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Motivations

« BESITI experiment recently reported 5.30 observation of a very
narrow Zcs(3985) in D; D* + DD:~ mass distributions .

« LHCb experiment later reported wider Zcs(4000) as well as

Zcs(4220).
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m(Z,s(3985) = (3982.5718 + 2.1)MeV
I (Z.5(3985) = (12.8%33 + 3.0)MeV

arXiv:2103.01803

m(Z.s(4000) = (4003 £+ 611,)MeV
I' (Z.5(4000) = (131 + 15 + 263)MeV



Motivations

Observation of new excited Bg states

arXiv:2010.15931

LHCb collaboration'

Abstract

A structure is observed in the BT K~ mass spectrum in a sample of proton—proton
collisions at centre-of-mass energies of 7, 8, and 13TeV, collected with the LHCb
detector and corresponding to a total integrated luminosity of 9fb~". The structure
is interpreted as the result of overlapping excited B? states. With high significance, a
two-peak hypothesis provides a better description of the data than a single resonance.
Under this hypothesis the masses and widths of the two states, assuming they decay
directly to BTK ~, are determined to be

m1 = 6063.5 + 1.2 (stat) £ 0.8 (syst) MeV,
I'y =26+ 4 (stat) =4 (syst) MeV,

mg = 6114 + 3 (stat) £ 5 (syst) MeV,

'y = 66 + 18 (stat) £ 21 (syst) MeV.

Alternative values assuming a decay through B**K—, with a missing photon from
the B** — BT~ decay, are also determined. The ratio of the total production
cross-section times branching fraction of the new states relative to the previously
observed B?J state is determined to be 0.87 4 0.15 (stat) & 0.19 (syst).



Theoretical studies

 molecular resonance is suggested
* L. Meng, B. Wang and S. L. Zhu, Phys. Rev. D 102,

* BWang, L. Meng and S. L. Zhu, Phys. Rev. D 103, no.2, L021501
(2021).

* arXiv:2011.13013.

* arXiv:2011.09156.

« Bound states

e J. Ferretti and E. Santopinto, JHEP 04, 119 (2020).
 Other explanations

e J.Z. Wang, Q. S. Zhou, X. Liu and T. Matsuki, Eur. Phys. J. C 81, no.1,
51 (2021)(a reflection structure).

* Pablo G. Ortega et al. e-Print: 2103.07871(virtual state).
e Zhi Yang et al. Phys.Rev.D 103 (2021) 7, 074029(virtual state). °



Chiral quark model (ChQM)

« In ChQM: General form of Hamiltonian:

J Vijande, F Fern” andez and A Valcarce, J. Phys. G 31 (2005) 481-506

H = Z (m; + Qm ! Zn: VP LIEL )

i=1<j x=m,Kn,0
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TABLE V. The mass spectra of some relevant mesons in present work in the chiral quark model, compared with the experimental

data [39] (unit: MeV). ¢ represents the u or d quark.

n?$tL; E(D®) Expt E(D) Expt E(B“) Expt E(K™) Expt E(cc) Expt E(qq) Expt
1'So  1862.5 D(1869) 1952.5 DZ(1968) 5280.8 B(5279) 493.9 K(493) 3097.3 7.(15)(2983) 669.2 n(547)

21Sy  2721.2 2665.3 6090.2 1573.8 3592.1 1:(25)(3639) 1762.2
1351 1980.5 D*(2006) 2079.9 D:(2112) 5319.5 B*(5325) 913.5 K*(892) 3161.2 J/¢(3096) 701.6 w(782)
2°81  2829.6 2777.4 D2 (2700) 6127.7 1887.7 3650.4 1(25)(3686) 1799.2
1°D;  3017.6 2872.7 6358.1 1984.9 3706.9  ¥(3770)  1954.2
2D 38235 3523.1 7122.4 2917.3 4156.6 2998.3
13Py 23515 Dp(2400) 2380.0 D%(2317) 5749.7 1149.0 K(1430) 3420.4 x.o(1P)(3414)

2P 3162.3 3028.2 6515.0 2109.6 3869.7 xc0(2P)(3915)

1'P, 24479 2478.1 D,;(2460) 5783.4 B;(5721) 1400.0 K;(1400) 3455.1 h.(1P)(3525)

