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• Quantum Chromodynamics:

|M⟩ = α |qq̄⟩ + β |qqq̄q̄⟩ + γ |qqqq̄q̄q̄⟩ + η |M1M2⟩ + ζ |𝕄1𝕄2𝕄3⟩ + ⋯
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LHCb experiment discovers a new
pentaquark
The LHCb collaboration has observed a new pentaquark particle and has confirmed
the pentaquark structure previously reported

26 MARCH, 2019

The LHCb collaboration (/science/experiments/lhcb) has announced the discovery of a new pentaquark

particle. The particle, named P (4312) , decays to a proton and a J/ψ particle (composed of a charm quark and

an anticharm quark). This latest observation has a statistical significance of 7.3 sigma, passing the threshold of

5 sigma traditionally required to claim a discovery of a new particle.

In the conventional quark model, composite particles can be either mesons formed of quark–antiquark pairs or

baryons formed of three quarks. Particles not classified within this scheme are known as exotic hadrons. When

Murray Gell-Mann and George Zweig proposed the quark model in their 1964 papers, they mentioned the

possibility of exotic hadrons such as pentaquarks, but it took 50 years to demonstrate their existence

experimentally. In July 2015, the LHCb collaboration reported the P (4450)  and P (4380)  pentaquark

structures (/news/press-release/cern/cerns-lhcb-experiment-reports-observation-exotic-pentaquark-particles).

The new particle is a lighter companion to these pentaquark structures and its existence sheds new light into

the nature of the entire family.

(//cds.cern.ch/images/OPEN-PHO-EXP-2015-009-4)

Illustration of the possible layout of the quarks in a pentaquark particle such as those discovered at LHCb. The five quarks might be tightly bonded or

assembled differently, see image below (Image: CERN)
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The analysis presented today at the Rencontres de Moriond quantum chromodynamics (QCD) conference

(http://moriond.in2p3.fr/2019/QCD/) used nine times more data from the Large Hadron Collider

(/science/accelerators/large-hadron-collider) than the 2015 analysis. The data set was first analysed in the same

way as before and the parameters of the previously reported P (4450)  and P (4380)  structures were consistent

with the original results. As well as revealing the new P (4312)  particle, the analysis also uncovered a more

complex structure of P (4450)  consisting of two narrow overlapping peaks, P (4440)  and P (4457) , with the

two-peak structure having a statistical significance of 5.4 sigma. More experimental and theoretical study is still

needed to fully understand the internal structure of the observed states.

Read more on the LHCb website (http://lhcb-public.web.cern.ch/lhcb-public/Welcome.html#Pentaq).

LHCb (/tags/lhcb) pentaquark (/tags/pentaquark) Rencontres de Moriond (/tags/rencontres-de-
moriond)
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Illustration of the possible layout of the quarks in a pentaquark particle such as those discovered at LHCb. The five quarks might be assembled into a
meson (one quark and one antiquark) and a baryon (three quarks), weakly bound together (Image: Daniel Dominguez/CERN)
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LHCb experiment discovers a new
pentaquark
The LHCb collaboration has observed a new pentaquark particle and has confirmed
the pentaquark structure previously reported

26 MARCH, 2019

The LHCb collaboration (/science/experiments/lhcb) has announced the discovery of a new pentaquark

particle. The particle, named P (4312) , decays to a proton and a J/ψ particle (composed of a charm quark and

an anticharm quark). This latest observation has a statistical significance of 7.3 sigma, passing the threshold of

5 sigma traditionally required to claim a discovery of a new particle.

In the conventional quark model, composite particles can be either mesons formed of quark–antiquark pairs or

baryons formed of three quarks. Particles not classified within this scheme are known as exotic hadrons. When

Murray Gell-Mann and George Zweig proposed the quark model in their 1964 papers, they mentioned the

possibility of exotic hadrons such as pentaquarks, but it took 50 years to demonstrate their existence

experimentally. In July 2015, the LHCb collaboration reported the P (4450)  and P (4380)  pentaquark

structures (/news/press-release/cern/cerns-lhcb-experiment-reports-observation-exotic-pentaquark-particles).

The new particle is a lighter companion to these pentaquark structures and its existence sheds new light into

the nature of the entire family.

