Visita por el mundo de los hadrones exoticos: el comienzo de una nueva
tabla periddica hadronica.

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
Xo(2866), T.(3875), P. states

Multimeson molecules. The beginning of new periodic Table



Components of matter

Quarks

. . ) Charge 2 [5
Generation ¢ | Name ¢  Symbol ¢ | Antiparticle ¢ Spin ¢ © ¢ | Mass (MeVic?) Bl ¢
up u u Y, +%; 2.2 J_rg'g
" :
down d d i, - 4.6 fg‘i
charm c c Y, +%5 1280 +30
2
strange s s Y, -, 96 ti
top t t Y, +%, 173 100 +600
3
bottom b b i, -1 4180 tgg
Leptons
Charge
Generation ¢ Name ¢ Symbol ¢ Antiparticle ¢ Spin ¢ ( )g ¢ | Mass (MeV/c?) [°] &
e
electron e e % -1 0.511note 1]
1
electron neutrino v, ;e % 0 < 0.0000022
muon uo ' % -1 105.7lnote 2|
2
. - 1
muon neutrino = 0 <0.170
Vi Vi 2
tau T T : -1 1776.86 +0.12
3
. - 1
tau neutrino v, v, 5 0 =155




Gauge bosons

Name 4 | Symbol ¢  Antiparticle ¢ Spin ¢ Charge () ¢ Mass (GeVic?) [°! ¢ | Interaction mediated ¢ Observed ¢

photon Y self 1 0 0 electromagnetism Yes
W boson W w' 1 +1 80.385 £0.015 weak interaction Yes
Z boson Z self 1 0 91.1875 +£0.0021 weak interaction Yes
gluon g self 1 0 0 strong interaction Yes
Higgs boson HU self 0 0 125.09 £0.24 mass Yes

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

S n

There is violation of energy in the vertex: AEAt=h/2nt - Al=c At - 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

1 a 14
L lassic = Z Ve(iv* D, — my )y — EFWFM
D, = 8ﬂ+ngaAM,
— C
Fi, = 0,40 — 0,45 — gl LA o, To] = i fane T

Ta generators of the SU(3) group of color

L / As a consequence, the QCD interaction becomes of
0 ;7 short range. Very difficult to solve at low energies,
But this is where most of the current world stands.



Color of Hadrons

BARYONS I

RED + BLUE + GREEN = “WHITE”
or “COLORLESS”

| MESONS I

GREEN + ANTIGREEN = “COLORLESS”
RED + ANTIRED  =*“COLORLESS”
BLUE + ANTIBLUE = “COLORLESS”

A meson can be any one of these combinations !

Hadrons observed in nature are colorless
(but there constituents are not)
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interaction between quarks

1 Obtained using effective
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FIG. 5. The isoscalar mesons (mainly u#, dd, s5). The legend is as for Fig. 3. Significant spectroscopic mixings in this sector are
given in Table III. The comparison of the 0~ isoscalars with experiment requires special consideration: see Sec. V A. For the E

meson see Ref. 9.
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FIG. 1. Comparison of the predicted and observed spectrum of negative-parity baryons. The shaded regions corre-
spond to the likely mass values of resonances; the solid bars are the predictions of the text, corresponding to the para-
meters m=1610 MeV, w=520 MeV, x=0.6, Am =280 MeV, and §=300 MeV,



Effective field theories.
Example yy - vy




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

|
Ly = 3, 9D — ®J, D)* i
2 = 12f’2<( 3,D)° + MPD*)
—1-77'0—{—— rt K+ \
Meson-Meson @Z—é—d): V2 - \/— ——1—-7r0+L 0
~ V2 v Ve
K~ K° =
\ 75" )
m> 0 0
M= O mi 0 ’
0 0 2mi—m?



