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@€ Introduction

O The D,(2317) state

» Experimental observation of Dg;(2317)

* First observed by BaBar Collaboration in 2003, in the D ° invariant mass distribution from B meson decays.

« Confirmed by CLEO, BaBar, Belle, ...

» Information of D;y(2317) from PDG

BR
D% (2317): S = +1, C=+1, I(JF)=0(0"), De;zy;"de 00
Mp» 2317y = 2317.8 & 0.5 MeV, D3y <5%
D3 (2112)y < 6%
FD:0(2317) < 3.8 MeV. D~y < 18%
D#(2112) 7" < 1%
B(D*,(2317)" — Dity) Dintr- <4x1073

= (7.14+£0.70 £ 0.23) x 102

B(D*,(2317)* — D)



* In quark model: D},(2317) is a P-wave excited state of the ¢S system, corresponding to the 1° P, state.

The observed mass of D;,(2317) is at least 100 MeV lower than lower than the quark model

predictions.

Regarding D;,(2317) asa ¢S state, it is difficult to explain the mass, narrow width and decay properties of this state.

—> D;,(2317)is considered as a candidate of exotic states.

» D;,(2317) could be a DK bound state

Mp+o = 2367.3MeV,  Mpog+ = 2358.5 MeV,

Kolomeitsev, Lutz, PLB582(2004)39;

Guo, Shen, Chiang, Ping, Zou, PLB641(2006)278;

Gamermann, Oset, Strottman, Vacas, PRD76(2007)074016;
Cleven, GrieBhammer, Guo, Hanhart, Meifiner, EPJA50(2014)149.



O The f,(1285) state 1GUPCy = ot t )
* The internal structure of axial-vector mesons has long been a subject of debate.

e In chiral unitary approach (ChUA), f;(1285) is dynamically generated from pseudoscalar-vector interaction,

. _* * T r T
belng a (K K"+K'K ) molecular state. [11] L. Roca, E. Oset, and J. Singh, Low lying axial-vector
mesons as dynamically generated resonances, Phys. Rev.

TABLE 1. Classification of the axial vector resonances. The D 72, 014002 (2005), arXiv:hep-ph/0503273.
old h1(1380) has been updated in the PDG to the h1(1415).
TABLE II. Couplings g; of the 17 resonances to the K K*
JFC I=1 I=0 component, taken from Ref. [11].
1= b1 (1235) h1(1170), h1(1380) [h1(1415)] Resonance g; | MeV]
1t+ a1(1260) f1(1285) hi1(1415) 6147 + 7183
f1(1285) 7230
1 > > by (12 172 — i
h(1285) = — KK*(I =0)+ KK*(I =0)]. 1(1235) 6172 =i 75
a1(1260) 1872 — 11486

O One can expect a KD, (2317) (or KDK) bound state and a K f; (1285) [or K(KK* +
K*K) ] bound state. 5



O Fixed Center Approximation (FCA) to Faddeev equation for three-body hadronic
states

* A simplified theoretical method used in few-body scattering problems, particularly in hadron physics.

* Applied to 3-body systems where two of the particles form a tightly bound cluster, and the third particle
scatters off this cluster.

« Key assumption: the two particles C. < <> .  GEE> <= .
forming the cl he "fixed center" N 1 'O o
orml.ngt ecust§r (the "fixe center ) ® ' 4 »® _ Oj¢ Y e
remain stable during the scattering o 4 g ® o "
process. i == " / /C_;fb -

A B
a b ( l
* Three-body problem
1 FCA A B C
two-body-like problem Ty Vool 4 .. ® e |
e e | Y. © O®+ 8+ 8
* The interaction is described: summing the " L E L Ty X
scattering amplitudes of particle C withA,.B 1 7 © C':?) <r:> <f_,:>
constituents of the cluster, taking into
account the multiple scattering between them. Representation of FCA

FCA has been applied to many three-body systems: Kd, pf1(1285), Kf1(1285), #f1(1285), .......



