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Hadrons

Standard Hadrons Exotic Hadrons
Mesaon Baryon
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Light hadrons
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Methods: EFT’s, Chiral symmetry, Unitarity

General properties of the scattering amplitudes: Analyticity, Unitarity,
Crossing symmetry, applied often in combination with EFT (chiral

symmetry)

Unitarized Chiral Perturbation Theory. Oller, Oset, Pelaez (1997)
Inverse Amplitude Method. Truon, Herrero, Dobado, Pelaez (1988)
Roy-Steiner equations based on dispersion relations. Roy, Steiner,
Hite (1971)

N/D method, Oller (1998)

Bethe-Salpeter ...

and LQCD!
Example of Application in ¢
combination with LQCD data 0
o meson. Guo, Alexandru, §, o oo o o
Molina, Mai, Déring, PRD98 S b
(2018) l

-200f




Dynamically generated resonances

X OO

Many suggestions of dynamically generated resonances...

e Oller, Oset, Pelaez, Ramos, Hanhart, Krewald, Speth, Nieves, Inoue,
Ruiz-Arriola, Meissner, Vicente-Vacas, Garcia-Recio, Molina, Roca,
Geng, Alvarez-Ruso, Alarcon, Albaladejo, Nicola ...

. and a list of authors!...”

However, no clear statement for them in the light sector since ...

e Most of these exotic candidates can overlap with ¢g/qqq
except for those with non-qg quantum numbers
like 71(1400), 71(1600) ...



Heavy hadrons
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Clear evidence of exotic states!
e Hidden-charm charged tetraquarks Z ~ cduc (D™ D®).
Hidden-strange candidate? a9(980)7 ... more?

e Hidden-charm (strange) pentaquarks P, ~ cCuud(s), (DW=,
Hidden-strange candidate? N*(1535), (strange) A(1405), ...more?



Flavor exotic tetraquark T.(2900)

LHCb (2020)

Two states J® = 01,1~ decaying to DK. First clear example of an

heavy-flavor exotic tetraquark, ~ C5ud.

Xo(2866) : M =2866 +7 and I =57.2+12.9MeV,
X1(2900) : M =2904 £5 and I =110.3+11.5MeV.
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R. Aaij et al. (LHCb Collaboration), PRL125(2020), PRD102(2020)



New exotic tetraquark seen in D™

LHCb (2022)

One state decaying T.5(2900) decaying to D} 7~ and D} 7" has been
observed ~ c5ud.

B - D°D}r~ B* - D™ Dfnt
—— Total fit
g [ r - - : N : - - - - D2 2460 D
&' LHCh 8, LHCb —— Dy (2600) D}
-1 -1 _ ¥
E‘ grefll?mina % gf:)eliminar D; (2750) Y
S |e y Sef P 4 Dy (2760) D
2 ol Z —
£ 5 | WL el D(3000) D}
3 Wb Saof {1 ! g 1 — — D*(2010)- D¢
S S T:5(2900) D
0k 20+ =—DwSwave D,
+ Data
e - ) Do : Background
22 24 2.6 28 3.0 32 34 22 24 26 28 3.0 32 34
M(Dy77) (GeV) M(D; 7%) (GeV)
. P o + HYE
e The analysis favors J© = 0 arXiv:2212.02717

D*K* th.: 2903 MeV
D;p th.: 2890 MeV

e Mass, m = 2908 £ 11 + 20 MeV
e Width, ' =136 £23 £ 11 MeV



Local-Hidden-Gauge Formalism



The hidden gauge

Lagrangian

r®  —
Ly =

DU =

formalism

L£=0L%4 Ly (1)
1f2<D up* Ut +XUT+XTU) (2)
o1
7*(‘/;“/\/“ >+ MV([ - H] >

0,U — ieQALU + ieUQA,, U= ev?F/f
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Vector-vector scattering

Lo = -2V VIN—I£BY) — (8, V, — 8, V,)vrVY)

\

L) = £(V,V, VeV — V,V, Vi)