Meson baryon Lagrangian _
L®) = (Biy*V ,B) — Mp(BB)

VuB=38,B+ [I,,B], U=u’ = exp(ivV2®/f)

r,=3utd,u+udu®) u, =iutd,Uu’

1
L'®) = (Biy* — [ ($3,D — 3,9P)B — B(P3,® — 3,DP)])

a7
I o5, 1 (—1—2{’+L/1 b
(——Ew +—6n | Tt | K+ ) V2 V6 | 1
_ -~ I 0 B= 3~ ——304 2
D= T \/577' +\/a’r[ I; 2 B 6
K_ KO = E_ =
\ %)\




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 |

In the Shroedinger equations ( Lippmann Schwinger equation, Bethe Salpeter equation) -
Chiral unitary theory

HY = (Hy+V)¥ =E¥ = (E— Hy)¥ = V¥

(E — Hy)® = 0
1 |
Y_hpt— VYW —Pt— TP
T T T G
Td=VY.
T= V4 VGT T=V+Ve—zV.
~

In coupled channels T=(1-VG)tV 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: mirt, K Kbar, nn - 1,(500),f,(980)
TN, K Kbar - ao(980)
K, nK - K¢*(700)
With pseudoscalar-vector - axial vector mesons: a:(1260), b;(1235), h,(1270), h1(1380),
f1(1285), 1(1420), K.(1270)
With vector vector - ,(1270), fo(1370), fo(1710) ....... a0(1780)
The ag(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
K-p K'n 74 #93 94 92V gtd- g3t KgktE-  KVEO

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

=12 pk=581 MeV -12 pk=687 MeV =12 pk=714 MeV
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The PDG recently introduced
two A(1405) states: A(1380) 1/2™ A(1405) 1/2—



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

v, v EVVV = l-g<(vﬂavvy . 8;,‘/# Vy)vv) Neglecting the k/My
g,(k) = (0, 1,0,0)
|4 g = Mv/zf (MV ~ 800 M@V, f =03 M@V) e2(k) = (0,0, 1, 0)
P P Lopp = —ig(V¥[P.,P)) e3(k) = (Ikl, 0, 0, &y)/my
_it:_g(vﬂabvﬂ _abvﬂvﬂ)uvljx Vr.l/f;e[P’aV'P]ml
f] Vv
; zxqv"
Zej':'E?m = ( ¢ + M2 )51 Oim
pol
P
—it = —i— ((V*9,V, - 8,V,V¥)[P, 5P|
My,
1
E= 4f2 ([V#,0,V*||P,0"P]) Chiral Lagrangian of M. C. Birse, Z. Phys. A 355, 231 (1996)

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



Y.-R. Liu, H.-X. Chen, W. Chen et al. / Progress in Particle and Nuclear Physics 107 (2019) 237-320
Belle LHCb
H ad rO n S B meson decays PRD78 072004 PRL118 022003
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The double charmonium production process

Belle Belle Belle
PRL98 082001 PRL100 202001 PRD95 112003
ete™ — JIy(DD*) ete™ = Jhw(D*D™) e*te™ = J/y(DD)
ool e ciaeo
2007 2008 2017 year

The yy fusion process

Belle Belle Belle
PRL96 082003 PRL104 092001 PRL104 112004
yy = (DD) vy = (JIyw) vy = (Jy)
E |
2005 2010

year



The hadronic decays of Y(4260) BESIII

PRL112 132001

ete™ = Y(4260) — (D*D*)Tn~

Z(4025)
BESIII/Belle
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(b) baryon (f) hybrid state
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(g) weakly-bound hadronic molecules



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

LHCb, PHYSICAL REVIEW D 102, 112003 (2020)
BT - DTD~ K™ decay
mAD"K*) [GeV?/c?]
X0(2866) in the D- K+ -
invariant mass distribution wE J[ LHCH
60 -

+
)
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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. This contains ¢ s quarks and is exotic

