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𝑀 (𝑀𝑒𝑉) 𝛤 (𝑀𝑒𝑉)

	𝑷𝒄 𝟒𝟑𝟖𝟎 𝟒𝟑𝟖𝟎 ± 𝟖 ± 𝟐𝟗 𝟐𝟎𝟓 ± 𝟏𝟖 ± 𝟖𝟔

𝑷𝒄 𝟒𝟒𝟓𝟎 𝟒𝟒𝟒𝟗. 𝟖 ± 𝟏. 𝟕 ± 𝟐. 𝟓	 𝟑𝟗 ± 𝟓 ± 𝟏𝟗

2 pentaquark states were observed by the LHCb Collaboration in the invariant
mass distribution J/ψp mass spectrum of the𝜦𝒃 ⟶ 𝑱/𝝍𝑲F𝒑 process:

LHCb Collaboration, Phys. Rev. Lett. 115, 072001 (2015) 

Motivation: Experimental background



Prior to the experimental measurement, similar states had already been predicted
by means of:

Motivation: Theoretical background

• quark model approaches

• molecular picture

Wang, Huang, Zhang, Zou, PRC 84, 015203 (2011)
Yuan, Wei, He, Xu, Zou, EPJA 48, 61 (2012)

Wu, Molina, Oset, Zou, PRL 105, 232001 (2010); PRC 84, 015202 (2011)
Yang, Sun, He, Liu, Zhu, Chin. Phys. C 36, 6 (2012)
Xiao, Nieves, Oset, PRD 88, 056012 (2013)
Karliner, Rosner, PRL 115, 122001 (2015)



Motivation: Theoretical background
• molecular picture

𝑆 = −1	 charmonium states were predicted decaying into J/ψΛ and strongly
coupling to 𝐷I∗𝛯L, 𝐷I∗𝛯LN around 4.4 GeV

Wu, Molina, Oset, Zou, PRL 105, 232001 (2010); PRC 84, 015202 (2011)

The existence of a hidden charm pentaquark in the I= 0, 𝑆 = −1 sector is likely

(I, S) zR ga

(1/2, 0) D̄∗Σc D̄∗Λ+
c J/ψN

4415 − 9.5i 2.83− 0.19i −0.07 + 0.05i −0.85 + 0.02i

2.83 0.08 0.85

(0,−1) D̄∗
sΛ

+
c D̄∗Ξc D̄∗Ξ′

c J/ψΛ

4368 − 2.8i 1.27− 0.04i 3.16 − 0.02i −0.10 + 0.13i 0.47 + 0.04i

1.27 3.16 0.16 0.47

4547 − 6.4i 0.01 + 0.004i 0.05 − 0.02i 2.61− 0.13i −0.61− 0.06i

0.01 0.05 2.61 0.61

TABLE IX: Pole position (zR) and coupling constants (ga) to various channels for the states from

PB → PB including the J/ψN and J/ψΛ channels.

(I, S) zR Real axis Γi

M Γ

(1/2, 0) J/ψN

4415 − 9.5i 4412 47.3 19.2

(0,−1) J/ψΛ

4368 − 2.8i 4368 28.0 5.4

4547 − 6.4i 4544 36.6 13.8

TABLE X: Pole position (zR), mass (M), total width (Γ, including the contribution from the light

meson and baryon channel) and the decay widths for the J/ψN and J/ψΛ channels (Γi). The unit

are in MeV

partial decay width of the N∗
cc̄ into this channel, ΓπN

g2N∗

cc̄→πN =
2πMN∗

cc̄
ΓπN

MNponπ
(29)

with ponπ = λ1/2(M2
N∗

cc̄
, m2

π,M
2
N)/2MN∗

cc̄
, the value of the on-shell pion momentum from the

N∗
cc̄ → πN decay. By taking the standard πNN vertex, VπNN = igπγ5τλ (gπ ≃ 13), we

20



Motivation: Suggested reactions to observe a possible hidden-charm 𝑆 = −1
pentaquark

⇤b ! J/ K0⇤

⇤b ! J/ ⌘⇤

⇤b ! J/ �⇤

⌅�
b ! J/ K�⇤

Statistics of the production of Ξ&F is much poorer than that of Λ&.
Chen, Geng, Liang, Oset, Wang, Xie, PRC 93, 065203 (2016) 

LHCb Collaboration, Phys. Lett. B 772, (2017) R⌅�
b
/R⇤b =

�
4.19± 0.29(stat)± 0.15(syst)

�
· 10�2

Lu, Wang, Xie, Geng, Oset, PRD 93, 094009 (2016) 

Feijoo, Magas, Ramos, Oset, Eur. Phys. J. C76, no.8, 446 (2016) 

Tena, Magas, Ramos – work in progress



Motivation: Suggested reactions to observe a possible hidden-charm 𝑆 = −1
pentaquark

⇤b ! J/ K0⇤

⇤b ! J/ ⌘⇤

⇤b ! J/ �⇤

⌅�
b ! J/ K�⇤

Statistics of the production of Ξ&F is much smaller than that of Λ&.
Chen, Geng, Liang, Oset, Wang, Xie, PRC 93, 065203 (2016) 

LHCb Collaboration, Phys. Lett. B 772, (2017) R⌅�
b
/R⇤b =

�
4.19± 0.29(stat)± 0.15(syst)

�
· 10�2

Lu, Wang, Xie, Geng, Oset, PRD 93, 094009 (2016) 

Feijoo, Magas, Ramos, Oset, Eur. Phys. J. C76, no.8, 446 (2016) 

Tena, Magas, Ramos – work in progress



Production mechanism of a meson-baryon pair from the Λ& weak decay
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Roca,  Mai, Oset and Meissner, Eur. Phys. J. C 75, no. 5, 218   (2015) 𝛬& → 𝐽/𝜓	𝑀𝐵
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Cabibbo favored weak transition



Production mechanism of a meson-baryon pair from the Λ& weak decay
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Production mechanism of a meson-baryon pair from the Λ& weak decay

• The b-quark and 𝜦𝒃 have I=0, therefore ud quark pair has I=0
• We assume that u and d quarks act as spectators
• After the weak decay the combination of ud with s can only form 𝜦	(I=0) states

R. Aaij. et al. [LHCb Collaboration], Phys. Rev. Lett. 115 072001 (2015).
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𝛬& → 𝐽/𝜓	𝜂𝛬 decay: Transition amplitude
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P
i
hiGi(M⌘⇤)ti,⌘⇤(M⌘⇤) + h⌘⇤GJ/ ⇤(MJ/ ⇤)tJ/ ⇤,J/ ⇤(MJ/ ⇤)

�

• The 𝑽𝑷 factor absorbs the CKM matrix elements and the kinematic prefactors

Unknown overall factor              Arbitrary units
Taken as a constant value
Feijoo, Magas, Ramos, Oset: Phys.Rev. D92 (2015) no.7, 076015,

Erratum: Phys.Rev. D95 (2017) no.3, 039905



𝛬& → 𝐽/𝜓	𝜂𝛬 decay: Transition amplitude

• 𝒉𝒊 weights of the final meson-baryon states in the flavor wave function

h⇡0⌃0 = h⇡+⌃� = h⇡�⌃+ = hK+⌅� = hK0⌅0 = 0 ,

hK�p = hK̄0n = 1 , h⌘⇤ = �
p
2
3
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𝛬& → 𝐽/𝜓	𝜂𝛬 decay: Transition amplitude
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• Meson-Baryon loop function 𝑮𝒊 (𝑖 = 𝐾F𝑝, 𝐾Id𝑛, 𝜂𝛬)

46 Chiral unitary approach

forward, because the former is an integral equation which involves an integral over the

four-momentum of the intermediate meson-baryon system. Fortunately, it has been

shown [20] that the interaction kernel can be conveniently splitted into its on-shell

contribution and the corresponding o↵-shell one. The o↵-shell part of the interaction

kernel gives rise to a tadpole-type diagram, which can be reabsorbed into renormaliza-

tion of couplings and masses and could, hence, be omitted from the calculation. This

procedure permits factorizing Vil and Tlj out of the integral equation, leaving a simple

system of algebraic equations to be solved, which, in matrix form reads:

T = (1 � V G)�1V, (1.69)

where the loop function G stands for a diagonal matrix with elements:

Gl = i

Z
d4ql

(2⇡)4
2Ml

(P � ql)
2 � M2

l + i✏

1

q2l � m2

l + i✏
, (1.70)

where Ml and ml are the baryon and meson masses of the “l” channel. The loop

function diverges logarithmically and needs to be regularized. We apply dimensional

regularization, which gives:

Gl =
2Ml

(4⇡)2

(
al(µ) + ln

M2

l

µ2

+
m2

l � M2

l + s

2s
ln

m2

l

M2

l

+

q
cmp
s
ln


(s + 2

p
sq

cm

)2 � (M2

l � m2

l )
2

(s � 2
p

sq
cm

)2 � (M2

l � m2

l )
2

�)
. (1.71)

The loop functions Gl depend, for a given dimensional regularization scale µ which is

taken to be 1 GeV in our particular case, on the subtraction constants al. These are

unknown parameters that will be fitted to the experimental data. However, isospin

• Scattering amplitude 𝒕𝒊,qr from:

Feijoo,	Magas,	Ramos:	
Phys.	Rev.	C	92,	015206	(2015)
Nucl.	Phys.	A		954,	58	(2016)
EPJ	Web	Conf.	137	05003 (2017)



𝛬& → 𝐽/𝜓	𝜂𝛬 decay: Transition amplitude
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• 𝐽/𝜓	-𝛬 loop function 𝑮s/t	r• Scattering amplitude 𝒕s/tr from:

aJ/ ⇤ = �2.3

Wu, Molina, Oset, Zou:PRL 105, 232001 (2010); 
PRC 84, 015202 (2011)



𝛬& → 𝐽/𝜓	𝜂𝛬 decay: double differential cross-section and Dalitz plot
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Figure 4.14: Dalitz plot showing the locus of allowed MJ/ ⇤, M⌘⇤ invariant masses
in the decay ⇤b ! J/ ⌘⇤. The orange band covers the uncertainties assumed in
eq. (4.32) for the molecular S = �1 pentaquark, namely MR = 4550 MeV and �R =
10 MeV.

for di↵erent values of the pentaquark coupling to J/ ⇤ and for di↵erent values of the

pentaquark mass, respectively, show obvious trends. From Fig. 4.15 we can conclude

that the pentaquark could be seen over the background even if its coupling to J/ ⇤

states were as low as | gJ/ ⇤ |= 0.48. The unitary approaches of Refs. [35–38] predict

values for this coupling in between 0.5 � 1.0, which make us believe that the strange

pentaquark could leave a clear signature in the J/ ⇤ mass spectrum.

The invariant mass distribution of ⌘⇤ states is not sensitive to the characteristics of

the pentaquark, as already noted in the discussion of Fig 4.13. We have checked that

changes in either the coupling | gJ/ ⇤ | or in the mass MR do not practically change

the aspect of the ⌘⇤ invariant mass spectrum.

In Fig. 4.17 we explore the e↵ect of including the additional e↵ect of a ⇤(2000) s-

wave resonance coupling to ⌘⇤ states. The unknown coupling strength ↵ of eq. (4.19)

is varied such that it produces a clearly visible change in the spectrum of ⌘⇤ invariant

Strange pentaquark
can be observed!



𝛬& → 𝐽/𝜓	𝜂𝛬 decay: 𝐽/𝜓	𝛬 mass distribution
152 The ⇤b decay
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Figure 4.15: Invariant mass distributions of J/ ⇤ states produced in the decay ⇤b !
J/ ⌘⇤, obtained forModel 2 and for di↵erent values of the coupling of the pentaquark
to J/ ⇤.
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Figure 4.16: Invariant mass distributions of J/ ⇤ states produced in the decay ⇤b !
J/ ⌘⇤, obtained for Model 2 and for di↵erent values of the pentaquark mass states.

masses with respect to what we obtain in the absence of this contribution, as seen

in the bottom panel of Fig. 4.17. In the top panel we observe that the inclusion of

the ⇤(2000) on the J/ ⇤ pair distribution, where the ⌘⇤ invariant masses have been

integrated out, essentially enhances the strength while keeping the same shape for the
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masses with respect to what we obtain in the absence of this contribution, as seen

in the bottom panel of Fig. 4.17. In the top panel we observe that the inclusion of

the ⇤(2000) on the J/ ⇤ pair distribution, where the ⌘⇤ invariant masses have been

integrated out, essentially enhances the strength while keeping the same shape for the

Clear signal of the strange pentaquark!!!



𝛬& → 𝐽/𝜓	𝜙𝛬 decay: Transition-amplitude contributions and Dalitz plots 5

FIG. 2: A diagram representing the decay amplitude for ⇤b !
J/ �⇤. (a) three level, (b) the ⇤� production through the
coupled-channel interaction of the initially produced ⇤� and
K̄⇤N meson-baryon pairs, (c) J/ ⇤ ! J/ ⇤ meson-baryon
interaction and (d) J/ �! J/ � meson-meson interaction.

states to produce �⇤. Likewise, the state represented
in Fig. 2(a) could be obtained as an intermediate state.
Further interaction of the final states, such as J/ ⇤ in
Fig. 2(c), or J/ � in Fig. 2(d), would also produce the
desired final state. When all the possible diagrams are
combined, the invariant amplitude becomes

M
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i
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i
. (22)

In our particular reaction, we have three hadrons at the
final state, and as a consequence, three combinations of
two particle invariant masses are possible, M

�⇤, M
J/ ⇤

and M
J/ �

, being related with each other as follows

M2
�⇤+M2

J/ ⇤+M2
J/ �

= M2
⇤

b

+m2
�

+m2
J/ 

+M2
⇤. (23)

The G matrix must be calculated accordingly to the
type of interaction. Particularly, the G

�⇤ and G
J/ ⇤ are

defined by Eq.(9), as they are meson-baryon interactions.
On the other hand, for meson-meson interaction, G

J/ �

is described by Eq.(10).
The factor V

p

, includes the common dynamics of the
production of the di↵erent pairs for a s-wave weak de-
cay process [16]. Our aim in this study is limited since
we are only concerned about a narrow window of invari-
ant masses. Within this window, the factors needed to
describe the interaction varies smoothly comparing with
the changes induced by these interactions. Hence, it is
a valid assumption to consider V

p

constant and neglect
its dependency on energy within this energy range, sim-
plifying the procedure as knowing its real value is a very
challenging task [15].

Finally, one must obtain an analytic expression for the
double di↵erential decay rate, which is related with the
number of events measured experimentally. In our decay,
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where M represents an s-wave vertex that produces

one of the possible pentaquarks with J = 1/2 and J =
3/2. The limits of integration for each bound state are
fixed by the range of energies in which the corresponding
pentaquark can be found. This can be obtained from
kinematics relations, which also defines the Dalitz Plot.
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as peaks in the invariant mass distributions of their de-
cay products. The first exotic hadron was discovered in
2003 at the Belle detector while the study of the exclu-
sive decay process B± ! K±⇡�⇡+. They found out a
charmonium-like tetraquark state X(3872) with invari-
ant mass 3872.0±0.6(stat)±0.5(syst)MeV [3], as it can
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FIG. 2: A diagram representing the decay amplitude for ⇤b !
J/ �⇤. (a) three level, (b) the ⇤� production through the
coupled-channel interaction of the initially produced ⇤� and
K̄⇤N meson-baryon pairs, (c) J/ ⇤ ! J/ ⇤ meson-baryon
interaction and (d) J/ �! J/ � meson-meson interaction.

states to produce �⇤. Likewise, the state represented
in Fig. 2(a) could be obtained as an intermediate state.
Further interaction of the final states, such as J/ ⇤ in
Fig. 2(c), or J/ � in Fig. 2(d), would also produce the
desired final state. When all the possible diagrams are
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In our particular reaction, we have three hadrons at the
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The G matrix must be calculated accordingly to the
type of interaction. Particularly, the G
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defined by Eq.(9), as they are meson-baryon interactions.
On the other hand, for meson-meson interaction, G
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is described by Eq.(10).
The factor V
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, includes the common dynamics of the
production of the di↵erent pairs for a s-wave weak de-
cay process [16]. Our aim in this study is limited since
we are only concerned about a narrow window of invari-
ant masses. Within this window, the factors needed to
describe the interaction varies smoothly comparing with
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a valid assumption to consider V
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constant and neglect
its dependency on energy within this energy range, sim-
plifying the procedure as knowing its real value is a very
challenging task [15].
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where M represents an s-wave vertex that produces

one of the possible pentaquarks with J = 1/2 and J =
3/2. The limits of integration for each bound state are
fixed by the range of energies in which the corresponding
pentaquark can be found. This can be obtained from
kinematics relations, which also defines the Dalitz Plot.
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FIG. 2: A diagram representing the decay amplitude for ⇤b !
J/ �⇤. (a) three level, (b) the ⇤� production through the
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states to produce �⇤. Likewise, the state represented
in Fig. 2(a) could be obtained as an intermediate state.
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where M represents an s-wave vertex that produces

one of the possible pentaquarks with J = 1/2 and J =
3/2. The limits of integration for each bound state are
fixed by the range of energies in which the corresponding
pentaquark can be found. This can be obtained from
kinematics relations, which also defines the Dalitz Plot.
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FIG. 2: A diagram representing the decay amplitude for ⇤b !
J/ �⇤. (a) three level, (b) the ⇤� production through the
coupled-channel interaction of the initially produced ⇤� and
K̄⇤N meson-baryon pairs, (c) J/ ⇤ ! J/ ⇤ meson-baryon
interaction and (d) J/ �! J/ � meson-meson interaction.

