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• The precision of the data on the muon’s anomalous magnetic moment has reached a level where HVP 
corrections need to be a part of the story(Diogo’s Talk!).

• Heavy-ion collisions: we need to understand yields; they can be affected by the formation of resonances.
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Hadron physics: coupled channel dynamics

• Structures seen in OZI-
suppressed systems

Nuclear and Particle Physics Proceedings Volume 347, December 2024, Pages 90-93

• We need a consistent formalism. Coupled-channel effects are extremely important! (Rafael’s Talk!).
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Hadron physics: coupled channel dynamics
• Interactions determined from Lagrangians 

written with hadrons as effective degrees of 
freedom, with the relevant degrees of freedom.
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Hadron physics: coupled channel dynamics

Vector-baryon interaction: 

 

 

 

ℒVB = − g{⟨B̄γμ [Vμ
8 , B]⟩ + ⟨B̄γμB⟩⟨Vμ

8 ⟩ +
1

4M (F⟨B̄σμν [Vμν
8 , B]⟩ + D⟨B̄σμν {Vμν

8 , B}⟩)
+⟨B̄γμB⟩⟨Vμ

0 ⟩ +
C0

4M
⟨B̄σμνV

μν
0 B⟩};

D = 2.4, F = 0.82, C0 = 3F − D

Vμν = ∂μVν − ∂νVμ + ig [Vμ, Vν]
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The purpose of this work is to study vector meson-octet baryon interactions with the aim to find

dynamical generation of resonances in such systems. For this, we consider s-, t-, u-channel diagrams

along with a contact interaction originating from the hidden local symmetry Lagrangian. We find the

contribution from all these sources, except the s channel, to be important. The amplitudes obtained by

solving coupled channel Bethe-Salpeter equations for systems with total strangeness zero, show the

generation of one isospin 3=2, spin 1=2 resonance and three isospin 1=2 resonances: two with spin 3=2 and
one with spin 1=2. We identify these resonances with !ð1900ÞS31, N#ð2080ÞD13, N

#ð1700ÞD13, and

N#ð2090ÞS11, respectively.

DOI: 10.1103/PhysRevD.83.114041 PACS numbers: 14.20.Gk, 11.10.St, 11.30.Ly

I. INTRODUCTION

Recent interests in hadron physics have been largely
motivated by experimental observations of new states in
the resonance region which are not easily explained by the
conventional constituent quark model. The strong interac-
tions among the ground state mesons and baryons not only
affect their properties but also, in some cases, generate
resonances dynamically (examples of some of the recent
related works are Refs. [1–10]). Therefore, it is of great
importance to investigate these dynamical aspects based on
reliable hadron-hadron interactions.

In a quark picture, an energy of several hundred MeV
which is a typical scale of one quanta of orbital excitation
is sufficient to create a "qq pair, making multiquark com-
ponents in a hadron. If they further develop color singlet
clusters of ground state hadrons near their threshold, they
may form a loosely bound or resonant state provided that
sufficiently strong attraction is available. This is what we
expect microscopically for the dynamical generation of
resonances. A spin zero configuration of "qq forms a
JP ¼ 0% pseudoscalar meson, and is the basic building
block of, for instance, #ð1405Þ [11–13]. Similarly, the
JP ¼ 1% configuration giving a vector meson could also
be an element of certain baryon resonances as indicated in
Refs. [14–19]. However, while the pseudoscalar meson-
baryon interaction is well dictated by the low energy
theorems of spontaneously broken chiral symmetry, the
interaction of vector mesons and baryons are not fully
studied. This is one of the issues that we would like to
discuss in this paper.

It is known that the theory of the hidden local symmetry
(HLS) [20] can accommodate vector mesons consistently
with the chiral symmetry. In fact, the HLS model has been

shown to share many important aspects of low energy
dynamics. Furthermore, a recent holographic approach to
QCD has derived the extended HLS model where an
infinite series of the vector mesons emerges as a conse-
quence of the dynamics in the extra fifth dimension
[21,22]. This HLS model forms the basis of our study
The vector meson-octet baryon interaction has been

studied within the HLS by assuming a vector meson ex-
change in the t channel [19] [Fig. 1(a)] as the lowest order
amplitude and several baryon resonances have been found
as a result of solving the Bethe-Salpeter equation in the
coupled channel formalism. However, in Ref. [19] all
the states are found to be spin 1=2-3=2 degenerate since
the leading order interaction obtained from the t-channel
exchange is spin independent. This latter finding is differ-
ent fromwhat one would expect from the interaction of two
particles of similar mass and nonzero spin, just as for the
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FIG. 1. Diagrammatical representation of the vector meson-
baryon interaction via a (a) t-channel exchange, (b) contact term,
(c) s-channel, and (d) u-channel exchange. The double lines in
these diagrams represent the vector mesons.
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these amplitudes around 2 GeV. It could be argued that one
out of these two poles is too wide and may not be important
in the sense that its effect cannot be easily seen in real
experimental data. Such a consequence might be close to
reality, however, the picture will change with the addition
of more interactions as we shall see in the following
sections, and this two pole structure will play a crucial
role in understanding the results.