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

Ly =585V, V,IVEVY)
Spin projection operators

w+p° + *+ ~ 0
= P K+ D\ po— le ete, e
— w—p #() * —
v,=1| P Nz k 2 P =le e ete” — €,€,€”€*)
K~ K ¢ D S o
\ D Dt p*t J/Slp ) ) PR = {3(e, €, e"€” + €,€,€"€") — %eﬂe”’eve”}



TABLE XI. Amplitudes for C=1,5= —1and I = 0.
J Amplitude Contact V exchange ~Total
D*K* — D*K* 4g> = gz(p‘h;;‘%;(pﬁm) -+ %gz(ml_i = m%)(]?l + p3).(p2 + pa) —9.9g2
1 D*K* — D*K* 0 gz(”l*l}j;%f;m’” +38°Gr = )Py + p3)(p2 + pa) —10.2¢°
2 D*K* — D*K* —2g? — gz(p‘ﬂ;;%;(pﬁm) + %gz(ml_%o - m%)(l?l + p3)-(p2 + pa) —15.9¢*
TABLE XII. Amplitudes for C=1,5S= —1and I = 1.
J Amplitude Contact V exchange ~Total
D*K* — D*K* —4g? gz(p‘ﬁ;f%;(pﬁm) + g—;(m% - mL%)(Pl + p3)-(p2 + pa) 9.7¢g*
1 D*K* — D*K* 0 - gQ(pl“;%f”*”“ + S G+ (P + pa)(pa + p) 9.9¢
2 D*R*— D"K* 2¢” Eouep)rt) 4 £ (P + p3).(p2 + pa) 15.7g2

*
DS

T=0-VvG)'v

G Is regularized either with a cutoff in the three momentum or dimensional regularization,
with gmax, or a subtraction constant a.

d*q 1 1

Gi:i

Q2m)* > — M3 + ie (P —q)? — M5 + ie



Decay terms, added to V and iterated in the Bethe Salpeter equation.
Through its imaginary part they provide the decay to DKbar

D (k1) D (ks) Dy D; D;
\ D(g / 5 \ B /

(ki —q) § | m(ks —q) K { | K

K*(ks) K* (k) ¢ ¢ ¢

D

I o

F(g?) = @ —la)/A®
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TABLE VI. C=1; S= —1; 1 =0. Mass and width for the
states with J/ = 0 and 2.

1J*] Ppole (MeV) Model T (MeV)
0[0*] 2848 A, A = 1400 MeV 23

A, A = 1500 MeV 30

B, A = 1000 MeV 25

B, A = 1200 MeV 59
O[1%] 2839 Convolution 3
0[27%] 2733 A, A = 1400 MeV 11

A, A = 1500 MeV 14

B, A = 1000 MeV 22

B, A = 1200 MeV 36

R. Aalij et al. (LHCb Collaboration), Phys. Rev. Lett. 125, 242001 (2020)
R. Aaijj et al. (LHCb Collaboration), Phys. Rev. D 102, 112003 (2020)

X0(2866) : M =2866+7 and ['=57.24+12.9MeV, Decaying to DKbar

X1(2900): M =2904+5 and '=1103+11.5Mev |Ne€ state predicted corresponds
5 to the Xo(2866)



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

D* D*
D
Decay mode I

D (pl) (ps) K
D) K* K~
iG’
m | L=—€"YP(§,V,8,VgP)
. 92
K . i ng . L vap ~
with G' = 7551 8’ = — =8, Gv 55 MeV,
K*(p2) K*(p4) . .
Jmax IS chosen to fit the exact mass
A\ to get the precise width of X,
1% M[MeV] '[MeV] Coupled channels state
0(2%) 2775 38 D*K* ?
0E1°5) 2861 2D e ? No D Kbar decay
0(0") 2866 57 i Xo(2866)

No D* Kbar decay



The Tcc discovery by the LHCb collaboration

Nature Phys 18 (2022) 7 751
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A. Feijoo, W.H. Liang, Eulogio Oset, Phys.Rev.D 104 (2021) 11, 114015

*+ *+ 0
P D D P3 =

J/ 4

P2 P4
Dl ) DT Dt D[ ) oF

Lypp = —ig([P,0,P|V*"),
JCVVV =g ((Vua,uvv - aquVu)V#>1

M
g= 2—}’ (My = 800 MeV, f = 93 MeV).

