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The double charmed tetraquark state T,
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Mpgw = Mp+ + Mpo — (273 £ 61 £51])) keV,
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The distribution of the DyD,7* mass ® quantum numbers, (I)J = (0)1*

LHCb, Nat. Phys. 18, 751 (2022).



The possible heavy quark partner of Z /T, states

» In the heavy quark limit, the b/c quark could be
considered as a rest color resource, so the two
different quark components could have similar
Tyes :bcsq

properties.




The hidden-charm tetraquark state Z.,(3985)
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® |In 2021, Z.,(3985) , the possible strange partner
of Z.(3900) was reported by BESIII Collaboration.

My, =3982.5%78 +2.1

[y =12.8%33+3.0

o MZCS_MD;_MENZ MeV

Is Z.(3985) a molecular state ?

K™ recoil-mass spectrainete™ - K*(D;D* + Di~D?)

BESIII, Phys. Rev. Lett. 126, 102001 (2021).



The possible heavy quark partner of Z /T, states

Tbgs:bC_SC_I

Tyes :bCqs

Z.sCCQS




The possible heavy quark partner of T, states

| B*D*/B*D:

P: pseudoscalar meson, V: vector meson



The possible heavy quark partner of Z_, states

P: pseudoscalar meson, V: vector meson
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Workflow

output

INput

Unitary scattering
amplitude

T

Bethe-
Salpeter
equation

| |

amplitude loop function

\/ G
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Pi _ Pj

k. kh=ki+pi—q k;

i = Vij + EVaGuVy e = Vis - VaGuTi;

Bethe-Salpeter equation in coupled channels

T =V +VGT
_ 1%
1-VG
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Loop function

> Bethe-Salpeter equation:

_ VPP/VP/W(S)
L = Vppyvpyvv(s)G(s)

Tppyvpyvv(s)

» Loop function:

d* 1 I
Gif(‘g):"’-/ q4 R 22
J (27)*q —fﬂ]+£f?(p—q) —m35 + 1€

G,i(s) = [qm g o + o l
11 0 (2}3‘)3 2&)](})2 5§ — (ﬂ‘)] 4 ”)2)2 1 ie

dmax 1S generally taken to be 400-600 MeV, when
dealing with hidden-charm molecular states.

Cutoff regularization
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Loop function

> Looking for poles s, of T on complex plane,

!

Sp=a+bi

T

Mass

v

> Width

I . . . k
Gii (8) = Gils) i =7 k(s) = /(s = (my + my)?)(s = (my —my)?)/(24/5)

» Coupling constants are defined as the residue of the amplitude at the poles:

q:qd; .
TU(S) — SJLJ:'Z gfz — \/1%3 (S — S%)Tﬁ(ﬂ)
A Sh §—=58,
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Vector meson exchange formalism

Y
Y
Y
A

P P V 4 . .
| | Vertices involving P and V
4 4 within the Local Hidden Gauge
P ‘ ‘ P P . . P [ \
(a) (b) Lypp = —ig(|P.d,P|V¥).
% % V V Lyyy = ig((V#o,V, — d,VFV V),
YV
2
V X : 4 4 V QJVW - %(vﬂ V,VEVY — V, VYK V)/
(c) (d)

Feynman diagrams for the interactions between charmed (-strange) mesons and bottom(-strange) mesons

P: pseudoscalar meson, V: vector meson
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P-P interaction In bc5g system

» Two coupled channels in bcsg system,
Interaction potential:

B'D*,  B°D{.
) ‘ [VPP(S) = Cpp x g (p1 + p3) (P2 + P4)]
B B
v K Coefficient matrix:
D Dy F 7
R . 8 4 J=0 | BYD* B°D} A
E 50 1+ |
ByD 0 ——
BO > 5 D—f CPP p— 3 HI“K*
.» _ B°DY — 0 )
' B; \_ ¢ _/
+ _0
Dr B Con N )

h ligibl - i
Heavy vector exchange negligible repulsive attractive
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P-P interaction In bc5g system

» Two coupled channels in bcsg system,
Interaction potential:

