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Hadronic molecular state
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A typical spectrum supporting molecular states: LHCb Pentaquarks
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P_.and P, as molecular states
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Possible molecular tetraquarks
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Z. and Z, states and relevant thresholds
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Our previous works about the molecular
states from BB*,DD",and KK" Interaction

Sun, JH, Liu, Luo, Zhu, Phys. Rev. D84 (2011) 054002
JH, Phys.Rev. D92 (2015) 034004, Phys.Rev. D90 (2014) 076008
Lu, JH, Euro. Phys.J. A52(2016) 359

The experimentally observed states can
be reproduced.
The results in different sectors are similar.

For doubly-heavy systems BB*,DD",
the theoretical frame are almost the
same.

Theoretically, the doubly heavy state can
be obtained by replacing one constituent
particle by its antiparticle.
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Existence of the doubly heavy states predicted in the same model can be expected.



Observations of 22+ and T
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Hidden(doubly)-heavy tetraquark without strangeness

from DWD®/BHBM™ and DX D™ /BB interactions

Ding, Jiang, JH, Eur.Phys.J.C 80 (2020) 12, 1179



One boson exchange model
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Lagrangian

with chiral and heavy quark symmetries
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Potential
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Quasipotential Bethe-Salpeter Equation
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Partial wave decomposition
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Transformation to matrix euqation
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Results for observed states

A for DD* and D*D* states with 1*(1%) are about 2

Full(V)  FullB) NoJ/y(Y) J/y(T) GeV, larger than those to produce 07 (1%) state.
[16(JP)] A W A W A w A W
X(3872) _  __ 07 134 07 78 ——  __ Guo, Hidalgo-Duque, Nieves,Valderrama, Phys.Rev.D 88 (2013) 054007
02 26 08 233 08 153 — —
DD | 14 228 19 24 ——  —— 25 11 If we assume that the Z.(3900) and Z.(4020) are
Z.3900) |15 83 20 71 —— —— 26 66 virtual states , the gap of the cutoff will reduce.
1.6 23 21 171 —- —— 27 173
D*D*[1*(1")] | 14 234 23 28 —-- — 36 1.7 We consider the heavy meson exchange.
Z.(4020) |16 53 26 102 -- —— 38 6.8
18 05 28 200 —— —— 40 184 Without the J /4 exchange, the two hidden—charm states
——— with 1*(1%) can not be produced while without the Y
BE0"A7)] = -—— 03 15 03 08 — - exchange the two hidden-bottom states are still found

-— — 05 119 05 106 — —
01 44 06 214 15 202 — ——

with a little larger cutoff.

BB*[1*(1")] |09 195 16 24 22 08 36 12 Only with the J/¥(Y) exchange, the bound state can be
7Z,(10610) | 1.0 44 19 109 26 84 39 938 found in both cases while the hidden-bottom states
1.1 1.2 21 227 3.0 254 41 215 requires larger cutoffs.
B*B*[1*(1")] | 0.8 163 15 08 22 1.2 41 038
Z,10650) |09 7.9 20 135 27 83 46 94 The J/¢ exchange in the charm sector is more important

10 14 22 211 31 204 50 232 than the Y exchange in the bottom sector.




Results for all channels

| DD(G=+) DD(G = -) DD | BB(G=+) BB(G =-) BB
105 | A w A w A w h | A w A w A w
0(0%) 0.6 2.1 s s 0(0%) 0.3 1.1 — —
0.8 10.7 — — 0.5 9.2 — —
0.9 18.0 — - 0.6 17.2 __ __
1(0%) 3.5 0.4 —— - 1(0%) 3.5 1.7 — —
3.9 11.0 — — 4.0 11.1 — =
4.1 299 — — 43 22.9 — —

| DD*(G=+) DD*(G = -) DD* | BB*(G=+) BB*(G =-) BB*
0(1%) 0.5 2.3 0.6 1.5 0.8 1.2 0(1%) 0.3 1.5 1.2 0.5 0.4 1.0
0.7 13.4 0.8 12.0 1.0 12.7 T 0.5 11.9 14 12.6 0.5 9.3
0.8 233 09 227 1.1 279 cc 06 214 15 220 07 18.2
1(1%) 1.9 2.4 - e — _— 1% 1.6 2.4 — — —_— —
2.0 7.1 — — — — 1.9 10.9 — e s s
2.1 17.1 — == - — 2.1 22.7 — — — —