0 —
’ a° = oy & *+ D0

% + % + ﬁ 7l'+ . K+ DO \/§ + \/ﬁ Op K D
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D*t DY D*0 D the 1, 2 channels, the interaction that we

obtain is

Vij = Cz‘j92 (p1 +p3) - (p2 -i-m)é"'-é"'

5 1 . .
- Cij g° §[3€ — (M2 4+m2+ M"? +m"?)

1

——(M? —m?)(M"? —m?))e- &,
S
P1 D™ 4 i
J/Y
P2
DU Dll
(a)
|D*D, I =0) = —i(D*+D0 Y | i

V2

1
D*D.I=1,I3=0)= ——(D**D° + D**D™),
| . , I3 = 0) \/5( )

12

1 1
J”J/r. ;-?: —1
Cij = 1 1 T=[1-VG]| YV,
mZ  M?
P J/
* * *T *()
o D*0 D0 D D
J/ v
P4
DT DT Dli & ks
(b) (c)
1 | 1 1
Coo = ——t K1 = —oy T =0
12 2 T2 R 01 3
Al-f/w m; AIJ/w m;,

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



Convolution of the G function: ~ Spectral function Im[D(sy)] = Im( 1 )
Origin of the width. Mass distribution AT sy — M2 +iM, Ty,
(My+2T'y)?
| dsy G(Vs, \/sv,my) x Im[D(sv)]
(ﬂfvaIjv)?
G(\/ga Mka mk) = (My +2Ty )2
[ dsyIm[D(sy)]
(My—2T'y)?
(27)* Ei(q) k° + p° — ¢° — Ei(q) + i€

2
T pe+ (Minv) = [(D™) (mD) |

2
Miny I'peo(Miny) = I'(D*0) (mD'°) :
3 ’ 3 My
g Pr +1 Px 3
3 \ Pr,on SR A [0.647 (pp z ) +0.353}

where p. is the 77 momentum in D** — D%t deca g
e = D** - D°7°  D*0 - DYy

pL.p. ., are the same magnitudes for D** — D¥70,
12



Alternative method including vector selfenergy
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LHCb  Phys.Rev.Lett. 115 (2015) 072001 Phys.Rev.Lett. 122 (2019) 22, 222001

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

or more mesons

Table 1 Few-body systems studied in the literature involving one, two or more mesons

Components States generated Method t
F —
- - NDK, NDK, bound states of
KNN K bound states ;/CA NDD 3050, 3150, 4400 MeV FC
1/27 =, A excited r DDK, DD;n, I =1/2 state =
2PN 1/27 N* states X F DD around 4140 MeV X
(N*(1920)) X DDK Bound state, B >~ 70 MeV GE
2] Al 2 DDDK Bound state, B =~ 90 — 110 MeV GE
KKN N*(1920) FCA J/WKK Y (4260) *F
. xF K DD* K* Bound states FCA
KKK ) (;FS DKK D-like state at 2900 MeV QSEéXF
Zgg,;nn ggfgg; fo(1790) XE pDD I =0, 1 states 42004300 MeV FCA
Nob 51 X i _
i Asy2+(2000) FCA pB*B* J = 3 state at 10950 MeV FCA
Tk K* 71 (1600) FCA DX B ) g(x) Several bound states FCA
RK* 0(17) state around FCA BDD,BDD B D D bound state ~ 8950 MeV FCA
1 1700 MeV BB*B*, _
KK (1700) FCA B* B* B* Bound C = 3 meson F
; (1270), p3(1690), f4(2050), =
Multi-p {;2(2350)’ f2(2510) fa FCA DD*K. BB*K Bound states BO
K>(1430), K*(1780) ~ o } 4318 MeV, 11014 MeV
K* multi-p 3 ! % FCA K*BB, K*B*B* Several bound states FCA
K7(2045), K¥(2380), K} ;
PVV m2(1670), n2(1645), K5(1770) FC BBB Probable bound state BO
K multi-p several K* states FCA D multi-p Seven D* states FCA
DNN D bound state ECA