states to produce �⇤. Likewise, the state represented
in Fig. 2(a) could be obtained as an intermediate state.
Further interaction of the final states, such as J/ ⇤ in
Fig. 2(c), or J/ � in Fig. 2(d), would also produce the
desired final state. When all the possible diagrams are
combined, the invariant amplitude becomes
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In our particular reaction, we have three hadrons at the
final state, and as a consequence, three combinations of
two particle invariant masses are possible, M
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The G matrix must be calculated accordingly to the
type of interaction. Particularly, the G

�⇤ and G
J/ ⇤ are

defined by Eq.(9), as they are meson-baryon interactions.
On the other hand, for meson-meson interaction, G

J/ �

is described by Eq.(10).
The factor V
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, includes the common dynamics of the
production of the di↵erent pairs for a s-wave weak de-
cay process [16]. Our aim in this study is limited since
we are only concerned about a narrow window of invari-
ant masses. Within this window, the factors needed to
describe the interaction varies smoothly comparing with
the changes induced by these interactions. Hence, it is
a valid assumption to consider V

p

constant and neglect
its dependency on energy within this energy range, sim-
plifying the procedure as knowing its real value is a very
challenging task [15].

Finally, one must obtain an analytic expression for the
double di↵erential decay rate, which is related with the
number of events measured experimentally. In our decay,
three possible bound states can be studied by calculating
the di↵erential decay rate integrating the double di↵er-
ential decay rate over the correct range of energies,
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where M represents an s-wave vertex that produces

one of the possible pentaquarks with J = 1/2 and J =
3/2. The limits of integration for each bound state are
fixed by the range of energies in which the corresponding
pentaquark can be found. This can be obtained from
kinematics relations, which also defines the Dalitz Plot.
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FIG. 2: A diagram representing the decay amplitude for ⇤b !
J/ �⇤. (a) three level, (b) the ⇤� production through the
coupled-channel interaction of the initially produced ⇤� and
K̄⇤N meson-baryon pairs, (c) J/ ⇤ ! J/ ⇤ meson-baryon
interaction and (d) J/ �! J/ � meson-meson interaction.

states to produce �⇤. Likewise, the state represented
in Fig. 2(a) could be obtained as an intermediate state.
Further interaction of the final states, such as J/ ⇤ in
Fig. 2(c), or J/ � in Fig. 2(d), would also produce the
desired final state. When all the possible diagrams are
combined, the invariant amplitude becomes
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where M represents an s-wave vertex that produces
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Further interaction of the final states, such as J/ ⇤ in
Fig. 2(c), or J/ � in Fig. 2(d), would also produce the
desired final state. When all the possible diagrams are
combined, the invariant amplitude becomes
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In our particular reaction, we have three hadrons at the
final state, and as a consequence, three combinations of
two particle invariant masses are possible, M

�⇤, M
J/ ⇤

and M
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, being related with each other as follows
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The G matrix must be calculated accordingly to the
type of interaction. Particularly, the G

�⇤ and G
J/ ⇤ are

defined by Eq.(9), as they are meson-baryon interactions.
On the other hand, for meson-meson interaction, G

J/ �

is described by Eq.(10).
The factor V

p

, includes the common dynamics of the
production of the di↵erent pairs for a s-wave weak de-
cay process [16]. Our aim in this study is limited since
we are only concerned about a narrow window of invari-
ant masses. Within this window, the factors needed to
describe the interaction varies smoothly comparing with
the changes induced by these interactions. Hence, it is
a valid assumption to consider V

p

constant and neglect
its dependency on energy within this energy range, sim-
plifying the procedure as knowing its real value is a very
challenging task [15].

Finally, one must obtain an analytic expression for the
double di↵erential decay rate, which is related with the
number of events measured experimentally. In our decay,
three possible bound states can be studied by calculating
the di↵erential decay rate integrating the double di↵er-
ential decay rate over the correct range of energies,
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where M represents an s-wave vertex that produces

one of the possible pentaquarks with J = 1/2 and J =
3/2. The limits of integration for each bound state are
fixed by the range of energies in which the corresponding
pentaquark can be found. This can be obtained from
kinematics relations, which also defines the Dalitz Plot.

IV. DALITZ PLOT AND KNOWN
RESONANCES

Evidence for exotic hadrons has been recently observed
as peaks in the invariant mass distributions of their de-
cay products. The first exotic hadron was discovered in
2003 at the Belle detector while the study of the exclu-
sive decay process B± ! K±⇡�⇡+. They found out a
charmonium-like tetraquark state X(3872) with invari-
ant mass 3872.0±0.6(stat)±0.5(syst)MeV [3], as it can
be seen in Fig.??. Additionally, in 2015 two pentaquarks
where discovered in the decay of ⇤0

b

into J/ pK with
masses of 4380± 8± 29 MeV and 205± 18± 86MeV[4].
Since then, more exotic hadrons have been detected. Par-
ticularly, the X(4330) was also found at the Belle detec-
tor in 2010 while studying the �� ! J/ � reaction and
J/ � tetraquark states have been found at CMS, D0 in
2014 and LHCb in 2016, such as X(4140) and X(4274),
during the decay of B+ ! J/ �K+.

Dalitz plot and represents the available phase space
of the decay representing, for instance, m12 as a func-
tion of m23. The Dalitz plot for each possible molecular
state have been obtained considering the equivalences of
Fig. ??. The known resonances for M

�⇤, M
J/ ⇤ and
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FIG. 2: A diagram representing the decay amplitude for ⇤b !
J/ �⇤. (a) three level, (b) the ⇤� production through the
coupled-channel interaction of the initially produced ⇤� and
K̄⇤N meson-baryon pairs, (c) J/ ⇤ ! J/ ⇤ meson-baryon
interaction and (d) J/ �! J/ � meson-meson interaction.

states to produce �⇤. Likewise, the state represented
in Fig. 2(a) could be obtained as an intermediate state.
Further interaction of the final states, such as J/ ⇤ in
Fig. 2(c), or J/ � in Fig. 2(d), would also produce the
desired final state. When all the possible diagrams are
combined, the invariant amplitude becomes

M
j

(M
�⇤,M

J/ ⇤,MJ/ �

) =

V
p

h
h
�⇤ +

X

i

h
i

G
i

(M
�⇤)ti,�⇤(M�⇤)

+ h
�⇤G

J/ ⇤(MJ/ ⇤)tJ/ ⇤(MJ/ ⇤)

+ h
�⇤G

J/ �

(M
J/ �

)t
J/ �,J/ �

(M
J/ �

)
i
. (22)

In our particular reaction, we have three hadrons at the
final state, and as a consequence, three combinations of
two particle invariant masses are possible, M
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The G matrix must be calculated accordingly to the
type of interaction. Particularly, the G

�⇤ and G
J/ ⇤ are

defined by Eq.(9), as they are meson-baryon interactions.
On the other hand, for meson-meson interaction, G

J/ �

is described by Eq.(10).
The factor V

p

, includes the common dynamics of the
production of the di↵erent pairs for a s-wave weak de-
cay process [16]. Our aim in this study is limited since
we are only concerned about a narrow window of invari-
ant masses. Within this window, the factors needed to
describe the interaction varies smoothly comparing with
the changes induced by these interactions. Hence, it is
a valid assumption to consider V

p

constant and neglect
its dependency on energy within this energy range, sim-
plifying the procedure as knowing its real value is a very
challenging task [15].

