it mXYZWE T 257 M B K 5

Possible bound states of D*D* and D*D* systems
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. Motivation
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. Motivation

® Mass
» Lattice QCD

> Effective field theory
» QCD sum rules

» Quark model, Chiral quark model, One boson exchange model, Bethe-Salpeter equation, ...

® Deacy
B N
> Strong decay R = XB822Ie g
Bx(3872)-1/wp
> Radiative Decay R = DXEITw@SY _ o0y (00

Bx(3872)~1 /9y
® Production

> B> KX, pp—-> X+, efe” > yX, Y(4260) - yX, -
® Heavy quark spin symmetry

> X(3872): DD*I(JPC) = 0(1*+) - D*D*I(JP€) = 0(2+)

> T..(3875):DD*I(JP) = 0(1*) - D*D*I(J?) = 0(1*)




Bethe-Salpeter equation

Bethe-Salpeter wave function

xbY (x1, %) = (0|TD**(x,)D* (x,)|P)

The BS wave function can be derived from a four-point Green function

SRty 13 v 72) = (O|TDH(x)D™ (x) (D) D (7)) o)

Express the above four-point Green function

Suvﬁa(xl, XziyZ,}ﬁ) — S(I;WBa(xlle;yZJ yl)

+f d4a1d4a2 d4b1d4b2$élvy6(xl, Xo, 09, al)l?aytk(al, a,, bz, bl)S”Cﬁa (blr bz, Vo, yl)

with Séwﬁa(xl,xz;yz,yl) = A‘fa(xb}ﬁ)A;ﬁ (X2,¥2)

The Bethe-Salpeter equation of two vector mesons are

ng(xp x;) = [ d*a;d*a,d*b,d*b, ngy6(x1; X2; Az, a1)1?6ym(a1; az; by, b1) xp' (by, by)

)




Bethe-Salpeter equation

The Feynman diagram expansion of the two-body propagator
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Bethe-Salpeter equation

* In the momentum space

xb (xq,x5) = e Xt (p)

mi(2)
mq +m2'

where P = Mv, p; = 4P + pand p, = 4,P — p with 4,5y =

* The Bethe-Salpeter equation in the momentum space
d*q _
Xp (p) = S**(py, my) j ot Kapie(P, 0, QxF7(q)SVP (g, my)

e The normalization condition for the BS wave function

([ d*pd*q _,,

0
l (2m)8 Xp

oPO

D === [Lvasg @ ) + Kvag 0, D258 (@) = 2Ep

with Lyegs (0, @) = —(2m)*6*(p — @) S} (p1, M) Sa5 (P2, my).



Bethe-Sa

lpeter equation

* Provides a relativistic and Lorentz-covariant framework for describing two-body bound states.

* Determines the bound state mass and the corresponding covariant BS wave function.

* Describes the internal momentum and spin structure of the bound state.

e The normalized BS wave function can be used to study decay properties, form factors, and production processes.
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Bethe-Salpeter equation

* Light quark isospin conventions

ju) =

* Flavor wave functions
1
V2
Tz I = 1,13 = 1) = —|D*T D*%),
1 _
TcE;Iz]-,I =0 = —— D*-}-D*— . D*OD*O ’
| 3 =0) NG (I ) — | ))

|Tee; I = 1,13 = —1) = |D*°D*7),

[Teei I = 0,13 = 0) = ——= (|D""D*7) + [DD™)

* Allowed systems
S-wave D*D*

€= (-DH = (-1)°

| = 0, 1; ]PC — 0++’ 1+ —,2++

11 1 1 B 1 1 - 11
§:§>a |d)_|§7_§>: |’u’>_‘§a_§>a |d>__‘§7§>

1
ch;IZ O,I =0 e
| s=0="0
|ch§I = ].,_[3 = 1) — ‘D*"‘D*‘F),

1
[Tees I = 1,15 = 0) = = (|[D""D™) +|D™D™))

|Tee; T = 1,13 = —1) = |[D**D*),

(ID*+D*0> . |D*OD*+>) ’

S-wave D*D*

Spin S = 0,2 issymmetry, S = 1 is antisymmetry

JU*) =0(1%),1(0%),1(2%)




Bethe-Salpeter equation

For convenience, p; =p-vandp,=p—p, v

* The BS wave function can be decomposed into a complete set of linearly independent Lorentz—Dirac covariants

Xoi+(P,0) = b1 (01, 0E) g8 + b2 (01 0E)DE Y

nwv o __ v v
g, = gtV —vtv

Xit-(P,p) = Y1 (01, pD)e* P ugep + Y (py, pE) e P vy peppy -

Xot+(P,p) = 11 (01, E)ERY + 1201 DB (DL Peal ™ + DEPeal ™) + 1301, PP Peales €™ g + 1a(PL PO DeapepE P oL PY