(//cds.cern.ch/images/OPEN-PHO-EXP-2015-009-4)

Illustration of the possible layout of the quarks in a pentaquark particle such as those discovered at LHCb. The five quarks might be tightly bonded or

assembled differently, see image below (Image: CERN)
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Illustration of the possible layout of the quarks in a pentaquark particle such as those discovered at LHCb. The five quarks might be tightly bonded or

assembled differently, see image below (Image: CERN)
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The analysis presented today at the Rencontres de Moriond quantum chromodynamics (QCD) conference

(http://moriond.in2p3.fr/2019/QCD/) used nine times more data from the Large Hadron Collider

(/science/accelerators/large-hadron-collider) than the 2015 analysis. The data set was first analysed in the same

way as before and the parameters of the previously reported P (4450)  and P (4380)  structures were consistent

with the original results. As well as revealing the new P (4312)  particle, the analysis also uncovered a more

complex structure of P (4450)  consisting of two narrow overlapping peaks, P (4440)  and P (4457) , with the

two-peak structure having a statistical significance of 5.4 sigma. More experimental and theoretical study is still

needed to fully understand the internal structure of the observed states.

Read more on the LHCb website (http://lhcb-public.web.cern.ch/lhcb-public/Welcome.html#Pentaq).

LHCb (/tags/lhcb) pentaquark (/tags/pentaquark) Rencontres de Moriond (/tags/rencontres-de-
moriond)

(//cds.cern.ch/images/OPEN-PHO-EXP-2015-009-2)

Illustration of the possible layout of the quarks in a pentaquark particle such as those discovered at LHCb. The five quarks might be assembled into a
meson (one quark and one antiquark) and a baryon (three quarks), weakly bound together (Image: Daniel Dominguez/CERN)
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• Experimental facilities are bringing more information: 
LHCb ( , Switzerland), BES/BEPC ( , China), JLAB (  
accelerator, USA), JPARC (  accelerator, Japan), Belle 
( , Japan), LEP/Spring-8 ( , Japan), PANDA ( , 
Germany), new one in Novosibirsk (Russia).

pp̄ e+e− e−

p
e+e− e−γ pp̄

E X O T I C  H A D R O N S
Introdução
Como por exemplo Jefferson lab (USA), BES (CHN), LEP, JPARC, Belle (JPN), LHCb(CHE), 
PANDA(DEU) e um novo colisor esta previsto para operar em Novosibirsk (RUS).

JPARC– acelerador de prótons

BES/BEPC – detector colisões pósitron-elétron

LHCb/LHC– detector mede reações envolvendo quarks b

PANDA/FAIR– detector colisões 
próton-anti-próton;

Belle/KEK– detector elétron-pósitron

Jefferson lab– Feixe de elétrons 
núcleos alvo;

LEP/Spring-8 – Experimento Laser-elétron-photon

1



t = + + +⋯

V VGV VGVGV
t = V + VGt = [1 − VG]−1V

EXOTIC HADRONS

• The procedure can be generalized to a finite volume 
and lattice data can be analyzed.

• Resolution of the Bethe-Salpeter equation for two-
hadron system:  obtained from an effective 
Lagrangian.

V



EXOTIC HADRONS
• Axial resonances with open charm

D

ρ

D

ρ
ρ, ω

ℒVVV = ig⟨(∂μVν − ∂νVμ)VμVν⟩

From ,

Matrix vector meson octet fields 

Matrix pseudoscalar meson octet fields

ℒVPP = − igVμ[∂μΦ, Φ]
Vμ ≡
Φ ≡

π π
D

ρ

D

ρπ

D*
+

D

ρ

π

D*
D*

It may be noticed that B has no imaginary part because the expression (P 0
2 + 2!⇡)�1 is

always positive and (P 0
1 �!⇡ �!D⇤)�1 is associated with D ! ⇡+D⇤, a process which does

not occur on shell. Due to the mentioned fact, we do not have to worry about these terms

having singularities and do not need to include an imaginary part (i✏).

The resulting amplitude, tbox, I=1/2
D⇢!D⇢ , is added to the one related to a vector exchange

of Ref. [30]. With this new amplitude we solve the Bethe-Salpeter equation, considering

coupled channels as in Ref. [30]. Apart from adding new diagrams, we have also adjusted

the decay constant and the subtraction constant ↵, which were set to
p
fDf⇡ and �1.55,

respectively, in Ref. [30].