| D’'D*G=+)  D'D'G=-) D*D* | B'B(G=+) B*B*(G=-) BB
0(0%) 0.8 0.8 — — 0(0%) 0.4 1.3 — —
1.4 14.0 — — 0.8 95 - -
2.1 22.4 s - 1.2 20.9 — —
0(1*) 0.6 1.0 0.9 1.0 0(1™) 0.3 0.7 0.9 22
1.0 13.0 1.1 14.6 0.6 10.3 1.1 11.6
1.2 23.5 1.2 33.7 0.8 23.0 1.2 19.7
0(2%) 0.5 24 0.7 0.3 02*) 0.3 1.7 0.4 1.5
0.7 14.0 1.0 15.2 0.5 13.6 0.6 11.7
0.8 25.6 1.1 27.5 0.6 254 0.7 22.1
1(0%) 1.8 1.9 — — 1(0%) 1.1 15 __ __
2.1 11.5 —_ S 1.5 12.3 — —
2.3 23.1 —— —_ 1.7 24.4 —— __
1t | 23 2.8 — - 1(1%) L5 0.8 — —
2.6 10.2 i s 2.0 13.5 - -
2.8 20.0 — — 22 21.1 - —
12%) 4.5 1.6 1.75 1.0 12%) 35 0.4 1.2 0.7
49 10.4 1.80 5.9 4.4 13.8 1.4 5.5
5.0 182 1.90 41.4 4.7 21.3 1.6 19.1




Hidden(doubly)-heavy tetraquark with strangeness
from DE:%I_)E*)/BE:%EE*) and DE:%DS‘)/BE:%BE*) interactions

Fur.Phys.).C 81 (2021) 8, 732



Wave function
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1 -
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where = + corresponds to the Z state with G, = +

Meng, Wang, Zhu, Phys. Rev. D 102 (2020) 111502
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Single channel results

Z..(3895)

The calculation supports the
existence of a state with
Gy, = + at a cutoff of about 3
GeV, which is relevant to the
state Z,.,(3895) observed at
BESIII recently.
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1.8 187
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DD* DD*
C=+ C=- C=-
JPA w A w A w
1t 14 08 1.8 1.0 340 0.1
1.7 97 23 78 342 105
18 158 26 168 343 18.1
B*B;+BB: B*B;+ BB
Gy =+ Gyywy=- Gy =+ Gy =-
J oA w A w A w
1+ .. 0.8 09
1.2 100
14 196
B,B* B;B:
C=+ C=- C=-
J A w A w A w
1" 09 09 038 02 284 15
1.3 8.1 14 63 290 12.8
1.6 201 1.8 150 295 235

D*D* D:D* D*D* D:D*
J A w A w A w A w
0t 42 13 13 0.9
45 78 1.6 7.8
47 154 18 166
JP A w A w A w A w
1t 42 1.7 14 0.6 295 0.5 3.00 0.4
45 84 1.8 7.7  3.03 82 320 11.0
48 226 21 185 3.07 232 325 1838
J A w A w A w A w
2t 4.1 08 20 1.1 321 04 3.00 0.9
45 92 28 84 323 102 3.10 112
47 18.1 32 161 324 257 3.15 216
B*B: B'B: B*B: B!B:
J A w A w A w A w
o+ e 08 0.7 39 1.4
1.2 82 42 8.7
1.5 205 44 203
J A w A w A w A w
1+ e 08 04 12 07 1.8 0.7
1.2 57 17 88 23 6.8
16 183 20 198 26 143
JPA w A w A w A w
2+ “ee 1.0 07 20 06 2.1 0.2
1.8 8.1 27 87 25 115
22 138 29 153 26 192




ZCS —— ZC

* D*Ds + DD; bound state with Gy, = + can be related to the

Table 4 The binding energies of some bound states with selected value

Z,.(3895) state observed at BESIII. of cutoff A. The result for the D(*ZD_s(*) systems are listed in the 2— 4th
columns. The results for the D D™ only with J/ exchange are listed
« it is suggested as the U/V-spin partner of the Z.(3900) in 5—7" columns. The cutoff A and binding energy Ep are in the units
of GeV and MeV.
Meng, Wang, Zhu, Phys. Rev. D 102 (2020) 111502
JPG Z.s Z. only with J/y
.. system A Ep system A Ep
+ The J/y exchange is important to reproduce the Z.(3900). o* DD, 16 54 i 16 03
* Only J/¥ exchange involves in Z. state. 1**  D*D;+DD* 32 5.0 DD* 32 0.8
. . 0* D*D? 4.4 4.8 D*D* 4.4 0.6
* Hence, the J/yexchange is essential to reproduce both 1# DD 44 55 DA 14 09
Z.+(3895) and Z.(3900). 2" D*D? 4.4 6.1 D*D* 4.4 1.1

Generally speaking, there is no significant difference between two cases as expected, which means it is

reasonable to consider Z . state as strange partner of Z, state in the SU(3)r symmetry.