* Due to the centrifugal barrier, near-threshold states are generally dominated by S-wave components.
xei+e(P,p) = o1 (01, pP) gt
Xit-(P,p) = ¥, (p, pD)e" P vyeg

xb4+ (P p) = 11 (py, pR)EH



Bethe-Salpeter equation

e The irreducible kernel K

For a near-threshold shallow bound state — low characteristic momentum
QKmy,m,
Consider the exchanged-particle propagator

1 1

~y

pz _ mgx - mgx
The BS kernel is dominated by one boson exchange

e Effective Lagrangians

Lp+p+o = gp*D-o D' D},0,+9p-pro D3 D}lo,

Lo pp = gD D-Peuap DT 8 P D0 Py, +g e e pas D 0 DI 0Py,

Loy = igp-pov (D3, @ WD) VE, + igpepry (DD = DFDG”) @V = 8V )ba,
5

+ 195+ pry (D;u MD:VT) V{; + igb*D*v (D;“DZVT - DEMD;V) (quv - &Jvu)baa



Bethe-Salpeter equation

« D*D*
K37 = — Clgp+Drogpr pro 9™ Ak, ms)g"7,
R}apﬁ)w = — CL g% pepearns (01 + @1)° K5 A(k, mp)ergc (p2 + q2)° k7,
KT =0 [gppv(p1 + @1)ogar + 290+ Doy (kagor — krgoa)] A% (k,my)
X |gD=D*v (P2 + 2)59-8 + 29+ pry (krgsp — kpgsr)] -
. DD

RgﬁAT(Papa Q) = - égD*D*Uga)\A(kama)gﬁTa

BT QMK T

KPE (P,p, ) =Chgpeprpe™™ (p1 + q1)5 kA (k, mp)e’™ (p2 + q2)¢ kv,

Rng(P,Pa q) =—CY, [QD*D*V (p1 + q1)7 ¢ + 29 prey (kag’\“ — k)‘go‘”ﬂ Ags(k, my)

% [gD*D*V (P2 + 42)° ¢°" + 29 pey (_kﬁg& T kTgﬁé)} '



Bethe-Salpeter equation

TABLE 1. Isospin factors.

CO‘ C»;rr On Cp Cw
o ™ n p w
) I=0 1 3/2 1/6 3/2 1/2
D*D*
I=1 1 -1/2 1/6 -1/2 1/2
I=0 1 -3/2 1/6 -3/2 1/2
D*D*
I=1 1 1/2 1/6 1/2 1/2

To account phenomenologically for the finite size of the constituent hadrons and to regularize the high-momentum
behavior of the interaction kernel

AZ _ mZ
F(k*) =50

A=m+a AQCD with AQCD =220 MeV



L Results

En(MeV)
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0(0"") 0(1* ™) 0(2*")

3957+ 17 MeV 4012 + 3 MeV  [Phys.Rev. D 86, 056004 (2012)]
401272 MeV  [Phys. Rev. D 88. 054007 (2013)]

1(0™) 1(177) 121

| 3953175 MeV 398815 Mev

[Phys. Rev. D 88, 054007 (2013)]
[Phys. Rev. D 87, 076006 (2013)]
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L Results

50 s B0
L BTBT I(30)-e(e") ] - BB 1(1%)=e(1)

o : M, = 10559.1 MeV]
< 30} < 30
= s
20} < 20

1*3'5 mf—

EI: EI:—

Eﬂ} = P. +4 _

PP e | EFT (X(3872), Zv(10610))
40| ]
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< 30F
% 1062675 Mev  10648.1 + 2.1 MeV [Phys. Rev. D 88, 054007 (2013)]
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Results
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Numerical result of the BS equation

D'D” I(1%)=08(1) Ep=5 MeV
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Summary and Outlook

v’ Possible S-wave molecular states in the D*D*, B*B*, D* D*, and B*B* systems were investigated within

the Bethe--Salpeter formalism.

* For the hidden-heavy systems, bound state solutions were found in all three isoscalar channels, JF¢ =

0++,1% ~, 2%, while no isovector solutions were obtained within the parameter range considered.

« For the doubly heavy systems, Bose symmetry allows only I(J) = 0(1%),1(0"), and 1(2"). Bound state
solutions were obtained in all three channels.

 The 0(1%)and 1(2%) doubly heavy states can be generated with moderate cutoff values, whereas the
1(0") state requires a much larger cutoff and is therefore more model dependent.

v" The resulting BS wave functions can be further used to investigate the decay and production properties of

these bound states.

Thank you for your attention !
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