B. Addition of more diagrams

The t-channel interaction leads to the generation of two
pairs of spin 1=2-3=2 degenerate resonances with isospin
1=2. These resonances have a mass !1700 MeV and
!2000 MeV with the latter one possessing a two pole
structure, one of which could be interpreted as aK"! bound
state and the other could be interpreted as a K""#!N
resonance. We will now discuss the results obtained by
adding to the t-channel interactions, the contact term, the

s and u channels, where the resultant interaction has a ~s $ ~S
structure (spin-spin interaction). We thus expect to lift the
spin degeneracy of the states obtained by considering the
t-channel diagrams as the tree-level amplitudes. Let us first
consider the case of total isospin 1=2 of the meson-baryon
systems.

1. Isospin ¼ 1=2

In Fig. 4 we show the squared amplitude, jTj2, for the
"N channel, for the spin half (left panel) and spin three-
half (right panel) case. The result obtained by considering
the t-channel interaction alone is shown by a dashed line
(which is same as the solid line of Fig. 2). In order to avoid
confusion here, we would like to call the attention of the
reader to the fact that the vertical axes of the left and the
right panels in Fig. 4 are different, which makes the
t-channel results appear different for spin 1=2 and 3=2

although they are same. The result of adding the contact
interaction is shown by a dash-dotted line, and that ob-
tained by further adding the s- and u-channel exchange is
shown by a solid line. All these calculations have been
carried out by using the procedure of the convolution of the
loops to take into account the fact that the " andK" mesons
possess a non-negligible width. Henceforth, we shall stick
to the discussion of the results obtained by convoluting the
loops unless otherwise stated.
It can be seen that the calculations done by adding the

contact term to the t-channel interaction give very different
results (dash-dotted lines) as compared to the ones ob-
tained by considering the t channel alone (dashed lines).
The left panel shows that the clear peak found in spin
degenerate t-channel calculations disappears upon adding
the spin half contact interaction. The magnitude of the
squared amplitude falls by about 2 orders of magnitude
in the 1700MeV region and no structure is found by adding
the contact term, VCT.
The results are quite different for the spin 3=2 case as

shown in the adjacent figure (right panel). In this case the
peak obtained from t-channel calculations gets enhanced by
a factor 10 but shifts by about 50MeV to the lower energies.
These results can be very well understood by looking at the
structure of the contact interaction given by Eqs. (27) and
(28) alongwith the coefficientsCCT

ij of Table I. It can be seen

that the contact term is repulsive for most channels in the
spin half case but is mostly attractive in the spin 3=2 case,
with the order of magnitude being similar to the t-channel
interaction always. Thus, the spin 1=2 contact term reduces
the attractive t-channel interaction in the vector-baryon
system but adds to the attraction in the spin 3=2 case. As a
result the spin degenerate peak at 1700 MeV in the ampli-
tudes obtained by the t-channel interaction disappears in the
spin 1=2 case, and the spin 3=2 results show the peak shifted
to lower energies with much larger magnitude. The further
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I. INTRODUCTION

Recent interests in hadron physics have been largely
motivated by experimental observations of new states in
the resonance region which are not easily explained by the
conventional constituent quark model. The strong interac-
tions among the ground state mesons and baryons not only
affect their properties but also, in some cases, generate
resonances dynamically (examples of some of the recent
related works are Refs. [1–10]). Therefore, it is of great
importance to investigate these dynamical aspects based on
reliable hadron-hadron interactions.