V, =

LO W + *+ *0
Vi = st F K b

. — _ P W *0 *—
8V — 0V, — ig[Vii, Vi] %_Jg “ KO D
g="1v K K ¢ D:

D*° D** Dt J/y

o
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PB and VB interaction

(@ ()

Lesy = g((Byu[V", B]) + (Byu.B)(V"))

te,p,v = gisr Cisr (15 ® 15) (g1 + q2) "

tg, 5w = {815 Ci5,(20' ® 20") + gis, Ci5,(20" ® 20")
+&1 G1(20 ® 20')} @ (p2)y - € ur(p1)

with gis, = —2v/2g. gis,, g5, and g are evaluated demanding
F 1 2

1) The couplinga pp — J/v, pp — ¢ should be zero by OZI rules,

2) The coupling pp — p° should be the one obtained in SU(3).

gis, = —g; g5, =2V3g, @ =3V5g.

Bethe-Salpeter equation

T=[-Vve v
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New exotic hadrons




Pentaquark states

Wu, Molina, Oset, Zou (2010)

PB resonances (units in MeV)

(1, 5) M T T
(1/2,0) N nN n'N KX neN
C 4261 56.9 3.8 8.1 3.9 17.0 234
V. = ab(qo + qo) 0, -1 RN 7% nA n/A KE ncA
ab(P1B1— P, B) 4f2 1 2 (0, -1) = nA n = ne
4200 32.4 15.8 2.9 3.2 1.7 2.4 58
Cab, o o - 4394 43.3 0 106 7.1 3.3 58 163
Vab(v1 81— va8;) = af2 (1 +R)é-&
VB resonances
(1, S) M T T
(1/2,0) pN wN K*%¥ J/ PN
— = - - 4412 47.3 3.2 10.4 13.7 19.2
D7%c D7A PN wN ¢N K7E KTA (0, —1) R*N pT  wh ¢N K*Z= J/9pA
5=
b*xc -1 0 —1/2 V3/2 0 1 o 4368 280 139 31 03 40 18 5.4
b*af 1-3/2 —v3/2 0 0 1 4544 366 0 88 91 0 50 138
C,p, for the VB system in the sector | = 1/2, S = 0. Np = p+ I/ + K™
Experimental P¢ states (LHCb, 2019)
— — M (MeV I (MeV
DrAY D*=. D*=, P wh oA RK*N K*= ( )+68 ( :37
DI NG 0 —v2 0 0 0 -1 —V3 0 43110 £0.7755% 9.8 £ 2.7
5 = _ _ _ +4.1 +8.7
5" 2 1 0 —3/2 —1/2 0 0 372 4440.3 £ 1.37% L 206 £ 4978
b*=. -1 v3/2 v3/2 0 01/v2 a57.3 £ 0.674L 6.4+ 2757
Pes states (LHCb, 2020)
C,p for the VB system in the sector /| = 0, S = —1.

4458.8 + 2.9147

+8.0
M1 ws+esty
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Pentaquarks states

LHCb 2015.

P+ (4380), M = (4380 + 8  29) MeV, T = (205 + 18 + 86) MeV, and
P (4450), M = (4449.8 + 1.7 + 2.5) MeV, T = (39 £ 5 + 19) MeV
Assignments: (3/27,5/27 ) and (5/2%,3/27 ) are possible.

Lot The theoretical analysis of the
A — J/9pK™ p Roca, Nieves,
Oset, PRD92 (2015)supports the
JP =3/27 assignment of the

pentaquark state, and its nature

as D*%., D*¥7 molecule.

In 2019 the new experimental analysis shows one
more pentaquark, P-(4312) and P.(4450) splits

into two.