Moreover, we can expect that the binding of the hidden charmed strange system Z. is loosely than the hidden

charmed system Z,. because more light exchanges are allowed for the latter state.



The role played by the o exhange

Table 6 The binding energies of some bound states with some se-
lected values of cutoff A. The results with o~ exchange are listed 3 —4"¢
columns. The result without o exchange are listed 5 — 6" columns. The
cutoff A and binding energy Ep are in the units of GeV and MeV.

system JEC/G with o without o
A Ep A Ep
DDy 0* 4.4 6.7 4.4 1.1
D*Ds+ DD* 1 3.1 59 3.1 1.4
D*D: 0* 4.2 6.1 4.2 1.3
DD 1+ 42 68 42 17
D*D: 2F 4.1 5.1 4.1 0.8

DD 0+
D*'D,+DD*  1**

D*D* ot
DD 1* 2.95 1.2 2.95 0.5
D*D; g 3.21 1.5 3.21 0.4
DDy 0* 1.6 1.1 1.6 0.3
D;D* | e 1.4 1.9 14 0.8
Db 0* 13 19 13 09
D:D* 1+ 14 16 14 06
D:D: 2+ 20 26 20 11
DD, ot
DDj 1* 341 6.1 341 1.2
D*D* 0+
DD 1+ 30 04 30 04

D:D* 2+ 30 13 30 09

In our calculation we adopt the widely used assumption
that no ss component in o meson.

It can not be exchanged between the mesons considered in the
current work.

In Ref [arXiv: 2102.13058] where the J/y exchange was not
included, the o exchange is proposed to play the most
important factor to form a molecular state to interpret
the Z.4(3895).

Here, the Lagrangians for the vertices PPo and P*P*o are also
applied to the heavy-strange meson.

One can find that there is no significant difference
between cases with and without o exchange.

It suggests that if we include the J/yY exchange, the
contribution from the o exchange may be smeared in our
theoretical frame.




Coupled-channel results

o* 1* 0+ 1t
A M-z A My -z A My -z A My -z
DDy D*D: D*D, DD: D*D? DD, D*D; D*Dy DD D*D*
42 19 1.7+4.2i |37 09 e 220016
43 60  38+7.0i |39 100 1.0+0.87 . 233 167 06+17i e
44 134 58+1L1 [40 192 2.8+0.00i |0.2+0.04 240 325 52+00i  1.5+3.9i
41 353 4.1+0.00i |0.7+0.13i e 230 w000 S04
0+ T \\ 0 1
7 I P M2 A My-2 A My -2
= — — — Z.s(3895) D,D, D:D: D:D,  DD:
DD,  DD; DiD; DDy . 230 02+1.8i
L6 03  78+01li 14 08 0.6+0.00i 270 350+ 6.9i
1.7 10 11.7+4021i 15 25 1.7+0.01 331 01
1.8 22 166+037i 1.6 54 32+00li .. 3.40 219
0+ 1+ 0+ 1+
A Mth—Z A Mth—z A Mth—z A Mth_z
BB; BB B*B; BB B*B: BB; BB B*B; BB: B*B:
12 49400 1.7+22i
1.3 7.7+00i 43+3.0i
. 14 01 11.7+0.0i 52+42i
0+ 1+ o+ It
A My, -z A My, -7 A My, -z A My, -z
BB,  BE BB, BB BB BB BB BB
1.0 05 34+000i 10 18 22+00li )1 hys 7* 77
1.1 25 54+000i 11 33 3.7+0.02i 56 A8 S
12 38 82+000i 12 53 57+0.02i 28 210

Here we consider the D*D, and DD; as sperated channel and coupled each other to discuss the effect of violation of symmetry. Generally

speaking, the results with such treatment are consistent with single-channel calculation with Gy, parity.



Summary



The Hidden(doubly)-heavy molecular state from D((;))E((;))/B((;‘))E((;)) and D((:))D((;))/
(%) p ()
B; B

(s)B(s) Interactions are studied systematically.

« X(3872),Z.(3900) and Z.(4020) can be well reproduced as hidden-charm
molecular states. The latter two may be virtual states.

* The T,-(3875) can be interpretated as a doubly-charm DD* state.

* The Z;5(3895) can be interpretated as a D*Dg + DDy state with Gy y = +
as strange partner of Z,(3900) state in the SU(3)r symmetry

* Other molecular states are predicted
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