Using f⇡ as the decay constant, ↵ = �1.45, at the regularization scale µ = 1500 MeV,

(which is the same as in Ref. [30]) we find that the modulus squared amplitude for D⇢ in

isospin 1/2, spin-parity JP = 1+, peaks at ⇠ 2428 MeV, with a total width of 33 MeV (see

Fig. 6). Our findings are in excellent agreement with the mass and width values determined
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FIG. 6: Modulus squared of the D⇢ ! D⇢ t-matrix, in isospin 1/2, JP = 1+. This result is

obtained by considering the amplitude of Ref. [30] together with the contribution obtained

from the box diagram shown in Fig. 2 and solving the Bethe-Salpeter equation in a

coupled channel approach.

from the most recent data obtained by the LHCb Collaboration [34], M = 2424.8 ± 0.1 ±

0.7 MeV, � = 33.6 ± 0.3 ± 2.7 MeV, and by the BES Collaboration, M = 2427.2 ± 1.0 ±

1.2 MeV, � = 23.2± 2.3± 2.3 MeV [35].

We can, thus, summarize this discussion by mentioning that the addition of the amplitude

obtained from the box diagram increases the width of the state found in Ref. [30] by about

⇠ 7 MeV. Additionally, the model parameters have been fine-tuned to better describe the

10

D1(2420) :
M ≃ 2428 MeV,
Γ ≃ 33 MeV

Brenda B. Malabarba, K. P. Khemchandani, A. Martínez Torres, E. Oset, Phys. Rev. D107, 036016 (2023).



A. Martínez Torres, E. Oset, S. Prelovsek, A. Ramos, JHEP 05, 153 (2015); L. S. Geng, E. Oset, L. Roca, J. A. Oller, Phys. Rev. 
D75, 014017 (2007); Brenda B. Malabarba, K. P. Khemchandani, A. Martínez Torres, E. Oset, Phys. Rev. D107, 036016 (2023). 

E X O T I C  H A D R O N S
• What happens if we add one more hadron

We can form three-hadron resonances/bound 
state  Faddeev equations⟹

K

D/D̄ ρ

D*s0(2317)

D1(2420)

K1(1270)

X0(2900) (JP = 0+) : D̄*K,
X1(2900) (JP = 1−) :?

LHCb:  invariant massD−K+

KρD̄, KπD̄*, ⋯



T1 = t1 + t1G[T2 + T3]
T2 = t2 + t2G[T1 + T3]
T3 = t3 + t3G[T1 + T2]

EXOTIC HADRONS
• Resolution of the Faddeev equations for a three-

hadron system:

t3

t2
t1

t1

t3

+

t2

t1

+

t1

t3

+

1
2

3

+ … + … + …



EXOTIC HADRONS
• Open charm states with strangeness:

appearing in the isoscalar KD̄1(2420) system above its threshold but below the three-body

(K⇢D̄) threshold. Recall that Refs. [24–27] treat D̄1(2420) as an e↵ective field and study a

two bodyKD̄1(2420) system. We, on the other hand, treat D̄1(2420) as a D̄⇢molecular state

and study a three-body system, K⇢D̄. Our findings also coincide with those in Ref. [25],

where only the isoscalar configuration is found to be attractive and requires a very large

cuto↵ to form a bound state. As already stated before, we find a bumplike structure in the

isoscalar KD̄1(2420) system above its threshold, and not below. Our results, however, do

not agree with those in Refs. [26, 27]. In Ref. [26], the KD̄1(2420) system is found to bind

in both isospin configurations, with the binding energy varying in the range �5 to �30 MeV

when changing the form factors and cuto↵ values. The width of the isovector state is found

to be narrower (� ⇠ 12 � 30 MeV) when compared with the isoscalar state (� ⇠ 60 � 100

MeV). Thus, it is concluded in Ref. [26] that their isoscalar state can be related with X1.

It is concluded in Ref. [27] too that X1 can be interpreted as a KD̄1(2420) bound state. As

discussed above, we do not find the formation of a state below the KD̄1(2420), and cannot

find a description for the X1 of Refs. [1, 2].

Next we discuss the results obtained for the K⇢D system. The di↵erence in this case is

that all the subsystems interact strongly and lead to formation of a molecular state in one

of the two-body isospin configurations. The KD system forms an isoscalar bound state,

Ds(2317); K⇢ and coupled channels generate K1(1270), and as discussed in the previous

section, D1(2420) can be generated from ⇢D and coupled channel interactions. We show

the modulus squared amplitude for the K⇢D system in total isospin 0 in Fig. 10. A clear
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FIG. 10: Modulus squared of the T -matrix for the K⇢D system with total isospin 0.

peak can be seen with a mass around 2872 MeV and a width of about 100 MeV. The

17

I(JP) = 0 (1−)

D*s1(2860) :

M = 2859 ± 27 MeV
Γ = 159 ± 80 MeV

LHCb [PRL113,162001(2014)] :

M ≃ 2872 MeV Γ ≃ 100 MeV

 states with masses KρD̄ ⟹ X1 ≃ 3100 MeV
: It should be more attractiveKρD

Brenda B. Malabarba, K. P. Khemchandani, A. Martínez Torres, E. Oset, Phys. Rev. D107, 036016 (2023).