Finally, one must obtain an analytic expression for the
double di↵erential decay rate, which is related with the
number of events measured experimentally. In our decay,
three possible bound states can be studied by calculating
the di↵erential decay rate integrating the double di↵er-
ential decay rate over the correct range of energies,
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where M represents an s-wave vertex that produces

one of the possible pentaquarks with J = 1/2 and J =
3/2. The limits of integration for each bound state are
fixed by the range of energies in which the corresponding
pentaquark can be found. This can be obtained from
kinematics relations, which also defines the Dalitz Plot.
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FIG. 2: A diagram representing the decay amplitude for ⇤b !
J/ �⇤. (a) three level, (b) the ⇤� production through the
coupled-channel interaction of the initially produced ⇤� and
K̄⇤N meson-baryon pairs, (c) J/ ⇤ ! J/ ⇤ meson-baryon
interaction and (d) J/ �! J/ � meson-meson interaction.

states to produce �⇤. Likewise, the state represented
in Fig. 2(a) could be obtained as an intermediate state.
Further interaction of the final states, such as J/ ⇤ in
Fig. 2(c), or J/ � in Fig. 2(d), would also produce the
desired final state. When all the possible diagrams are
combined, the invariant amplitude becomes

M
j

(M
�⇤,M

J/ ⇤,MJ/ �

) =

V
p

h
h
�⇤ +

X

i

h
i

G
i

(M
�⇤)ti,�⇤(M�⇤)

+ h
�⇤G

J/ ⇤(MJ/ ⇤)tJ/ ⇤(MJ/ ⇤)

+ h
�⇤G

J/ �

(M
J/ �

)t
J/ �,J/ �

(M
J/ �

)
i
. (22)

In our particular reaction, we have three hadrons at the
final state, and as a consequence, three combinations of
two particle invariant masses are possible, M

�⇤, M
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and M
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, being related with each other as follows
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The G matrix must be calculated accordingly to the
type of interaction. Particularly, the G

�⇤ and G
J/ ⇤ are

defined by Eq.(9), as they are meson-baryon interactions.
On the other hand, for meson-meson interaction, G

J/ �

is described by Eq.(10).
The factor V

p

, includes the common dynamics of the
production of the di↵erent pairs for a s-wave weak de-
cay process [16]. Our aim in this study is limited since
we are only concerned about a narrow window of invari-
ant masses. Within this window, the factors needed to
describe the interaction varies smoothly comparing with
the changes induced by these interactions. Hence, it is
a valid assumption to consider V

p

constant and neglect
its dependency on energy within this energy range, sim-
plifying the procedure as knowing its real value is a very
challenging task [15].

Finally, one must obtain an analytic expression for the
double di↵erential decay rate, which is related with the
number of events measured experimentally. In our decay,
three possible bound states can be studied by calculating
the di↵erential decay rate integrating the double di↵er-
ential decay rate over the correct range of energies,
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where M represents an s-wave vertex that produces

one of the possible pentaquarks with J = 1/2 and J =
3/2. The limits of integration for each bound state are
fixed by the range of energies in which the corresponding
pentaquark can be found. This can be obtained from
kinematics relations, which also defines the Dalitz Plot.
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Evidence for exotic hadrons has been recently observed
as peaks in the invariant mass distributions of their de-
cay products. The first exotic hadron was discovered in
2003 at the Belle detector while the study of the exclu-
sive decay process B± ! K±⇡�⇡+. They found out a
charmonium-like tetraquark state X(3872) with invari-
ant mass 3872.0±0.6(stat)±0.5(syst)MeV [3], as it can
be seen in Fig.??. Additionally, in 2015 two pentaquarks
where discovered in the decay of ⇤0
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into J/ pK with
masses of 4380± 8± 29 MeV and 205± 18± 86MeV[4].
Since then, more exotic hadrons have been detected. Par-
ticularly, the X(4330) was also found at the Belle detec-
tor in 2010 while studying the �� ! J/ � reaction and
J/ � tetraquark states have been found at CMS, D0 in
2014 and LHCb in 2016, such as X(4140) and X(4274),
during the decay of B+ ! J/ �K+.
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FIG. 2: A diagram representing the decay amplitude for ⇤b !
J/ �⇤. (a) three level, (b) the ⇤� production through the
coupled-channel interaction of the initially produced ⇤� and
K̄⇤N meson-baryon pairs, (c) J/ ⇤ ! J/ ⇤ meson-baryon
interaction and (d) J/ �! J/ � meson-meson interaction.

states to produce �⇤. Likewise, the state represented
in Fig. 2(a) could be obtained as an intermediate state.
Further interaction of the final states, such as J/ ⇤ in
Fig. 2(c), or J/ � in Fig. 2(d), would also produce the
desired final state. When all the possible diagrams are
combined, the invariant amplitude becomes
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In our particular reaction, we have three hadrons at the
final state, and as a consequence, three combinations of
two particle invariant masses are possible, M

�⇤, M
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and M
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, being related with each other as follows
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The G matrix must be calculated accordingly to the
type of interaction. Particularly, the G

�⇤ and G
J/ ⇤ are

defined by Eq.(9), as they are meson-baryon interactions.
On the other hand, for meson-meson interaction, G

J/ �

is described by Eq.(10).
The factor V

p

, includes the common dynamics of the
production of the di↵erent pairs for a s-wave weak de-
cay process [16]. Our aim in this study is limited since
we are only concerned about a narrow window of invari-
ant masses. Within this window, the factors needed to
describe the interaction varies smoothly comparing with
the changes induced by these interactions. Hence, it is
a valid assumption to consider V

p

constant and neglect
its dependency on energy within this energy range, sim-
plifying the procedure as knowing its real value is a very
challenging task [15].

Finally, one must obtain an analytic expression for the
double di↵erential decay rate, which is related with the
number of events measured experimentally. In our decay,
three possible bound states can be studied by calculating
the di↵erential decay rate integrating the double di↵er-
ential decay rate over the correct range of energies,
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where M represents an s-wave vertex that produces

one of the possible pentaquarks with J = 1/2 and J =
3/2. The limits of integration for each bound state are
fixed by the range of energies in which the corresponding
pentaquark can be found. This can be obtained from
kinematics relations, which also defines the Dalitz Plot.
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FIG. 2: A diagram representing the decay amplitude for ⇤b !
J/ �⇤. (a) three level, (b) the ⇤� production through the
coupled-channel interaction of the initially produced ⇤� and
K̄⇤N meson-baryon pairs, (c) J/ ⇤ ! J/ ⇤ meson-baryon
interaction and (d) J/ �! J/ � meson-meson interaction.

states to produce �⇤. Likewise, the state represented
in Fig. 2(a) could be obtained as an intermediate state.
Further interaction of the final states, such as J/ ⇤ in
Fig. 2(c), or J/ � in Fig. 2(d), would also produce the
desired final state. When all the possible diagrams are
combined, the invariant amplitude becomes
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In our particular reaction, we have three hadrons at the
final state, and as a consequence, three combinations of
two particle invariant masses are possible, M
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The G matrix must be calculated accordingly to the
type of interaction. Particularly, the G

�⇤ and G
J/ ⇤ are

defined by Eq.(9), as they are meson-baryon interactions.
On the other hand, for meson-meson interaction, G
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is described by Eq.(10).
The factor V

p

, includes the common dynamics of the
production of the di↵erent pairs for a s-wave weak de-
cay process [16]. Our aim in this study is limited since
we are only concerned about a narrow window of invari-
ant masses. Within this window, the factors needed to
describe the interaction varies smoothly comparing with
the changes induced by these interactions. Hence, it is
a valid assumption to consider V
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constant and neglect
its dependency on energy within this energy range, sim-
plifying the procedure as knowing its real value is a very
challenging task [15].

Finally, one must obtain an analytic expression for the
double di↵erential decay rate, which is related with the
number of events measured experimentally. In our decay,
three possible bound states can be studied by calculating
the di↵erential decay rate integrating the double di↵er-
ential decay rate over the correct range of energies,
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where M represents an s-wave vertex that produces

one of the possible pentaquarks with J = 1/2 and J =
3/2. The limits of integration for each bound state are
fixed by the range of energies in which the corresponding
pentaquark can be found. This can be obtained from
kinematics relations, which also defines the Dalitz Plot.
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Evidence for exotic hadrons has been recently observed
as peaks in the invariant mass distributions of their de-
cay products. The first exotic hadron was discovered in
2003 at the Belle detector while the study of the exclu-
sive decay process B± ! K±⇡�⇡+. They found out a
charmonium-like tetraquark state X(3872) with invari-
ant mass 3872.0±0.6(stat)±0.5(syst)MeV [3], as it can
be seen in Fig.??. Additionally, in 2015 two pentaquarks
where discovered in the decay of ⇤0
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into J/ pK with
masses of 4380± 8± 29 MeV and 205± 18± 86MeV[4].
Since then, more exotic hadrons have been detected. Par-
ticularly, the X(4330) was also found at the Belle detec-
tor in 2010 while studying the �� ! J/ � reaction and
J/ � tetraquark states have been found at CMS, D0 in
2014 and LHCb in 2016, such as X(4140) and X(4274),
during the decay of B+ ! J/ �K+.

