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QCD
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. Hadrons
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® Quark Model [1964 by Gell-Mann and Zweig]
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anti-triplet as anti-quarks q. n
constructed from ks by us the combinations
ctc. , whilc mesons are made out

of etc. It is assuming the lowest
baryon configuration (gqq) gives just the represen-
tations 1, 8, and 10 that have been observed, while
the lowest meson configuration (qq) similarly gives
just 1 and 8.
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Exotic Hadron Candidates
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Experiment data

« Observed X(3960) in B - DD K

* X(3915) observed by BaBar, BES, Bell,

LHCDb, and other experiments.
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Theoretical research

The coupled-channel DD and D, D, interaction have been investigated by both the chiral unitary approach
[PRD107, 034007 (2023)] and lattice QCD [JHEP06, 035 (2021)], where both methods consistently predict the
existence of DD and D;D bound states.

The freshly measured DS D invariant mass distribution in the B* — D} DS K* reaction can be well described by
a DD, bound or virtual state below threshold [PRD 106, 094002 (2022)].

The existence of DD and DD, bound states have been studied in various approaches, like Bethe-Salpeter
equation [Progr.Phys. 41, 65-93 (2021), EPJC&1, 732 (2021), PRD105, 114019 (2022)], potential model

[CPC41, 053105 (2017)], Lippmann-Schwinger equation [Sci.Bull. 66, 1288-1295 (2021)], coupled-channel
Bethe-Salpeter equation [PRD112, 016003 (2025)], and unitarized coupled channel framework [Phys.Rev.D 76
(2007) 074016].

The production of DD and DD bound states been studied in the B - XK[PRD107, 016003 (2023) and EPJC76,
121(2016)], yy = DD [PRD103, 054008 (2021) and PLLB827, 136982 (2022)], ¥(3770) = yDD [EPhJC 80, 510
(2020)], A, = ADD [PRD103, 114013 (2021)], B~ = K™nn, [PRD109, 094014 (2024)], and B~ » K~ ] /Yw
[EPJC83, 309 (2023)].

The decay of X(3915) as D;D, bound states also been study n Ref. [PRD 91, 114014 (2015) and

CPC50, 022001(2026)].



B — XK 1 the Bethe-Salpeter equation

* The decay B — XK consists of a weak-interaction part and a strong-interaction part.

 The weak process B = D*D is treated within the naive factorization approach.

* The strong-interaction part 1s described by the effective Lagrangian and the Bethe—
Salpeter equation.

D = (D° D*,DH)
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The weak interaction

 Within the naive factorization framework, the decay amplitude for B = D*D is given by

Gr .
Aeak = _vcbvcsa1<D( )

V2

* The matrix elements of pseudoscalar and vector mesons with the vacuum can be
parameterized as

SC‘|O)(5(*)

cb|B)

(D¥1c510) = fhepls
(D5™15c|0) = mps+ fprre

 The weak-current transition matrix elements for B - D*°/D?
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Factorization parameter

* The decay constants fp+ and f p«+ take from Ref. [EPJCS0, 113 (2020) ]

fp+ =250 MeV
fpr+ = 272 MeV

e The form factors of F; op(t), Ag12(t), and V(t) with t = q10? are parameterized as

F(0)

PO = T2 e/m) + b(/md)

with (F,p(0),a,b) = (0.67,1.22,0.36), (Fyp(0),a,b) = (0.67,0.63,0.01),
(4,(0),a,b) = (0.68,1.21,0.36), (A_1(0),a,b)=(0.65,0.60,0.00),
(4,(0),a,b) = (0.61,1.12,0.31), and (V(0),a, b) = (0.77,1.25,0.38).

J. Phys. G 39, 025005 (2012).




Strong 1nteraction

e T'(D* - DK) is described by the effective Lagrangian

LD DP = —lgD Dfp(DTa :PUD] :”TOHIPUD]) + H.c.
e The DD and D.D. bound state are characterized by the Bethe-Salpeter wave function
dp .
xp(xy,x3) = <0|T¢(x1)¢ (x2)|P) = e_lPXf (27)% ——e P xp(p),

* In momentum space, the Bethe—Salpeter equation takes the form

4

(2;)14 K(P,p, @) xp(q)S(p2)

* The normalization condition for the Bethe—Salpeter wave function 1s

xp(p) = 5(P1)f

dipd*p’ 0 o | |
amye 2@ 550 1P, + Ke (. p)12p (@) = 1




Bethe-Salpeter equation

P1 (1 I
* The effective Lagrangian for the DDV interaction — »
: >
Lppy = —zgm?ﬂvD;r 0 uD;(V)ij + H.c. = <3—P
2 } }
* At tree level, the t-channel interaction kernel 1s given by B a

Kp(p,p") = 2m)*6*(p1 + p3 — p1 — P2)95pv (01 + P (P2 + 2) VA (k)

e A form factor 1s introduced at each vertex

2 mZ

F(k?) = A2 _ 2

with A = aAQCD + m.




Bethe-Salpeter equation

* In the covariant instantaneous approximation p, =DV

pr=q =0 Pt =D — DV
* The interaction kernel 1s constructed from vector-meson exchanges:

p and w for the DD system

¢ for the D¢D; system:
* The coupling constants

1) hidden gauge symmetry approach gppy = \/—gﬁgv ~ 3.69

with § ~ 0.9 and gy ~ 5.8 PRD68, 114001(2003)
2) LQCD gpp, = 4.84 £ 0.34 PLB719, 103 (2013)

3) LCSR gppp = 2.64 £ 0.58, gp_p.¢ = 2.9 £ 0.68 EPI.C52.555(2007)
4) LCSR(next-to-leading order) gpp, = 4307952,

oo T2 JHEPO03, 106(2025)
9Ippw = 2.8013%g, ID.D.p = 3.65%(59

Set A: Lower limit, Set B: Central value, Set C: Upper limit




D D Bethe-Salpeter equation results (Preliminary)

NBS wave function
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D.D. Bethe-Salpeter equation results (Preliminary)
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The amplitudes for B* - X;cK"and BT —» X K"

e The amplitudes of BY - DfD*%and B* - D}*D"

A(B* > D}D*9)

GF Ea

\/E VCbVCil‘;alst mg + My {—q“(mB+ + mﬁ*o)Al(qz) + qHP”PaAZ(qz)

+ Pa[(mB+ + mﬁ*g)zAl(qz) — (m123,+ — m%*o)Az(qz) — 2mgro(mpg+ + mﬁ*o)AO(qz)]}
= M* (B* - DfD*%)e,

_ 26
A(B* > D:*D%) = T;Vw

* The amplitudes for B™ — X;;K*and BY — X K™

VcsaimD;J“fD;‘*Eoc p5oFip(q'?) = M*(B* > D;*D%)eq

d*p _ ~i(gap — Pp*0gP5-08/Mp+0)
Apt oyt = | 5=z 955k MU (B* - DFD*O)p w D LD
Bt-Xo Kt ,[(27'[)4 9Db*Dgk ( S )PK+ pl%*o _ml%*o )(P(P)
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Bt quK"' J (277,')4 gDSDK ( S )pK"' plz);-l_ _ mg;-i- XP(p)




Branching ratios (Preliminary)
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Summary

v The DD and D,D, systems have been studied within the Bethe—Salpeter framework.

e The DD system can form a bound state.

e Whether the D;D, system can form a bound state requires further investigation.

* The coupling constants significantly affect the existence of the bound state and the
value of the binding energy.

v’ The branching ratios of B™ — X;sK™ and BT — X gK ™ have been studied.
* The binding energy significantly affects the decay branching ratio.

Thank you for your attention !
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