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1 previous works
molecular probability
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1.1 propose and deveop formalism arXiv: 2306.01607 PLB Tcc(3875)

The dilemma between molecular states and compact quark states is the subject of a
continuous debate in hadron physics.

The condition that a pole appears at s0 (the square of the mass of the physical state) below
the threshold

s0 − sR − g̃2GDD∗(s0) = 0 with
√

sR =
√sth +∆

√
sR

we can obtain the molecular probability

P = −
g̃2 ∂G

∂s
1− g̃2 ∂G

∂s

∣∣
s=s0

at s0 =
√sth − 0.36 MeV for Tcc(3875) [Nature Physics 18(2022)751]

we discuss ∆
√sR = 102 MeV [PRL119(2017)202002] and different “scale” with ∆

√sR = 10 MeV

and ∆
√sR = 1 MeV ⇒ obtain different P at s0.

⇒ The binding energy by itself cannot give a proof of the nature of the state.
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For scattering length & effective range
The unitarity of the tDD∗,DD∗ amplitude

Im t−1 = Im

(
s − sR

g̃2
− GDD∗(s)

)
= −ImGDD∗(s) = k

8π
√

s

with k the meson-meson on shell momentum.
The relationship with the f QM [Quantum Mechanics]

t = −8π
√

s f QM ' −8π
√

s 1

−1
a + 1

2 r0 k2 − ik

It is easy to induce

−1

a =
sth − sR

g̃2
− ReGDD∗(sth)

r0 = 2

√
s
µ

∂

∂s

{
(−8π

√
s)
(

s − sR
g̃2

− ReGDD∗(s)
)} ∣∣

s=sth
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scattering and effective range for qmax = 450 MeV at s0 =
√sth − 0.36 MeV (β = 0)

∆
√sR [MeV] a [fm] r0 [fm]

0.1 0.87 -114.07
0.3 1.19 -79.33
1 2.10 -38.20
5 4.62 -9.26
10 5.74 -4.51
50 7.25 -0.47
70 7.39 -0.17
102 7.51 0.06

It can be seen that as ∆
√sR becomes smaller (decreasing the P), a becomes smaller and

smaller and r0 grows indefinitely.

The lesson we draw is the a and r0 are very useful to determine the molecular
probability of the state.
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arXiv: 2307.02382 PRD X(3872) extension to coupled-channel case

The binding energy by itself does not give us the molecular probability.

|D∗D̄, I = 0〉 =
1√
2
(D∗0D̄0 + D∗+D−)

tD∗D̄(I = 0) =
g̃2

s − sR

g̃2 =
s − sR

1
2G1 +

1
2G2

∣∣∣∣∣
s0

.

The loop functions Gi of i = 1 for D̄0D∗0 and i = 2 for D−D∗+.

P1 = −
1
2 g̃2 ∂G1

∂s
1− 1

2 g̃2 ∂
∂s (G1 + G2)

∣∣∣∣∣
s0

P2 = −
1
2 g̃2 ∂G2

∂s
1− 1

2 g̃2 ∂
∂s (G1 + G2)

∣∣∣∣∣
s0
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scattering and effective range for qmax = 450 MeV (β = 0)
∆
√sR a1[fm] r0,1[fm] a2[fm] r0,2[fm]

0.1 1.42 −663.61 0.0073− i 0.00003 −664.79− i 1.56
0.3 3.16 −273.51 0.0176− i 0.00020 −273.04− i 1.56
1 7.48 −89.71 0.0530− i 0.00180 −88.46− i 1.56
10 18.45 −9.68 0.3957− i 0.10756 −8.10− i 1.56
50 21.35 −2.29 0.7558− i 0.58190 −0.68− i 1.56
100 21.78 −1.37 0.7818− i 0.78157 0.25− i 1.56

◦ r0,1 = −5.34 fm LHCb data [PRD102(2020)092005]
−2.78 fm < r0,1 < 1 fm, a1 ≈ 28 fm [PLB833(2022)137290]

◦ ∆
√

sR = 0.1 MeV, a1, a2 become small, and most important, r0,1, r0,2 become
extremely large, where we had a negligible molecular component ⇒ enough to discard
this scenario.

