
  

Visita por el mundo de los hadrones exóticos: el comienzo de una nueva 
tabla periódica hadrónica.    

Exotic hadrons, paving the path to a new hadron periodic Table
E. Oset,  IFIC CSIC-Universidad de Valencia

Constituents of matter, quarks, leptons, gauge bosons

Mesons and baryons

Quarks models,  effective theories

Chiral Lagrangians, dynamically generated states 

Exotic mesons and baryons

Compact tetraquarks or pentaquarks and molecular states

X0(2866), Tcc(3875), Pc states

Multimeson molecules. The beginning of new periodic Table



  

Components of matter



  

Gauge bosons

The interaction of quarks, or matter, is supposed to proceed via the exchange of a gauge boson

There is violation of energy in the vertex :  Δ E Δ t = h/2π  → Δ l = c Δ t → the weak interaction
                                                                                                                    is of very short range
                                                                                                                → the electromagnetic 
                                                                                          Interaction is of very long range 



  

The gluon is the mediator of the strong interaction and should be of long range. 
But it is very special. The gluons also interact with themselves

As a consequence, the QCD interaction becomes of 
short range. Very difficult to solve at low energies, 
But this is where most of the current world stands.

Ta  generators of the SU(3) group of color



  



  

Obtained using effective 
interaction between quarks



  



  

Effective field theories.  
 Example γγ → γγ



  

Effective theories for the interaction of hadrons. 
Weinberg had the wisdom to propose an effective theory to describe the interaction 
at low energies  between hadrons, eliminating the quarks and considering only the hadrons
as elementary fields:   Chiral Lagrangians

Meson-Meson



  

Meson baryon Lagrangian



  

With these Lagrangians one can do perturbation theory → chiral perturbation theory

However, one can use the amplitudes obtained and consider them as the potential to be used I
in the Shroedinger equations ( Lippmann  Schwinger equation, Bethe Salpeter equation)  →
Chiral unitary theory

T= V+ VGT

In coupled channels         T=(1-VG)-1 V T has a pole for eigenstates of H



  

We are familiar with nuclei:  The smallest one, the deuteron. n p proton bound state.

In principle, there are 6 quarks, but in the deuteron the n p keep their identity 
→ molecule of two baryons, not a 6 quark bag. 

What happens with mesons?   Something similar: 

One can look for poles of the T matrix → bound states or resonances

Chiral unitary approach with meson-meson: ππ, K Kbar, ηη   →  f0(500),f0(980)
                                                                      πη, K Kbar → a0(980)
                                                                      πK, ηK  → K0*(700)
With pseudoscalar-vector → axial vector mesons: a1(1260), b1(1235), h1(1270), h1(1380), 
f1(1285), f1(1420), K1(1270)  

With vector vector → f2(1270), f0(1370), f0(1710) …….a0(1780)

The a0(1780) was  predicted in  L.S. Geng and E. O. Phys.Rev.D 79 (2009) 074009

Has been found in BESIII , Phys Rev Lett 129,182001 (2022)
 



  

Meson baryon interaction: if one takes the coupled channels 

Then one finds two poles, corresponding to two states of the Λ(1405)

The PDG recently introduced
two Λ(1405) states:



  

VP INTERACTION IN THE  LOCAL HIDDEN GAUGE APPROACH   Bando et al Phys Rep. 164

Chiral Lagrangian of M. C. Birse, Z. Phys. A 355, 231 (1996)

Neglecting the k/MV  

For PP interaction general prove  in De Rafael et al. Phys Lett B 223, 425 (1989)



  

Exotic 
Hadrons



  



  



  



  



  

LHCb : PHYS. REV. D 102, 112003 (2020)

X0(2866) in the D- K+ 
invariant mass distribution 

Quark content: 

cbar sbar  q q

It is necessarilly exotic since it has
two open quarks .  Cannot be q qbar

LHCb,   PHYSICAL REVIEW D 102, 112003 (2020)



  

New interpretation for the Ds2*(2573) and the prediction of novel exotic charmed mesons
R. Molina, T. Branz, E. Oset, PHYSICAL REVIEW D 82, 014010 (2010)

State predicted of D* K*bar nature. 

The local hidden gauge   for VV interaction has an extra contact term

Spin projection operators 
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This contains  c s quarks and is exotic



  
G is regularized either with a cutoff in the three momentum or dimensional regularization, 
with qmax, or a subtraction constant α.
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Decay terms, added to V and iterated in the Bethe Salpeter equation. 
Through its imaginary part they provide the decay to DKbar

5



  

R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 125, 242001 (2020)

R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 102, 112003 (2020)

Decaying to DKbar
The state predicted corresponds
to the X0(2866)6



  

Revision to the light of experimental results   R. Molina, E. O.  Phys.Lett.B 811 (2020) 135870

Decay mode

No D Kbar decay
No D* Kbar decay

qmax is chosen to fit the exact mass
Λ to get the precise width  of X0
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arXiv:2109.01038 arXiv:2109.01056 [

The Tcc discovery by the LHCb collaboration

Spectra without correction by experimental 
resolution

Spectra corrected by resolution and 
analyzed with a unitary amplitude
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Nature Phys. 18 (2022) 7, 751 Nature Commun. 13 (2022) 1, 3351



  

A. Feijoo, W.H. Liang, Eulogio Oset,  Phys.Rev.D 104 (2021) 11, 114015

11



  There is attraction in I=0, repulsion in I=1, but due
to different masses there is a bit of isospin breaking 12



  

Convolution of the G function:
Origin of the width. 