BYD™, B'D.
‘ ‘ [VPP(S) = Cpp X ¢*(p1 + p3) (P2 + P4)]
B B
i Coefficient matrix:
D Dy F 7
. - J=0 | B B°D]\
E =0 1
B.D* 0 —
BO > > D—f CPP p— 3 HI“K*
| B'D} - 0
'7 B(*_ K
D+ B / .
: - repulsive vanished

Heavy vector exchange negligible
The formation of molecular states generally

requires a diagonal attractive potential
17



P-P interaction In bc5g system

» mixing of the two channels
Mass of coupled channels in bcsg system

B'D+ B°D} - 1 - ~
‘ ‘ BD)FJ =0) =—(|B'D"),_, + |B°D}) ,_y).
7936.6 7948 ) (BD); ) = f(l )i=o + |B°D5) =)
o 1
Similar to forming an isospin channel ! k\(f'ﬂ)).ﬁ S =0)= 7(|BOD+> —[B°DY) ).
J=0 | B°Dt BDf J =0 (BD); (BD);
. _ | BIDY 0 | — ), = | (BD)Y s e O ~ Repulsive
PP = M+ PP — K*
B°Df . 0 (BD); 0 - /-
K" K* "> Attractive
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V-P Interaction in bcsg system

» Four coupled channels in bcsg system,

(B'D'. BDI. B, BODY]

Y
Y
Y
A |

DL ” )% 3 B D 1 I 3
By B 5 B (B'D);3J = 1) = 7(‘3.}50D| )y—1 +1BUD{),)
Y K0 y K 2
_ | _
D' p: D D (B'D)72d = 1) = —=(1BD ")y = [BOD),0)
N » i 5 5 S \/§ ! . s /.
— - - " — i - _ ) 1 —_ . — B
B Dt By Dy ((BD"):J =1) = %(‘B?D“ )j_1 +|B°Dit), )
¥ B:_ Y B:_
= a N\ — : 1 D o T o
D* B° D** B* (BD*):J =1) = E(‘BQD D = [BDY) )
Vector meson exchange mechanism in VP sector Four orthogonal bases in VP sector
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V-P Interaction in bcsg system

(J=1 | B°D* B'Df BID™* B°D;") [ J=1 | (B'D); (B'D); (BD*); (BD"); )
BOD+ 0 ! 0 0 (B*D)/ — 0 0 0
mK* K*
n+0 N+ 1 P * - \\ 1
Cop=| P My 0 0 0 ) C',» = (B*D); 0 N M 0 0
BOD*t 0 0 0 m%( - (BD*) 0 ‘/;xi() m%{ 0
\ BOD*+ 0 0 . 0 \(BD*)E (S I N— )
K* /, \\ - K*
e N
No diagonal attraction potential ! Attractive Repulsive

Possible molecular states
20



V-V interaction in bc5g system

Interaction potential:
Vyv(s) = Vyy ()™ + Vyy(s)<.

g Vv (s)™ = Cyy x ¢*(p1 + p3)(pa + pa)er - €363 - €4,

B B B Dt
YK B = 3
J=0,1,2 (B*D*)} (B*D*);
. D*t * 3*0 D+ Ty*
. —— - | BD); s 0
Vv — K*

O (B*D*); 0
—4g*> for J =0,
Vector meson exchange mechanism in VV sector Vyy(s)® = m%{ Cyy x ¢ 0 for J =1,
2¢° for J =2.
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Pole position and coupling

The binding energies E and the couplings g; of the bound

states on the physical (first Riemann) sheet for the bc5g systems 3 Sjx bound state in bc5q system with
With gne, = 600 MeV.

= cutoff parameter q,,,,, = 600 MeV.
Content: bcs d I[(J) Ez (MeV) Channel |g;] (GeV)

BI-. 7 ( S R0
(BD);;7 =0)  3(0%) | 15.7 | gggg é? » 1 pole generated from the P-P interaction,
(B*D);;J =1)  1(1%) : 17.3 : BD+ 20 2 poles generated from the V-P interaction and
: . BDf 21 . :
(BD*)::J=1) L(1t) 1 164 1 B 20 3 poles generated from the V-V interaction.
: : B'D:+ 23
(BD)5I=0) §07) | 136 4 BODT 19 NG wigth
| I B*Di 21
(B*D*);;J =1) L(1t) 1 182 1 BD*" 21
: : B*D*+ 23 « Not consider the width of the initial and final states.
(B*D*)53J = 2) %(Zﬂ 1 205 1 BD* 22 « Not consider the box diagrams with Kaon exchange.