2'P,  3258.1 3134.9 6554.6 2327.4 3910.7

13P,  2417.9 D;(2420) 2440.9 5777.1 1315.6 K;(1270) 3439.7 x.1(1P)(3510)

2P 32284 3094.9 6545.3 2258.8 3892.9 x.1(2P)(3872)

13P,  2474.8 D3(2460) 2511.7 D2(2573) 5782.9 B3(5747) 1499.5 K3(1430) 3469.6 x.2(1P)(3556)

2P, 32944 3175.9 6559.9 2447.4 3928.0 xc2(2P)(3927)

The chiral quark model is very successful in
describing the meson spectra. 7



Wave functions of four-quark system

ccsu system bsqq system

0w ®© © ® O

(c) (@) (b) ()

The wave function of the four-quark system

 For meson-meson structure

: 1
Wit = AP G ) sk, Az = S(1— Pia — Py + PraPay).

* for diquark-antidiquark structure:

1
Vitiie = AL X)) dixd Av=3 (1= Pro = Py + PuuPy).

8



Orbital wave functions:

UME — ([0}, (r12) U, (v34)]1, Y1, (r1234)] 7 F

NMmax

m - S <
\Dl (I‘) — E : Cn l.t"",nlm(r)?
g2—1 g
WhG A —v r? A _ 21+2(2Vn)l+% i
Unlm(r) — an7 g Y'lm(r) Nni = ! Jr2l+ 1)
1 =
i nmax —
xSl "’lan_1 i ( nmax)
Tn ™1

(L =10,=L,=0)

E. Hiyama, Y. Kino, M. Kamimura, Prog. Part. Nucl. Phys. 51, 223 (2003)



Spin, flavor, color wave functions:

TABLE II. The wave functions of spin, flavor, color part for Z.s and b5¢q system by considering all kinds of quark structures.

Spin Flavor Color
X80 = X00X00 R = Cuge ! = 3(7r+ gg + bb)(Fr + gg + bb)
% = Y2(3brb + 3grg + 3bggh + 3gbbg + 3rggr

= \/g(XuM—l — X10X10 + X1-1X11 ) X*~ = CCSU +37bbr + 2771 + 2G9Gg + 2bbbb — Frgg

—ggrr — bbgg — bbrr — ggbb — Frbb)

X = 2 (rgrg - rggr + grgr — grig
XTi = Xoox11 \? = csue +1b7b — rbbi + brbF — brrb
+gbgb — gbbg + bgbg — bggh)
X = ‘1/—25(27*7*7“7" +20gGq + 2bbbb + rgFg + rqgr
X1 = x11x00 't = 5(bdds + buus) +grgr + greg + rbFb + rbbr + brbr

+brib 4 gbgh + gbbg + bgbg + bggb)

\iT = %(Xuxlo — X10X11) \*° = =3 (bsut + bsdd)
Y3 = X11X11 s —%(busaé + bdds)

10




All possible channels for ccsu and bsqq system

TABLE III. Allowed channels for Z.. and bsqq system, for saving context space, we give abbreviations for channels, e.g., for

meson-meson structure (picture (a)) of Zes, '311’ and '312’ represents xJ:x’*x“! and x73 x"*x2, severally. And ‘411" and '412’

represents xJix/ 1 x¢! and x7ix/1x?, respectively. The rest channels can be read in the same manner. The last row gives the
total numbers of channels by considering meson-meson structures, diquark-antidiquark structure, along with all kinds of color

spin configurations for Z.. and bsqqg system with quantum numbers 0(07), 0(17), 0(27).

system Zes bsqq
I(J%) 1a%) 0(0%) 0(1%) 0(2%)
Structure @ () (0 (@) @) () @) ©®) () (@) @) ()
311 32101 333 341 351 363
312 322 334 141 151 163 342 352 3674
channel 411 421 433 - 142 192 164 441 451 463 641 651 .66:3

(spin - flavor - color) 412 422 434 241 251 263 442 452 464 642 652 664
o1 F 21 533 242 2562 264 541 581 563

52 THE s 53 b42" B©52 564
number of channels 6 6 6 4 4 4 6 6 6 2 2 2
total 18 total 12 total 18 total 6

* Finally, the eigenvalues and eigenvectors of four-quark system are
obtained by solving the Schrodinger equation:

MiMj; _ plJgag MiM;



Results

Bound state calculation

E(a) E(b) E(c) E(a) ® E(c) E(b) ® E(c) E(a) ® E(b) E.. the lowest thresholds

Zes L(17) 39345 3656.3 4247.1 3034.5 3655.4 3034.5 3656.2 | 3655.1(J/vwK")
E(d) E@®) E(d) E(W@)®E(l) EUV)RE() E@)QFEW0)| FEs. |the lowest thresholds
bsqg 0(0") 5776.6 6040.2 6283.2 5776.5 6040.2 5776.6 5775.3 5774.8(B~K™)
0(17) 58154 6072.6 6316.9 5815.3 6072.6 5815.4 5814.1 5318 5(B* K")
0(27) 6234.8 61149 6483.7 6234.7 6114.9 6234.8 6114.3 6111.7(Bs* w)

* the low-lying energies in diquark-antidiquark are all much larger
than those in meson-meson structures.

* All of them are higher than the lowest theoretical thresholds.

» the effects of the structures mixing seem to be tiny for the ground

state energy.
* The coupling energies Ecc are a little higher than the relevant

thresholds.
we cannot find the bound states of ccsii and bsqg. .,



Results

Resonance state calculation

* A stabilization method (real scaling method) is applied.

Resonance state lifetimes from stabilization graphs

Jack Simons?®

Chemistry Department, University of Utah, Salt Lake City, Utah 84112

(Received 20 January 1981; accepted 18 May 1981)

The stabilization method (SM) pioneered by Taylor and
co-workers' has proven to be a valuable tool for esti-
mating the energies of long-lived metastable states of
electron—-atom, electron-molecule, and atom-diatom
complexes. In implementing the SM one searches for
eigenvalues ariging from a matrix representation of the
relevant Hamiltonian H which are “stable” as the basis
set used to construct H is varied.

To obtain lifetimes of metastable states, one can
choose from among a variety of techniques®=’ (e.g.,
phase shift analysis, Feshbach projection “golden rule”
formulas, Siegert methods, and complex coordinate
scaling methods), many of which use the stabilized
eigenvector as starting information. Here we demon-
strate that one can obtain an estimate of the desired life-
time directly from the stabilization graph in a manner
which makes a close connection with the complex coor-
dinate rotation method (CRM) for which a satisfactory
mathematical basis exists.

The starting point of our development is the observa-
tion that both the stable eigenvalue (E,) and the eigen-
value(s) (E,) which come from above and cross E, (see
Fig. 1 and Refs. 9-11 and 13) vary in a nearly linear
manner (with @) near their avoided crossing points.
This observation leads us to propose that the two eigen-
values arising in each such avoided crossing can be

J. Chem. Phys. 75(5), 1 Sept. 1981

0021-9606/81/172465-03$01.00

thought of as arising from two “uncoupled” states having
energies €, (a)=€+S (o —a.) and € (a) =€ +S (a —a ),
where S, and S, are the slopes of the linear parts of the
stable and “continuum” eigenvalues, respectively. a,
is the value of a at which these two straight lines would
intersect, and € is their common value at « =«,. This
modeling of €, and €, is simply based upon the observa-

5‘
-+

E(0.u)xI0®

225

FIG. 1. Stabilization graph for the i shape resonance state of
LiH" (Ref, 9).

© 1981 American Institute of Physics

J.Simon, J. Chem. Phys. 75, 2465 (1981)

we multiply the Gaussian size
parameters 7;, by a factor a, only
for the meson-meson structure
with color singlet-singlet
configuration.

B _ o = -
wg,lm(r) — Ar'nlrle 7 Yim(T),

1 1

» — n—
=3 771 — 1a:

1, = ar, (a = 1.0~3.0)

13



look for resonance for ccsu system
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FIG. 3. The stabilization plots of the energies (3600 MeV ~

3900 MeV) of césa states for I(JF)

%(1+) with respect to

FIG. 4. The stabilization plots of the energies (3900 MeV ~

4000 MeV) of cést states for I(JF)

3(17) with respect to

the scaling factor a.
the scaling factor a.