P Pseudoscalar, F Faddeev, FCA Fixed center approximation, xy F Chiral Faddeev, V Variational, GE Gaussian expansion, QSR
QCD sum rules, BO Born—Oppenheimer, CS Complex scaling



States of three or more mesons . S
The fixed center approximation

to Faddeev equations

T, =1t +1,GyT>», | A G !
3 1 2 3 1 2 3 1 2

T2 == fz + I2GOT11

j\‘
+ + + | + B S
C b~ iy U/\\ U:/
r=T +1 \ \
_ T _— T
1 2 3 1 2 3 1 2 3 1 2 3
(e) (f) (9) ()

FIG. 1. Diagrammatic representation of the FCA to Faddeev equations.



Multim n
L.~Roca and E.~Oset, ultimeson states

% 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)
TABLE I. Results for the masses of the dynamically generated states.

n, Mass, PDG [25] Mass, only single scatt. Mass, full model E(n,)
2 1>(1270) 1275 = 1 1275 1285 133

3 p3(1690) 1689 = 2 1753 1698 209

4 £4(2050) 2018 = 11 2224 2051 263

5 p5(2350) 2330 = 35 2690 2330-2366 302-309
6 f6(2510) 2465 = 50 3155 2607-2633 337-341

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)

TABLE II. Results for the masses of the dynamically generated states. (All units are MeV.)

Generated resonance Amplitude Mass, PDG [26] Mass only single scatt. Mass full model

K3(1430) pK* 1429 + 1.4 cos 1430
K%(1780) K*f, 1776 = 7 1930 1790
K (2045) ke 2045 * 9 2466 2114
K%(2380) K'f,  2382+14+19 2736 2310

K Kifs — foK2 oo 3073-3310 26612698




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 gbar q bar gbar gbar ( g= 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 Ds(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 Ds(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
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The Ds(2317) state P

P3

4 A L : v
DK+, DYK', and D'y
a P2 : Py
I/ij zcij gz(pl +p3)'(p2 +P4); T=[1—VG]_1V
M
g=—, My =800 MeV, f =93 MeV, G.(s) = / d3q o+, 1
2f I (27:)3 2&)10)2 S — ((!)1 +Cf)2)2 +ic
191 <qmax
( )
e S . N 2L
2 (M§ M%) M? V3 M, lkeno, Toledo, E. O. PLB 847, 138281
- L L gL 2 1
2 \ M2 MZ V3 Mz,
\ 0

y
1
(1 +p3) - (pp+ps) = 5[38—(M2+m2+M'2+m’2)

1 ) ) Projection in s-wave
= (M =) (M"" =7,



Correlation functions

C(p) = / eS8 (Plwr, )2 S (=

1 ( 2 )
O O e
(1 /4E)3R3 4R
Modified Kookin Pratt formalism

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

+00 +oo
Cpog+(pg+)=1+4xn / drrlez(r) 0(Gmax — Px+) Cp+go(pgo)=1+4n /drrlez(r) 0(4max — Px0)
0 0

(ot + T (V) GV6s, 0| {otoxor + T/ G5, )|

- >
+ @5 | Ty (\/5) G (s,r) i + 1 |T2(v/5) GV (s, 1)

2

+ 3| T3 (V/5) G (s,7) : —jg(pKJrr)‘ + 3| T3 (V/5) GO (s, 1) —jg(pKor)}
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Inverse problem

|DK,I=0)= L(D+K0 + DYK™)