OO0 Alice collaboration got data for the correction functions of hadronic pair, providing

good place to test FCA

» Kd correction functions
[A. Ramos, et al., PRD113(2026)3]
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The FCA results show a better agreement with data



» pf1(1285) correction function

PHYSICAL REVIEW D 113, L111502 (2026)

c o =
© ©v o

Scattering observables and correlation function for p f(1285) revisited

P. Encarnacion ,1 A. Feijoo ,2 and E. Oset®'?

lDepartamento de Fisica Teorica and IFIC, Centro Mixto Universidad de Valencia-CSIC,
Institutos de Investigacion de Paterna, Apartado 22085, E-46071 Valencia, Spain
2Instituto de Fisica Corpuscular, Centro Mixto Universidad de Valencia-CSIC,
Institutos de Investigacion de Paterna, Apartado 22085, E-46071 Valencia, Spain
*Department of Physics, Guangxi Normal University, Guilin 541004, China = 0.4 Our prediction

4 ALICE data

o
o

285) Correlation Function
o
~

® (Received 8 April 2026; accepted 27 May 2026; published 15 June 2026) 0.3

0 100 200 300 400 500
p [MeV]

FIG.5. p f,(1285) CF for R = 0.75 fm with the corresponding
error band, compared with the ALICE experimental data taken
from [54].

* FCA 1s very suitable for describing the interaction between a conventional hadron and a composite hadron
(hadronic molecule).



€ Three-body hadronic state of KD,(2317)

O D,((2317) as a DK molecular state in ChUA

» Chiral Unitary Approach (ChUA)

« Use the interaction kernel derived from the chiral Lagrangian (e.g., from leading-order or next-to-leading order
ChPT) as input for a non-perturbative scattering equation that enforces exact unitarity.

* Coupled-channel Bethe-Salpeter (BS) equation for the scattering amplitude 7

T=[1-V- G}—lv v V: the interaction kernel derived from the chiral Lagrangian;
v G: loop function representing the propagation of intermediate states

Gls) = i / (d4q !

2m) (= m2 +i€) [(P — q)? — m3 + ie]

For meson-meson loop,

in a three-momentum cutoff renormalization scheme,

1 (max W1 + Wo
G(s) = — dlq|q* : w1 =1/ q%+ m3, wy = \/q? + m3,
(5) 4%2/0 714 wiws [§ — (w1 + we)? + i€ : 1 ! ’ 4 ’

The cutoff g,,4x 1s the only free parameter in our framework.




» Dynamical generation of resonances

Instead of being introduced as fundamental fields in the Lagrangian, resonances appear as poles of the
scattering amplitude in the complex energy plane.

The resonances are interpreted as having a strong molecular or composite component, generating from the
interactions of the hadrons in the coupled channels. (dynamically generated states )

Poles of the scattering amplitude T

det(l1 —VG) =0 ==  pole: \/Q_MR_ZF_R

Mp, and I'; are mass and width
of the resonace.

Couplings of the dynamically generated states to coupled channels:

For meson-meson interaction,

91'2 = lim (s — sg)Ti, g:9; = lim (s — sg)T};.

S—SR S—SR

10



» D¢y (2317) as a DK molecular state

Coupled channels with same quantum numbers of D7, (2317):

DK (1)

DT K"(2),

Dn(3),

D m"(4).

Chiral Lagrangian for the interation between two pseudoscalars:

Lypp = —ig ([73, 6%7’} V‘“’),

My

where g = 5
s

DO
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vt sl
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Transition potential V;; between the coupled channels:

Vii=Cu f(p),
Voo = Coa f (pi),
Vo3 = V3o = Vi3,
Vg = Vip = — Vg,

Vi3 =0,

Via = Va1 = Cra f(pi),

Viz = Va1 = Ci3.f(pi) + C38(pi),

Via = Va1 = Craf(pi) + Cu8(pi),

V34 = Vy3 =0,

Vag =0,

f(pi) = ¢* (pr +p3) - (2 + pa),

9(pi) = ¢° (p1 +pa) - (P2 + p3),

We consider the DK interaction in S-wave, and have

)

<m——%@% %ﬂ, =~
p w p
Ciz = %m;{ : Cop = ! (miﬁ
Cas = %m;{ : Cu= \/Lﬁm?,( ;
el SR

1
(p1+p3) - (P2 +ps) = 5[35_ (m{ + mj + mj + mj)

1
S~ m3) (o~ m3)]

1
(p1+pa) - (P24 ps) = 5 [35 = (m +my +m5 +mj)

1
+ —(my = m3)(mg —my)],

VA

12




« Scattering amplitude, pole and coupling constants S
~ 1.50F
T: [1—V°G}_1V det(l_VG) :0 L]ﬁzs_
?- 1.00
\/ S — (2317.74 _|_ 0.035372) Mev. :Q: 0.75-_
& o5
o) =70.75 keV '
Dz (2317) — Y- ' -5
09075 23175 25176 23177 25178 25170 2318.0
Vs [MeV]
Pole position and couplings of D;,(2317) (with gmax=687 MeV)
\/SR gpDOK+ 9D+ KO QD;-T, gD;"qro

(2317.74 + 0.0357) | 8252.26 — 69.15¢ | 8129.49 + 75.70¢ | —6312.66 — 2.50¢ | —174.59 + 39.95¢

We tested the DK molecular picture of D},(2317) in B decays and the radiative decay of D;,(2317), and obtained a

good agreement with new data, supporting the DK molecular picture.