B0
s → D̄0K−π+

BABAR [PRL97, 222001 (2006)] 



EXOTIC HADRONS
• Open charm states with strangeness:

 states with masses KρD̄ ⟹ X1 ≃ 3100 MeV

: It should be more attractiveKρD

I(JP) = 1 (1−)

quantum numbers associated with this state are I(JP ) = 0 (1�) and it has a mass and

width in excellent agreement with the known state D⇤
s1(2860) [28], with M = 2859 ± 27

MeV and � = 159 ± 80 MeV determined by LHCb [51]. It is important to mention here

that the state seen in Fig. 10 has a finite width, even though its mass lies below the three-

body threshold. This is so because lighter channels like K⇡Ds are implicitly present in the

system. The presence of such open channels arises through the imaginary part of the two-

body t-matrices, which have been calculated in a coupled channel approach. To compare

our results with other works, we recall that the K1(1270)D and KD1(2420) systems were

studied separately (uncoupled to each other) in Ref. [24]. The formalism in this former

work was built by writing an e↵ective field for the axial mesons and the K1(1270)D system

was found to form a bound state with mass 3112 MeV, while KD1(2420) was found to be

weakly attractive. In our case, the three-body system acts simultaneously as K1(1270)D

and KD1(2420) e↵ective systems. Both the systems have similar mass and could be treated

as coupled channels in the formalism of Ref. [24]. It sounds plausible that such a treatment

could lower the mass of the state found in the K1(1270)D system in Ref. [24] since the

introduction of a coupled channel usually leads to a more attractive interaction (see Sec. 6

of Ref. [52]).

Finally, we show the modulus squared amplitude for the K⇢D system with total isospin

1. A narrow and well-pronounced peak is seen in Fig. 11, which is very interesting since the
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FIG. 11: Modulus squared of the three-body T -matrix for the K⇢D system with total

isospin 1.
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M ≃ 2883 MeV Γ ≃ 8 MeV
Brenda B. Malabarba, K. P. Khemchandani, A. Martínez Torres, E. Oset, Phys. Rev. D107, 036016 (2023).



EXOTIC HADRONS
• What about states with triple charm?

M. Bayar, A. Martínez Torres, K. P. Khemchandani, R. Molina, E. Oset, Our. Phys. J. C83, 46 (2023).

D*

D* D*

  state decaying into                     
.


: attractive in  [L. R. Dai, R. 
Molina, E. Oset, Phys. Rev. D105,016029 (2022)]

Tcc : DD* DDπ
⟹D*DD*, D*D*D*

D*D* I = 0, JP = 1+

LHCb: , Nature Phys. 18, 751-754 (2022); 
Nature Commun. 13, 3351 (2022).

Tcc

6 M. Bayar et al.: Exotic states with triple charm

in the Table 1. There is another feature worth calling the
attention. The width of the state increases for more bind-
ing energy in spite of having less phase space for the decay.
This is similar to what was observed in Ref. [21] for the
D⇤D⇤ system and has its origin in the Weinberg compos-
iteness condition where the coupling square of the state
to the components goes as the square root of the binding
energy [44].

qmax=450	MeV
qmax=550	MeV
qmax=650	MeV
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Fig. 3. Modulus squared of the three-body T -matrix as a func-
tion of

p
s for JP = 0� and qmax = 450, 550 and 650 MeV.

The previous results have being obtained by neglect-
ing the width, �B , related to the cluster since �B << MB .
However, for a better estimation of the width of the three-
body states found, we can evaluate the e↵ect that the
width of the cluster produces in our results. In our for-
malism such a width enters in the form factor written in
Eq. (6) and it can be incorporated by changing MB to
MB � i�B/2 in Eq. (6). Such a change produces a small
imaginary part (when compared to the real part) for the
form factor. In Fig. 4 we compare the results obtained
for the modulus squared of the three-body T -matrix for
isospin 1/2 and J = 0 when �B = 0 and considering the
value of �B obtained in Ref. [21] for a cut-o↵ qmax = 450
MeV, which is �B = 29.54 MeV. As can be seen, con-
sidering the latter value of �B increases the width of the
three-body state with J = 0 by about 23% for qmax = 450
MeV. In Table 2 we summarize the results obtained when
incorporating �B in the formalism. We observe that the
mass is barely changed but the width is increased by about
20% for qmax = 450 MeV and less for the other values of
the cut-o↵.