Spectral function
Mass distribution
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Alternative method including vector selfenergy



  

With mass from unitary reanalysis of LHCb data , Mikhasenko 

With mass of experimental 
raw data 
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Phys.Rev.Lett. 122 (2019) 22, 222001LHCb      Phys.Rev.Lett. 115 (2015) 072001

?

J.~J.~Wu, R.~Molina, E.~Oset and B.~S.~Zou, %``Prediction of narrow $N^*$ and $\Lambda^*$ resonances 
with hidden charm above 4 GeV,''  Phys. Rev. Lett. 105, 232001 (2010)



  

A.~Martinez Torres, K.~P.~Khemchandani, L.~Roca and E.~Oset
“Few-body systems consisting of mesons,'' Few Body Syst. 61 35 (2020)States of three 

or more mesons



  

The fixed center approximation
to Faddeev equations

States of three or more mesons



  

L.~Roca and E.~Oset,
%``A description of the f2(1270), rho3(1690), f4(2050), rho5(2350) and f6(2510) resonances as multi-rho(770) 
states,''  Phys. Rev. D 82, 054013 (2010)

J.~Yamagata-Sekihara, L.~Roca and E.~Oset,
%``On the nature of the $K^*_2(1430)$, $K^*_3(1780)$, $K^*_4(2045)$, $K^*_5(2380)$ and $K^*6$ as $K^*$ 
- multi-$\rho$ states,'' Phys. Rev. D 82, 094017 (2010)

Multimeson states



  

Main difference between nuclei and meson aggregates  → Baryonic number conservation

There is no meson number conservation. 

But in strong interaction there is FLAVOR CONSERVATION

This means we can construct meson aggregates with different flavors that cannot decay to
a system with smaller number of mesons

Example  :  c c s s qbar q bar qbar qbar ( q= u, d quarks) has 4 mesons and cannot decay to a
system with less than 4 mesons

This makes these systems similar to ordinary nuclei :  One can create many new system 
classified by NUMBER OF OPEN FLAVOR (quarks that  their corresponding antiquark is not 
present in the system). T.~W.~Wu, Y.~W.~Pan, M.~Z.~Liu and L.~S.~Geng,

%``Multi-hadron molecules: status and prospect,''
Sci. Bull. \textbf{67}, 1735-1738 (2022)

“P. W. Anderson once said, ‘‘more is different”, which could also be true in hadron physics. 
Studies of multi-hadron molecules have just started and are in an infant stage, compared 
with the studies of multi-nucleon states (nuclei) and of two-body hadronic molecules.”  Much
progress is expected in the coming years.



  

Correlation functions for the Ds0(2317) and N*(1535) : the inverse problem

E. Oset, Natsumi Ikeno, Genaro Toledo, Raquel Molina, Chu Wen Xiao and Wei Hong Liang   

IFIC, Departamento de Fisica Teorica, Universidad de Valencia

Construction of correlation functions

The channels in Ds0(2317) production

The channels in the N*(1535) production

The inverse problem of getting information from the correlation functions

Discussion on  experimental extraction of scattering parameters



  

The Ds0(2317) state 

Projection in s-wave

Ikeno, Toledo, E. O. PLB 847, 138281



  

Modified Kookin Pratt formalism

I.~Vidana, A.~Feijoo, M.~Albaladejo, J.~Nieves and E.~Oset  Phys.Lett.B 846 (2023) 138201



  



  



  

C(p) constructed with R=1m

q< qmax



  
Free parameters



  

We do many fits to the data with the resampling technique to evaluate errors in the observables,
 assuming errors in the correlation functions of the order of 0,02 

We get a pole at 



  
The equal couplings for D0 K+ and D+K0 indicate that we have a D K  isospin I=0 state 

The probabilities are similar as in the lattice work, A. Martínez Torres, E. Oset, 
                           S. Prelovsek, A. Ramos, J. High Energy Phys. 05 (2015) 



  

Kaiser, Siegel and Weise 
Phys.Lett.B 362 (1995) 23



  

Correlation functions:   Molina, Xiao, Liang, E. O.  PRD 109, 054002



  

R=1fm



  

Isospin symmetry

7 Cij  free parameters plus qmax, and R



  

The couplings g1, g2 indicate I=1/2 state



  

-a3

r0

Experimental analysis of a, r, done with single channel
MESSAGE: the analysis must be done with coupled
channels.



  

Relevance of coupled channel analysis stressed in a recent paper

A.~Feijoo, M.~Korwieser and L.~Fabbietti,
%``Relevance of the coupled channels in the $\phi$p and $\rho^0$p Correlation Functions,''
[arXiv:2407.01128 [hep-ph]].

(from single channel analysis)

(coupled channels)



  

Conclusions

We explore the inverse problem of getting a,r0, bound states associated, 
molecular probabilites

From the correlation functions of 
we find the existence of the Ds0(2013) state

From the correlation functions of the 
we find the existence of the N*(1535) state

a, r0  for all the channels are obtained with high precision. 

ONE MUST AVOID USING SINGLE CHANNEL ANALYSIS TO DETERMINE a AND r0