[47] V_V(;_H' Liang, Z-R. Hu, and E. Oset, The B*(® — [73] P.-S. Su, W.-T. ﬁyﬁ, W.-H. Liang, and E. Oset, The
D (_}D:0(2317)+ decays and the molecular struc- D*(2317)" decay to DFn° and D+, Eur. Phys. J. C
ture of D3p(2317), Eur. Phys. J. A 62, 104 (2026), 86, 242 (2026), arXiv:2512.07421 [hep-ph].

arXiv:2512.22604 [hep-ph].

13



O FCAto KD:((2317)

3

Two-body amplitudes:

thi = 2 (tp+ Ko, D+ Ko + 2Tp+ Ko, poc+ + Epog+, pok+)

1
tf):I% =0, t%{:Ig =0,
=1
oV |
KKTTTIvigle Vi

4

V

3.1=1 1 10

1lrkr T kK

(322

Kl) S . \ o
~ B /
+ - + = +
-
A A
KO 7 —L g07 e A L —
- - K07 -
D K D K D K
KO f\(“ - - ) KO
S 4 NI P
A
+ + - + ol +
N
\ N
. S >
m— \K“ T \K( - N KO
D) K ) K D K

The external K can interact with the D and the K of
the D3, (2317) cluster, leading to a three-body bound
state of DKK nature.

For reasons of normalization, by referring the final amplitudes to the interaction of K° with the cluster as a whole of

mass M., we define the amplitudes

with arguments:
Sl(DK) =
SQ(KK) =

(pro +pp)* = mik + (Emp)* + 26mpqo,

(pxo +pr)? = mie + (Emg)? + 26miqo,

mp + Mg 14




It is useful to separate the terms T; j which include all diagrams where the K O interacts first with particle i of the cluster

and finishes with particle j,
2 I = 1) - ~ 111,Gy - Ty T
Tll — T22 — T,=T, = ‘ T =
~ ~ K ~ o~ 20 12 21 ~ o~ 2 - T
1 -11G2 1 —111,G; 1 =1,1,Gp Iy Ty

G, is the KY propagator from one particle to the other in the cluster,

d’q 1 1 Fc(q) 1 2
G\/E:/ X < — X0 £ne)1x_*®£nezx_*,
0(V$) (27) 20k (@) 200(@) s — x(q) — wolq) + ic (¢max = 47)O(gmax — 43)
with F-(g) the form factor of the cluster,
F(q) 1
N = F(0)

P = R0 = | ) e e e a)

Ip|<gmax
—q|<gmax

(1) and q,(,fc)lx refer to the cutoffs corresponding to DK and KK amplitudes;

Amax
q; and g, are the momenta in the rest frame of the propagating K° and the respective particle 1, 2 of the cluster.

1 mKO
= ] - ).
% q( 2 mgo +mi) 15



> Improved FCA: to consider the coherent KD;,(2317) propagation

Implement the coherent propagation of the T; j terms, omitting

~

the ¢ F e with i % kb s involves KO soi T11G8)T11 leG(CQf) [ T11Gg)f12 TuG(ch) [
e terms Tj; wi ecause this involves oin . ,
Fijtelee WL ves i golle | 4=t LEA==b s a—
from particle 1 to 2 (or 2 to 1) in the cluster, which is already ‘Y Y 7 )
. . - AL S N A N N
accounted for by the t,t,G, terms of T. { e } + { e T }
The sum of the terms of Fig. 2 is given by e et <1 2t et
(a) (b) (c) (d)
- - - (1)
T =[1- TGC}‘lT, Go = Ge ?2) : \, g \, g S dm=
0 G4 NN RN ) )
_ 1 4\ amE> | 2 <mm> /} 4\ o> | 2 <mm }
O = [ 5t . ® e m
(27]-) 2wK(Q) sz(Q) ‘v “» v v
@), o < < < <
9 F'(q)] 0. — ) (e) (f) () (h)
. max 1/ ~ 1) 4= ~ ~ ~ ~ ~ -
\/E o WK(Q) — we (q) + 1€ T21G(C)T11 TQQG(C%)Tgl Tgng)Tlg TQQGg)TQQ

Fig. 2. Diagrams showing the elastic propagation

of the external particle and the cluster D3, (2317)
as a whole.