430042504300 4350 4400 4450 4500 4550 4600
Mg MeV]
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Pentaquark states

e Generalized HGF formalism with HQSS Xiao, Nieves, Oset
(2013,2019)

Mass Width  Main channel JP Experiment
43064 15.2 [5) 8 1/2=  Pc(4312)
44530 23.4 D*s¢ 1/27 P (4440)
44525 3.0 D*¥. 3/27  Pc(4457)

Heavy quarks act as spectators if we exchange light vectors. Heavy
quark spin symmetry is automatically fulfilled.

e OMEP, Interaction given by One-Meson-Exchange Potential,
Yamaguchi, Santopinto, PRD96 (2017)

e Coupling meson-baryon with compact 5q state, Hosaka, Tacheuchi,
Takizawa, Yamaguchi, Santopionto (2017)

e Analysis of the J/v data with coupled-channel involving both
one-pion exchange as well as short-range
interaction, Du, Baru, Guo, Hanhart, Meissner, Wang PRL124
(2020)
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Flavour exotic states

e 2010. Prediction of several flavour exotic states
PHYSICAL REVIEW D 82, 014010 (2010)
New interpretation for the D7,(2573) and the prediction of novel exotic charmed mesons

R. Molina,' T. Branz,” and E. Oset'
'Departamento de Fisica Tedrica and IFIC, Centro Mixto Universidad de Valencia-CSIC, Institutos de Investigacion de Paterna,
Apartado 22085, 46071 Valencia, Spain
Instinu fiir Theoretische Physik, Universitit Tiibingen, Kepler Center for Astro and Particle Physics, Auf der Morgenstelle 14,
D-72076 Tiibingen, Germany
(Received 4 May 2010; published 21 July 2010)

In this manuscript we study the vector-vector interaction within the hidden-gauge formalism in a
coupled channel unitary approach. In the sector C = 1. § = 1, J = 2 we get a pole in the T matrix around
2572 MeV that we identify with the D?,(2573), coupling strongly to the D*K" (D} d(w)) channels. T
addition we obtain reson

es in other exotic sectors which have not been studied before such as
= 1. These ““flavor-exotic” states are interpreted @
but have not been observed yet. In total we obtain nine states with dilTerent

angeness of non-C = 0, § = 0and C = 1, § = 0 character, which have been

reported before.

DOI: 10.1103/PhysRevD $2.014010 PACS numbers: 1440Rt, 1240.Vy, 13.75Lb, 1440Lb

e Free parameter fixed with Ds(2573); couples to D*K*, cGqs

e Flavour exotic states with / = 0, J” = {0,1,2}" coupling to D*K*
are predicted, cgsg

e Doubly charm states, / = 0; J¥ = 1%, close to D* D* are predicted,
cgcg, and | =1/2; JP = 1%, close to D*D} cgcs

16



Flavour exotic states

Molina,Branz,Oset, PRD82(2010)

C,s Channels I[JP] Vs Ta(AN=1400) Tpg(A = 1200) State \/Eexp lexp
1, -1 D*K* o[ot] @ 23 59 X((2866) or Tcs(2900) 2866 57
ik 2839 3 3
o2*] 2733 11 36
1,1 D*K*, D} w o[o*] 2683 20 71
D¥ o o[1t] 2707 4x 1073 4x 1073
o2t] 2572 7 23 Dg»(2573) 2572 20
1,1 D*K*,D}p 1[0F]  Cusp structure around D p, D*K* new T.5(2900) 2908 136
1,1 11+]  Cusp structure around D} p, D* K*
1,1 12+] 2786 8 11
2,0 D*D* o1t 3969 0 0
2,1 D*DF  1/217] 4101 0 0

Table 1: All the quantities here are in MeV. Repulsion in
c=0,5S=11=1/2,C=1,5=-1,1=1,C=1,5=2,1=1/2;
C=2,S§=0,/=1and C=2,5S=2,/ =0 s found.

2 2
A m:
Form factors in the D* D7 vertex; Model A: F; 2) = _b T, Titov, Kampfer EPJA7, PRC65 with Ay = 1.4, 1.5 GeV and
1(a%) ‘zr 4 P b

2 2 /A2 ; exp
g = Mp /2 fr. Model B: Fp(q?) = e Navarra, Nielsen, Bracco PRD65 (2002), A = 1,1.2 GeV and gp = g if, = 8.95
(experimental value). Subtraction constant & = —1.6.

