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We study the �(1520) resonance in a coupled-channel approach involving the π�(1385),K�(1530), K̄N ,
and π� channels. Implementing unitarity in coupled channels, we make an analysis of the relative importance
of the different mechanisms that contribute to the dynamical structure of this resonance. From experimental
information on some partial wave amplitudes and constraints imposed by unitarity, we get a comprehensive
description of the amplitudes and hence the couplings to the different channels. We test these amplitudes in
different reactions like K−p → �ππ, γp → K+K−p, γp → K+π 0π 0�, and π−p → K0K−p and find a fair
agreement with the experimental data.
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I. INTRODUCTION

The �(1520) (3/2−,D03) resonance is capturing renewed
attention, particularly because it appears invariably in searches
of pentaquarks in photononuclear reactions [1,2] in γp →
K+K−p and γ d → K+K−np. Because getting signals for
pentaquarks involves cuts in the spectrum and subtraction of
backgrounds, the understanding of the resonance properties
and the strength of different reactions in the neighborhood of
the peak becomes important in view of a correct interpretation
of invariant mass spectra when cuts and background subtrac-
tions are made.

There is another reason that justifies a thorough study of
the �(1520) resonance. Indeed, much progress has been done
interpreting the low-lying 1/2− resonances as dynamically
generated from the interaction of the octet of pseudoscalar
mesons with the octet of stable baryons [3–7] that allows one to
make predictions for resonance formation in different reactions
[8]. One of the surprises on this issue was the realization
that the �(1405) resonance is actually a superposition of
two states, a wide one coupling mostly to π� and a narrow
one coupling mostly to K̄N [5,9,10]. The performance of
a recent experiment on the K−p → π0π0�0 reaction [11]
and comparison with older ones, particularly the π−p →
K0π� reaction [12], has brought evidence on the existence
of these two �(1405) states [13]. Extension of these works
to the interaction of the octet of pseudoscalar mesons with
the decuplet of baryons has led to the conclusion that the
low-lying 3/2− baryons are mostly dynamically generated
objects [14,15]. One of these states is the �(1520) resonance
that is generated from the interaction of the coupled channels
π�(1385) and K�(1530), and couples mostly to the first
channel to the point that, in this picture, the state would
qualify as a quasibound π�∗ state. Indeed, the nominal mass
of the �(1520) is a few MeV below the average of the π�∗
mass. However, the PDG [16] gives a width of 15 MeV for
the �(1520), with branching ratios of 45% into K̄N and 43%
into π�, and only a small branching ratio of the order of 4%
for π�∗ that could be of the order of 10% according to some
analysis [17] that claims that about 85% of the decay into ππ�

is actually π�∗. The association of ππ� to π�∗ in the peak

of the �(1520) is a nontrivial test because one has no phase
space for π�∗ excitation and only the width of the �∗ allows
for this decay, hence precluding the reconstruction of the �∗
resonant shape from the π� decay product. Our theoretical
study here will allow a more precise determination from
the study of K−p → π0π0� reaction [18], which proceeds
mostly via K−p → π0(�∗0) → π0(π0�) and involves the �∗
propagator, overcoming the reconstruction of the �∗ through
the π� invariant mass. In any case, the large branching ratios
to K̄N and π�, of the order of 90% together, indicate that the
K̄N and π� channels must play a relevant role in building up
the resonance.

In the present work we tackle this problem by perform-
ing a coupled-channel analysis of the �(1520) data with
π�∗,K�∗, K̄N , and π�, the first two channels interacting in
s wave and the last two channels in d wave to match the 3/2−
spin and parity of the �(1520) resonance.

Anticipating results we shall see that although the π�∗
remains with the largest coupling to �(1520), its strength
is reduced with respect to the simpler picture of only π�∗
building up the resonance, and at the same time there is a
substantial coupling to K̄N and π� that distorts the original
π�∗ quasibound picture and makes the K̄N and π� channels
relevant in the interpretation of different reactions.

The procedure followed in this article is the following:
first we carry out a fit to K̄N → K̄N and K̄N → π� data
in d waves for I = 0 to determine a few unknown param-
eters beyond the transition potentials of the π�∗ and K�∗
subsystems that are provided by chiral Lagrangians [14,15].
With this input we make predictions for the K−p → π0π0�

and K−p → π+π−� reactions, providing absolute cross
sections in good agreement with experiment. Furthermore,
we also make predictions for the shape of the K−p mass
distribution for the γp → K+K−p and π−p → K+K−p

reactions and for the absolute value of the ratio of the
γp → K+π0π0� and γp → K+K−p reactions at the peak
of the �(1520) resonance, for which there are no experimental
data available.

The work provides a good model for the �(1520) resonance
within a unitary coupled channel approach, which goes beyond
the simpler picture of the resonance as a quasibound π�∗ state
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and provides a framework to study other reactions involving
the production of the �(1520).

