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 (R.Aaij et al. (LHCb), JHEP08,165 (2024)): B+ → D+
s D*+π− D1(2420)

 attraction from  
collisions at .   

[S. Acharya et al. (ALICE), Phys. Rev. Lett. 127, 

172301 (2021)]
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[Phys. Rev. C105, 

045201 (2022)]: 
dibaryons

γd → π0ηd
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the decay widths appearing in Eqs. (30)-(32) depend on the consideration of �(2170) as a

�f0(980) state. Thus, the particular values found for the B1, B2 and B3 ratios are related to

the nature, not only of �(2170), but also to the one of K(1460), K+
1 (1270) and K+

1 (1400).

In Ref. [1], the values (in eV) for the products Br�e+e�
R are

Br[�R ! K+(1460)K�]�e+e�

R = 3.0± 3.8,

Br[�R ! K+
1 (1400)K

�]�e+e�

R =

8
<

:
4.7± 3.3, Solution 1

98.8± 7.8, Solution 2
,

Br[�R ! K+
1 (1270)K

�]�e+e�

R =

8
<

:
7.6± 3.7, Solution 1

152.6± 14.2, Solution 2
, (33)

having two possible solutions in case of the processes �(2170) ! K+
1 (1400)K

�, K+
1 (1270)K

�

from the fits to the data. Using Eq. (33), we can determine the experimental values for the

B1, B2 and B3 ratios, finding

Bexp
1 =

8
<

:
0.64± 0.92, Solution 1,

0.03± 0.04, Solution 2,

Bexp
2 =

8
<

:
0.40± 0.54, Solution 1,

0.02± 0.03, Solution 2,

Bexp
3 =

8
<

:
1.62± 1.38, Solution 1,

1.55± 0.19, Solution 2.
(34)

Considering now the decay widths listed in Tables I-III, we can calculate the ratios in

Eqs. (30), (31), (32). We present the results in Tables IV-VI. Since the decay widths obtained

in this work do not depend much on the form factors considered, the values presented for

the ratios correspond to the average of the results obtained with di↵erent form factors.

The ratio B1 [see Eq. (30)] involves the decay width of �(2170) ! K+
1 (1400)K

�, thus, it

can be calculated within the models B and C. The results obtained in the former case are

compatible with the experimental value related to solution 1, while the results in the latter

case are closer to the experimental value obtained from solution 2. Although the results

obtained in model C can also be compatible with the value found from solution 1 due to the

uncertainty present in the experimental data.

As can be seen from Table V, the value of B2 depends on the description considered for

K+
1 (1270). Within model A [in this case, K1(1270) has a double pole structure], we find
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20

B1 =
ΓϕR→K+(1460)K−

ΓϕR→K+
1 (1400)K−

B2 =
ΓϕR→K+(1460)K−

ΓϕR→K+
1 (1270)K−

B3 =
ΓϕR→K+(1270)K−

ΓϕR→K+
1 (1400)K−

 [BESIII, 

Phys. Rev. Lett. 104, 032007 

(2021)]: 

e+e− → KRK̄

ϕ(2170)

D-meson-Kaon scattering 
from Lattice QCD [Mohler, Lang, 

Leskober, Prelovsek, Phys. Rev. Lett. 111, 222001 

(2013)]: D*s0(2317)
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|B⟩ = α |qqq⟩ + β |qqqqq̄⟩ + γ |qqqqqq̄q̄⟩ + η |MB⟩ + ζ |𝕄1𝕄2𝔹⟩ + ⋯
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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)

(//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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D*s0(2317) mD + mK ∼ 2363 MeV
Quark model : 

 
[Barnes, Close, Lipkin, Phys. Rev. 

D68, 054006 (2003)]

cs̄
M ∼ 2460 MeV, Γ ∼ 100 MeV

[Discovered by 
BaBar at 2003, 

]Γ < 3.8 MeV

D K

   ; 


  
. 


  , Mode  
forbidden (spin selection rule). 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

⟹

ϕ(2170)
[Discovered by 
BaBar in 2006, 

]Γ = 125 ± 65 MeV

ϕ K

K̄
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 Ps(2080)

K* Σ

[ ,  
MeV]
JP = 3/2− M = 2079 ± 30

Vector-Baryon coupled 
channels (hidden local 
symmetry): K*Σ, K*Λ, ρN, ωN

s̄ s̄q q

q
q
s

q
q
s

ρ
K*

Σ

K*

Σ

c̄ c̄q q

q
q
c

q
q
c

ρ
D̄*

Σc

D̄*

Σc

 Ps(2080)  Pc(4457) [JP = 3/2−]



U S I N G  H A D R O N S  A S  E F F E C T I V E  F I E L D S  T O  
D E C I P H E R  E X P E R I M E N TA L  D ATA

- Partial Wave 
Analysis. 