In a quark picture, an energy of several hundred MeV
which is a typical scale of one quanta of orbital excitation
is sufficient to create a "qq pair, making multiquark com-
ponents in a hadron. If they further develop color singlet
clusters of ground state hadrons near their threshold, they
may form a loosely bound or resonant state provided that
sufficiently strong attraction is available. This is what we
expect microscopically for the dynamical generation of
resonances. A spin zero configuration of "qq forms a
JP ¼ 0% pseudoscalar meson, and is the basic building
block of, for instance, #ð1405Þ [11–13]. Similarly, the
JP ¼ 1% configuration giving a vector meson could also
be an element of certain baryon resonances as indicated in
Refs. [14–19]. However, while the pseudoscalar meson-
baryon interaction is well dictated by the low energy
theorems of spontaneously broken chiral symmetry, the
interaction of vector mesons and baryons are not fully
studied. This is one of the issues that we would like to
discuss in this paper.

It is known that the theory of the hidden local symmetry
(HLS) [20] can accommodate vector mesons consistently
with the chiral symmetry. In fact, the HLS model has been

shown to share many important aspects of low energy
dynamics. Furthermore, a recent holographic approach to
QCD has derived the extended HLS model where an
infinite series of the vector mesons emerges as a conse-
quence of the dynamics in the extra fifth dimension
[21,22]. This HLS model forms the basis of our study
The vector meson-octet baryon interaction has been

studied within the HLS by assuming a vector meson ex-
change in the t channel [19] [Fig. 1(a)] as the lowest order
amplitude and several baryon resonances have been found
as a result of solving the Bethe-Salpeter equation in the
coupled channel formalism. However, in Ref. [19] all
the states are found to be spin 1=2-3=2 degenerate since
the leading order interaction obtained from the t-channel
exchange is spin independent. This latter finding is differ-
ent fromwhat one would expect from the interaction of two
particles of similar mass and nonzero spin, just as for the
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FIG. 1. Diagrammatical representation of the vector meson-
baryon interaction via a (a) t-channel exchange, (b) contact term,
(c) s-channel, and (d) u-channel exchange. The double lines in
these diagrams represent the vector mesons.
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addition of the s- and u-channel diagrams enhances the
effect produced by the contact term in the T matrices as
shown by the solid lines.

Next, we show the squared amplitude for the !N chan-
nel in Fig. 5. Here we see that the contact term added to the
t-channel diagram produces a slightly enhanced peak
structure in the spin half amplitude. In the spin 3=2 case,
the broad peak around 2 GeV changes into a narrower one
near 1960 MeV and a bump-like structure develops at
!1660 MeV. Further addition of the s- and u-channel
diagrams gives rise to a clear peak in the spin 3=2

amplitude, at about 1650 MeV. Thus, our total !N ampli-
tude shows two peaks in the spin 3=2 case. Another inter-
esting feature seen in the spin 3=2 T matrices is a broad
bump near 2050 MeV.
Figure 6 depicts the squared amplitude for the !N

channel. Once again, for this channel too, the addition of
the contact term to the t-channel interaction produces quite
some changes in the results obtained without it. The spin
1=2 !N matrix element shows an enhancement of the
strength of squared matrix element, like in the !N case.
The spin 3=2 !N amplitude shows a sharper peak around
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lines continues to be same as in Fig. 4.
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114041-91950 MeV by the addition of the contact term, s-, and
u-channel diagrams. In the total amplitude (solid line) one
can also see a bump around 1650 MeV.

It remains to discuss the results for K!! and K!"
channels. The ones corresponding to the former channel
are shown in Fig. 7. This is the only channel which shows
two peaks in the squared amplitude calculated by taking
the t-channel interaction. Clearly, the lower energy peak
disappears upon adding the mostly repulsive, spin 1=2
contact interaction. The spin 3=2 case results in two dis-
tinct peaks (as shown by the dash-dotted line in the right
panel of Fig. 7). The strength of the squared amplitude in
this case gets enhanced by about a factor 5. The further
addition of the s and u channels, although it leaves the spin
1=2 amplitude almost unaltered, increases the magnitude
of the spin 3=2 amplitude by another factor "3 near
1950 MeV. This hints toward a larger coupling of the
K!! channel to the 3=2# state with mass close to
1950 MeV. We shall verify this in the subsequent subsec-
tion where we discuss the calculations of the couplings.

Finally, let us contemplate the K!" coupled channel.
The squared amplitude for this channel shows a well-
pronounced peak in the spin 1=2 case at "1975 MeV
(left panel of Fig. 8). It can be seen that the addition of
the contact term enhances the strength of the peak found in
the t-channel calculations (dashed line) by about an order
of magnitude (dash-dotted line). The full calculations de-
picted as solid lines show some reduction in strength.
Nevertheless, the strength of the spin 1=2 amplitude of
the K!" channel remains the largest, which indicates
toward its strong coupling to a possible corresponding state
with a 1=2# quantum number. The full spin 3=2 K!"
amplitude, depicted as a solid line in the right panel of
Fig. 8, shows a peak at 2064 MeVand a bump around 1950
MeV. Interestingly, the spin 3=2 K!! and !N amplitudes
show a clear peak at 1950 MeV, where the K!" amplitude
shows a weak bump.