II. FORMALISM

In Ref. [19] the �(1520) resonance was studied within
a coupled-channel formalism, including the π�∗ and K�∗
in s waves and the K̄N and π� in d waves leading to
a good reproduction of the pole position of the �(1520)
in the scattering amplitudes. However, the use of the pole
position to get the properties of the resonance is far from
being accurate as soon as a threshold is opened close to
the pole position on the real axis, which is the present case
with the π�∗ channel. Apart from that, in the approach of
Ref. [19] some matrix elements in the kernel of the Bethe-
Salpeter (BS) equation were not considered. In the present
work we aim at a more precise description of the physi-
cal processes involving the �(1520) resonance. Hence, we
introduce the rest of tree-level transition potentials relevant
for the analysis: K̄N → K̄N, K̄N → π�, and π� → π�.
Analogously to Ref. [19], we use for these vertices effective
transition potentials that are proportional to the incoming
and outgoing momentum squared to account for the d wave
character of the channels. Denoting π�∗,K�∗, K̄N , and π�

channels by 1, 2, 3, and 4, respectively, the matrix containing
the tree-level amplitudes is written as:

V =

∣∣∣∣∣∣∣∣∣∣

C11
(
k0

1 + k0
1

)
C12

(
k0

1 + k0
2

)
γ13 q2

3 γ14 q2
4

C21
(
k0

2 + k0
1

)
C22

(
k0

2 + k0
2

)
0 0

γ13 q2
3 0 γ33q

4
3 γ34 q2

3 q2
4

γ14 q2
4 0 γ34 q2

3 q2
4 γ44q

4
4

∣∣∣∣∣∣∣∣∣∣
,

(1)

where qi =
√

[s − (Mi + mi)2][s − (Mi − mi)2]/(2
√

s), k0
i =

(s − M2
i + m2

i )/(2
√

s) and Mi(mi) is the baryon(meson)
mass. The coefficients Cij are C11 = −1/f 2, C21 = C12 =√

6/(4f 2) and C22 = −3/(4f 2), where f is 1.15fπ , with
fπ (= 93 MeV) the pion decay constant, which is an average
between fπ and fK as was used in Ref. [4] in the related
problem of the dynamical generation of the �(1405).

The elements V11, V12, V21, and V22 come from the lowest-
order chiral Lagrangian involving the decuplet of baryons and
the octet of pseudoscalar mesons as discussed in Refs. [14,15].
We neglect the elements V23 and V24 that involve the tree-level
interaction of the K�∗ channel to the d-wave channels because
the K�∗ threshold is far away from the �(1520) and its role
in the resonance structure is far smaller than that of the π�∗.

In the literature several unitarization procedures have been
used to obtain a scattering matrix fulfilling unitarity in coupled
channels, like the inverse amplitude method [20,21] or the
N/D method [22]. In this latter work the equivalence with the
Bethe-Salpeter equation used in Ref. [23] was established.

In the present work we use the Bethe-Salpeter equation
with the V given above as the kernel to obtain the unitarized
amplitude T:

T = V + V GT ⇒ T = [1 − V G]−1V. (2)

+ + + ...

FIG. 1. Diagrammatic representation of the resummation of
meson-baryon loops in the unitarization procedure.

Diagrammatically this means that one is resumming the series
expressed in Fig. 1. Following Ref. [19], the relationship of
the scattering matrix T used in the unitary framework to the
actual t matrix in the Mandl-Shaw normalization [24] is given
by

tπ�∗→π�∗ = Tπ�∗→π�∗ ,

tK�∗→K�∗ = TK�∗→K�∗ ,

tK̄N→π�∗ = TK̄N→π�∗C
(

1

2
2

3

2
; m,M − m

)

×Y2,m−M (k̂)(−1)M−m
√

4π,

tπ�→π�∗ = Tπ�→π�∗C
(

1

2
2

3

2
; m,M − m

)

×Y2,m−M (k̂)(−1)M−m
√

4π,

tK̄N→K̄N = TK̄N→K̄N

∑
M

C
(

1

2
2

3

2
; m,M − m

)

×Y2,m−M (k̂)C
(

1

2
2

3

2
; m ′,M − m ′

)
×Y ∗

2,m ′−M (k̂ ′)(−1)m
′−m4π. (3)

The amplitudes tK̄N→π� and tπ�→π� have the same form as
tK̄N→K̄N but changing TK̄N→K̄N by TK̄N→π� and Tπ�→π�

respectively.
In Eq. (2) G stands for a diagonal matrix containing the loop

functions involving a baryon and a meson [5] and is given by

Gl(
√

s,Ml,ml)

= i2Ml

∫
d4q

(2π )4

1

(P − q)2 − M2
l + iε

1

q2 − m2
l + iε

= 2Ml

16π2

(
al(µ) + ln

M2
l

µ2
+ m2

l − M2
l + s

2s
ln

m2
l

M2
l

− 2iπ
ql√
s

+ ql√
s

{
ln

[
s − (

M2
l − m2

l

) + 2ql

√
s
]