Mg

Fg)(Q) = FC(

(2) mp
q). F —F-(——2 4.
e q) 2)(q) c(mD . q)

16



The final amplitude 1s then given by
TtOt(\/E) — Zﬁ]
Lj

i+ 1+ (2Gy — GY - GENi T,

2)

1-6Y7 - 60% - (G- GV G,

17



» Results for observables - —
< 4 (a) -—- Re(T)
e The total scattering amplitude 2 0 -
% | [
v' The absolute value of T'! shows a neat and narrow peak, 5T
around 40 MeV below the KD;,(2317) threshold. ;ﬂj —2r ]
3 —af |
v From | Im T | at half height of its peak, we find the width -
of the state to be around 200 keV. 2770 2780 2790 2800 2810 2820
Vs (MeV)
v" The source of the KD;,(2317) bound state stems from the DK
attraction. =
v We have checked the effect of the KK repulsion, which moves the %
position of the three-body bound state 6 MeV closer to the a _ N\ f
KD, (2317) threshold. g -2 \\'1' :
j:?' i []
34 I
' i
v’ Since the D},(2317) decays into D 7, the KD},(2317) bound P .
state that we predicted should be searched for in the invariant mass V5 (MeV)
distributions of the K°D s+ m’ system. FIG. 3. Results for T"°* (1/s) as a function of \/s: (a) relative

to the K D};(2317) threshold, (b) blow up in a narrow energy
window.



» Scattering length and effective range

Ttot

‘T 8TV/S |,

o= 1 | 57z (<8RVET) M iden) |
poLOV's th

with g the KYDZ,(2317) reduced mass.

a = (0.517 —0.00016 %) fm,
ro = (—0.511 + 0.102 ) fm.

v" The small imaginary part of a reflects the small imaginary part of the DK amplitude arising from the small
width of the D;,(2317).

19



. . . the zeroth order spherical
« Femtoscopic correlation function (CF) ' Bessel function
CKDjO(P) =1+ 4”/ drr’Siy(r) x { TG|* - j5(pr)},
]
source function:

1
Sia(r) = (47rR2)3/2

exp(— r /4 R2) , (in Gaussian with radius R)

R is determined in the experiment, or can also be obtained from a fit to the correlation function data.

L I ) S A S s sy
TG = (T}, + T5)G (s, r) + (T, + TG (\/s,r) | 25=777 -
d3 1 1 o 0.9
q (i) y 2
Gi(\ﬁ,”):/ O(gmax — 4;) 2 /
(27)* 2wk (q) 200c(q) 2087
) i s
L olanFC(g)
5 —wxd) - oclg) + ie 2 b
O — R —=1.0fm
0.6 —=— R=15fm
—_—= R=20fm
0'5- L 1 L 1 L 1 L 1 L 1 L ¥
0 50 100 150 200 250 300

Pen (MeV/c)

The CFs have a typical feature of deeply bound states. 20



€ Three-body hadronic state of Kf{(2317)

O f,(1285) as a (KK*+K*K) molecular state in ChUA

[11] L. Roca, E. Oset, and J. Singh, Low lying axial-vector

TABLE 1. Classification of the axial vector resonances. The mesons as dynamically generated resonances, Phys. Rev.

old h1(1380) has been updated in the PDG to the hi(1415). D 72, 014002 (2005), arXiv:hep-ph/0503273.
Jre I=1 I=0 _
TABLE II. Couplings g; of the 17 resonances to the K K*

1t b1(1235) h1(1170), h1(1380) [h1(1415)] component, taken from Ref. [11].

1++ a1 (1260) £1(1285) Resonance gi | MeV]
hi1(1415) 6147 + ¢ 183

1 _ _
f1(1285) = 7 KK*(I=0)+KK*(I=0)]. f1(1285) 7230

b1(1235) 6172 — 475
a1(1260) 1872 — 71486

21



O FCAto Kf;(2317)

f1(1285) = 1 [—i (K*K*~ + K'K™?)

va l vz
1 _
— (K K*t + KKV
g UK+ KOK)
= % [KK*(I=0)+KK*(I=0)].
- t, + 1o + (2 Go — Gf(:l) — Gg)) t to
T =

1-6Mi, —GqPi, - (Gg ~ G G?’) £ 7y

1
tot tot tot
I = §(TK*K+TK*K)
t M. t t Mct
1_2\4}(*17 2_1-\4}('27 3[:1
ta=Jtkr T3

K? interacting with the cluster of K*K.