To interpret these isospin 1=2 results on the real axis, we
have looked for poles in the complex plane. In the spin 1=2
case we find a pole at 1977# i22 MeV and in the spin 3=2
case we find two poles at 1642# i0 and 2071# i7 MeV.

We find that the peak structure seen in the !N, !N, and
K!! amplitudes near 1960 MeV correspond to a !N cusp
for which we see a pole extremely close to the real axis
near the !N threshold.
To summarize our results in the isospin 1=2 case, we

study the strangeness zero vector meson-baryon system by
taking a contact term, t-, s-, and u-channel diagrams as
leading order interactions. A coupled channel calculation
with these interactions made on the real energy axis, leads
to finding of a peak close to 1970MeVwith total spin equal
to 1=2. We do not find any structure near 1700 MeV in the
spin 1=2 amplitude. In the spin 3=2 case we find a peak
near 1650 MeV and 2 GeV. We will come back to a more
detailed discussion of corresponding poles found in the
complex plane in a later section.

2. Isospin ¼ 3=2

In Fig. 9 we show the results of the calculation of the
vector meson-baryon amplitude in the isospin 3=2, spin
1=2 space where we have only two coupled channels: "N
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these amplitudes around 2 GeV. It could be argued that one
out of these two poles is too wide and may not be important
in the sense that its effect cannot be easily seen in real
experimental data. Such a consequence might be close to
reality, however, the picture will change with the addition
of more interactions as we shall see in the following
sections, and this two pole structure will play a crucial
role in understanding the results.

B. Addition of more diagrams

The t-channel interaction leads to the generation of two
pairs of spin 1=2-3=2 degenerate resonances with isospin
1=2. These resonances have a mass !1700 MeV and
!2000 MeV with the latter one possessing a two pole
structure, one of which could be interpreted as aK"! bound
state and the other could be interpreted as a K""#!N
resonance. We will now discuss the results obtained by
adding to the t-channel interactions, the contact term, the

s and u channels, where the resultant interaction has a ~s $ ~S
structure (spin-spin interaction). We thus expect to lift the
spin degeneracy of the states obtained by considering the
t-channel diagrams as the tree-level amplitudes. Let us first
consider the case of total isospin 1=2 of the meson-baryon
systems.

1. Isospin ¼ 1=2

In Fig. 4 we show the squared amplitude, jTj2, for the
"N channel, for the spin half (left panel) and spin three-
half (right panel) case. The result obtained by considering
the t-channel interaction alone is shown by a dashed line
(which is same as the solid line of Fig. 2). In order to avoid
confusion here, we would like to call the attention of the
reader to the fact that the vertical axes of the left and the
right panels in Fig. 4 are different, which makes the
t-channel results appear different for spin 1=2 and 3=2

although they are same. The result of adding the contact
interaction is shown by a dash-dotted line, and that ob-
tained by further adding the s- and u-channel exchange is
shown by a solid line. All these calculations have been
carried out by using the procedure of the convolution of the
loops to take into account the fact that the " andK" mesons
possess a non-negligible width. Henceforth, we shall stick
to the discussion of the results obtained by convoluting the
loops unless otherwise stated.
It can be seen that the calculations done by adding the

contact term to the t-channel interaction give very different
results (dash-dotted lines) as compared to the ones ob-
tained by considering the t channel alone (dashed lines).
The left panel shows that the clear peak found in spin
degenerate t-channel calculations disappears upon adding
the spin half contact interaction. The magnitude of the
squared amplitude falls by about 2 orders of magnitude
in the 1700MeV region and no structure is found by adding
the contact term, VCT.
The results are quite different for the spin 3=2 case as

shown in the adjacent figure (right panel). In this case the
peak obtained from t-channel calculations gets enhanced by
a factor 10 but shifts by about 50MeV to the lower energies.
These results can be very well understood by looking at the
structure of the contact interaction given by Eqs. (27) and
(28) alongwith the coefficientsCCT

ij of Table I. It can be seen

that the contact term is repulsive for most channels in the
spin half case but is mostly attractive in the spin 3=2 case,
with the order of magnitude being similar to the t-channel
interaction always. Thus, the spin 1=2 contact term reduces
the attractive t-channel interaction in the vector-baryon
system but adds to the attraction in the spin 3=2 case. As a
result the spin degenerate peak at 1700 MeV in the ampli-
tudes obtained by the t-channel interaction disappears in the
spin 1=2 case, and the spin 3=2 results show the peak shifted
to lower energies with much larger magnitude. The further
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I. INTRODUCTION