+ ln
[
s + (

M2
l − m2

l

) + 2ql

√
s
]

− ln
[
s − (

M2
l − m2

l

) − 2ql

√
s
]

− ln
[
s + (

M2
l − m2

l

) − 2ql

√
s
]} )

, (4)

where µ is the scale of dimensional regularization, s = P 2

with P the total four-momentum of the meson-baryon system
and al are unknown subtraction constants. For the loops related
to the s-wave channels (π�∗ and K�∗) it has a natural
size of around −2, as has been obtained in many different
works [5,25,26]. For the d-wave channels (K̄N and π�)
there is no such estimate in the literature. We expect it to be
larger compared to the s-wave subtraction constant because it
is likely to contain part of the off-shell contribution of the
potentials in the loop, which are expected to be large for
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the d-wave vertices. In Eq. (2) the momentum dependence
of the tree-level amplitudes has been factorized out of the loop
integral. For the s-wave vertices this has been justified, e.g., in
Refs. [4,23]. For the d-wave vertices we assume that the
off-shell momentum dependences can be reabsorbed in the
couplings and the subtraction constants that are free parameters
in our scheme. We discuss this issue further below.

Because the π�∗ threshold lies in the �(1520) region
the consideration of the width of the �∗ resonance in the
loop function is crucial to account properly for this channel.
The �∗ width is about 35 MeV, whereas the �(1520) width
is only about 15 MeV. Because the threshold effects are
very important in the description involving coupled channels
(e.g., because of the opening of sources of imaginary parts),
this implies that the proper consideration of the spectral
distribution of the �∗ resonance is essential. This is achieved
through the convolution of the π�∗ loop function with the
spectral distribution considering the �∗ width:

Gπ�∗ (
√

s,M�∗ ,mπ )

→
∫ M�∗+2�0

M�∗−2�0

d
√

s ′ −1

π
Im

[
1√

s ′ − M�∗ + i��∗ (s ′)/2

]

×Gπ�∗ (
√

s,
√

s ′,mπ ), (5)

where

��∗ (s ′)

= �0

[
0.88

q3
(
s ′,M2

�,m2
π

)
q3

(
M∗2

� ,M2
�,m2

π

)�(
√

s ′ − M� − mπ )

+ 0.12
q3

(
s ′,M2

�,m2
π

)
q3

(
M∗2

� ,M2
�,m2

π

)�(
√

s ′ − M� − mπ )

]
, (6)

with �0 being the on-shell �∗ total decay width. In Eq. (6)
we have assumed a p-wave decay of the �∗ into �π (88%)
and �π (12%). This consideration of the �∗ width is also an
improvement from the previous work of Ref. [19].

Note that we could think of other states in our cou-
pled channels of the vector-meson-baryon (VB) type like
K∗N, ρ�, etc. In fact, as we discuss in detail after Eq.
(18), the K∗N�(1520) coupling can be large in some models
[27,28]. The explicit consideration of these channels in the
coupled-channel formalism is unnecessary for the following
reasons: the thresholds for the VB states quoted above are 1830
and 1967 MeV, more than 300 MeV above the energy of the
�(1520). As a consequence, their contribution to the scattering
amplitudes around the �(1520) region is very weakly energy
dependent, because the corresponding VB loop functions are
weakly energy dependent far away from the VB threshold.
Thus, their contribution can be easily incorporated in terms of
the subtraction constants introduced in Eq. (4) that are fitted
to data. This appears to be also the case in the study of the πN

interaction in Ref. [29], where, for instance, ρ exchange in the
t channel (in tensor form) is used to generate higher-order
terms in the framework, but not as ρN or ρ
 s-channel
intermediate states. Note that, even if the contribution of these
new channels was not numerically negligible, this would not
mean that such channels are important in the structure of
the resonance, because what matters for the wave-function

components are the derivatives of the resonance self-energy
from these channels with respect to the energy [30].

As explained before, in Eq. (1) the Cij coefficients are
obtained from the lowest-order chiral Lagrangians accounting
for the Weinberg-Tomozawa term. One could include in the
kernel of the BS equation contributions of the higher-order
Lagrangians of the pseudoscalar octet and baryon decuplet
interaction in the SU(3) sector, but this has not been thoroughly
studied. Some work is, however, done in the SU(2) sector [31].
The situation is different in the interaction of the pseudoscalar
octet with the baryon octet, where work has been done,
including higher-order Lagrangians [32,33] in the strange
sector. However, it is worth stressing that a good reproduction
of the data is obtained with the lowest-order chiral Lagrangian
[4,5,32,33]. The effect of higher-order Lagrangians can be
accounted for to some extent by means of the subtraction
constants of the loop functions (or equivalently fixing a cutoff
to data [4]). In the present work we have more subtraction
constants, as well as unknown γ parameters, which are fitted
to the data, so there is plenty of room to effectively account for
the effect of higher-order Lagrangians by means of all these
free parameters.