- Large Uncertainty 
in the masses. 

- Broad states: 
200-300 MeV 

-  final statesπN, ηN
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Ps [3/2−]
K*, ρ, ω, ϕ [1−]

Σ, N, N, N [1/2+]

Ps [3/2−] V

B

P [0−]

B [1/2+], R [1/2−]
P, V

R ≡ Λ(1405), N*(1535), N*(1650)[1/2−]

Where to observe ? Ps(2080)
Breno Agatão et al., 
Phys. Rev. D111, 
116013 (2025).

An ongoing proposal 
is being conducted at 
JPARC (Japan).

Coupling: t = V + VGt
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 [ ]

D1(2420)

JP = 1+

 [narrow,  in d-wave], 
 [broad;  in s-wave]. 

Quark models have difficulties in 
explaining these properties. 

 [LHCb 

collaboration]:  mainly 
decays to  in d-wave (~70 %) 

D1(2420) D*π
D1(2430) D*π

B+ → D+
s D*+π−

D1(2420)
D*π
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 : B− → D−
s D*+π−

M ⋅ M = M(ūu + d̄d + c̄c + ⋯)

≡ M

:

:

:  
interacting in s-wave 
[Brenda Malabarba, K. P. 
Khemchandani, A. 
Martínez Torres, E. Oset, 
Phys. Rev. D107,036016 
(2023)]

D1(2420) Dρ, D*π, …

Pedro Brandão, Breno 
Agatão, K. P. Khemchandani, 
A. Martínez Torres, L. M. 
Abreu, Phys. Lett. B878, 
140527 (2026)
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 : B− → D−
s D*+π−

B−
D−

s

PL /VH

VH /PL

tB−→D−s PiVi
= CωipB ⋅ ϵD*

0− → 0− + 1+(p-wave)

t = + + +⋯

V VGV VGVGV

B−

D−
s

D*+

π−

Pi

Vi

tPiVi→π−D*+

Generation 
of D1(2420)

Pedro Brandão, Breno Agatão, K. P. Khemchandani, A. Martínez 
Torres, Luciano M. Abreu, Phys. Lett. B878,140527 (2026)



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 source function (It describes the distribution of 

relative positions of particles with identical velocities)  
Typically a Gaussian. 

 Wave function of the two-particle system

⃗k, ⃗r :
S12 :

⟹

Ψ :
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R
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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
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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
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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 =
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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
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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

Scattering length; 
Effective range

More details in the talk 
of Hao-nan Liu
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D* K

D*s1(2460) [JP = 1+]

E. Kolomeitsev, M. F. M. Lutz, 
Phys. Lett. B582, 39 (2004); 
D. Gamermann, E. Oset, D. 
Strottman, M. J. Vacas, Phys. 
Rev. D76, 074016 (2007); 

P(KD*) ≃ 60 %

A. Martínez Torres, 
E. Oset, S. Prelovsek, 
A. Ramos, JHEP05, 
153 (2015).



U S I N G  H A D R O N S  A S  E F F E C T I V E  F I E L D S  T O  
D E C I P H E R  E X P E R I M E N TA L  D ATA

D* K

D*s1(2460) [JP = 1+]

E. Kolomeitsev, M. F. M. Lutz, 
Phys. Lett. B582, 39 (2004); 
D. Gamermann, E. Oset, D. 
Strottman, M. J. Vacas, Phys. 
Rev. D76, 074016 (2007); 

D̄* K̄

N

D̄*s1(2460)

Λ(1405)

N N

D̄*
K̄

N

D̄*
K̄

+ +⋯

tND̄*s1(2460)
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D̄* K̄

N
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D̄* K̄

N
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D̄* K̄

N

Breno Agatão, P. Brandão, 
A. Martínez Torres, K. P. 
Khemchandani, L. M. 
Abreu, E. Oset, Eur. Phys. 
J. C85, 1136 (2025)
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D̄* K̄

N

Breno Agatão, P. Brandão, 
A. Martínez Torres, K. P. 
Khemchandani, L. M. 
Abreu, E. Oset, Eur. Phys. 
J. C85, 1136 (2025)
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D̄* K̄

N

Breno Agatão, P. Brandão, 
A. Martínez Torres, K. P. 
Khemchandani, L. M. 
Abreu, E. Oset, Eur. Phys. 
J. C85, 1136 (2025)
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- Experimental and theoretical interest in understanding 
the nature of hadron states that do not fit the quark 
model. 

- Cross sections, Invariant mass distributions, partial 
decay widths, correlation functions, Lattice data. 

- We have been investigating these observables 
theoretically and have shown their compatibility with the 
existence of hadron molecules. 