N___7/ pOpt 24
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Pole position and coupling

The pole position s, of the virtual states on the second
Riemann sheet for the bcsg systems with g, = 400 MeV.

Content: besd — 1(JP) Pole Channel Threshold » No bound state pole on the first Riemann sheet.

(BD);;J =0)  Lo+)f 72352+i0 Y BIDT 72366
: B'DF 72480

(B*D);;J =1) L(1F), 72849 +i0 1 B;°D"  7285.1
| B°DF  7293.1 Riemann sheet (++) in bcsg system has been

|(BD*);;J =1) (1)} 73757 +i0 BID*+ 73772
: B°D*+ 73919
(07)y 7423.0+i0 1 BOD*t  7425.7
| I BOp*+  7436.9
(1)) 74254410 | B'D** 74257
: | BOD* 74369
(21)1 7425.6 +i0 1 B:D*t  7425.7
\ I BOpr+  7436.9

-—eem mm == ==

» six virtual state near threshold on the second

found with cutoff parameter q,,,, = 400 MeV.

((B*D*)3:J = 0)

(B"D*)53J = 1)

(B*D*)73d = 2)

5
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Pole position and coupling

LI , @ | O, ) 1 A : f i L@ ..,..J , ) els
S o S Re[s,)] . » When g4, > 410 MeV,
. ; 00 a bound state pole appears,
_5—
° [ 600 while it becomes a virtual state
d - 500
-10} when < 410 MeV.
Pole on Rl S{a +el N [ 400 Imax
. 300
Poleon RIl s)f—e€l 151

-20

The pole position s, = s, —myy, of the combination |(B*D*)5;) =2 >
as a function of the cutoff momentum ¢,,,,, = 300 — 800 MeV.
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Different behaviors of poles

5 x 1013 . . . . r 9 x 1012

13
e T —— T — i —
% 1013 | _ 4.5 % 1013 F 8 x 1012 R
.| Bound state Bound state . ..oz Bound state
x 107 F E
3.5 x 1018 ¢ . 12
n 13 2] 2] 6 x 10 I
£ x0T £ 3x108 | R
= = 5 5 x -
S 4x 108 L S 25x 108 b £ ’
< = ) = 4x1072
ESERSULY . TO2x100 1 = B
. 13| ° | 3% 107
Gradually gpproaching the threshiold .. .|
1 x 1013 B L 5% 102 F ] 1 10 F >
7370 7380 7300 7400 7410 7420 7430 7440 7450 7370 7380 7390 7400 740 7420 7430 7440 7450 7370 7380 7390 7400 7410 7420 7430 7440 7450
V5 MeV V5 MeV V5 MeV
(a) |t|? with gmax = 700 (b) |t|? with gmax = 600 (¢) |t|? with gmax = 500
9 7
2% 10 : : ; | . T L e
1.8 x 109 + 1x 107 b
16x10° b . ] 9x10°
| virtual state _ s<r | Threshold
Amplitude squared for £ : T lcusp
£ 1x10° = .
2 . ®  5x 100}
: 2 8108 | 2
different gmax values x O = e |
6 x 108 | ] 5
3 x 10° |
4 x 108 F 1 2 % 106 R
2 10% - 1106 [
0 : e : 0 : : - : - - -
7370 7380 7390 700 7410 7420 TA30 7440 7450 7370 7380 7390 TAO0 7410 7420 T430 7440 7450
V5 MeV /5 MeV
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bcsq and bcsq system

Interactions in the bésg and bcsg systems

Y

BS ’ ’ Bc_ BS ’ K
vD* 1B+ » No light vector
_ ’ ~ meson exchange
D K D B l
B BB K
Ly oY » No deep bound pole
b B, has been found
Dy K Dy B

Does this mean that Z.,(3985) is not a molecular state,
at least not a bound state? .