Recent interests in hadron physics have been largely
motivated by experimental observations of new states in
the resonance region which are not easily explained by the
conventional constituent quark model. The strong interac-
tions among the ground state mesons and baryons not only
affect their properties but also, in some cases, generate
resonances dynamically (examples of some of the recent
related works are Refs. [1–10]). Therefore, it is of great
importance to investigate these dynamical aspects based on
reliable hadron-hadron interactions.

In a quark picture, an energy of several hundred MeV
which is a typical scale of one quanta of orbital excitation
is sufficient to create a "qq pair, making multiquark com-
ponents in a hadron. If they further develop color singlet
clusters of ground state hadrons near their threshold, they
may form a loosely bound or resonant state provided that
sufficiently strong attraction is available. This is what we
expect microscopically for the dynamical generation of
resonances. A spin zero configuration of "qq forms a
JP ¼ 0% pseudoscalar meson, and is the basic building
block of, for instance, #ð1405Þ [11–13]. Similarly, the
JP ¼ 1% configuration giving a vector meson could also
be an element of certain baryon resonances as indicated in
Refs. [14–19]. However, while the pseudoscalar meson-
baryon interaction is well dictated by the low energy
theorems of spontaneously broken chiral symmetry, the
interaction of vector mesons and baryons are not fully
studied. This is one of the issues that we would like to
discuss in this paper.

It is known that the theory of the hidden local symmetry
(HLS) [20] can accommodate vector mesons consistently
with the chiral symmetry. In fact, the HLS model has been

shown to share many important aspects of low energy
dynamics. Furthermore, a recent holographic approach to
QCD has derived the extended HLS model where an
infinite series of the vector mesons emerges as a conse-
quence of the dynamics in the extra fifth dimension
[21,22]. This HLS model forms the basis of our study
The vector meson-octet baryon interaction has been

studied within the HLS by assuming a vector meson ex-
change in the t channel [19] [Fig. 1(a)] as the lowest order
amplitude and several baryon resonances have been found
as a result of solving the Bethe-Salpeter equation in the
coupled channel formalism. However, in Ref. [19] all
the states are found to be spin 1=2-3=2 degenerate since
the leading order interaction obtained from the t-channel
exchange is spin independent. This latter finding is differ-
ent fromwhat one would expect from the interaction of two
particles of similar mass and nonzero spin, just as for the
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FIG. 1. Diagrammatical representation of the vector meson-
baryon interaction via a (a) t-channel exchange, (b) contact term,
(c) s-channel, and (d) u-channel exchange. The double lines in
these diagrams represent the vector mesons.
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addition of the s- and u-channel diagrams enhances the
effect produced by the contact term in the T matrices as
shown by the solid lines.

Next, we show the squared amplitude for the !N chan-
nel in Fig. 5. Here we see that the contact term added to the
t-channel diagram produces a slightly enhanced peak
structure in the spin half amplitude. In the spin 3=2 case,
the broad peak around 2 GeV changes into a narrower one
near 1960 MeV and a bump-like structure develops at
!1660 MeV. Further addition of the s- and u-channel
diagrams gives rise to a clear peak in the spin 3=2

amplitude, at about 1650 MeV. Thus, our total !N ampli-
tude shows two peaks in the spin 3=2 case. Another inter-
esting feature seen in the spin 3=2 T matrices is a broad
bump near 2050 MeV.
Figure 6 depicts the squared amplitude for the !N

channel. Once again, for this channel too, the addition of
the contact term to the t-channel interaction produces quite
some changes in the results obtained without it. The spin
1=2 !N matrix element shows an enhancement of the
strength of squared matrix element, like in the !N case.
The spin 3=2 !N amplitude shows a sharper peak around
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114041-91950 MeV by the addition of the contact term, s-, and
u-channel diagrams. In the total amplitude (solid line) one
can also see a bump around 1650 MeV.

