P, DD* system

V- AV
0.006—————— , 0.01
: : [a = 0.497 +0.007 fm® *
0.005~ : r=5.629 4+ 0.190 fm™!
: : ’ 4.5 4 3.5
i ! 0.007 = = ®
. 0.004:— ; 30
©=Q 1 |hC: [0 —
&3 . ' =
= 0.003; : 3 -0.01] 2 Be |
= i . g L
5 0002} | € | ,
= : : ~0.02} o |
0.001} ' J f ,
0.000¢ — ' 1 o ,
— - 003} :
' -0.005 0.000 0.005 0.010 0.015 0.020 -0.03 -0.02 -0.01 0.00 0.01
(p/Epp+)* Re E [GeV]

Pole: —0.030 — i0.031
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Background



Hadron spectrum

® Conventional hadrons: (qq) or (qqq)
(a)

® Exotic hadrons

Compact type Molecular type Hybrid

Glueball
multiquark states

Review of Particle Physics, Chen:2022asf, Meng:20220zq, Brambilla:2019esw, Guo:2017jvc, Esposito:2016noz, Lebed:2016hpi, Olsen:2014qna...
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Exotic state candidates

® XY/ states (heavy-quarkonium-like states) Y3660
2P oY 4500} 7.(4430
»>0Qqq/QQ J— |
(e X(4274) b.o, 1~
Y(4260)——— J(4160) -
— X(4140) DB 1 gt
_ UL4040) el _
= . X9D) Y2(3930) D*D,1+-,1+Z°E i
N ———— Z:(3900) ]
% (3770) X(872) U»(3823) DD,0**
= Q28 =77 v
3500} - Ja(B)
GI model
Before 2003
After 2003
I
3000} ZeS)
® Recently, more and more hadrons composed
of at least four quarks (manifestly exotic 1 1 07 17 27 2 Thehdd 1 (charged)
states) were observed . e
) New naming scheme: Gershon:2022xnn
[csti d] [csti d] [c5ud][c5ud]
[ccaqq]  [ccce] Tes1(2900) Z5(3985) |ccu d] Tes0(2900)**
P, X(6900) T.s0(2900) Z.<(4000) T..(3875)* T.s0 (2900)°
2006.16957 2009.00025 2011.07855 2109.01038 2212.02716

2304.08962 2009.00026 2103.01803 2109.01056 2212.02717
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Three super “stars”

Quark 1°(JP9 Threshold AM [MeV] I' [MeV]
contents

X(3872) qgcc/cc 0t (1) D°DO* 0.006815-1635 0.38015-412
BESIII:2023hm|

The 1st charmonium-like state

Z.(3900) qqcc 1t(1t ) DD* 113+ 2.6 28.4 + 2.6
The 15t manifestly exotic charmonium-like state FIEE
T..(3985) ggcc ? D**DO° —0.360%3-949 0.048%9-092

The 15t open double charm tetraquark state LHCb:2021auc

Citations per year

Citations per year Citations per year

120

100 LHCb:2021vv(q

100

BESIII:2013ris

150

80 80

100

Belle:2013yex

60 % 60 »

50 Ml \\5 -
2,527 citations . / 1,105 +900 citations " 349 citations

. ol i
2003 2008 2013 2018 2023 2012 2015 2018 2021 2024 2017 2019 2021 2023 2024
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To the unified models

® More unified description: set up connection among/between different states
> E_g_ Heavy quark symmetry + EFT V. Baru, E. Epelbaum, et al., Phys.Rev.D 99 (2019) , 094013,...
» E.g. Phenomenological model

® Compact (QQgqq) states
» Been anticipated for several decades in quark models

. . . J.P. Ader, J.M. Richard, P. Taxi,PRD25(1982) 2370
» Clustering behavior: (QQ) diquark
Karliner et al,PRL119,202001; Eichten et al,PRL119,202002;

® Predicting the molecular-type T.. N.Li, Z-F Sun, X. Liu, S-L Zhu, PRD88(2013), 114008
»One-boson-exchgnge interaction: m,n, p, w, o DD* = DD*
» Para. are constrained by X(3872)
» Results: a bound state with binding energy 470 keV
» The picture is more consistent with the Exp. one: AM =~ —360 keV

® Including Z, states? Other D*D and D*D states? Other quantum numbers? P-wave states?
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Experimental progress

® An enhancement close to 3.9 GeV
» D*D threshold
» New D*D resonance?