◦ ∆
√

sR = 100 MeV, would be basically acceptable, but P → 1.
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arXiv: 2306.01607 PLB and arXiv: 2307.02382 PRD

We develop the general formalisms in single-channel and coupled-channel calculations.

as an application we make the comparison of molecular and compact states for the
Tcc(3875) and X(3872) in three different scenarios.

◦ Tcc(3875) in the D∗+D0 single-channel
◦ X(3872) in the D0D̄∗0 and D+D∗− coupled-channel

the conclusion binding energy itself does not determine the compositeness of
a state,but the additional information of the scattering length and effective
range can provide an answer.
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1.2 model-independent fitting arXiv:2304.01870 EPJC
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A general potential for i = 1 for D0D∗+ and i = 2 for D+D∗0 channels

V =

(
V11 V12

V12 V22

)
,

from where the scattering matrix is

T = [1− VG]−1 V ,

where Gi are the loop functions regularized in the cutoff method, with

G =

∫
|q|<qmax

d3q
(2π)3

ω1 + ω2

2ω1ω2

1

s − (ω1 + ω2)2 + iε

where ωi =
√

q2 + m2
i , m1 is the mass of the D and m2 that of D∗. The value of qmax

reflects the range of the interaction in momentum space and will be obtained from the fits
to the data.
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From the effective range expansion and scattering matrix, we can obtain scattering
lengths and effective ranges

i = 1: at threshold of D0D∗+

− 1

a1
= −8π

√
s T−1

11 = −8π
√

s
[

1− V11G2

V11 + (V 2
12 − V 2

11)G2
− Re G1

] ∣∣
s=s1

r0,1 = −
√s1
µ1

∂

∂s

{
16π

√
s
[

1− V11G2

V11 + (V 2
12 − V 2

11)G2
− Re G1

]} ∣∣
s=s1

i = 2: at threshold of D+D∗0

− 1

a2
= −8π

√
s T−1

22 = −8π
√

s
[

1− V11G1

V11 + (V 2
12 − V 2

11)G1
− Re G2

] ∣∣
s=s2

r0,2 = −
√s2
µ2

∂

∂s

{
16π

√
s
[

1− V11G1

V11 + (V 2
12 − V 2

11)G1
− Re G2

]} ∣∣
s=s2
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From the residues of the T matrix at binding of Tcc, wa can derive the couplings and
the probabilities of the channels

g2
1 = lim

s→s0
(s − s0)T11 =

V11 + (V 2
12 − V 2

11)G2

∂
∂s DET

∣∣
s=s0 ,

g2
2 = lim

s→s0
(s − s0)T22 =

V11 + (V 2
12 − V 2

11)G1

∂
∂s DET

∣∣
s=s0 ,

g1g2 = lim
s→s0

(s − s0)T12 =
V12

∂
∂s DET

∣∣
s=s0

we have the probabilities for the D0D∗+ and D+D∗0 channels, respectively, as

P1 = −g2
1

∂G1

∂s
∣∣
s=s0 , P2 = −g2

2

∂G2

∂s
∣∣
s=s0

and the nonmolecular component

Z = 1− (P1 + P2)
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in the evaluation
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We have performed fits to the data of the LHCb collaboration by using two different
strategies.

In a model independent way

1) starting from the scattering length and effective range of the D∗+D0, D∗0D+

channels;
2) or from the experimental D0D0π+ mass distribution.

We conclude that the Tcc is a molecular state of the D∗+D0, D∗0D+ components.

using all the available experimental information (not only the binding but also the
scattering length and effective range) was essential to reach the present conclusions.
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2 correlation function
molecular probability
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Experiments on correlation functions

• The study of correlation functions in pairs of particles observed in high energy p-p, p-A
and A-A collisions is turning into a very useful tool to determine the basic properties of
the pair interaction.
[ALICE Collaboration, Nature 588(2021)232]

• Experimental work in the strangeness sector is abundant.
[ALICE Collaboration, Nature 588(2021)232; PRC99(2019)024001; PRL124(2020)092301;
PLB833(2022)137272; PLB805(2020)135419; PLB797(2019)134822; PRL123(2019)112002;
PRL127(2021)172301; PLB829(2022)137060]