In the SU(2) sector there is more work. Interesting
developments are presented in Ref. [34] dealing with pions
and nucleons, where higher-order Lagrangians are introduced,
together with the 
(1232) as an explicit degree of freedom in
such a way as to respect decoupling. Decoupling [35] states
that in the chiral limit the leading nonanalytic corrections
(LNAC) to S-matrix elements and related magnitudes are
given solely in terms of the meson and baryon degrees of
freedom, U and B terms of the Lagrangian, and that the
inclusion of mesonic (ρ, ω) or baryonic (
,N∗) resonances in
the pertinent loops does not modify the LNACs. Another
interesting development is presented in Ref. [29] where
the higher-order terms are obtained by using explicitly the
exchange of resonances. The framework respects unitarity
in coupled channels and matches at low energies with the
perturbative results of Ref. [36], thus providing an example
of the resonance saturation hypothesis [37] in the baryon
sector. Developments along these lines in the meson-octet
baryon-decuplet interaction would be certainly welcome.

III. RESULTS

In the model described so far we have as unknown
parameters γ13, γ14, γ33, γ34, and γ44 in the V matrix. Apart
from these, there is also the freedom in the value of the
subtraction constants in the loop functions. We consider one
subtraction constant for the s-wave channels (a0) and one for
the d-wave ones (a2). Despite the apparent large number of free
parameters in the V matrix, it is worth emphasizing that the
largest matrix elements are V11, V12, and V22 [15] which come
from a chiral Lagrangian [38] without any free parameters.
Because of the d-wave behavior the other ones are expected to
be smaller, as shown below.

To obtain these parameters we fit our model to the experi-
mental results on the K̄N and π� scattering amplitudes in
d-wave and I = 0. We use experimental data from
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Refs. [39,40] where K̄N → K̄N and K̄N → π� amplitudes
are provided from partial-wave analysis. These experimental
amplitudes are related to the amplitudes of Eq. (2) through

T̃ij (
√

s) = −
√

Miqi

4π
√

s

√
Mjqj

4π
√

s
Tij (

√
s), (7)

where M and q are the baryon mass and the on-shell center-
of-mass momentum of the specific channel.

It is also interesting to make connection with another
standard notation for the amplitudes for the scattering of spin
0 with spin 1/2 particles:

M = f + ig �σ · n̂

f = 1

q

∞∑
l=0

[(l + 1)fl+ + lfl−] Pl(cos θ ) (8)

g = 1

q

∞∑
l=1

[fl+ − fl−] P ′
l (cos θ ) sin θ,

where n̂ = (�qi × �qj )/|�qi × �qj |. For l = 2, J = 3/2, only fl−
contributes and we find, given the normalizations introduced
in Eq. (3),

fl− = T̃ii (9)

and similarly for the amplitudes T̃ij , where i and j stand for
the K̄N and π� channels. The elastic cross section is given
by σ = 4πl|fl−|2/q2 (l = 2).

We now write the amplitude Tij close to a resonance peak
as

Tij = gigj√
s − MR + i�/2

, (10)

(note that, for l = 2, the q2
i factor is incorporated in gi). We

then have

�i = g2
i

2π

Mi

MR

qi = − 1

2π

�

2
ImTii

Mi

MR

qi (11)

and hence

Bi = �i

�
= ImT̃ii(

√
s = MR). (12)

Note that because of the appearance of the qi, qj factors,
Eq. (7) can be applied only for channels which are open. For
those that are close to threshold the decay can proceed only via
the overlap of the mass distributions of the resulting products,
including their width, with the mass of the decaying resonance,
and this situation requires another treatment, as shown below.

In Fig. 2 we show the result of our fit to the experimental
data. The first column represents the real and imaginary parts
(top and bottom, respectively) of the T̃33 and the last column
denotes the same for T̃34 along with the experimental data of
[39,40]. To restrict the freedom in the parameters of the model
we have also introduced data for the π� → π� amplitude.
The data are not given in Refs. [39,40]. However, the results
given in that article for the K̄N → K̄N and K̄N → π� are
results of analysis of raw data. The same analysis would have
provided

Tπ�→π� = (TK̄N→π�)2

TK̄N→K̄N

, (13)

given the resonant structure of the amplitudes. By introducing
these data we are forcing the resulting model to fulfill
this property, which helps constrain the freedom in the fit
parameters. In the data from Refs. [39,40] that we have
considered, no errors are given. To perform a fit to the data
some errors need to be assigned. We have taken a reasonable
criteria by assigning an error of 0.03 to each point except the
ones close to the peak where an error of 0.01 is taken to enforce
the resonance character of the data. We have checked that other
reasonable assumptions also lead to about the same solutions.
It is worth noting that the shape of the amplitudes is rather
asymmetric, in the sense that it differs from a Breit-Wigner
shape. This is a consequence of the d-wave behavior and also
of the nontrivial internal dynamics imposed by unitarity in
coupled channels.

The values of the unknown parameters obtained from the
fit are given in Table I.