14



4100 §

4090 £

4080 E

4070 .-,

5\ E * *

C 4060 {D"D,'(4061)
4050 :

£ E o

2 4040 E § 4042

uJ - 3

4030 £ 3
: =3 4023
EncK'(4o16)

4020 E

4010

4000 &

FIG. 5. The stabilization plots of the energies (4000 MeV ~
4100 MeV) of céstu states for I(JF) = %(1"‘) with respect to

Twl'resbndace states at 4023 MeV and 4042 MeV

15



TABLE IV. The mass spectra of b5 meson families in the
chiral quark model in comparison with reference [20] and ex-

perimental data [39] (unit: MeV).

n?5+1L; This work Ref. [20] Expt [39]
1'So 5367.4 5390 5366.84+0.15
135 5410.2 5447 5415.8+1.5
2! So 6017.3 5985
23S, 6057.¢ 6013
3 ~ < e~ ] [}
Ry szem gm0 * For quark-antidiquark
132 P 5779.3 5859 5828.65+0.24
1°P 5812.0 5875 5839.92+0.14 2'b0dy SVStem, the 25
1'P, 5797.6 5858
' g S and 1D states have
23 P, 6345.9 6279

93 p, 6381.9 6201 masses close to the

23 P, 6422.9 6295 0

p i newly observed B;'.

1* D, 6179.3 6181

13D, 6145.3 6185

13D5 6094.2 6178

1' Do 6128.2 6180

2D, — S Ref.[20]:Phys. Rev. D 89, no.5, 054026 (2014)
23D,y 6743.9 6549 Ref.[39]: P.A. Zyla et al. (Particle Data Group),
923 D, 6692.9 6534 Prog. Theor. Exp. Phys. 083C01 (2020).

2' Do 6726.8 6536 16




look for resonance for bsqq system
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look for resonance for bsqq system

6200

16155
16140

resonance line

resonance line |

el B " (9(6112)

Q\ 6078

—— 50— 5050
B,°n(6038)

6000 :
1.0 1.2 14 16 18 20 22 24 26 28 3.0 32 34

« Two resonances at 6050 MeV and 6078 MeV.
* Only one resonance exists at 6140MeV~6155 MeV. i



look for resonance for bsqq system

6241
B'K'(6233)

1.0 1.2 14 16 18 20 22 24 26 28 30 32 34
a

One resonance state at 6241 MeV 19
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decay width of resonances

\/ ERIEA
= 4|V («a
A —a]"
J.Simon, J. Chem. Phys. 75, 2465 (1981)

TABLE VII. The decay widths of resonances of c¢su and bsqq

system. (unit: MeV).

Resonance State I’ Resonance State I

: - TI'(Z:5(3985)
cest(4023) 3.1 | cesu(4042) 13.7)™ = 12.8 MeV

bsg7(6050) 7.8 | bsqg(6078)  44.1)ms T'(Bs(6063))
— 26MeV
b3qg(6155) 8.7  b3qq(6241) 4.1 ‘

22



System Resonances Reca Rz Res Rea Ree Rsa
4023 by 6 B3 & S22 Ba
CCSU
4042 D8 97 |43 42 414 A2
Resonances Rpa Rus Rou Ras Rz Rua
6050 (42 43 42 43)(05 0.7)
6078 > 2% 2h 24| DS DS
bsqq
6155 @.7 28 20 2.@ \0.6 0.8/
6241 09 10| (23 23 21 22

molecular resonance is suggest in our work!
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For ccus and bSqq system, no bound states are found in the chiral
qguark model.

For ccus, there are two resonance states at 4023 MeV and 4042
MeV. The state with 4042 MeV has a consistent decay width with
the experimental data by BESIII, which is a molecular resonance.

For B, in 2-body system, the 2S and 1D states have masses close to
the newly observed BY. For 4-body system, several resonances are
emerged. The mass and decay width bsqqg (6078) state are relatively
close to the experimental values M = 6063 MeV and I = 26 MeV by
LHCb.

The better way to investigate the highly excited B, states is to invoke
the unquenched quark model (X. Chen, J. Ping, C. D. Roberts and J.
Segovia, Phys. Rev. D 97, no.9, 094016 (2018)).

Thank you |
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