• the ALICE collaboration is starting to explore the charm sector measuring correlation
functions in high-multiplicity pp reactions at 13 TeV.
[ALICE Collaboration, PRD106(2022)052010]

• In the future one will also have access to the bottom sector.
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2.1 why we choose Tbb
Feijoo, Liang, Oset, arXiv: 2108.02730 PRD consistent with LHCb data for Tcc(3875) Chiral Unitary Approach
LRD, Molina, Oset, arXiv:2110.15270 PRD extension

25 / 36



The extension to systems with two open bottom quarks
LRD, Oset, Feijoo, et al. arXiv:2201.04840 PRD Chiral Unitary Approach
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arXiv:2201.04840 PRD

27 / 36



2.2 model-independent fitting for correlation function Tbb
Feijoo, LRD, Abreu, Oset, arXiv:2309.00444 PRD resampling method + inverse problem

CB0B∗+(pB0) = 1 + 4π θ(qmax − pB0)

∫ +∞

0
dr r2 S12(r)

{∣∣j0(pB0r) + T11(E)G̃(1)(r ;E)
∣∣2

+
∣∣T21(E)G̃(2)(r ;E)

∣∣2 − j20 (pB0r)
}

CB+B∗0(pB+) = 1 + 4π θ(qmax − pB+)

∫ +∞

0
dr r2 S12(r)

{∣∣j0(pB+r) + T22(E)G̃(2)(r ;E)
∣∣2

+
∣∣T12(E)G̃(1)(r ;E)

∣∣2 − j20 (pB+r)
}

with E =
√

s and pB0 =
λ

1
2 (s,m2

B0 ,m2
B∗+ )

2
√

s , pB+ =
λ

1
2 (s,m2

B+ ,m2
B∗0 )

2
√

s .
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G̃ (i)(r ;E) and S12(r)

where Tij are the scattering matrices and the G̃(i) function is given by

G̃(i)(r ;E) =

∫
|~q |<qmax

d3~q
(2π)3

ω
(i)
1 (q) + ω

(i)
2 (q)

2ω
(i)
1 (q)ωi

2(q)
j0(qr)

s −
[
ω
(i)
1 (q) + ω

(i)
2 (q)

]2
+ iε

with the source function

S12(r) =
1

(
√
4π)3R3

exp
(
− r2
4R2

)
with R the source size as input.

for inverse problem, we use R input=1 fm and R input=5 fm in the calculation.
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Correlation functions for B∗0B+ and B∗+B0 pairs
B∗0B+ threshold at 10604.04 MeV B∗+B0 threshold at 10604.35 MeV
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• given the proximity of the two thresholds, the two curves are remarkably similar.
• correlation functions change appreciably with different source size.

we will use resampling method to produce synthetic data for inverse problem.
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V11 = V ′
11 +

α

m2
V
(s − s0) , V12 = V ′

12 +
β

m2
V
(s − s0)

six free parameters in the fitting qmax,V ′
11,V ′

12, α, β,R .

resampling method for inverse problem

a. first we start from the generated correlation functions and produce synthetic data
choose 31 points from each correlation function with a homogeneous error correspond-
ing to the 10% of the minimum value taken by the correlation function.
b. we use resampling method to evaluate the observables and uncertainties for the
inverse problem
run 50 best fits with the resampled data and in each of the fits we determine their
average and their dispersion
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final results
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The obtained coupling constants and bindings

|B∗B, I = 0〉 = − 1√
2
(B∗+B0−B∗0B+)
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The obtained P1, P2 and Z
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recall the source sizes
To conclude, one of the most important results of the present study is that one can obtain
values for both sources as

35 / 36



Summary
1 previous works

1.1 propose and deveop formalisms ⇒ molecular probability
The binding energy by itself cannot give a proof of the nature of the state.
The lesson we draw is the a and r0 are very useful to determine the molecular probability
of the state.

1.2 model-independent fitting ⇒ molecular probability
using two different strategies resampling method

⇒ conclude that the Tcc is a molecular state of the D∗+D0, D∗0D+ components
2 correlation function

model-independent fitting ⇒ molecular probability
resampling method + inverse problem

The correlation functions and its inverse problem can be used to determine the nature
of molecular probability of the state.
These findings can encourage experiments to look for correlation functions and extract
valuable information of observables with acceptable precision.
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