We can see that the value obtained for the subtraction
constant for the s-wave channels (a0) is of natural size (∼ −2).
Actually, the value of the s-wave loop function obtained using
a0 = −1.8 agrees with the result obtained with the cutoff
method using a cutoff of about 500 MeV (at

√
s 	 1520 MeV).

However, regarding the d-wave loops, the large value obtained
for a2 can be understood comparing also to the cutoff method.
If one keeps the momentum dependence of the d-wave vertices
inside the loop integral (i.e., one does not use the on-shell
approximation mentioned above) and evaluates the integral
with the cutoff method, then also a cutoff of about 500 MeV
gives the same result as the dimensional regularization with
on-shell factorization and a2 ∼ −8. In summary, the use of
the dimensional regularization method, along with the on-shell
factorization for both the s- and d-wave loops, correspond to
the result obtained with the cutoff method without on-shell
factorization using the same cutoff of about 500 MeV.

Next we make an estimate of the theoretical errors in the
fit parameters. We vary each parameter keeping the rest fixed
such as to increase the χ2 function by eight units1 (of the 110
in the minimum). This leads to the errors shown in Table I.
We see later on what repercussion they have on the values of
the coupling of the �(1520) resonance to different channels.
We can see that the errors are small but they are enforced by the
errors that we have assigned to the data for the fit. However,
this is consistent with necessary small errors in the g3 and
g4 couplings that we see later, because these couplings are
related to the K̄N and π� branching ratios that are known
within about 1%–2% precision.

The uncertainties in the parameters are larger if simultane-
ously we fit the other parameters to get a best fit to the data.
This means that there are correlations between the parameters.
However, because what matters in the end is the errors in the
couplings of the resonance to the different channels, which are
the relevant physical quantities associated to the resonance, we
can make an alternative analysis of the errors by allowing each
parameter in Table I to change by a certain quantity and fitting

1This is the equivalent in the case of seven parameters to changing
the χ 2 by a unity when one has only one free parameter, which is the
standard procedure to get 68% confidence level [41].
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FIG. 2. Fit to the experimental amplitudes. (Left column) K̄N → K̄N ; (right column) K̄N → π�.

simultaneously the other parameters to get a best fit to the data,
with the χ2 increased by the same magnitude as before. At the
end we have seven sets of parameters that allow us to get the
couplings, gi , with a certain dispersion. The central values
and uncertainties agree with those obtained by the former
method.

To check that the values of the parameters γij obtained from
the fit, support our earlier expectation regarding the dominance
of the chiral matrix elements as far as the V matrix is concerned,
we plot in Fig. 3 the different matrix elements as a function
of

√
s.

We can see that the largest elements are V11 and V12 in
the region close to 1520 MeV. However, the loops play a
different role depending on the amplitudes. In the K̄N →
K̄N amplitude near

√
s = 1520 MeV, at one loop level the

K̄N and π� loops largely dominate the contribution. For the
π�∗ → π�∗ amplitude at one loop level, the π�∗ and π�

loops are the dominant ones with similar strength. One should
note that the tree-level amplitude in this latter case still exceeds
the contribution of any of the loops.

Next we plot, in Fig. 4, the prediction for the unitarized
amplitudes for the different channels involving the π�∗. From
left to right the columns represent the π�∗ → π�∗, π�∗ →

K̄N , and π�∗ → π� channels. The rows denote from top to
bottom the real part, imaginary part, and modulus squared
of the amplitudes (Tij ), respectively. We do not show the
K�∗ channel because it is less relevant as an external state
in physical processes.

It is worth mentioning that the unitarization procedure not
only provides the amplitude at the peak of the resonance but
also obtains the full amplitude at energies away from it. This
can have repercussion in some observables in specific physical
processes, as discussed below.

From the imaginary part of the amplitudes it is straight-
forward to obtain the couplings of the �(1520) to the
different channels in the following way. Close to the peak the
amplitudes can be approximated by Eq. (10), which in this case
reads

Tij (
√

s) = gigj√
s − M�(1520) + i��(1520)/2

(14)

from where we have

gigj = −��(1520)

2

|Tij (M�(1520))|2
Im[Tij (M�(1520))]

, (15)

TABLE I. Parameters obtained from fit.

a0 a2 γ13 (MeV−3) γ14 (MeV−3) γ33 (MeV−5) γ44(MeV−5) γ34 (MeV−5)

−1.78 −8.13 0.98 × 10−7 1.10 × 10−7 −1.73 × 10−12 −0.730 × 10−12 −1.108 × 10−12

±0.02 ±0.03 ±0.04 × 10−7 ±0.04 × 10−7 ±0.02 × 10−12 ±0.016 × 10−12 ±0.010 × 10−12
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FIG. 3. Tree-level potentials.

where M�(1520) is the position of the peak in |Tij |2 and
��(1520) = 15.6 MeV.