It remains to discuss the results for K!! and K!"
channels. The ones corresponding to the former channel
are shown in Fig. 7. This is the only channel which shows
two peaks in the squared amplitude calculated by taking
the t-channel interaction. Clearly, the lower energy peak
disappears upon adding the mostly repulsive, spin 1=2
contact interaction. The spin 3=2 case results in two dis-
tinct peaks (as shown by the dash-dotted line in the right
panel of Fig. 7). The strength of the squared amplitude in
this case gets enhanced by about a factor 5. The further
addition of the s and u channels, although it leaves the spin
1=2 amplitude almost unaltered, increases the magnitude
of the spin 3=2 amplitude by another factor "3 near
1950 MeV. This hints toward a larger coupling of the
K!! channel to the 3=2# state with mass close to
1950 MeV. We shall verify this in the subsequent subsec-
tion where we discuss the calculations of the couplings.

Finally, let us contemplate the K!" coupled channel.
The squared amplitude for this channel shows a well-
pronounced peak in the spin 1=2 case at "1975 MeV
(left panel of Fig. 8). It can be seen that the addition of
the contact term enhances the strength of the peak found in
the t-channel calculations (dashed line) by about an order
of magnitude (dash-dotted line). The full calculations de-
picted as solid lines show some reduction in strength.
Nevertheless, the strength of the spin 1=2 amplitude of
the K!" channel remains the largest, which indicates
toward its strong coupling to a possible corresponding state
with a 1=2# quantum number. The full spin 3=2 K!"
amplitude, depicted as a solid line in the right panel of
Fig. 8, shows a peak at 2064 MeVand a bump around 1950
MeV. Interestingly, the spin 3=2 K!! and !N amplitudes
show a clear peak at 1950 MeV, where the K!" amplitude
shows a weak bump.

To interpret these isospin 1=2 results on the real axis, we
have looked for poles in the complex plane. In the spin 1=2
case we find a pole at 1977# i22 MeV and in the spin 3=2
case we find two poles at 1642# i0 and 2071# i7 MeV.

We find that the peak structure seen in the !N, !N, and
K!! amplitudes near 1960 MeV correspond to a !N cusp
for which we see a pole extremely close to the real axis
near the !N threshold.
To summarize our results in the isospin 1=2 case, we

study the strangeness zero vector meson-baryon system by
taking a contact term, t-, s-, and u-channel diagrams as
leading order interactions. A coupled channel calculation
with these interactions made on the real energy axis, leads
to finding of a peak close to 1970MeVwith total spin equal
to 1=2. We do not find any structure near 1700 MeV in the
spin 1=2 amplitude. In the spin 3=2 case we find a peak
near 1650 MeV and 2 GeV. We will come back to a more
detailed discussion of corresponding poles found in the
complex plane in a later section.

2. Isospin ¼ 3=2

In Fig. 9 we show the results of the calculation of the
vector meson-baryon amplitude in the isospin 3=2, spin
1=2 space where we have only two coupled channels: "N
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A new state Ω(2109)
arXiv:2606.27572v2

• Prediction for measuring data on Femtoscopic 
correlation functions 

• Test of our model
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Model and data disagreements 
• Free parameters do not imply that we will always fit the data. 

• Example: a study in progress. Coupled dynamics of 
πΞ, ηΞ, K̄Σ, K̄Λ, ρΞ, ωΞ, ϕΞ, K̄∗Σ, and K̄∗Λ .
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Strong final state interaction in weak decays
• Recently, data on  [JHEP 08, 165 (2024)]

•   has been made available [R. Aaij et al. (LHCb), PRD 101, 032005 (2020)]

• Studying FSI in these processes can bring useful information.

B+ → D∗−D+
s π+

B− → D∗+π−π−
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4

state, but it will play an important role in the resonant contributions to be analyzed in the next subsections. Then,
from the momentum conservation we have pP = PB → q → pω, where PB and q are respectively the four-momenta of
B→ and the vector meson Vi (which for the tree-level it is present in the final state, but for the resonant contributions
it will be virtual). As a consequence, keeping in mind that for the reaction in Fig. 2 the vecton meson is on-shell, i.e.
ωViµq

µ = 0, the tree-level amplitude can be written as

→it(tree) = C0ωD→+µP
µ
B . (9)