Dalitz plot and represents the available phase space
of the decay representing, for instance, m12 as a func-
tion of m23. The Dalitz plot for each possible molecular
state have been obtained considering the equivalences of
Fig. ??. The known resonances for M
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FIG. 2: A diagram representing the decay amplitude for ⇤b !
J/ �⇤. (a) three level, (b) the ⇤� production through the
coupled-channel interaction of the initially produced ⇤� and
K̄⇤N meson-baryon pairs, (c) J/ ⇤ ! J/ ⇤ meson-baryon
interaction and (d) J/ �! J/ � meson-meson interaction.

states to produce �⇤. Likewise, the state represented
in Fig. 2(a) could be obtained as an intermediate state.
Further interaction of the final states, such as J/ ⇤ in
Fig. 2(c), or J/ � in Fig. 2(d), would also produce the
desired final state. When all the possible diagrams are
combined, the invariant amplitude becomes
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In our particular reaction, we have three hadrons at the
final state, and as a consequence, three combinations of
two particle invariant masses are possible, M
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The G matrix must be calculated accordingly to the
type of interaction. Particularly, the G
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J/ ⇤ are

defined by Eq.(9), as they are meson-baryon interactions.
On the other hand, for meson-meson interaction, G
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is described by Eq.(10).
The factor V
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, includes the common dynamics of the
production of the di↵erent pairs for a s-wave weak de-
cay process [16]. Our aim in this study is limited since
we are only concerned about a narrow window of invari-
ant masses. Within this window, the factors needed to
describe the interaction varies smoothly comparing with
the changes induced by these interactions. Hence, it is
a valid assumption to consider V
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constant and neglect
its dependency on energy within this energy range, sim-
plifying the procedure as knowing its real value is a very
challenging task [15].
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double di↵erential decay rate, which is related with the
number of events measured experimentally. In our decay,
three possible bound states can be studied by calculating
the di↵erential decay rate integrating the double di↵er-
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d�

dM
�⇤

=
1

(2⇡)3
4M⇤

b

M⇤

32M3
⇤

B

Z
M

Max

J/ ⇤

M

Min

J/ ⇤

3
��M(M⇤�,M

J/ ⇤)
��2

⇥ 2M
�⇤2M

J/ ⇤dMJ/ ⇤,
(24)

d�

dM
J/ ⇤

=
1

(2⇡)3
4M⇤

b

M⇤

32M3
⇤

B

Z
M

Max

 ⇤

M

Min

�⇤

3
��M(M⇤�,M

J/ �

)
��2

⇥ 2M
�⇤2M

J/ �

dM
�⇤,

(25)

d�

dM
J/ �

=
1

(2⇡)3
4M⇤

b

M⇤

32M3
⇤

B

Z
M

Max

J/ ⇤

M

Min

J/ ⇤

3
��M(M

J/ ⇤,MJ/ �

)
��2

⇥ 2M
J/ �

2M
J/ ⇤dMJ/ ⇤,

(26)
where M represents an s-wave vertex that produces

one of the possible pentaquarks with J = 1/2 and J =
3/2. The limits of integration for each bound state are
fixed by the range of energies in which the corresponding
pentaquark can be found. This can be obtained from
kinematics relations, which also defines the Dalitz Plot.
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FIG. 2: A diagram representing the decay amplitude for ⇤b !
J/ �⇤. (a) three level, (b) the ⇤� production through the
coupled-channel interaction of the initially produced ⇤� and
K̄⇤N meson-baryon pairs, (c) J/ ⇤ ! J/ ⇤ meson-baryon
interaction and (d) J/ �! J/ � meson-meson interaction.

states to produce �⇤. Likewise, the state represented
in Fig. 2(a) could be obtained as an intermediate state.
Further interaction of the final states, such as J/ ⇤ in
Fig. 2(c), or J/ � in Fig. 2(d), would also produce the
desired final state. When all the possible diagrams are
combined, the invariant amplitude becomes
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production of the di↵erent pairs for a s-wave weak de-
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ant masses. Within this window, the factors needed to
describe the interaction varies smoothly comparing with
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constant and neglect
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where M represents an s-wave vertex that produces

one of the possible pentaquarks with J = 1/2 and J =
3/2. The limits of integration for each bound state are
fixed by the range of energies in which the corresponding
pentaquark can be found. This can be obtained from
kinematics relations, which also defines the Dalitz Plot.
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FIG. 2: A diagram representing the decay amplitude for ⇤b !
J/ �⇤. (a) three level, (b) the ⇤� production through the
coupled-channel interaction of the initially produced ⇤� and
K̄⇤N meson-baryon pairs, (c) J/ ⇤ ! J/ ⇤ meson-baryon
interaction and (d) J/ �! J/ � meson-meson interaction.

states to produce �⇤. Likewise, the state represented
in Fig. 2(a) could be obtained as an intermediate state.
Further interaction of the final states, such as J/ ⇤ in
Fig. 2(c), or J/ � in Fig. 2(d), would also produce the
desired final state. When all the possible diagrams are
combined, the invariant amplitude becomes
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In our particular reaction, we have three hadrons at the
final state, and as a consequence, three combinations of
two particle invariant masses are possible, M
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The G matrix must be calculated accordingly to the
type of interaction. Particularly, the G

�⇤ and G
J/ ⇤ are

defined by Eq.(9), as they are meson-baryon interactions.
On the other hand, for meson-meson interaction, G
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is described by Eq.(10).
The factor V
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, includes the common dynamics of the
production of the di↵erent pairs for a s-wave weak de-
cay process [16]. Our aim in this study is limited since
we are only concerned about a narrow window of invari-
ant masses. Within this window, the factors needed to
describe the interaction varies smoothly comparing with
the changes induced by these interactions. Hence, it is
a valid assumption to consider V
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constant and neglect
its dependency on energy within this energy range, sim-
plifying the procedure as knowing its real value is a very
challenging task [15].

Finally, one must obtain an analytic expression for the
double di↵erential decay rate, which is related with the
number of events measured experimentally. In our decay,
three possible bound states can be studied by calculating
the di↵erential decay rate integrating the double di↵er-
ential decay rate over the correct range of energies,
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where M represents an s-wave vertex that produces

one of the possible pentaquarks with J = 1/2 and J =
3/2. The limits of integration for each bound state are
fixed by the range of energies in which the corresponding
pentaquark can be found. This can be obtained from
kinematics relations, which also defines the Dalitz Plot.
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FIG. 2: A diagram representing the decay amplitude for ⇤b !
J/ �⇤. (a) three level, (b) the ⇤� production through the
coupled-channel interaction of the initially produced ⇤� and
K̄⇤N meson-baryon pairs, (c) J/ ⇤ ! J/ ⇤ meson-baryon
interaction and (d) J/ �! J/ � meson-meson interaction.

states to produce �⇤. Likewise, the state represented
in Fig. 2(a) could be obtained as an intermediate state.
Further interaction of the final states, such as J/ ⇤ in
Fig. 2(c), or J/ � in Fig. 2(d), would also produce the
desired final state. When all the possible diagrams are
combined, the invariant amplitude becomes
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cay process [16]. Our aim in this study is limited since
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where M represents an s-wave vertex that produces

one of the possible pentaquarks with J = 1/2 and J =
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fixed by the range of energies in which the corresponding
pentaquark can be found. This can be obtained from
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• Meson-Baryon loop function 𝑮𝒊 (𝑖 = 𝐾∗F𝑝, 𝐾I∗d𝑛, 𝜙𝛬)

46 Chiral unitary approach

forward, because the former is an integral equation which involves an integral over the

four-momentum of the intermediate meson-baryon system. Fortunately, it has been

shown [20] that the interaction kernel can be conveniently splitted into its on-shell

contribution and the corresponding o↵-shell one. The o↵-shell part of the interaction

kernel gives rise to a tadpole-type diagram, which can be reabsorbed into renormaliza-

tion of couplings and masses and could, hence, be omitted from the calculation. This

procedure permits factorizing Vil and Tlj out of the integral equation, leaving a simple

system of algebraic equations to be solved, which, in matrix form reads:

T = (1 � V G)�1V, (1.69)

where the loop function G stands for a diagonal matrix with elements:
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(2⇡)4
2Ml