Vi Via Vi3 V2
V = V22 V23 |DK,I=1,I3=0)=L(D+KO—DOK+)
0 \/5

we will assume that the potential has isospin symmetry

we impose that (I =0|V|I=1)=0

a

Vii=Va, Viz=Vy, Vi =V+— (-3,
Vii. Via V Ay
(DK,I=0|V|DK,I=0)=V;; +V;, 11 12 13 )
V& Vit Vi3 Voo i P20 e il =55
(DK, I1=1\V|DK,I=1)=V;{ =V, 0 12 12+M2(S 5),

V
i _
Vl3 = V1’3 + _M2 (S — S),
V

/ / /
Free parameters Vi, Vi, Vi, a, B, Vs Gmax> and R



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

Gmge =000 10057 MeV We get a pole at E=2314.2+21.0 MeV
R =0.984 +0.040 fm.
&8isj = lim (s—s,) T lim il 205
N - = . g = . P=—g2__1
Tfj g 530 (s=%)Tis & =8 s=so T4 i T8 g =0

S—SO

E—8J’r\/;fQM —87:\/_ 1

I + rokz ik

1 _ ~1
_E_—Sfr\/ET -

Jd
ok2

\/_a
ds

ro=— 2(—8z\/s T~ +ik)

2(=87\/sT™! +ik)| 4y,



Table 1
Values of the couplings, probabilities, scattering lengths, and effective ranges.

channeli 1: DK+ 2: DYK" 3: Dy

g; [MeV] 8556.08 +2707.16 8571.21 +2710.52 —6161.84 + 6307.93

P, 0.357+£0.133 0.306 +£0.119 0.083 +£0.070

a; [fm] 0.720 +0.131 (0.518 +0.051) — i (0.120 + 0.030) (0.213 + 0.014) — i (0.054 + 0.025)
Fo.i [fm] —-2.479 +0.824 (—=0.162 +0.778) — i (2.520 + 0.329) (=0.165+1.677)—i(0.171 + 0.663)

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

Table 2

Same as Table 1 except with the use of the two correlation functions of DK+ and D°K".
channeli 1:DK* 2: D*K° 3:Din
g; [MeV] T773.42 + 3462.55 7789.64 + 3483.53 —5716.45 + 5659.24
P, 0.353 +£0.198 0.301 £0.184 0.080 +£0.134
a, [fm] 0.707 + 0.060 (0.504 + 0.034) — i (0.110 = 0.015) (0.259 + 0.067) — i (0.055 + 0.036)
ro.i [fm] -3.139+1.299 (—0.665 +1.020) —i(2.386 +0.341) (0.336 +0.858) — i (0.081 +0.447)

The equal couplings for D° K* and D*K° indicate that we have a D K isospin 1=0 state



The chiral unitary approach for the N*(1535) gﬁ;fséte?ti?ggna g‘)’\égi)sgs

K>t K30, K*A,ntn, 7%, np

1 , .
Vijz—ﬁcij(kuko); f =93 MeV T=[1-VG|lv

TABLE 1. C;; coefficients of Eq. (3).

C;; K%+ Kt K*A  atn 2% np
KOs+ 1 V2 0 0 % A
2
+30 L 1
K+X 0 0 5 : _ ?
KTA 0 5 _\3 -3
] ;
Ttn | /2 0
' p 0 0
np 0




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

Cos+ (Pgo) = 1+ 470(Gmax — Pio) / drr*S5(r) - {ljo(pgor) + Tgog+ gos (E)G(Kuzﬂ(’”; E)]?
+ | Ty ogt (E)GE ™) (1 E)? + T o5+ (E)GE™N (r; E)?
+|Typ a5+ (E)GP (r; E)? = j5(pgor) ),