Evaluate width

Unpublished manuscript

D*/D* Content: bcsq I(J¥) | Width (MeV) | Channel
- ;‘ ~ D?S) BOD+
7 N — S
‘ (BD);:J =0) | 3(07) 0 =
- P B'DY}
S = Bs) ;
> . ) BD*
B/B, (B*D);5J =1) | 31H) 0 °
‘ B*YDF
Strong decay Feynman diagram for |(BD*),; 1*) B B+
(BD*)g5J =1) | 3(17) 2517,
BOD;‘Jr
D*(€1>p1) > T & Dé(q1> B*OD*+
'K |(B*D*)5:0 =0) | 3(0%) 43455
f Kla) BODr+
I
= _ x0 x4+
B, > ' > B*(eq, o Sk T — 5 BD
22 e (BDY;d=1) | 405 | st =
B*ODx+
Kaon exchange mechanism 5Ot
(B*D*)7:J =2) | 1(2%) 44729 -
s 9 22 _
BODx+

28



Evaluate width

Dt/ D .
7 N
o
\_+: — B(s)
B/B,

Strong decay Feynman diagram for |(BD*),; 1*)

D*(Ebpl)

Y
y

> DS<QI>

(Ko
|
By(ps) I

Y

Y
oy
—
(@)
=
=)
N

Kaon exchange mechanism

Unpublished manuscript

|((BD)s; 17)

| L i A —mi,
iIMs =1igpigp €7 - —q)er - (g — X
2 =igpigper- (@ —a)ei-(@=r) e X T s
|(B*D*)s; 07 /27)
i A% —m?
iMz =1igpigper- (1 —q)ea- (g2 +¢q X P
(00 =) €2+ (22 +0) g X Tk P

|(E*D*)s; 1+>

| e : i A% — m?
iMy = \/§D 19B Plff'l/q;!f:’;[ €uvap €2 - (q2 + q) q2 — m?2 % 2
'K

A =800 — 1200 MeV

29



Evaluate width

Unpublished manuscript

Content: bcsq I(J¥) | Width (MeV) | Channel e
12
) BOD* . r(wo)
(BD)g:J =0) | 5(0%) 0 o e S B
s R T
- 08 el L. r(veT)
_ BXOD+ L W0)
(B*D)-;J =1) | (1) 0 d ST ™)
’ . B*D7F OOl T (w1)
- T .
] 1 O s )| BDH ™)
(BD*);;J=1) | 4(1%) |1 2545, | — st r(w2)
| : BYDxr ﬁ rvw?)
i U | 5e0 et e AMey)
|(B*D*)_'J:0) l(0+) : 43+?2 : BS D 800 900 1000 1100 1200
57 2 I —23 I R0 7y*+
I 1 B DS FVP]- 0.12
1 1 _ +0.1:
| *0 *—'— — 0-57_
(B*D*)55J =1) | 3(17) i 36110 | % D Lyyo 006
| | poprt r | |
: ! 8 A% +0.10 The ratio of the widths
) . : o0 e s as Tyyo = 0.8320.06 remains relatively stable !
(B*D*);;J=2) | 42%) |+ 4475 1 —
\\ ______ ,l B*OD:+ FVV2 _ 1 02"—0.06
FVVU —0.04
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Summary and Outlook

» Six bound states in bcsg system with the binding energies about 10-20 MeV has
been found when cutoff parameter q,,,, = 600 MeV, those bound states change to

virtual states when cutoff parameter q,,,4, = 400 MeV.

» No deeply bound pole has been found in the bcsg and bcsq system, for there is

no light vector exchange.

4 N

F|(BD*)S;1+) ~ 25__|_§1 MeV
F|(B*D*)S;O+) =~ 431_33 MeV
> The widths of molecule states in bc5g system are estimated: L)+ pey. 1ty = 36712 MeV

F|(B*D*)S;2+) ~ 441_%(2) MeV

- /
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Thanks for your attention!
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BS-eq within LHG

/%JF%JF\R/_"E o K+ Do B+\ % p+ K*+ D*0 B*+\
T I+ \’;’6_ \ff/% KO D~ B° o~ % K0 pr= g0
P=1 k- K -+ or B0 VT k= K0 4 D B
DO DT D} n. BY D*0  p*t Dt J/y BT

\ B B By  B: m ) \ B~ B B° B~ Y )

A flavor SU(5) symmetry is assumed
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BS-eq within LHG

Vyv(s) =mg. - Cyyg*(—2e,6e,6" +€,6,6" " + ¢,6,€ ).