(P � ql)
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q2l � m2
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, (1.70)

where Ml and ml are the baryon and meson masses of the “l” channel. The loop

function diverges logarithmically and needs to be regularized. We apply dimensional

regularization, which gives:
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The loop functions Gl depend, for a given dimensional regularization scale µ which is

taken to be 1 GeV in our particular case, on the subtraction constants al. These are

unknown parameters that will be fitted to the experimental data. However, isospin

• Scattering amplitude 𝒕𝒊,{r from:

Oset,	Ramos,	Eur.	Phys.	J.	A44, 445	(2010)
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FIG. 2: A diagram representing the decay amplitude for ⇤b !
J/ �⇤. (a) three level, (b) the ⇤� production through the
coupled-channel interaction of the initially produced ⇤� and
K̄⇤N meson-baryon pairs, (c) J/ ⇤ ! J/ ⇤ meson-baryon
interaction and (d) J/ �! J/ � meson-meson interaction.

states to produce �⇤. Likewise, the state represented
in Fig. 2(a) could be obtained as an intermediate state.
Further interaction of the final states, such as J/ ⇤ in
Fig. 2(c), or J/ � in Fig. 2(d), would also produce the
desired final state. When all the possible diagrams are
combined, the invariant amplitude becomes
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In our particular reaction, we have three hadrons at the
final state, and as a consequence, three combinations of
two particle invariant masses are possible, M

�⇤, M
J/ ⇤

and M
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, being related with each other as follows
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The G matrix must be calculated accordingly to the
type of interaction. Particularly, the G

�⇤ and G
J/ ⇤ are

defined by Eq.(9), as they are meson-baryon interactions.
On the other hand, for meson-meson interaction, G

J/ �

is described by Eq.(10).
The factor V

p

, includes the common dynamics of the
production of the di↵erent pairs for a s-wave weak de-
cay process [16]. Our aim in this study is limited since
we are only concerned about a narrow window of invari-
ant masses. Within this window, the factors needed to
describe the interaction varies smoothly comparing with
the changes induced by these interactions. Hence, it is
a valid assumption to consider V

p

constant and neglect
its dependency on energy within this energy range, sim-
plifying the procedure as knowing its real value is a very
challenging task [15].

Finally, one must obtain an analytic expression for the
double di↵erential decay rate, which is related with the
number of events measured experimentally. In our decay,
three possible bound states can be studied by calculating
the di↵erential decay rate integrating the double di↵er-
ential decay rate over the correct range of energies,
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where M represents an s-wave vertex that produces

one of the possible pentaquarks with J = 1/2 and J =
3/2. The limits of integration for each bound state are
fixed by the range of energies in which the corresponding
pentaquark can be found. This can be obtained from
kinematics relations, which also defines the Dalitz Plot.

IV. DALITZ PLOT AND KNOWN
RESONANCES

Evidence for exotic hadrons has been recently observed
as peaks in the invariant mass distributions of their de-
cay products. The first exotic hadron was discovered in
2003 at the Belle detector while the study of the exclu-
sive decay process B± ! K±⇡�⇡+. They found out a
charmonium-like tetraquark state X(3872) with invari-
ant mass 3872.0±0.6(stat)±0.5(syst)MeV [3], as it can
be seen in Fig.??. Additionally, in 2015 two pentaquarks
where discovered in the decay of ⇤0

b

into J/ pK with
masses of 4380± 8± 29 MeV and 205± 18± 86MeV[4].
Since then, more exotic hadrons have been detected. Par-
ticularly, the X(4330) was also found at the Belle detec-
tor in 2010 while studying the �� ! J/ � reaction and
J/ � tetraquark states have been found at CMS, D0 in
2014 and LHCb in 2016, such as X(4140) and X(4274),
during the decay of B+ ! J/ �K+.

Dalitz plot and represents the available phase space
of the decay representing, for instance, m12 as a func-
tion of m23. The Dalitz plot for each possible molecular
state have been obtained considering the equivalences of
Fig. ??. The known resonances for M

�⇤, M
J/ ⇤ and

5

FIG. 2: A diagram representing the decay amplitude for ⇤b !
J/ �⇤. (a) three level, (b) the ⇤� production through the
coupled-channel interaction of the initially produced ⇤� and
K̄⇤N meson-baryon pairs, (c) J/ ⇤ ! J/ ⇤ meson-baryon
interaction and (d) J/ �! J/ � meson-meson interaction.

states to produce �⇤. Likewise, the state represented
in Fig. 2(a) could be obtained as an intermediate state.
Further interaction of the final states, such as J/ ⇤ in
Fig. 2(c), or J/ � in Fig. 2(d), would also produce the
desired final state. When all the possible diagrams are
combined, the invariant amplitude becomes
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In our particular reaction, we have three hadrons at the
final state, and as a consequence, three combinations of
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The G matrix must be calculated accordingly to the
type of interaction. Particularly, the G

�⇤ and G
J/ ⇤ are

defined by Eq.(9), as they are meson-baryon interactions.
On the other hand, for meson-meson interaction, G

J/ �

is described by Eq.(10).
The factor V
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, includes the common dynamics of the
production of the di↵erent pairs for a s-wave weak de-
cay process [16]. Our aim in this study is limited since
we are only concerned about a narrow window of invari-
ant masses. Within this window, the factors needed to
describe the interaction varies smoothly comparing with
the changes induced by these interactions. Hence, it is
a valid assumption to consider V

p

constant and neglect
its dependency on energy within this energy range, sim-
plifying the procedure as knowing its real value is a very
challenging task [15].

Finally, one must obtain an analytic expression for the
double di↵erential decay rate, which is related with the
number of events measured experimentally. In our decay,
three possible bound states can be studied by calculating
the di↵erential decay rate integrating the double di↵er-
ential decay rate over the correct range of energies,
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where M represents an s-wave vertex that produces

one of the possible pentaquarks with J = 1/2 and J =
3/2. The limits of integration for each bound state are
fixed by the range of energies in which the corresponding
pentaquark can be found. This can be obtained from
kinematics relations, which also defines the Dalitz Plot.

IV. DALITZ PLOT AND KNOWN
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Evidence for exotic hadrons has been recently observed
as peaks in the invariant mass distributions of their de-
cay products. The first exotic hadron was discovered in
2003 at the Belle detector while the study of the exclu-
sive decay process B± ! K±⇡�⇡+. They found out a
charmonium-like tetraquark state X(3872) with invari-
ant mass 3872.0±0.6(stat)±0.5(syst)MeV [3], as it can
be seen in Fig.??. Additionally, in 2015 two pentaquarks
where discovered in the decay of ⇤0
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into J/ pK with
masses of 4380± 8± 29 MeV and 205± 18± 86MeV[4].
Since then, more exotic hadrons have been detected. Par-
ticularly, the X(4330) was also found at the Belle detec-
tor in 2010 while studying the �� ! J/ � reaction and
J/ � tetraquark states have been found at CMS, D0 in
2014 and LHCb in 2016, such as X(4140) and X(4274),
during the decay of B+ ! J/ �K+.

Dalitz plot and represents the available phase space
of the decay representing, for instance, m12 as a func-
tion of m23. The Dalitz plot for each possible molecular
state have been obtained considering the equivalences of
Fig. ??. The known resonances for M
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FIG. 2: A diagram representing the decay amplitude for ⇤b !
J/ �⇤. (a) three level, (b) the ⇤� production through the
coupled-channel interaction of the initially produced ⇤� and
K̄⇤N meson-baryon pairs, (c) J/ ⇤ ! J/ ⇤ meson-baryon
interaction and (d) J/ �! J/ � meson-meson interaction.

states to produce �⇤. Likewise, the state represented
in Fig. 2(a) could be obtained as an intermediate state.
Further interaction of the final states, such as J/ ⇤ in
Fig. 2(c), or J/ � in Fig. 2(d), would also produce the
desired final state. When all the possible diagrams are
combined, the invariant amplitude becomes
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In our particular reaction, we have three hadrons at the
final state, and as a consequence, three combinations of
two particle invariant masses are possible, M

�⇤, M
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and M
J/ �

, being related with each other as follows
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The G matrix must be calculated accordingly to the
type of interaction. Particularly, the G

�⇤ and G
J/ ⇤ are

defined by Eq.(9), as they are meson-baryon interactions.
On the other hand, for meson-meson interaction, G

J/ �

is described by Eq.(10).
The factor V

p

, includes the common dynamics of the
production of the di↵erent pairs for a s-wave weak de-
cay process [16]. Our aim in this study is limited since
we are only concerned about a narrow window of invari-
ant masses. Within this window, the factors needed to
describe the interaction varies smoothly comparing with
the changes induced by these interactions. Hence, it is
a valid assumption to consider V

p

constant and neglect
its dependency on energy within this energy range, sim-
plifying the procedure as knowing its real value is a very
challenging task [15].