17



D*D* and D*D; states




T.. states from D*D*, D*D? Dai,Molina,Oset, PRD105(2022)

DD*: T..(3875), LHCb, Nature(2022), §m = —360 + 407 KeV,

I =48+2%, Kev

Signature in LQCD Virtual bound state, m, ~ 280 MeV, Padmanath,
Prelovsek PRL129(2022)

See Eulogio's talk on Thursday, 2.30pm

Feijoo, Liang, Oset, PRD104 (2021) Local Hidden-Gauge Approach D°D*¥,
DT D*° correlation functions; Inverse problem, Vidana, Feijoo, Albaladejo,
Oset, Nieves, 2303.06079, 2304.01870 (2023)

2
Ve 7
\ \ S LI %(vﬂvyv“w— VoV, VEVY)
i 3v) _ . v
Ly’ = ig([Vi, 0w V] V")
—_— .
v v 14 14 Repulsion for I =1
(a) (b)
J  Amplitude Contact V-exchange ~ Total
2
1 D*D* — D*D* 0 E(2—+ 5 — 3 ){(p1 +p3)-(2 + pa) + (o1 + Pa)-(p2 + P3)} | —25.482
mJ/w mw mp
1 DFD* — DFD* o _gz(p1+p§)<p2+p3) + g2(P1+F;3)(P2+P4) _10.5¢2
M M5/ 18




T.. states from D*D*/D*D}

V = V + i ImViex(DD*)

o

Tl=v1l-¢G

o oo
>
o , -
V5 (MeV) V5 (MeV)
QJmax = 450 MeV Jmax = 420 MeV

Mp+p= 4014.08 MeV 4015.54 MeV
Bp+p~ 3.23 MeV 1.56 MeV
FD*D* 2.3 MeV 1.5 MeV
Mp; p~ 4122.46 MeV (cusp) 4122.46 MeV (cusp)
Ipy p 70 — 100 KeV 70 — 100 KeV
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The X,(2866) or T(2900)




Local Hidden Gauge Approach

D

D* D
>< : ><N. ’
K K*

. D .
P

K* K K*

(a) )

Figure 1: D*K* — D*K* interaction

Potential V: contact + vector-meson exchange (p,

€

J  Amplitude Contact V-exchange ~ Total
2
g R _ 8 (p1trPg).(PptP3) | 1,2, 1 _ 3 _
0 D*R* — D*R* 1?2 _Em p42) (P2tp3) | %gz( L 3 )(py + p3)-(p2 + Pa) 9.042
m2 mg,m
D} P
2
n n 87 (p1trPy)-(P2tP3) | 1,2, 1 _ 3
1 D*R* _y D*R* 0 g°(p; Pz) (p2+p3) | %gz( 12 _ 32 Y1 + p3)-(p2 + pa) | —10.262
m2 m2, m
D} P
* ok * ok 2 &2(p1+pg) (P2 +P3) | 1.2, 1 3 2
2 DK® = D*K —2g T + 58 (;T - ;T)(Pl +p3)-(P2 + pg) | —15.9¢
D w &

Table 2: Tree level amplitudes for D*K* in | = 0.

Attractive for /| = 0 and repulsive for | = 1.

20



Decay of the T.(2900) to D*K

Molina, Oset PLB811 2020, o« = —1.474, A = 1300.

1(JP)  M[MeV] T[MeV] Coupled channels state
0(2™) 2775 38 D*K* ?
o(1") 2861 20 D*K* ?
0(0™) 2866 57 D*K*  T.(2900)

Table 3: New results including the width of the D*K channel.

T=[- VGV e ,
Bl A=1200 MeV
—  — A=1300MeV -
800000 1
D*(p) D*(ps) N
600000
=
Dﬂ[‘(/'\ 400000
™ ™ 200000
_ or
K 2700 2750 2800 2850 2900 2950 3000
K*(p) K*(pa) E[MeV]
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How can we observe the J© = 11 T_(2900) state?