I
_ _ PO = _¢ ete e
(J=0.1.2 | B°D** B*D;+\ 3
* * I . .
Cyy = BPD* 0 ml, : P = 5 (e 6,6 e — €,6,€"€l)
BD;* : 0 1 | | 1 _
\ : e / PR) = 5 (e,€,6"€” + € 6,€7€") — geﬂeﬂepa&:" .
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BS-eq within LHG

Vyy($)? = m%. - Cyy X X

¢ _4,@?2
0

2g2

\,

for J =0,
for J =1,
for J = 2.

Cyy =

(J=0.1.2 | B°D** B*D;"\
BOp*t 0 —
Kﬂ:

\ B*{]D:—{—
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Loop function

Loop function:

d* 1 1
Gi!‘(ﬁ;) =1 / q4 3
J 2r)*q*—mi+ic(p—q)*—m5+ic

1 m?  m3—mi+s. mi
Gi.j(ﬁ'} = 16WE {[I-i.j(_u-) + In ﬂ—z + 93 In m%

1 f}'r*.r;ru(q) [111 ( (mg — mf) + qun(?} \/E)

N

+1n (s + (mj — m7) + 2gemi(s)V/s)
( o (mi’ o ml) + 2Gemi(s )\/E)
( (mE ml) + 2Gemil( s )\/E)] } 1

dimensional regularization
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T 2d o [":—}_&} - 1
G(L«;):/‘ir 949 5" *
0

-
4r @ i) WK+ Vs + Wy + k-

1
B g VS —wg — W) + fgﬁ, Tk (s')
X 2 where s’ = (/s — Dy )? — §* and
O
> P () — T > Mg [ pa(sT) )3
o) =T lmie) (px(mi-))

X E)(\/? —mg —my),

A. Feijoo, W. H. Liang and E. Oset, Phys. Rev. D 104, no.11, 114015 (2021)
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Decay property of |(BD*),; 1%)

D*/D* *
s TS D(é)
7 N
o
\___)_: — B(g)
BB,

- Strong decay Feynman diagram for [(BD*),; 1*)

IM = GMM “Imumx LM

327T

Gum: meson-meson loop function
Iumx: Coupling constant

Unpublished manuscript

D*(e1, p1) > | > Dy(q1)
|
K
y (q)
I
B(p) > — B (ey, o)
Kaon exchange mechanism
. o N ? A% —m?
iMy =1igpigper- (@1 —q)eg - (q—p2) 7 —m%( X A2 _qf

A =800 — 1200 MeV

40



Decay property of [(B*D*); 01/2%)

Unpublished manuscript

* X
D;/D D Di(€e1,p1) > | > D(q)
o T g (5) |
4 > K(q)
@ |
% 2 _ | _
i B(s) B*(€27p2> » l » Bs(QQ)
B*/B;
Strong decay Feynman diagram for |(B*D*),; 0*/27%) Kaon exchange mechanism
iM = Gury - M . S i A% —m?
= bmm - Immx 3 iMs =igpigper- (@1 —q)e2 (g2 +q) — 5 X —5——5 Pos2
¢ —myx A2 —q

|’P1|
dl’ = A |2 d(2 A = 800 — 1200 MeV

3272

Gyu: Meson-meson loop function

Iumx: Coupling constant
41



Decay property of [(B*D*);1%)

Unpublished manuscript

DI D*
_ - - D(*)
5 i (s)
o )
TS B
B*/B;

Strong decay Feynman diagram for |(B*D*),; 17)

IM = GMM “Iumx * IMy

327T

Gum: meson-meson loop function
Iumx: Coupling constant

Y

Di(e1, ;) > D*(e3,q1)

VKla)

B* (€2, o) > s Bi(q)

Kaon exchange mechanism

/
_G [T, o *3

?: A2 - m;K
NG 19B P1€141 €3 Cpuvap €2 - P1

X
((]2 + (J) qg - 7?1%(

iMy =

A =800 — 1200 MeV

iG’ jvap

NG

42



Spin projection operator

DI D*
e, D)
5 o (s)
o
T o
B*/B;