It is interesting to compare our results with those of
Ref. [26]. In this latter work, states with a few MeV of

ΓB=0
ΓB≠	0
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Fig. 4. Modulus squared of the three-body T -matrix as a func-
tion of

p
s for JP = 0�, qmax = 450 MeV and considering the

e↵ect of the width of the cluster.

Table 2. Mass, M , and width, � , of the states found in the
D⇤D⇤D⇤ system with isospin 1/2 and spin-parity JP = 0�,
1� and 2� for di↵erent values of qmax and taking into account
the width of the cluster.

M (� ) [MeV]
qmax [MeV] 450 550 650
MB [MeV] 4010.7 3997.0 3972.5
�B [MeV] 29.54 60.03 99.57
J = 0 6004.5 (57.3) 5970.9 (99.7) 5910.8 (143.3)
J = 1 6013.6 5990.2 5951.5
J = 2 6013.3 5989.4 5950.1

binding energy were found for isospin I = 1/2, spin-parity
JP = 0�, 1�, 2�, 3�. The binding is found to change with
a cut o↵ ⇤ in a form factor used to regularize loops. We
also find that our results depend on the cut-o↵ qmax that
we use, but we should rely more on those obtained with the
cut-o↵ used to reproduce the properties of the Tcc state,
i.e., qmax ' 450 MeV. We have obtained states for I = 1/2,
JP = 0�, 1�, 2�, but not 3�. This is a consequence of our
approach since the D⇤D⇤ binds only in the I = 0, JP =
1+ configuration, hence a three-body state with J = 3
is not possible in our model. It is interesting to see that
in Ref. [26] the authors mention that there is no bound
state solution with ⇤ ' 1 GeV and JP = 3�, while bound
states are formed for the other JP configurations. It is also
mentioned that if the s-d mixing is used, then a loosely
bound state for JP = 3� is obtained. Our approach is
based on s-wave scattering only, hence we can say that we
find the same result as in Ref. [26] when only s-waves are
used.

M ≃ 6007 MeV

Γ ≃ 47 MeV

I(JP) = 1/2 (0−)
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Brenda B. Malabarba, K. P. Khemchandani, A. Martínez Torres, Phys. Rev. D108, 036010 (2023).

• : observed by different collaborations (2006-2020) in 
processes like                                                                         

                                                                                      
(PDG: , ) 

• Different theoretical models trying to explain its nature and 
properties:               

ϕ(2170)

e+e− → K+K−π+(0)π−(0), J/ψ → ηK+K−π+π−, e+e− → ϕη′ 

M = 2160 ± 80 MeV Γ = 125 ± 65 MeV

BESIII collaboration 
(Phys. Rev. Lett. 124, 
112001 (2020); Phys. 
Rev. D104, 032007 
(2021): , 

, 
, 

, 
, 

K+(1460)K−

K+
1 (1400)K−

K*+(1410)K−

K+
1 (1270)K−

K*+(892)K*−(892)
ϕη, ϕη′ 

   ;                                                                                  

 .          

  , Mode  forbidden.                                                        
Not supported by Lattice QCD and QCD Gaussian sum rules. 

Tetraquark  Difficulties in obtaining a compatible mass.

ss̄ (n2S+1LJ = 33S1) ⟹ Γ ∼ 300 MeV

ss̄ (23D1) ⟹ΓK*(892)K̄*(892), ΓK*(1410)K̄ > ΓK(1460)K̄, ΓK1(1400)K̄, ΓK1(1270)K̄

ss̄g ⟹ ΓK*(1410)K̄ ≳ ΓK1(1270)K̄ K(1460)K̄

⟹



EXOTIC HADRONS

Brenda B. Malabarba, K. P. Khemchandani, A. Martínez Torres, Phys. Rev. D108, 036010 (2023).

arise as a result of three-body interactions. In Ref. [14] three-body scattering equations were

solved for the �KK̄ system, allowing each of the subsystems to interact in s-wave. As a

consequence, a resonance was found to appear with mass around 2150 MeV when the KK̄

subsystem interacts in isospin zero with an invariant mass ⇠ 980 MeV. In other words, the