Amo Sanchez et al. (BABAR), PRD83(2011).
The B® — D**D**K~ reaction:
e It proceeds via external emission (favoring the decay)

e It has the largest branching fraction (1.06%)
e It can produce the D** K~ in | = 0 (decay mode of the 1T state).

(=
A 4

_ Dot

S8
A

Figure 2: Diagrammatic decay of the B® — D**D**K*~ at the quark level.



How can we observe the J© = 11 T_(2900) state?

Hadronization + decay; B — D*tD*0K—

(b)

Figure 3: (a) Rescattering of D*tK*~ to produce Ri; (b) Decay of Ry to
D**K~. Dai, Molina and Oset, PLB832 (2022)

dr 1 1

5 72
B I
My (D*FKT) - (2m)% amZy proPk— 2

See also:

B® - D*"K~K*°, PRD105(2022);
2. Bt - D*D™ K™,
PLB833(2022), Bayar, Oset.

5210

0

2500 2600 2700 2800 2000 3000

M (MeV)

3100

3200 3300
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The T.5(2900)




Exotic states

Phys. Rev. D 82 (2010), Molina, Branz, Oset

35 C=15=11=1

In this sector the potential is attractive for the D*K* — D?p reaction. For J =0 and 1
this potential is around —7 ¢* whereas it is by a factor of two bigger —13 £ for ] =2 (see
Table[Id]). In fact, we only obtain a pole for .J = A(En J =0 and 1 we only observe a cusp
in the D*pthreshold, In Table[}] we show the pole position Al touptmgs—to e dillerent

channels. Both channels, D*K* and DZp, are equally important as one can deduce from
the corresponding couplings. The broad width of the p meson has to be taken into account

I=1;J=0
3.0x108 v v v v
25x108 D;p D*'K* a=-1.6
200108 p width not included

o reeros D*K* — DK considered
10108 Cusp around D} p, D*K* th.
500000 Separated Only by 14 MeV

0
2860 2880 2900 2920 2940

E[MeV]



Local Hidden Gauge Approach

J Amplitude Contact V-exchange ‘ ~ Total
0 D*K* = D*K*| 0 %2(,%% — )t p) () |0
0 D*K* = Dip | 4g° _g2(P1+:%)£p2+P3) _ g2(p1+f:£;(pz+p4) —6.8g°
0 Dip—Dip 0 0 0
LDK 5 DK 0 S = o)t ps) (k) |0
1 D*K* — DIp 0 gZ(P1+:;)*(P2+P3) _ gz(P1+f;32)<*(Pz+P4) —6.6g>
1 Dip— DIp 0 ’ 0 ’ 0
2 D'K" = D'K"| 0 ii(%;—%)(pﬁrpa)(pzﬂu) 0
2 DK Dip | —2g° —Elrtnlee) _ £en)eie | 1) gg?
2 DIp— Dip 0 0 0

Table 4: Tree level amplitudes for D*K*  DXpinl=1. C=1;S=1;1=1.

The interaction is attractive for both / =0 and / =1, favoring a
JP = 2% state. (see PRD82 (2010) Molina, Branz, Oset, for | = 0)
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C=1,S=1,/=1 The T.5(2900)

New results, « = —1.474 to obtain the T.(2900) state in D*K*.

Convolution due to the vector meson mass distribution p, K*

G Loy drit(— 2 1 G(s, i, M3
s = mi(——)Zm— - ~\ ~ S, m ) )
(s) N J i —ary)2 i 7r) m? — M2 + (T () (s, 1, M2)
1(JP)  M[MeV] T[MeV] Coupled channels state
1(0™) 2920 130 D*K*,Dsp  Tc5(2900)
1(1%) 2022 145 ?
1(2") 2835 20 ?