Up to a global sign of one of the couplings (we choose g1

to be positive), the couplings we obtain are shown in Table II.
We can see from the values that the �(1520) resonance

couples most strongly to the π�∗ channel. The fact that we
are able to predict the value of this coupling is a nontrivial
consequence of the unitarization procedure that we employ.

TABLE II. Couplings of the �(1520) reso-
nance to the different channels.

g1 g2 g3 g4

0.91 −0.29 −0.54 −0.45
±0.06 ±0.06 ±0.01 ±0.01

To determine the errors in the gi couplings, we propagate the
errors of Table I into Eq. (15). Another source of uncertainty
arises from the fact that in the π�∗ and K�∗ channels the
maximum of |T |2 and ImT appear at slightly different energies
(about 4 MeV). This induces also some uncertainty in the
evaluation of Eq. (15) and is also taken into account in the
errors shown in Table II.

With the value for g1 obtained above, we now evaluate the
partial decay width of the �(1520) into ππ� assuming that
this process is dominated by the π�∗ channel. The diagram
describing this decay is shown in Fig. 5.

The amplitude for the decay can be written as

t(p1, p2) = g1√
s�∗ − M�∗ + i��∗ (

√
s�∗ )/2

× f�∗π�

mπ

〈
1

2
m

∣∣∣∣ �S · �p2

∣∣∣∣3

2
M

〉
, (16)
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(p  )
1π

Λ(1520) Σ(1385) Λ

π (p  )
2

FIG. 5. Diagram for �(1520) decay into ππ�.

where �p2 is taken in the rest frame of the �∗. The width is
then given by

��(1520)→ππ�

= 1

2

1

(2π )4

M�M�(1520)

4
√

s

∫ 1

−1
d cos θ1

×
∫ ωmax

mπ

dω1

∫ 2π

0
dφ̃2

∫ ωmax

mπ

dω2
1

4

×
∑
m,M

|t(p1, p2) + t(p2, p1)|2�(1 − |A|2), (17)

where A = cos θ12 = [(
√

s − ω1 − ω2)2 − | �p1|2 − | �p2|2 −
M2

�]/(2| �p1|| �p2|) and ωmax = (s + m2
π − (mπ+M�)2)/(2

√
s).

With the coupling g1 of Table II, and dividing the result of
Eq. (17) by 0.88 (the branching ratio of the �(1385) decay
into π�), we obtain a branching ratio for �(1520) → π�∗
of around 0.14. By using the expression ImT̃ij = √

BiBj we
can see from Fig. 2 that the branching ratios for K̄N and
π� are 0.45 and 0.43, respectively. All these branching ratios
essentially sum up to unity considering the uncertainties in the
calculations (in particular the exact position of the peak where
the couplings are evaluated). The branching ratio to π�∗ is
small because of lack of phase space for the decay. However,
the relevant magnitude concerning the nature of a resonance
is the coupling of the resonance to the different states. In this
sense the g1 coupling is still the largest. Originally, we had a
theory with chiral Lagrangians that provided the �(1520) as a
dynamically generated resonance from π�∗. In reality the K̄N

and π� channels are also present, which are quite relevant
and distort that approximate picture. As a consequence, g1

becomes reasonably smaller and simultaneously one gets a
relatively large K̄N and π� coupling. Yet, with this admittedly
large distortion of the original picture of the �(1520) as a
quasibound π�∗ state, the physical �(1520) seems to keep a
memory of this original picture that shows up in the coupling
g1, such that g2

1 is 2.8 times larger than the coupling squared
for the K̄N state. This of course should manifest itself in
processes where the π�∗ channel appears without restrictions
of phase space, like in �(1520) decay in nuclei in that channel
with the pion becoming a ph excitation.

The prediction of the amplitudes involving π�∗ channels
can be checked in particular reactions where this channel could
play an important role. First we evaluate the cross section
for K−p → ππ� in the lines of Ref. [19] but using the
new coupled-channel formalism. The mechanisms and the
expressions for the amplitudes and the cross sections can
be found in Ref. [19] where, apart from the coupled-channel
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FIG. 6. Result for the K−p → π 0π 0� cross section. Experimen-
tal data from Ref. [18].

unitarized amplitude, other mechanisms2 of relevance above
the �(1520) peak were included.

In Figs. 6 and 7 we show our results for K−p → π0π0�

and K−p → π+π−� cross section, respectively, along with
experimental data from Refs. [17,18].

The dashed line represents the contribution from mech-
anisms other than the unitarized coupled channels, and the
solid gives the coherent sum of all the processes. Note that
the cross section of the K−p → π+π−� reaction is a factor
two larger at the peak than the K−p → π0π0� one. These
cross sections depend essentially on the TK̄N→π�∗ amplitude,
which is obtained from our coupled-channel analysis. It is a
nontrivial prediction of the theory because this amplitude has
not been included in the fit. Actually, the strength at the peak
comes essentially from the unitarity constraint of the theory in
analogy with the discussion above regarding the g1 coupling.