�(2170) resonance is found when the �KK̄ system acts e↵ectively as �f0(980). A study of

a di↵erent three-body system, replacing � by a kaon, was done in Ref. [23]. In this case,

a resonance with mass ⇠ 1460 MeV was found when the KK̄ system assembles itself as

f0(980). The state obtained in Ref. [23] was associated with K(1460). Using the findings

of Refs. [14, 23] for �(2170), K(1460) and keeping in mind that K1(1270) and K1(1400)
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K̄KR, where KR represents a kaonic resonance, like
K(1460), K1(1270), K1(1400), etc., which are not com-
patible with the values determined by using the recent

results for B�(2170)
K̄KR

��(2170)
e+e� [32]. In this way, practically

all the models describing �(2170) as a ss̄ state, or as a hy-
brid, or as a tetraquark state have been challenged. It is
then important to discuss whether such models provide,
or not, a reliable prediction for R⌘/⌘0 . As we will argue,
calculating such ratio might not help in distinguishing
between some of the di↵erent inner structures proposed
for �(2170), but it can certainly serve to question some
of them.

Inspired by the growing interest in the experimental
determination of the decay widths of �(2170) to �⌘ and
�⌘0, in this work we calculate such widths by consider-
ing �(2170) as a �KK̄ state obtained when KK̄ gener-
ates f0(980) [25]. Within such a description, not only
the mass and width of �(2170) are obtained, with re-
sults which are compatible within uncertainties with the
experimental ones, but also the cross section data on
e+e� ! �f0(980) are well reproduced [33]. Ratios of
decay widths of �(2170) to K̄KR have also been showing
to be compatible with those found by using the available
data [33], including the suppression of the decay mode
�(2170) ! K̄⇤(892)K⇤(892). Such an agreement be-
tween theory and experiment is highly non-trivial which
implies that our result for R⌘/⌘0 must be considered as
being reliably determined.

II. FORMALISM

Once �(2170) is interpreted as a state generated from
the interactions in the �KK̄ system, with KK̄ forming
f0(980), we need to devise the mechanisms through which
a state with such an intrinsic nature could decay to �⌘
and �⌘0. As can be seen in Ref. [34] (see the review on
“Scalars mesons below 1 GeV”), there seems to accumu-
late evidence on the molecular nature of f0(980). We
follow Refs. [35, 36], where f0(980) is generated mainly
from the two-body dynamics involved in the KK̄, ⇡⇡
coupled channel system, in isospin 0, and in the s-wave.
Although the coupled channel space has been sometimes
enlarged by adding the ⌘⌘ channel due to the proximity
of its threshold to the nominal mass of f0(980) [37], chan-
nels like ⌘⌘0 and ⌘0⌘0 are typically disconsidered for the
opposite reason. However, such channels can be incorpo-
rated within the formalism of Refs. [35, 36] by considering
⌘ and ⌘0 as mixtures of a singlet ⌘1 and an octet ⌘8 of
SU(3) [38, 39], with

|⌘i = cos�|⌘8i � sin�|⌘1i,
|⌘0i = sin�|⌘8i+ cos�|⌘1i, (1)

where � is a mixing angle whose value is in the range
' �15� to �22� [40–43]. Within this mixing scheme,
f0(980) couples, besides KK̄ and ⇡⇡, to channels like
⌘⌘, ⌘⌘0, ⌘0⌘0. This allows mechanisms for the decay of

�(2170) to �⌘ and �⌘0 via triangular loops, as shown in
Fig. 1.

FIG. 1. Mechanisms for the decay of �R ⌘ �(2170) as a
molecular �f0(980) state to the channels �⌘ and �⌘0.

In this way, knowing the couplings constants of �(2170)
to �f0(980), and of f0(980) to ⌘⌘, ⌘⌘0, and ⌘0⌘0, we can
determine the contributions from the diagrams in Fig. 1
and calculate the decay width of �(2170) to �⌘ and �⌘0.
Calling t�R!�P to the amplitude for the process �R !
�P, where �R is a short-hand notation for �(2170) and
P = ⌘, ⌘0, the decay width ��R!�P is given by

��R!�P =

Z
d⌦

|~p�/P |
96⇡2m2

�R

X

pol

|t�R!�P |2. (2)

In Eq. (2), |~p�/P | is the modulus of the linear momentum
of the � (or P) in the rest frame of the decaying particle,
m�R represents the mass of �(2170),

