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Outline

0 The background of the vector charmoniumlike state
around 3.9 GeV

0 The unified description of doubly charmed molecules
X(3872), T¢., Z.(3900) and Y(3872)

[l Predictions for more P-wave DD* resonances

EtEE IR T EMThTs 1/15



_| < y e | s e |7 . /JTF
}'. ,v' T F(4260)
_ N
- = - . E
g——9 | c z Jiw| ¥
X(3872) Yi4260) X(3940) X(3915) Z (3900)
Y Y{4008) X (4160) X(4350) Z (4025)
27 (4430) Yid3iol) Z(3930) £ _(4020)
Z(4051) Yi4o30) 7 (3885)
£ (4248) Yidaol)
Y(4140)
Yi4274)
Z." (4200
Z'424m PhyS Rept. 639 (2016) 1-121
A(3823)
11000 1 1 1 1 1 1 1 1 1 1 1
x5(3P) X52(3P) .
10500 5. o 62 new hadrons at the LHC ) arXiv:2206.15233
7000 B25)* B25) X(6900)
o ®5 sy
0,(6350)~
Ab(6152)°  0,(6340)~_ =
26221 el H o m6227° PErset
6000 - 2,(59451° _ A,(5920)° 2,(5955)=_ _ By(5970)"° ] i g B:,(6100)-
As(5912)° i - B/(5840)*+° I,(6097) A (6070)° B (6114)°
5912) %(5935) 5,(6097)~ B:(6063)°
T
< 5000 4
v X(4700) X(4685)
2 PL(4450) ® 2500) Pa45 T} @ x(4630)
a X(4274) P(4440) +
é ® b o1 pazsor ® I&mal 2 Zate2207
4000 @ bg X(3842)
® ct(gd =4t ®
@ cict
® o 0.3119)°
® cdad D;13000)*° 0(3090)° - 2030y
3000 1 m bog D,(3000° @ D;,(2860) A:(2860) | 0.(3066)° =(2939) X1(2900)
. DJ12760)" ® 0,(3050) (20230 Xo(2900)
i 2740 g D;(2760)° Q3000 ®p_ 590)*
B ccqq9 D)(2580)° =

X(3872)

Phys. Rev. Lett. 91 (2003) 262001
Phys. Rev. Lett. 132 (2024) 15, 151903

i
w

]
w
L

Events /[ 0,005 Gev |
i .
=

15}

10

382

My rn

18

392

} Gt

Events / (3 MeV /c?)

A . =S O S Ny

100

2

80

60

40

Events / 0.01 GeV/c

201

3.8
(m wa)((‘chc )

3.9

m.n

4.0

16
14
12

3.

Phys. Rev. Lett. 110 (2013) 252001

B TR T ARHTS

Yield /[ 500 ke o)

E- === Signal
E = = = Background
E =+ Lineshape
:_ — Total
86 3.88 3.9 3_92 3. 94 3 ‘36 3.98
T-'llll *IIJ.K[ ]J‘]llbl[~'-74lll |1[L[
L SN AU A AL PR B AT fl?l¢|+rlr
88 3.88 3.9 3.82 3.94 3.86 3.98
M(DI}D[] (I] {(JvaLZ)
Tcc
o1 _
G{Jf— I]_Enll"lln : : +
n J1ib i ]
50 l A z
405— | H.-: .|. +++ JH'
E data T um. :
E ||:|.|I .
205 Hﬁﬂﬂm 3
oE [t ..H.f-H. _,HM.{-?
D:_+ o l‘ "i +-_‘L_-F|-:. - x _+4- ] g
E [ N T T R
187 3.88 389 _ 19
et (Gl E'J]

Nature Commun. 13 (2022) 3351

2/15



The one-boson exchange model N. Li and S.-L. Zhu Phys. Rev. D 86, 074022 (2012)
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The prediction for the existence of T, N. Li, Z.-F. Sun, X. Liu, and S.-L. Zhu Phys. Rev. D 88,114008 (2013)

TABLE IV. The numerical results for the D"/ D' system. s = " means the corresponding state does not exist due to symmetry
while - - - means there does not exist binding energy with the cutoff parameter less than 3.0 GeV. The binding energies for the states
DHDW[P)y = 0(17)] and D' D¥[1(JF) = 1(17)] are relative to the threshold of DD* while that of the state D D™[I(JF) =
1(07)] is relative to the DD threshold.