C. Production amplitude of the broad resonance D1(2430)

The properties of the axialD1(2420) andD1(2430) states (like their masses, widths and scattering lengths) have been
well described by solving the Bethe-Salpeter equations with amplitudes accounting for the meson-meson dynamics and
a bare quark-model state, considering two di!erent parametrizations denoted as model A and model B respectively
associated to the findings from Babar and LHCb/Belle collaborations (see discussion in the Introduction and more
details in Ref. [21]). According to this cited work, the D↑ε amplitude is predominantly governed by the broader
D1(2430) state, with no significant indication of the D1(2420). In contrast, the Dϑ amplitude is characterized by the
dominance presence of the narrow pole. The contribution of coupled channel interactions to the D↑ε amplitude is
suppressed. These findings are consistent with the couplings of the D1 states to the respective channels, as shown in
Table II and III of [21]: the pole associated to the D1(2430) has the biggest coupling for the D↑ε, and a non-negligible
coupling to the K̄D↑

s , while the pole corresponding to the D1(2430) shows the largest coupling to the Dϑ channel,
along with a significant coupling to the K̄D↑

s channel. In both models, the couplings for the other channels are
significantly reduced and for practical purposes can be safely neglected.

FIG. 3. Rescattering contribution for the mechanism to produce the B→ → D↑+ω→ω→ decay, associated to the dynamical
generation of the D1(2430) resonance.

Thus, keeping in mind the discussion above, let us calculate the production amplitude considering separately
the intermediate channels in which the broad resonance D1(2430) contribution is dominant. This process is shown
schematically in Fig. 3. Considering only the relevant channels for the generation of the mentioned state, the reaction
occurs via a primary iε→ production, where i = 1, 2, 3 designate respectively the primary vector meson-pseudoscalar
meson pairs D↑+ε→, D↑0ε0, D↑+

s K→, and ε→ the spectator pion. It is followed by a rescattering process of the V P pair
into a final D↑+ε→ε→ state. This reaction is considered to proceed via S-wave. Therefore, the production amplitude
t(B) is given by

→it(B)(Minv) = (→i)2
∑

i

C(B)
i

∫
d4q

(2ε)4
Ṽ µ
iω↑

[
∑

Pol

ωViµω
↑
Viε

]
Gi(Minv)T

ε
i,D→+ω↑(Minv), (10)

where Minv is the invariant mass of the D↑+ε→ system; C(B)
i is the weight associated to the reaction of the i→th

intermediate state; the Gi(Minv) is the two-meson loop function of the i→th intermediate state;
∑

Pol is the sum over
the polarization of the intermediate vector meson in the loop; and Ti,D→+ω↑ denotes the element of the unitarized
transition matrix for the reaction i ↑ D↑+ε→, obtained in Ref. [21] by solving the Bethe-Salpeter equation

T = [1→ V G]→1 V , (11)

with V labeling the interaction potential matrix. Here we use the same Ti,D→+ω↑ elements as in Ref. [21].
The final form of t(B)(Minv) in Eq. (10), which will be used to estimate the mass distribution, is obtained by

implementing a series of mathematical manipulations which are summarized in Appendix A.
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Strong final state interaction in weak decays
• Motivation to study  interactions: the existence of two lightest axial mesons with large uncertainties on their 
properties.

• . Similar mass, different widths. We should be able to understand this in heavy quark spin 
symmetry.

D∗π

D1(2420), D1(2430)

1/2+ 1/2−

L = 1

c q̄

Decay in L = 0

1/2+ ⊗ 3/2+

1/2+ 1/2−

c q̄

0−

π

L = 0

1/2+ ⊗ 1/2+ 1/2+ ⊗ (1/2− ⊗ 0−)

1/2+ ⊗ (1/2− ⊗ 0−)
Decay in L = 2

1/2+ ⊗ (1/2− ⊗ 0− ⊗ 2+)

Larger width

smaller width 14



Strong final state interaction in weak decays
• In practice, neither effective field theories based on chiral and heavy quark spin symmetry 
are able to describe the properties of the axial states, even with the presence of large 
uncertainties.

• The scattering lengths measured from heavy-ion collisions and from lattice do not agree 
with each other.

Lattice-inspired FT models 
L. M. Abreu, D. Cabrera, F. J. Llanes-Estrada, and J. M. Torres-Rincon, Ann. Phys. 
(Amsterdam) 326, 2737 (2011).
L. S. Geng, N. Kaiser, J. Martin-Camalich, and W. Weise,Phys. Rev. D 82, 054022 (2010).