We now evaluate the K−p invariant mass distribution
for the γp → K+K−p reaction. In Ref. [42] the basic
phenomenological model is explained but there only the π�∗
and K�∗ channels were considered. The amplitude reads now

tγp→K+K−p = V1

√
2

3
kGπ�∗Tπ�∗→K̄N

(−1√
2

)
, (18)

where k is the photon energy and V1 the γpK+π�∗ vertex
function that we assume to have a smooth energy dependence.
In Eq. (18) the last numerical factor is an isospin coefficient
to project the K−p state into I = 0. This amplitude is
effectively written in such a way that when taking |t |2 one
is automatically summing and averaging over final and initial
spin polarizations, respectively. In Fig. 8 we present the results
obtained with the formalism of the present work along with the
experimental data of Ref. [43], where we have removed 50 of
the arbitrary units in the background that are apparent below

2In the background processes of Ref. [19] we have now included
the recoil corrections in the baryon-baryon-pseudoscalar vertices. We
substitute �p1 in the curly brackets of Eqs. (36) and (37) of Ref. [19]
by �p1(1 + p0/2M) + �k p0

1/M .
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FIG. 7. Result for the K−p → π+π−� cross section. Experi-
mental data from Ref. [17].

the resonant peak. This background could be associated to the
Drell mechanism (K exchange in the t-channel), as discussed in
Ref. [27]. Given the fact that the absolute strength of the results
is a free parameter, the results do not change qualitatively if
this background is not removed.

The normalization is arbitrary in the experimental data as
well as in our calculation. For the purpose of the present work
the shape of the distribution is the most important part and we
can see that the agreement is quite fair. It is worth mentioning
that in the work of Ref. [42] the reaction was initiated by
a π�∗ loop. However, with the new channels considered in
the present work, initial K̄N and π� loops are also possible.
The coupling of these channels to γpK+ can be different.
However, we have checked that the shape of the distribution
for all these possibilities is very similar around the �(1520)
peak. For higher energies this is also true within about 30%.

Note that for our purpose we do not need an explicit
model for the photoproduction of the �(1520), the V1 term
of Eq. (18). All we are stating is that there is a doorway
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FIG. 8. K−p invariant mass distribution for the γp → K+K−p

reaction with photons in the range Eγ = 2.8–4.8 GeV. Experimental
data from Ref. [43].

for the production of the �(1520) through the intermediate
production of π�(1385) (or K̄N, π�, states). In the literature
there are explicit models for the γN → K�(1520) reaction.
In one of them [27] it is shown that K exchange in the
t-channel cannot explain the data of Ref. [43] and consequently
the weight of the cross section is put in K∗ exchange, for
which the appropriate helicity amplitudes are parametrized to
reproduce the data. However, the situation, as clearly stated in
Ref. [27], is that the γp → K+�(1520) reaction can be more
elaborate than assumed in their model, or other models, to the
point that they could not provide a precise determination of
the K∗N�(1520) coupling. In Ref. [28], s- and u-channels
plus a contact γNK�(1520) term are also introduced and
a parametrization is used based on Regge trajectories. Two
solutions are given for the NK∗�(1520) coupling that, in
terms of the NK�(1520) one, was given by αgNK�(1520),
with α = 0.37 or −0.66, which gives us an idea of the
strength of the coupling. However, in Ref. [44], a different
parametrization of such terms is done, without using Regge
trajectories, but introducing explicitly form factors, by means
of which a good reproduction of the γp → K+�(1520) data is
obtained that would be compatible with having a NK∗�(1520)
coupling equal zero, and the largest contribution comes from
the contact term. In a more recent article [45] the K∗ coupling
to N�(1520) is evaluated using the present model and a
simple quark model for comparison. The coupling obtained in
Ref. [45] with the present model is smaller than in the quark
model and also than in Ref. [28]. As we can see from the
previous discussion, the role of the K∗ exchange mechanism
in the γp → K+�(1520) reaction is rather controversial.
However, for the purpose of the present work this information
is not needed. It would be absorbed in our V1 term of Eq. (18),
which is unnecessary in our comparison with the unnormalized
cross section, or in ratios of cross sections, as discussed below.

In Ref. [42] it was suggested that the ratio of the
π0π0� mass distribution of the γp → K+π0π0� to
the K−p distribution of the γp → K+K−p reaction at the
peak of the �(1520) resonance can provide a test of the
coupling of the �(1520) to π�∗ (g1). In an analogous
way to the K−p → π0π0� reaction, the γp → K+π0π0�

would proceed through γp → K+π0(�∗) → K+π0(π0�).
The amplitude is

tγp→K+π0π0�(p1, p2) = V1

√
2

3
kGπ�∗Tπ�∗→π�∗

−1√
3

× 1√
s�∗ − M�∗ + i��∗ (

√
s�∗ )/2

× f�∗π�

mπ

1√
2

(p2x − ip2y), (19)

where one has to consider the same symmetrization
arguments as in the K−p → π0π0� reaction and �p2

is taken in the rest frame of the �∗. Once again this
amplitude is effectively written in such a way that when
taking |t |2 one is automatically summing and averaging
over final and initial spin polarizations, respectively. Up
to phase space and the rest of numerical factors the ratio
R = (dσγp→K+π0π0�/dMπ0π0�)/(dσγp→K+K−p/dMK−p) is
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FIG. 9. K−p invariant mass distribution for the π−p → K0K−p reaction. (Left) Pions in the range pπ− = 1.6−2.4 GeV/c; (right)
pπ− = 2.9−3.3 GeV/c. Experimental data from Ref. [48].