Df*}D["‘}
! JE OPE OBE
0+ e sk ok g ok sk
A (GeV) 1.05 1.10 1.15 1.20 0.95 1.00 1.05 1.10
B.E. (MeV) 1.24 4.63 11.02 20.98 0.47 5.44 18.72 42.82
M (MeV) 3874.601 3871.22 3864.83 3854.87 3875.38 3870.41 3857.13 3833.03
. Frmes (F111) 311 1.68 1.12 0.84 4.46 1.58 0.91 0.64
0 L P, (%) 96.39 92.71 88.22 83.34 97.97 92.94 85.64 77.88
Py (%) 0.73 0.72 0.57 0.42 0.58 0.55 0.32 0.15
Py (%) 2.79 6.45 11.07 16.11 1.41 6.42 13.97 21.91
Py (%) 0.08 0.13 0.14 0.13 0.04 0.09 0.08 0.05
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Precise Measurement of Born Cross Sections for ¥ e~ — DD and Observation of One Structure
hetween /5 = 3.80 — 4.95 GeV
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Mass: 3872.5 + 14.2 £+ 3.0 MeV

Width: 179.7 + 14.1 + 7.0 MeV
S(o) > 20
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A P-wave DD* molecule?
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PHYSICAL REVIEW D

VOLUME 21, NUMBER 1

, Charmonium: Comparison with experiment

E. Eichten,* K. Gottfried, T. Kinoshita, K. D. Lane,* and T. M. Yan
Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 14853
(Received 25 June 1979)

The charmonium model, formulated in detail in an earlier publication, is compared in a comprehensive
fashion with the data on the i family. The parameters of the “naive” model, in which the system is
described as a ¢C pair, are determined from the observed positions of Y5, Y, and the P states. The model
then yields a successful description of the spectrum of spin-triplet states above the charm threshold. It also
accounts for the ratio of the leptonic widths of ' and . When the ¢¢ potential is applied to the T family,
it accounts, without any readjustment of parameters, for the positions of the 2S and 3S levels and for the
‘leptonic widths of T and T’ relative to that of . The model does not give acceptable values of the
absolute leptonic widths, a shortcoming which is ascribed to large quantum-chromodynamic corrections to
the van Royen-Weisskopf formula. The calculated E1 rates are about twice the values observed in the ys
family. This naive model is also extended with considerable success to mesons composed of one heavy and
one light quark. A significant extension of the model is achieved by incorporating coupling to charmed-
meson decay channels. This gives a satisfactory understanding of y(3772) as the 1°D, cZ state, mixed via
open and closed decay channels to 2°S. The model has decay amplitudes that are oscillatory functions of the
decay momentum; these oscillations are a direct consequence of the radial nodes in the cc parent states.
These amplitudes provide a qualitative understanding of the observed peculiar branching ratios into various
charmed-meson channels near the resonance at 4.03 GeV, which is assigned to 3°S. The coupling of the c¢
states below the charm threshold to closed decay channels modifies the bound states and leads to reduction
of about 20% in E1 rates in comparison to those of the naive model.
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The DD* threshold effect Y.J. Zhang and Q. Zhao, Phys. Rev. D 81, 034011 (2010)
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The dynamical calculation of the P-wave DD* interaction

By applying the OBE model, the DD Heavy meson Lagrangians
Interaction can be restricted by the S-

wave X(3872) or T, so the prediction S —— e — —
- ' _ . : . . \

on the corresponding P-wave | L =9D [’Hf”H}: *.rfr:rTr_[H oA o

molecular states should be reliable. +iBTr [Ho, (V= p"YH] +iATx [Hop, F'"H]

+g,Tr [?-:{r.r?-_i] +ig.Tr [’?-:Lﬁr,,ﬁ.r.ﬂ“?%] . OBE model
. _ - i (m,n,0,p, w)
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e ’ - - Ji -8 4+ = —— o s
Virtual state . V2 W2 n VG + NG
Resonance
®) ®) 1 1.
Vi = 3[ET 'E}.“‘E]' A = 9 {‘EJr D&} FrY =gt p” — 0¥ p!' — [P"”* J””]
J. R. Taylor, Scattering Theory: The Quantum £ = exp(ilP/ fr).