Cx+0(pg+) = 14 470(qmax — Pk+) / drr*Sy,(r) - {ljo(pg+r) + Tg+50 k30 (E)G(K+E())(’”§ E)?
+ |Tgog+ K+20(E) K02+)(  E)* + T+ k50 (E)G(Km)(”; E)]
+ [Ty kw0 (BE)GUP (1 E) = j5(pxe1)},

Cxra(Px+) = 1 + 470(Gmax — Px+) f drr*Siy(r) - {ljo(px+r) + T ax+a(E)GE N (r E)|?
+ |TK02+,K+A(E)G(KOZ+)(r; E)]” + ‘TK+Z“,K+A(E)G(K+ZU)(F; E)P
+ [ Typ kA (E)G (1 E) P = j§(pk-1)},

C,p(py) =1+ 470(qmax — Py) / drr*Siy(r) - {1jo(pyr) + Typup(E)GP) (r; E)J?

+ |TK"E+,np(E)G KOZ+)( )| + |TK+Z° (E)G(K+EO)(F; E)|2+|TK+A,W(E)G(K+A)(r; E)|2 - jg(pql")}
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Isospin symmetry ES I=
(K™, K%, (=nt, 2% n7), (-=7,2%, %) K%, 1=
3 1 1
KX, I=—,1,==|V|KX,] =—,
|
<KE,I =t g i
2
<K2,1 7 L=
2

channels KXt KTX0 KA, np

1~ /
Vij = —4—f2ij(k0 + &)

7 Cij free parameters plus gmax, and R

A




4 max (MGV) R (fm)
057 o2 102 = (02

TABLE III. Scattering lengths for channel i (in units of fm).

P ~012-023i, P,~006—0.12i,
ai as - e A oA
(0.46+0.04) — (0.64+0.03); (0324£0.01)=(0.35+0.02)i 2 =0-2270280  Py==034-0.241
o o Py =026, [Py =0.13
(0.30£0.02)—(0.22+£0.04 )i (—=0.780+0.013)+(0+£0)i | 1 | e | 2‘ Bl

. — Py =035, |Ps| =042.
TABLE 1V. Effective range parameters for channel i (in units of fm).
i 1 13 r4
(—1.14+0.2) = (2.7 +0.2)i (=62 4 1.4) + (8.8 £ 0.5)i (—2.8+0.3) — (0.3 £ 0.6)i 148+ 0.13

. , , , The couplings g1, g2 indicate 1=1/2 state
TABLE V. Pole position and couplings (in units of MeV).

VSp 91 92
(1515 £6) — (89 £ 9)i (3.7+£0.3) — (1.04 £ 0.13)i (2.6 £0.2) — (0.74 £ 0.10)i
g3 ga
(3.6 £ 0.2) — (0.28 +0.05)i (—2.68 £0.13) + (1.4 +0.2)i




1.1

C(k™)
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Pair A-KT .,
3
Rfo (fm)  —0.61 1+ 0.03(stat) £ 0.03(syst) (0.3040.02)—(0.2240.04)i
I fo (fm) 0.23 + 0.06(stat) = 0.04(syst) rs
dop (fm) 0.80 £ 0.19(stat) 4= 0.18(syst) (—2.8 +0.3) — (0.3 £ 0.6)i

I'o




Correlation Function

1.6
— All channels
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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)

al’ = (0.85=0.48)+i(0.16+0.19)fm
r = 7.85+1.80fm.

(coupled channels)

Pure theoretical Bootstrap

k [MeVi/c]

0.272 +i0.189
-7.20-i0.09

(=0.034 + 0.035) +i(0.57 £ 0.09)
(—8.06 £ 2.57) + i (0.05 = 0.53)



Conclusions

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

From the correlation functions of DK+, DtKY, and D'y
we find the existence of the Ds(2013) state

From the correlation functions of the channels KX KTX° K+ A, np
we find the existence of the N*(1535) state

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

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