22



e Two-body amplitudes

1. The KK interaction

1 YVG' Vngl—4—g2(3
—2 M2

2. The KK™ interaction

‘CVVV = Zg ((V”@,,VH — (%V”VM) VV )
2¢° [3 1
VKK* = 0, VKK* = % [53 — (M§ + Mpg.) — Q_(MIZ(* - M?()] a
V S

3. The KK amplitudes

_ _ 1

(KK, I = 0|t|KK, I =0) :§(tK+K—,K+K— —|—2tK+K—,KO[‘(O +th’I_(U,K0I_{0)a
— — 1

(KK, I =1|t|KK, I =1) =§(tK+K,K+K — 2l g+ k- KORO +tK0I_(O,K0I_{0)-

23



4.

The KK* amplitudes

1) I =0, C =+, f1(1285)

f1(1285) = j_ \;_ (KTK*™ + K'K*?)
+% (K—KH- + ROK*O)]
:$§Mﬁﬂjzm+ﬁkﬂlzmy
3) I =0,C = —, h1(1170), hy(1415)
_ 1 ok _ I I * —
:;F{J(upmn—KK(I_m}
(filt|f1) + (ha| t|h1)

—(KK*, I =0[t|KK* I =0)
+(KK*, I =0|t|KK*, I=0)
—2KK* I=0[t|KK*, I=0),

(a1|t]ar) +

Ri|t|R;) =

2) I =1,C = +, a1(1260)

1 1

a1(1260) = E —E (K+K*_ B KOK*O)
1
+E(K K** — KK 0)]

1

v [KK*(I=1)—-KK*(I =1)].

) I=1,C=—, b (1235)

bﬂm%%:i{KKﬂL:U+KKﬂI:UL

V2

(br|t]br) =2(KK*, I =1|t|KK*, I=1) .

g
S — M}%Z + ZMR,LFR?, ’

24



» Results for observables

* The total scattering amplitude

v The amplitude has the approximate shape of a resonance, where the

W
o
o

absolute value of the imaginary part has a peak and the real part goes

through zero at the peak of | Im TIEQI% .

N
(=)
o

—
(=2
o

v' This resonant-like structure below threshold, corresponds to a
binding with respect to Mo + M. of about 10 MeV and a width of
around 15 MeV. The structure is clear and stable and deserves some
experimental search.

Scattering amplitude
o

| |
o) —
(=] (=]
(=} (=]

-300

1400 1500 1600 1700 1800 1900 2000
S a (INAANTN
T T T T H T

- v' The structure is clear and stable and deserves some experimental

2 search.
2
& o Scattering length and effective range
£
g 5 a = (0.57 — i0.22) fm,
» _100_ T tot \_\~ /' - |

~150 \\_'/ 1 o = (—0.84 + %0.24) fm.

N TR RN DB UR 00N OO 25

Vs (MeV)



« Femtoscopic correlation function (CF)

N
— T T T T
0.9+
g g
- B
s 0.8F ©
: / :
& / =
gorr g
B ¢ / 2
m r—
£ 0.6 yd s
8 ~—" Q
- _ O
05 R=1.0fm i 0.6F — R=1.0fm .
==—: R—=15fm == R=1.5fm
—— — R=2_Ofm — R=2.0fm
04r 1 1 1 1 1 ] 0.5r L L 1 1 1 ]
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Pem (MeV/c)

Pem (MeV/ C)

FIG. 4. Correlation function of the component K*K of the
f1(1285) wave function.

FIG. 6. Correlation function considering the two components
K"K and K™K of the fi wave function.

v The correlation function has a structure corresponding to having a bound state below the K f; threshold,
or resonant state, since it has a width.



4 Summary

v’ Anticipating results in the new wave of ALICE experiments on particle-resonance correlation functions, we

have carried out the evaluation of observables related to the KD:,(2317) and K f; (2317) system, using ChUA
and FCA.

v" In the ChUA, the D},(2317) is consider as a DK molecular stat, and f; (2317) is a (KK*+K*K) molecular state.

v We predict a three-body hadronic KD},(2317) state, around 40 MeV below the KD;,(2317) threshold
and with a width of about 200 keV; and a three-body hadronic K f; (2317) state, around 10 MeV below
the K f,(2317) threshold and with a width of about 15 MeV.

v" We calculate the related observables, including scattering length, effective range and correlation functions, which
have a shape corresponding qualitatively to a strongly attractive potential.

Thank you for your attention!
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