Theory of Nonrelativistic Collision

% -tEEFIEE T EMThTS 7/15



Complex scaling method (CSM)

ﬂ 4
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Aguilar, Balslev and Combes (ABC theorem)
Commun. Math. Phys. 22, 269 (1971); Commun. Math. Phys. 22, 280 (1971);
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Complex scaling method (CSM)

Schrédinger equation

kz (13’
(K V(k, = FEo¢(k
(k) + [ 5BV k. plo(p) = Eolk)
® Analytical extension of the wave function
1 | d3
PR am n ﬁ

k can be anywhere on the complex plane

k= =+v 2772,ER

® (k) has two poles

p is on the integral path

The development of CSM by our group

1. The solution to the virtual state pole

2. Complex scaled Lippmann-Schwinger equation

% tfEEFIENE T EMT TS

H > Re(p)

Y.K. Chen, L. Meng, Z. Y. Lin and S. L. Zhu
Phys. Rev. D 109 (2024) 3, 034006

J.Z. Wang, Z. Y. Lin and S. L. Zhu, Phys. Rev.

D 109 (2024) 7, LO71505
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The pole trajectories
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More P-wave DD* molecular resonances

TABLE I. The poles in all channels of DD* and DD*, up to the orbital angular momentum L = 1. The B and V superscripts
denote the bound state and the virtual state, respectively. Otherwise the pole refers to a resonance.

DD*,C =+ DD*,C = — DD*
I=0 I=1 I=0 I=1 I=0 I=1
17(381)  —3.17, x1(3872) - —1.60% —35.6Y, Z.(3900) —0.417, T..(3875) -
0~ (°P) ‘ —1.5 — 14.54 - - - —9.6 — 9.7 -
A = 0.5GeV
1-(3P) - - —4.0 — 27.3i, Y (3872) - —31.7 — 70.63 -
27 (0 P) —42.6 — 39.44 - —21.3 — 50.7i - —37.8 — 40.9i -
17(3S1)  —6.57, xc1(3872) - —5.85 —34.6Y, Z.(3900) —4.3%, T..(3875) -
0~ (°P) 3.2 — 13.7i - - - —10.2 — 12.13 -
A = 0.6GeV
1= (°P) - - 2.0 — 27.3i, Y (3872) - —33.7 — 84.8i -
27 (°P) —44.2 — 49.0i - —19.3 — 58.8i - —37.8 — 49.3i -
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TABLE II. The poles in all channels of DD* and DD*, up to the orbital angular momentum L = 1 with the regularization in
Eq. (C2). The B and V superscripts denote the bound state and the virtual state, respectively. Otherwise the pole refers to a
resonance.

DD*,C =+ DD*,C = — DD*

I=0 I=1 I=0 I=1 I=0 I=1
17(3S1)  —0.407, v.1(3872) - —25.0" —39.6", Z.(3900) —0.797, T..(3875) -
0~ (CPo) ‘ 3.3 —17.2i ‘ - - - —11.2 — 16.7i -

A =1.25 GeV
1= (3Py) - - ‘4.4 —39.9i, Y(3872) - —96.6 — 87.3i -
27 (P Po) —71.2 — 63.5i - —31.0 — 96.5i - —61.3 — 53.61 -
17(*S1) —2.8%, x.1(3872) - —2.2Y —38.5Y, Z.(3900) —8.85, T..(3875) -
0~ (*Ro) 6.6 — 11.64 - - - —10.2 — 18.0i -
A =1.35 GeV
1-(*P) - - 10.2 — 33.7i, Y (3872) - —92.9 — 97.7i -
27 (*P) —68.0 — 75.41 - —23.3 —97.2i - —58.4 — 59.6i -

Regulator independence !
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Summary

The existence of the P-wave DD* resonance with JF¢ = 17~

can be firmly established based on the scaling of the S-wave
DD* dynamics.

The P-wave resonance is less sensitive to the potential shape

compared with the S-wave resonance, so its theoretical
prediction will be more reliable.

This behavior contributes to the dense population of P-wave
resonances in both the DD* / DD* and DD* systems, which
can be tested in the future experiments.
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Thanks for your attention!
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