proportional to (|Tπ�∗→π�∗ |/|Tπ�∗→K̄N |)2, which, at the
�(1520) peak position, is (g1/g3)2 [see Eq. (14)]. All
considered we obtain a value for the ratio of R ∼ 0.25 ± 0.04,
whereas (g1/g3)2 is 2.8, where the error of R has been
obtained propagating the errors of Table II.

In Fig. 8 we see that our model seems to be lacking some
strength at energies below the �(1520) peak. This could
be because of lack of some background terms or the large
uncertainty of the experimental errors. In fact, it is worth
stressing that the same feature appears in the result of Ref. [27].
However, more recent experimental results [46,47], although
at different photon energies, do not show this broad shoulder.

Next we show, in Fig. 9, the K−p invariant mass distribution
for the π−p → K0K−p reaction. The model used for this
purpose is analogous to the one used in the study of the γp →
K+K−p reaction. The differences are in the phase space and
in the first vertex where we have used a different unknown
constant.

In Ref. [48] no errors in the experimental data are provided,
hence we have assumed errors to be the square root of the
number of events (statistical errors). We see that the agreement
is fair considering the large experimental errors. Note that,
unlike in the case of photoproduction, we did not subtract a
background here, which would clearly make the agreement
with experiment better at energies below the �(1520) region.

IV. CONCLUSIONS

We have done a coupled-channel analysis of the �(1520)
resonance using the π�(1385),K�(1530), K̄N , and π�

channels. We have used the Bethe-Salpeter equation to im-
plement unitarity in the evaluation of the different amplitudes.
The main novelty from previous coupled-channel approaches
to this resonance is the inclusion of new matrix elements in the
kernel of the BS equation and the consideration of the �(1385)
width in the π�∗ loop function. The unknown parameters in
the V matrix, as well as the subtraction constants of the loop
functions, have been obtained by a fit to K̄N → K̄N and
K̄N → π� partial wave amplitudes. As a consequence of the
unitarity of the scheme used, we can predict the amplitudes

and couplings of the �(1520) for all the different channels.
The largest coupling is obtained for the π�∗ channel.

We have then tested the amplitudes obtained in several
specific reactions and compared with experimental data at
energies close to and slightly above the �(1520) region.
These include the K−p → �ππ, γp → K+K−p, γp →
K+π0π0�, and π−p → K0K−p reactions. We have obtained
a reasonable agreement with the experimental results that
allows us to be confident in the procedure followed to describe
the nature of the �(1520) resonance.

For the K−p → �ππ process, both with neutral and
charged pions, we could do predictions of the absolute cross
sections because the process involves the amplitude for the
K−p → π�∗ transition, which is an output of our theory.
In the other two cases the strength of the cross section was
left as a free parameter because no theory was done for the
coupling of the photon or the pion to the �(1520) components.
Yet, it was found that in all cases the shape of the resonance
was rather asymmetric, with a substantial strength above the
peak of the resonance in all the reactions, which seems to be
an intrinsic property of the �(1520) resonance and which in
our theoretical framework could be attributed to the d-wave
character of the K̄N and π� channels, as well as to the fact
that above the resonance peak the phase space for the �(1520)
decay into the π�∗ channel grows rapidly.

We could see that, in spite of the relevant role played by the
K̄N and π� channels, the �(1520) remains with the largest
coupling to the π�∗ channel. In a simplified theory in which
only the s-wave π�∗ and K�∗ channels are taken, and their
interaction is provided by the chiral Lagrangians, the �(1520)
appears naturally and qualifies as a quasibound π�∗ state. The
coupling of the resonance to the K̄N and π� channels in the
real world modifies this picture appreciably but the state still
keeps memory of the original simplified picture and has still a
large coupling to π�∗ with a strength of g2 of the order of 3
times larger than that of the K̄N or π� channels.

Further tests to show the dominance of the π�∗ component
in the �(1520) resonance could be done; in particular a crucial
test would be the modification of the �(1520) width in nuclei,
especially the π�∗ mode that in nuclei would give rise to
the ph�∗ decay channel. In this way one could observe a
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drastically enhanced production of �∗ in processes involving
�(1520) decay in nuclei, whereas at the same time one
would observe an increased �(1520) width in other physical
processes. The understanding of the nature of this resonance
and the comprehension of processes where the resonance
appears would benefit much from the performance of such
experiments.
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