√
6

Re
(
T (0)

s

(
T (1)

s

)∗)
.

We plot this magnitude inFig. 6with a dashed line. In
principle, it is possible to extractT (1)

s from this quan-
tity and the distribution ofs-waveI = 0 (for instance,
from theπ0Σ0), parametrizing conveniently theT (0)

s

amplitude. Theoretically, in the present framework,
can calculate the pures-waveI = 1 by switching off
theΣ(1385) and making the combination ofπΣ am-
plitudes

(13)
dσ(π+Σ−)

dMI

+ dσ(π−Σ+)

dMI

− 2
dσ(π0Σ0)

dMI

.

The results are shown inFig. 6(solid line) and a smal
peak is seen as a reflection of the approximate reso
structure predicted in Refs.[8,17].
t

Fig. 7. Total cross section and invariant mass distribution for the
of πΣ andπΛ channels.

Finally we show the results for the sum of allπΣ

and πΛ channels inFig. 7. This corresponds to th
most feasible case in experiment in which the th
pions decaying fromK∗ are identified. In the tota
spectrum as a function ofMI (right panel), we find a
two-bump structure reflecting both theΛ(1405) and
the Σ(1385). In the actual case, there would be
further contribution from theK̄N channel, raising a
around 1430 MeV which we do not include in th
calculation. This contribution starts where the m
distribution in Fig. 7 has already dropped down an
therefore will not blur the shape of the distributio
This is the case in a related reaction studied
Ref. [18]. This figure is also illustrating because
reveals a large strength in the region of 1420 M
which makes this shape clearly distinct from t
one observed experimentally in theπ−p → K0πΣ

reaction [28] with a neat peak around 1400 Me
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Hence, this measurement is valuable by itself. Yet, to
get the individual contributions one should meas
the channels shown inFig. 5. It is interesting to recal
that in the chiral model of Ref.[20] it was shown tha
theπ−p → K0πΣ reaction favoured the lower ma
Λ pole.

In this Letter, we have proposed a reactionγp →
π+K0MB for the study of the second pole possib
existing in theΛ(1405) region. This second resonan
has been shown to couple more strongly toK̄N than
to πΣ in several chiral models, the present react
is suitable for the isolation of this pole. Althoug
the coupling toΣ(1385) might contaminate the pur
πΣ mass distribution from the secondΛ(1405) pole,
the resulting total mass distribution still maintains
peak structure pronounced around 1420 MeV wit
relatively narrow width. The different shape of th
mass distribution would be well differentiated fro
other experimental data for theΛ(1405) excitation
induced by other reactions, like theπ−p → K0πΣ

[28] which favors the lowest energy pole at 1390 M
as shown in Ref.[20]. A similar mass distribution to
the present one was observed in the former stud
K−p → γπΣ [19], where the photon is emitted from
the initial state and hence theΛ(1405) production
is also induced by aK−. Experimental evidence o
the existence of such twoΛ∗ states would provide
more information on the nature of the currentΛ(1405)
and thus new clues to understand non-perturba
dynamics of QCD.
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