Table 5: PRD107(2023), Exp. (m,1) = (2008 + 11420,136 £ 23 £ 11) MeV



Production of the T:,(2900)

B% — D7 D7t in B decays

Dy
ﬁL .
b c N b
u U
B() <: Bl)
u
- - + -
d a " d
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Production of the T:,(2900) in B decays

T(E) = aG(E)p; ptp;s ps5-ik- (E)tL(E) + b (3)

E = M (77 D;); a, b parameters; t; amplitude for the triangle loop.

dr 1 1

= 5| T2
My (277)34/\/1,23”’3"| |

dr/dM;,, (Events/0.014 GeV)

L L L L
2400 2600 2800 3000 3200

Miny (DS 7T%) [MeV]



D4+y(2317) quark mass dependence




Quark mass dependence of the D(D*) mesons

Heavy Hadron Chiral Perturbation Theory (HHXPT)

1 M; M3

—(D+3D%) =my+a,— Y O+ N (1 -iVa,) log (M3/u?) + ¢
2 a 2,2 X a

4 X=nKn 167[f X=n.K.n 167 f

M2
D*=Dy=A+ Y (10 -i0a) ——log (MY/u?) +éc,
1672f2
X=rn.Kn

=770 MeV; g2 = 0.55 MeV (Decay of the D* meson)

LD +3D% = my+ fi,a,b,c.d)
4 settings, 7 + 2 x 7 = 21 parameters, ~ 80 data

9 parameters, but different collaborations/scale
(D* — D) = A+ g(A®, AW) }

points
ETMC, PACS, HSC, CLS, RQCD, S.Prelovsek, MILC
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Quark mass dependence of the D(D*) mesons

LASSO + information criteria;

X5 =x>+\ Z |pil;  Data = Training (70%) + Test (30%) (4)

AIC, AICc and B

1
Z(mD + 3mD*) = my + f(07 37157 c, d)

mp+ —mp = A+ g(A), A?)

|params|
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D(D*) quark mass dependence

2050

2005

2000

o (MeV)
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1950
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« 2050
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1925
0000 G002 20050 Go07s oi00
21 o
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200 250
150
<
S
3
ST
50
00000 o025

Figure 5: Extrapolation to the

m,

physical point of the ETMC data.

31



Quark mass dependence of the D,,(2317) resonance in DK

Potential V/(s) consistent with HQSS, See Fernando’s talk at 2.30pm
See also L.S. Geng and Albaladejo’s talk about Ds(2317) (Femtoscopy)

V(s) = Vok(s) + Vex(s); 1-Z~07-0.8

2
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I~ c 4
£ 2350 250 s
S 5 &7
g < * L
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2250 30
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m,; = 236 MeV; at_1 =5.667 GeV; a;M, = 0.2412, M, = 2986 MeV;
m, =391 MeV; a; ! = 6.079 GeV; a,M,_ = 0.2735; M, = 2963 MeV;



Decay width of the D},(2317)

to D r°

Figure 6: Feynman diagrams of the D;° — D n°.

7% — 1 mixing

70 = 7% cosé + ngsin€

fj = —m9sin & 4 ng cos &

with g = 2¥2n — Ly
(1=0)

gx = L\%

]2
8mm%

M'x = | Pl

\ [p; = 100 + 30 KeV‘

H. L. Fu et al., 120738 MeV,
EPJA58(2022), M. Cleven,
c5 state: [ = 7.83772L KeV

M. Han et al., 2305.04250 (2023)
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Conclusions




Conclusions

e The HGF has predicted many exotic states. Some of them
discovered. A new table of exotic particles is coming ...

e The Xp(2866) or T.(2900) is compatible with a D*K* resonance
decaying to DK. Proposed reactions to observe the 17 state:
B® — D**D*°K~, PLB832 (2022), Dai, Molina, Oset,
B® — D**K~K*°, PRD105 (2022); and the 27 state:
Bt — DTD~ K™, PLB833 (2022), Bayar and Oset.

e The T.5(2900) is more likely to be a failed bound state, or cusp
structure around the D*K™*, D} p thresholds.
e The combination of LQCD with EFT's is a usefool tool to extract

the properties or esonances with high accuracy

e The study of the pion mass dependence of the Ds(2317) supports
the DK molecular picture
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