R
d⌦ represents the

integration on the solid angle, and
P
pol

indicates the sum

over the polarizations of the particles in the initial and
final states. A factor 1/3 is included from the average
over the polarizations of the initial state.
Using the Feynman rules, the amplitude t�R!�P can

be written as

� it�R!�P =
X

P0

1Z

�1

d4q

(2⇡)4
(�it�R!�f0)

⇥ i

(P � k � q)2 �m2
f0

+ i✏

⇥ i

(k + q)2 �m2
� + i✏

i

q2 �m2
P0 + i✏

⇥ (�it�!�P0)(�itf0P0!P), (3)

where P 0 = ⌘, ⌘0, t�R!�f0 , t�!�P0 , tf0P0!P are the am-
plitudes describing the transitions �(2170) ! �f0(980),
� ! �P 0 and f0P 0 ! P, respectively, and m�, mf0 and
mP0 represent the masses of �, f0(980) and P 0, respec-
tively. Considering �(2170) as a state obtained from the
interaction of a � with a f0(980) in the s-wave, the am-
plitude t�R!�f0 can be written as

t�R!�f0 = g�R!�f0✏�R(P ) · ✏�(k + q), (4)

where g�R!�f0 is the coupling constant of �(2170) to
�f0(980). This coupling constant can be obtained from

f0(980) : ππ, KK̄, ηη, ηη′ , η′ η′ 

K1(1270) : Kρ, K*π, …
K(1460) : KKK̄, Kππ

J. A. Oller, E. Oset, Nucl. Phys. A 620, 438-456 (1997); 
L. S. Geng, E. Oset, L. Roca, Phys. Rev. D75, 014017 
(2007); A. Martínez Torres, D. Jido, Y. Kanada-En’yo, 
Phys. Rev. C83, 065205 (2011);  X. Zhang, C. Hanhart, 
U. G. Meissner, Ju-Jun Xie, Eur. Phys. J. A58,20 (2022); 
I. Filikhin et al, Phys. Rev. D, 094027 (2020).
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• Correlation functions of two hadrons: femtoscopy

Prob. two particle state/ Prob. indiv.partΠi
means of a convolution with the relative two-particle wave function  is written, after certain

approximations, as [5, 42–45]

C(k) =

Z
d3rS12(~r)| (~k;~r)|2, (13)

where ~k is the relative momentum in the center of mass (CM) of the pair; ~r is the rel-

ative distance between the two particles; and S12(~r) is the normalized source function,
R
d3rS12(~r) = 1, describing the distribution of relative positions of particles with identical

velocities as they move in their asymptotic state (for a detailed discussion see for example

Ref. [5]). As a consequence, the expression above for C(k) encodes information on both the

hadron source and the hadron-hadron interactions and is commonly named as Koonin–Pratt

equation [42, 43] [46].

In the present work, we employ a source function parametrized as a static Gaussian

normalized to unity, i.e.

S12(~r) =
1

(4⇡)
3
2 R3

exp

✓
� r2

4R2

◆
, (14)

where R is the source size parameter. As discussed in Ref. [5], Gaussian parametrizations

provide an acceptable minimal description of data in a much more simpler way than others

with non-Gaussian aspects of the correlation, such as the ones based on the decomposition

in spherical or Cartesian harmonics. Thus, the source function in Eq. (14) can be seen as

the appropriate parametrization for the sake of its functionality.

To connect the CF to the coupled-channel approach described in the previous section, we

adopt the framework summarized in Refs. [47–49], in which the generalized coupled-channel

CF for a specific channel i reads

Ci(k) = 1 + 4⇡✓(qmax � k)

Z 1

0

drr2S12(~r)

 
X

j

wj|j0(kr)�ji + Tji(
p
s) eGj(r; s)|2 � j20(kr)

!
,

(15)

where wj is the weight of the observed channel j (we use wj = 1); j⌫(kr) is the spherical

Bessel function; E =
p
s is the CM energy; the relative momentum of the channel is k =

�1/2(s,m2
1,m

2
2)/(2

p
s) (� being the Källen function and m1,m2 the masses of the mesons

in the channel i); Tji are the elements of the scattering matrix encoding the meson–meson

interactions, obtained and analyzed in the previous section; and the eGj(r; s) function is

18

 Relative linear momentum/position; 
 Normalized emission source function (probability 

distribution of the relative distance of the two particles) 
 Typically a Gaussian. 