Finally, one must obtain an analytic expression for the
double di↵erential decay rate, which is related with the
number of events measured experimentally. In our decay,
three possible bound states can be studied by calculating
the di↵erential decay rate integrating the double di↵er-
ential decay rate over the correct range of energies,
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where M represents an s-wave vertex that produces

one of the possible pentaquarks with J = 1/2 and J =
3/2. The limits of integration for each bound state are
fixed by the range of energies in which the corresponding
pentaquark can be found. This can be obtained from
kinematics relations, which also defines the Dalitz Plot.
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Evidence for exotic hadrons has been recently observed
as peaks in the invariant mass distributions of their de-
cay products. The first exotic hadron was discovered in
2003 at the Belle detector while the study of the exclu-
sive decay process B± ! K±⇡�⇡+. They found out a
charmonium-like tetraquark state X(3872) with invari-
ant mass 3872.0±0.6(stat)±0.5(syst)MeV [3], as it can
be seen in Fig.??. Additionally, in 2015 two pentaquarks
where discovered in the decay of ⇤0
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into J/ pK with
masses of 4380± 8± 29 MeV and 205± 18± 86MeV[4].
Since then, more exotic hadrons have been detected. Par-
ticularly, the X(4330) was also found at the Belle detec-
tor in 2010 while studying the �� ! J/ � reaction and
J/ � tetraquark states have been found at CMS, D0 in
2014 and LHCb in 2016, such as X(4140) and X(4274),
during the decay of B+ ! J/ �K+.

Dalitz plot and represents the available phase space
of the decay representing, for instance, m12 as a func-
tion of m23. The Dalitz plot for each possible molecular
state have been obtained considering the equivalences of
Fig. ??. The known resonances for M
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FIG. 2: A diagram representing the decay amplitude for ⇤b !
J/ �⇤. (a) three level, (b) the ⇤� production through the
coupled-channel interaction of the initially produced ⇤� and
K̄⇤N meson-baryon pairs, (c) J/ ⇤ ! J/ ⇤ meson-baryon
interaction and (d) J/ �! J/ � meson-meson interaction.

states to produce �⇤. Likewise, the state represented
in Fig. 2(a) could be obtained as an intermediate state.
Further interaction of the final states, such as J/ ⇤ in
Fig. 2(c), or J/ � in Fig. 2(d), would also produce the
desired final state. When all the possible diagrams are
combined, the invariant amplitude becomes
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In our particular reaction, we have three hadrons at the
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The G matrix must be calculated accordingly to the
type of interaction. Particularly, the G
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defined by Eq.(9), as they are meson-baryon interactions.
On the other hand, for meson-meson interaction, G
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is described by Eq.(10).
The factor V
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, includes the common dynamics of the
production of the di↵erent pairs for a s-wave weak de-
cay process [16]. Our aim in this study is limited since
we are only concerned about a narrow window of invari-
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describe the interaction varies smoothly comparing with
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constant and neglect
its dependency on energy within this energy range, sim-
plifying the procedure as knowing its real value is a very
challenging task [15].
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number of events measured experimentally. In our decay,
three possible bound states can be studied by calculating
the di↵erential decay rate integrating the double di↵er-
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where M represents an s-wave vertex that produces

one of the possible pentaquarks with J = 1/2 and J =
3/2. The limits of integration for each bound state are
fixed by the range of energies in which the corresponding
pentaquark can be found. This can be obtained from
kinematics relations, which also defines the Dalitz Plot.
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as peaks in the invariant mass distributions of their de-
cay products. The first exotic hadron was discovered in
2003 at the Belle detector while the study of the exclu-
sive decay process B± ! K±⇡�⇡+. They found out a
charmonium-like tetraquark state X(3872) with invari-
ant mass 3872.0±0.6(stat)±0.5(syst)MeV [3], as it can
be seen in Fig.??. Additionally, in 2015 two pentaquarks
where discovered in the decay of ⇤0
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masses of 4380± 8± 29 MeV and 205± 18± 86MeV[4].
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tor in 2010 while studying the �� ! J/ � reaction and
J/ � tetraquark states have been found at CMS, D0 in
2014 and LHCb in 2016, such as X(4140) and X(4274),
during the decay of B+ ! J/ �K+.

Dalitz plot and represents the available phase space
of the decay representing, for instance, m12 as a func-
tion of m23. The Dalitz plot for each possible molecular
state have been obtained considering the equivalences of
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• 𝐽/𝜓	-𝛬 loop function 𝑮s/t	r• Scattering amplitude 𝒕s/tr from:

aJ/ ⇤ = �2.3

Wu, Molina, Oset, Zou:PRL 105, 232001 (2010); 
PRC 84, 015202 (2011)
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FIG. 2: A diagram representing the decay amplitude for ⇤b !
J/ �⇤. (a) three level, (b) the ⇤� production through the
coupled-channel interaction of the initially produced ⇤� and
K̄⇤N meson-baryon pairs, (c) J/ ⇤ ! J/ ⇤ meson-baryon
interaction and (d) J/ �! J/ � meson-meson interaction.

states to produce �⇤. Likewise, the state represented
in Fig. 2(a) could be obtained as an intermediate state.
Further interaction of the final states, such as J/ ⇤ in
Fig. 2(c), or J/ � in Fig. 2(d), would also produce the
desired final state. When all the possible diagrams are
combined, the invariant amplitude becomes
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In our particular reaction, we have three hadrons at the
final state, and as a consequence, three combinations of
two particle invariant masses are possible, M
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The G matrix must be calculated accordingly to the
type of interaction. Particularly, the G

�⇤ and G
J/ ⇤ are

defined by Eq.(9), as they are meson-baryon interactions.
On the other hand, for meson-meson interaction, G

J/ �

is described by Eq.(10).
The factor V

p

, includes the common dynamics of the
production of the di↵erent pairs for a s-wave weak de-
cay process [16]. Our aim in this study is limited since
we are only concerned about a narrow window of invari-
ant masses. Within this window, the factors needed to
describe the interaction varies smoothly comparing with
the changes induced by these interactions. Hence, it is
a valid assumption to consider V

p

constant and neglect
its dependency on energy within this energy range, sim-
plifying the procedure as knowing its real value is a very
challenging task [15].

Finally, one must obtain an analytic expression for the
double di↵erential decay rate, which is related with the
number of events measured experimentally. In our decay,
three possible bound states can be studied by calculating
the di↵erential decay rate integrating the double di↵er-
ential decay rate over the correct range of energies,
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where M represents an s-wave vertex that produces

one of the possible pentaquarks with J = 1/2 and J =
3/2. The limits of integration for each bound state are
fixed by the range of energies in which the corresponding
pentaquark can be found. This can be obtained from
kinematics relations, which also defines the Dalitz Plot.

IV. DALITZ PLOT AND KNOWN
RESONANCES

Evidence for exotic hadrons has been recently observed
as peaks in the invariant mass distributions of their de-
cay products. The first exotic hadron was discovered in
2003 at the Belle detector while the study of the exclu-
sive decay process B± ! K±⇡�⇡+. They found out a
charmonium-like tetraquark state X(3872) with invari-
ant mass 3872.0±0.6(stat)±0.5(syst)MeV [3], as it can
be seen in Fig.??. Additionally, in 2015 two pentaquarks
where discovered in the decay of ⇤0

b

into J/ pK with
masses of 4380± 8± 29 MeV and 205± 18± 86MeV[4].
Since then, more exotic hadrons have been detected. Par-
ticularly, the X(4330) was also found at the Belle detec-
tor in 2010 while studying the �� ! J/ � reaction and
J/ � tetraquark states have been found at CMS, D0 in
2014 and LHCb in 2016, such as X(4140) and X(4274),
during the decay of B+ ! J/ �K+.