- Strong decay Feynman diagram for |(B*D*),; 17)

|
0) — Z¢ eke. ev
PO) = 3 €, cte €
|
] R ¥ ¥ ¥ 1If; i Y’ 11—; y
p) — — (e 6,6t e” — €,6,€% €V
p2) — l(f e, e'e’ +e,e,6"€e") — lf“
_2 ubrt € ‘v T 3}”

M
e, €,

Unpublished manuscript

v i g%( EGZJszTVIJ VQk

T Q_%(X VY VQj
+ h.c.
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Decay property

Unpublished manuscript

PV sector

(BD")s;17)

Tx; s 5+p, ~ 89739 MeV
Uy gep = 159785 MeV
[x: o~ 24875 MeV

|(B*D*)S;O+> VV,] = 0 sector

FXO BD, 219.3t’{iﬁ2Mev

[yo  ~43.37550 MeV

(B*D*);17)

FXI —}B*D_15 1+

VV,] = 1 sector

MeV
Txy o p,p ~ 46773 MeV
Cx: _5p, = 14 2+7(,Mev
Py ppr = 22753 MeV

Pxi  ~36.17777 MeV

(B*D")s:27)

Tx2 _p,p 124765 MeV
Ux2 _pp, = 10.2737 MeV
Uz pep ~ 91758 MeV
Tx2 _p,p- ~ 28707 MeV
U'x2 L pep, = 8.513 T MeV
| Ux2 pp: = 13155 MeV

o +20.0 44

|
|
| VV,] = 2 sector




Production

Let us then compare the K** — KYz" and B*" — Bz™"

N _ 1 1 1 1 \ transitions as shown in Fig. 5. As we can see in the figure,
Sgt=1-itg V2or 2og 2w,V (22)*6(Pin = Pou) the transitions are identical and governed by the light
(15) quarks, with the § quark in K** and b quark in B*" playing

the role of a spectator. The transition amplitudes are thus
identical at the quark microscopic level, but we must take

Sme | g 1 1 1 (21)46(Py = Poyy) into account that when used at the macroscopic level of the

* * in~ £ out/- . . .

? V2w 20520, V2 K** or B** there are normalization factors (2w)~!/? which
(16) are different for the K**, K° or B**, BY fields. This is taken

easily into account by constructing the § matrix at the
macroscopic level. At the microscopic level we have (we

u
-+ v K - \/ BY follow Mandl 4+ Shaw normalization of the fields [59])
!
gmic — 1 _ if\/sz\/sz

1 1
4 . —
ZE;L \/2(1),{ V3/2 (2”) 5(P1n Pom)»

fall

2E;
(14)
u 3 " ; with m;, E;, m}, and E} the masses (constituent) of the
T = incoming and outgoing light quarks, V' the volume of
the box where states are normalized to unity, and @, the
FIG. 5. Diagram of the transition K** — K%z* (left) and pion energy. At the macroscopic level we have for the K**
B — BYz" (right). and B*
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Production

Ige _ +/MpMp _ Mg (17)
15 Mg Mg Mg

For a B* at rest, as we shall assume in our evaluations, f is
proportional to € - ¢, with g the pion momentum and ¢ the
polarization vector of the vector meson (corrections of the
order of | pg:|/mp coming next can be safety neglected). It
is interesting to compare what we get in our approach to the
results of Ref. [58]. In Ref. [58], the width for B** — B°z*
(or D** — DY) is given by

onf,

|Pal. (18)

with gy the coupling appearing in the heavy hadron
Lagrangian and f,, = \ﬁf,,. For the same amplitude,
our approach, considering Eq. (17), is given by

1 1 mg\2 .,
M= g (—B) [Pal*- (19)
T M. Mg
: 2 _ 21
By taking ¢*/m%. = (my/2f mg) = 77> We have the
relationship
a1 i
=_- = . 20
2 4’ 9u \/5 ( )

The same result would appear if we use another heavy
vector decay like D*. Our approach, with the consideration
of the field normalizations, leads to a gy independent of
flavor and furthermore provides a value for it of (v/2)~".
This value is in good agreement with the latest lattice QCD
result [62] for the B* — Bz decay

gy =0.57 £0.1. 1)

The heavy quark plays the role of a spectator at the quark level.
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