χ Alice 
Phys. Rev. D 110 (2024) 032004

a3/2D⇡ = �0.100(1) fm
<latexit sha1_base64="BCARMYxumQfybS/i74FtWAORcdY=">AAACDnicbVDLSsNAFJ3UV42vqks3g6VQF9akFXQjFHXhsoJ9QFvDZDpph04ezNyIJcQfcOOvuHGhiFvX7vwb0zYLbT1w4XDOvdx7jx0IrsAwvrXMwuLS8kp2VV9b39jcym3vNJQfSsrq1Be+bNlEMcE9VgcOgrUCyYhrC9a0hxdjv3nHpOK+dwOjgHVd0ve4wymBRLJyBZ1Y0WUn4PFtVDkqx2eHRsk0jKJ50AF2D9GD48a6buXyRsmYAM8TMyV5lKJm5b46PZ+GLvOACqJU2zQC6EZEAqeCxXonVCwgdEj6rJ1Qj7hMdaPJOzEuJEoPO75MygM8UX9PRMRVauTaSadLYKBmvbH4n9cOwTntRtwLQmAenS5yQoHBx+NscI9LRkGMEkKo5MmtmA6IJBSSBMchmLMvz5NGuWRWSuXr43z1PI0ji/bQPioiE52gKrpCNVRHFD2iZ/SK3rQn7UV71z6mrRktndlFf6B9/gAdDZmf</latexit>

a1/2D⇡ ⇠ 0.2 fm
<latexit sha1_base64="hyGHSN66uFrxYQZCYgOdvPMhdfc=">AAACC3icbVBNS8NAEN34WetX1KOXpUXwVJMq6LGoB48V7Ac0sWy2m3bpbhJ2J2IJ8ezFv+LFgyJe/QPe/DcmbQ/a+mDg8d4MM/O8SHANlvVtLCwuLa+sFtaK6xubW9vmzm5Th7GirEFDEaq2RzQTPGAN4CBYO1KMSE+wlje8yP3WHVOah8ENjCLmStIPuM8pgUzqmqUi6SaXTsTT28Q+qqaO5hJbleqDA+weEl+mxa5ZtirWGHie2FNSRlPUu+aX0wtpLFkAVBCtO7YVgZsQBZwKlhadWLOI0CHps05GAyKZdpPxLyk+yJQe9kOVVQB4rP6eSIjUeiS9rFMSGOhZLxf/8zox+GduwoMoBhbQySI/FhhCnAeDe1wxCmKUEUIVz27FdEAUoZDFl4dgz748T5rVin1cqV6flGvn0zgKaB+V0CGy0SmqoStURw1E0SN6Rq/ozXgyXox342PSumBMZ/bQHxifP0TKme8=</latexit>
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Strong final state interaction in weak decays
• We consider data on weak decays ,  as an alternative 
source of information

B+ → D∗−D+
s π+ B− → D∗+π−π−

+

+ FSI
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Strong final state interaction in weak decays
•  The data can be described by s-wave interactions alone. In contrast to the 60-80% D-wave + 
1-10% S-wave contribution considered in the fit made by the experimental group. 

• D-wave interaction may contribute in a smaller proportion. We should implement it in the future.

• Future prospects: the data is dominated by the  signal. A more refined model describing 
 should be considered.

D1(2420)
D1(2430)
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Strong final state interaction in weak decays
•  The data can be described by s-wave interactions alone. In contrast to the 60-80% D-wave + 
1-10% S-wave contribution considered in the fit made by the experimental group. 

• D-wave interaction may contribute in a smaller proportion. We should implement it in the future.

• Future prospects: the data is dominated by the  signal. A more refined model describing 
 should be considered.

D1(2420)
D1(2430)

Tensor state, not present in our model
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Strong final state interaction in weak decays

• We find the scattering length value,  fm, in agreement with lattice-inspired 
FT models.

|a1/2
D∗π | = 0.45

χ

Lattice-inspired FT models 

Liuming Liu, Kostas Orginos, Feng-Kun Guo, Christoph Hanhart, Ulf-G. Meissner Phys.Rev.D 87 

(2013) 1, 014508 

χ
Alice 
Phys. Rev. D 110 (2024) 032004

a1/2
D∗π = 0.37+0.03

−0.02 fm

a3/2
D∗π = − 0.100(1) fm
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Conclusions

• We do not have good precision yet, neither from the experimental side nor from 
models.

• Several effects appear at the same time: resonances, threshold effects, etc. We cannot 
isolate them.

• Coupled-channel dynamics is important to interpret experimental data carefully.

• A good description of nonperturbative hadronic interactions is not only important for 
spectroscopy, but also for deducing reliable information on the weak phase when 
analysing CP violation and when looking for evidence for new physics.
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THANK YOU! 
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