Dalitz plot and represents the available phase space
of the decay representing, for instance, m12 as a func-
tion of m23. The Dalitz plot for each possible molecular
state have been obtained considering the equivalences of
Fig. ??. The known resonances for M

�⇤, M
J/ ⇤ and

5

FIG. 2: A diagram representing the decay amplitude for ⇤b !
J/ �⇤. (a) three level, (b) the ⇤� production through the
coupled-channel interaction of the initially produced ⇤� and
K̄⇤N meson-baryon pairs, (c) J/ ⇤ ! J/ ⇤ meson-baryon
interaction and (d) J/ �! J/ � meson-meson interaction.

states to produce �⇤. Likewise, the state represented
in Fig. 2(a) could be obtained as an intermediate state.
Further interaction of the final states, such as J/ ⇤ in
Fig. 2(c), or J/ � in Fig. 2(d), would also produce the
desired final state. When all the possible diagrams are
combined, the invariant amplitude becomes
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defined by Eq.(9), as they are meson-baryon interactions.
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constant and neglect
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plifying the procedure as knowing its real value is a very
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where M represents an s-wave vertex that produces

one of the possible pentaquarks with J = 1/2 and J =
3/2. The limits of integration for each bound state are
fixed by the range of energies in which the corresponding
pentaquark can be found. This can be obtained from
kinematics relations, which also defines the Dalitz Plot.
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cay products. The first exotic hadron was discovered in
2003 at the Belle detector while the study of the exclu-
sive decay process B± ! K±⇡�⇡+. They found out a
charmonium-like tetraquark state X(3872) with invari-
ant mass 3872.0±0.6(stat)±0.5(syst)MeV [3], as it can
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where discovered in the decay of ⇤0
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into J/ pK with
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Since then, more exotic hadrons have been detected. Par-
ticularly, the X(4330) was also found at the Belle detec-
tor in 2010 while studying the �� ! J/ � reaction and
J/ � tetraquark states have been found at CMS, D0 in
2014 and LHCb in 2016, such as X(4140) and X(4274),
during the decay of B+ ! J/ �K+.

Dalitz plot and represents the available phase space
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state have been obtained considering the equivalences of
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FIG. 2: A diagram representing the decay amplitude for ⇤b !
J/ �⇤. (a) three level, (b) the ⇤� production through the
coupled-channel interaction of the initially produced ⇤� and
K̄⇤N meson-baryon pairs, (c) J/ ⇤ ! J/ ⇤ meson-baryon
interaction and (d) J/ �! J/ � meson-meson interaction.

states to produce �⇤. Likewise, the state represented
in Fig. 2(a) could be obtained as an intermediate state.
Further interaction of the final states, such as J/ ⇤ in
Fig. 2(c), or J/ � in Fig. 2(d), would also produce the
desired final state. When all the possible diagrams are
combined, the invariant amplitude becomes
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In our particular reaction, we have three hadrons at the
final state, and as a consequence, three combinations of
two particle invariant masses are possible, M
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The G matrix must be calculated accordingly to the
type of interaction. Particularly, the G

�⇤ and G
J/ ⇤ are

defined by Eq.(9), as they are meson-baryon interactions.
On the other hand, for meson-meson interaction, G

J/ �

is described by Eq.(10).
The factor V

p

, includes the common dynamics of the
production of the di↵erent pairs for a s-wave weak de-
cay process [16]. Our aim in this study is limited since
we are only concerned about a narrow window of invari-
ant masses. Within this window, the factors needed to
describe the interaction varies smoothly comparing with
the changes induced by these interactions. Hence, it is
a valid assumption to consider V

p

constant and neglect
its dependency on energy within this energy range, sim-
plifying the procedure as knowing its real value is a very
challenging task [15].

Finally, one must obtain an analytic expression for the
double di↵erential decay rate, which is related with the
number of events measured experimentally. In our decay,
three possible bound states can be studied by calculating
the di↵erential decay rate integrating the double di↵er-
ential decay rate over the correct range of energies,
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where M represents an s-wave vertex that produces

one of the possible pentaquarks with J = 1/2 and J =
3/2. The limits of integration for each bound state are
fixed by the range of energies in which the corresponding
pentaquark can be found. This can be obtained from
kinematics relations, which also defines the Dalitz Plot.
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ant mass 3872.0±0.6(stat)±0.5(syst)MeV [3], as it can
be seen in Fig.??. Additionally, in 2015 two pentaquarks
where discovered in the decay of ⇤0

b

into J/ pK with
masses of 4380± 8± 29 MeV and 205± 18± 86MeV[4].
Since then, more exotic hadrons have been detected. Par-
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FIG. 2: A diagram representing the decay amplitude for ⇤b !
J/ �⇤. (a) three level, (b) the ⇤� production through the
coupled-channel interaction of the initially produced ⇤� and
K̄⇤N meson-baryon pairs, (c) J/ ⇤ ! J/ ⇤ meson-baryon
interaction and (d) J/ �! J/ � meson-meson interaction.

states to produce �⇤. Likewise, the state represented
in Fig. 2(a) could be obtained as an intermediate state.
Further interaction of the final states, such as J/ ⇤ in
Fig. 2(c), or J/ � in Fig. 2(d), would also produce the
desired final state. When all the possible diagrams are
combined, the invariant amplitude becomes
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In our particular reaction, we have three hadrons at the
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where M represents an s-wave vertex that produces

one of the possible pentaquarks with J = 1/2 and J =
3/2. The limits of integration for each bound state are
fixed by the range of energies in which the corresponding
pentaquark can be found. This can be obtained from
kinematics relations, which also defines the Dalitz Plot.
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2014 and LHCb in 2016, such as X(4140) and X(4274),
during the decay of B+ ! J/ �K+.

Dalitz plot and represents the available phase space
of the decay representing, for instance, m12 as a func-
tion of m23. The Dalitz plot for each possible molecular
state have been obtained considering the equivalences of
Fig. ??. The known resonances for M

�⇤, M
J/ ⇤ and

M(M�⇤,MJ/ ⇤,MJ/ �) = Vp

h
h�⇤ +

X

i

hiGi(M�⇤)ti,�⇤(M�⇤) + h�⇤GJ/ ⇤(MJ/ ⇤)tJ/ ⇤(MJ/ ⇤)

+h�⇤GJ/ �(MJ/ �)tJ/ �(MJ/ �)
i

• 𝐽/𝜓-𝜙 loop function 𝑮s/t{• Scattering amplitude 𝒕s/t{ from:

tJ/ � =
g2
J/ �

s�sR
gJ/ � = �2617� 5151iMeV

sR = 4169 + 66iMeV
p
s = MJ/ �

Gl(MJ/ �) =
1

(4⇡)2

(
al(µ) + ln

m2
1

µ2
+

m2
2 �m2

1 + s

2s
log

⇣m2
2

m2
1

⌘
+

qcmp
s

"
log

 
s�m2

2 +m2
1 + 2p

p
s

�s+m2
2 �m2

1 + 2p
p
s

!
+ log

 
s+m2

2 �m2
1 + 2p

p
s

�s�m2
2 +m2

1 + 2p
p
s

!#)

aJ/ � = �2

Molina, Oset, Phys.Rev. D80 (2009) 114013



𝛬& → 𝐽/𝜓	𝜙𝛬 decay: 𝐽/𝜓	𝛬 mass distribution

Strange pentaquark is clearly observable for masses
4350 ≤ 𝑀u ≤ 4550 (MeV), in accordance with
Wu, Molina, Oset, Zou, PRL 105, 232001 (2010); 
PRC 84, 015202 (2011)



𝛬& → 𝐽/𝜓	𝜙𝛬 decay: 𝜙𝛬 mass distribution

A small dip appears at 𝑀{r = 2158 MeV as predicted in 
Oset, Ramos, EPJ A44 (2010)



𝛬& → 𝐽/𝜓	𝜙𝛬 decay: 𝐽/𝜓 𝜙 mass distribution

Strong dip is seen in the position of X(4160)

Molina, Oset, Phys.Rev. D80 (2009) 114013



CONCLUSIONS

• Our studies have shown that the 𝛬& → 𝐽/𝜓	𝜂𝛬 and 𝛬& → 𝐽/𝜓	𝜙𝛬 reactions are very
promising to discover a strange partner of the hidden charm Pentaquark around
4450 MeV

• 𝛬& → 𝐽/𝜓	𝜙𝛬 decay also allows the observation of other exotics:

X(4160) peak within the considered uncertainty range (from 𝑀s/t{ invariant mass)
X(4140), X(4160), X(4274), X(4350), X(4500) can also be observed

New strange resonances within the range from 2100 to 2500 MeV could be seen in
the 𝜙𝛬 invariant mass distribution, the 𝑀{r = 2158	MeV resonance is unlikely to be
observed experimentally with model parameters from Oset, Ramos, EPJ A44 (2010)

Work in progress…



Eulogio Oset (Review, Nucl.Phys. A954 (2016) 371-392):

”We are just at the beginning of a new era and it is most probable that more
pentaquark states are likely to be observed in the near future. The interpretation of the
experiments and studies to learn about the nature of the states is a task that will require
the combined efforts of both experimentalists and theoreticians.”