 Wave function of the two-particle system

⃗k, ⃗r :
S12 :

⟹
Ψ :

It can be written in terms 
of the two-body t-matrix
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defined as

eGj(r; s) =

Z

|~q|<qmax

d3q

(2⇡)3
!(j)
1 + !(j)

2

2!(j)
1 !(j)

2

j0(qr)

s�
⇣
!(j)
1 + !(j)

2

⌘2

+ i"
, (16)

with !(j)
a ⌘ !(j)

a (k) =
p

k2 +m2
a
being the energy of the particle a, and qmax being a sharp

cuto↵ momentum introduced to regularize the r ! 0 behavior. We choose a value for qmax

within its natural range ([600, 900] MeV): qmax = 700 MeV. We remark that the results for

the CFs remain almost the same for di↵erent values of qmax within the mentioned range, as

expected because of the presence of j0(qr) in the integrand, which prevents sizable changes

for large values of q.

B. Lednicky-Lyuboshits approximation

To shed some light on the interpretation of the CFs, it can be instructive to review the

Lednicky-Lyuboshits (LL) model, which is based on replacing the full wave function for

a single channel by its non-relativistic, asymptotic (r ! 1) form, corresponding to the

superposition of plane and converging spherical waves [44]. In particular, we benefit from

the discussion presented in the Appendix of Ref. [49] and Sections V.B and V.C of Ref. [50],

which have some of their fundamental aspects reproduced here.

Proceeding ahead, the consideration of the LL approximation, together with a Gaussian

source, and using the relationship between the standard quantum mechanics amplitude f(k)

and the scattering matrix T , i.e. f(k) = �T/(8⇡
p
s), allow us to write the single-channel

CF as [4, 44, 49, 50]

CLL(k) = 1 +
|T |2

2R2(8⇡
p
s)2

F1

⇣reff
R

⌘
� 2Re[T ]

8⇡3/2R
p
s
F2(2kR) +

Im[T ]

R
p
s
F3(2kR), (17)

where F1(z) = 1 � z/(2
p
⇡), F2(z) =

R
z

0 dtet
2�z

2
/z and F3(z) = (1 � e�z

2
)/z; reff is the

e↵ective range. An alternative version of Eq. (17) can be obtained by employing the for-

mula [51]

� T

8⇡
p
s
⌘ 1

k cot �(k)� ik
=

R

�R/a� ikR
, (18)

where reff is taken as zero.

In this way Eq. (17) becomes [49, 50]

CLL(x, y) = 1 +
1

x2 + y2


1

2
� 2yp

⇡
F2(2x)� xF3(2x)

�
, (19)

19

• Lednicky-Lyuboshits approximation: wave function is 
replaced by its non-relativistic, asymptotic behavior

The correlation function depends on  and a R
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FIG. 8. CFs for theD⇤⇡ (top panels) andD⇢ (bottom panels) channels as functions of their relative

momentum k, taking di↵erent values of the source size. The left, center, and right panels show

the results obtained respectively with I = 1/2 considering the model A, with I = 1/2 considering

model B, and with I = 3/2. Recall that the interaction in the isospin 3/2 configuration is repulsive

and weaker as compared to the case of isospin 1/2. Thus, no states are formed in the isospin 3/2

case and the amplitudes are obtained from the same model [using Eq. (2)].

C. Results

1. CFs in isospin basis

In Fig. 8 we plot the results of the correlation functions for the most relevant channelsD⇤⇡

and D⇢ as functions of their CM momentum k, for di↵erent values of the range parameter

R of the source, considering the following scenarios: I = 1/2 with the model A, I = 1/2

with the model B and I = 3/2. For the sake of comparison and to reach a more profound

comprehension concerning our findings, the results with the single-channel LL approximation

are also included.

First, one can notice the distinct behavior of the C(1/2)
D⇤⇡ (k) when models A or B are em-

ployed ( see left and center panels in the upper row of Fig. 8). To start with the discussions,

let us focus on the curves related to the smallest source size parameter, R = 1 fm. In the case

of model A, at threshold, we have C(1/2)
D⇤⇡ (k = 0) > 1, because of the attractive character of

this channel and the negative scattering length. In the sequence, as k increases a moderate

22

Enhancement at threshold: 
attractive character of this 
channel; Minimum at 

 due to a broad k ≃ 250 MeV D1

Dip close to threshold: presence 
of D1(2420)

The ALICE collaboration has measured 
 correlation functions less than 1 

month ago: 2401.13541 [nucl-ex]!
D*+π∓
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• Leading  production in  collisions: information 
about the proton structure (meson cloud)

Λ ep

|p⟩ ∼ |π+n⟩, |K+Λ⟩

Virtual photon can be used to  
probe the meson structure

⟹