» Quantum number J°¢ = 17—, from
virtual photon

» P-wave D*D state?

® Cornell model: enhancement at 3.9 GeV
Eichten:1978tg, Eichten:1979ms

® Belle and BaBar: ¢G(3900)
» Fit with a Gaussian function

» Not regarded as a resonance
BaBar:2006q|j, Belle:2007gxm

® More precise data from BESIII
BESIII:2024ths
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Lippmann-Schwinger equation formalism

ne—
a
25F ----mm+nfﬂf.|} ]
" Sheet] Poles (GeV) [lgpo[lgpo-I[19p-p:_,|[l9p-p:_,|

IT 13.764 £ 40.006|13.53| 9.48 5.88 16.78
IIT | 3.879 £:0.035{ 4.40 | 10.96 7.63 18.15
IV 14.034 +:0.014| 2.90 | 2.23 12.52 12.85

=

alete”—= D*D7)[nb]

i
T

=

L
T

I Imgpp >0, Imgpp. >0, Imgp.p. >0, for B <2mp ,

P

II Imgpp <0, Imgpp. >0, Imgp-p. >0, for2mp <E <mp+mp-,
IIT Imgpp <0, Imgpp. <0, Imgp-p. >0, formp+mp- <E <2mp~ ,
IV Imgpp <0, Imgpp. <0, Imgp.p. <0, for E>2mp- .

a(ete = DD ) [nb]
(o] Tl

=

® Lippmann-Schwinger equation formalism

T 4 » Coupled channel effect
é | » S-matrix unitarity and analyticity
a » Belle data
T 2 —
RS » A resonance close to DD* threshold
T
B YR R R R M.L. Du, U. G.Meissner and Q. Wang, Phys.Rev.D 94 (2016) 9, 096006

WI[GeV]
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Breit-Wigner fit from BESIII

gPressed(e*er — D'DY) (pb)

Pull value

700
600
500
400
300
200
100

III|III\|IIII|IIII|IIII|\III|IIII‘II:

O-Dressed(e+e- — D+D') (pb)

1]
I
|||||||||||||||

iy
rrrrrrrrrrrrrrrrrr

i
Taag

™ ?I TTTTTTTT | TTTT | TTT ll-‘llil"l4#"*J'L'P'h*'irir‘l";ﬁ

LA I\|IIII|IIII|IIII‘\IIIlIIIIlIIIIlI[

Pull value

P R T U T R [P I T
42 43 44 45 46 47 48 49

s (GeV)

TABLE I. Fit results of the Born cross section, where the first uncertainties are the statistical and the second are systematic and S denotes the

PN ST WA T T TSN A T TS N T S S N ST S AT S TN ST ST S TS ST Y
42 43 44 45 46 47 48 49

's (GeV)

K i

significance. BESIII:2024ths
ete” — DD

Resonance ¥ (3770) R ¥(4040)  ¢(4160) Y (4230) Y (4360) (4415) Y (4660)
Mass (MeV/c?) 3773.7 (fixed)| 3872.5+14.243.0[ 4039 (fixed) 4191 (fixed) 4222.5 (fixed) 4374 (fixed) 4421 (fixed) 4630 (fixed)
Width (MeV/c?) 87.6 (fixed) | 179.7£14.1£7.0| 80 (fixed) 70 (fixed) 48 (fixed) 118 (fixed) 62 (fixed) 72 (fixed)

[ B (eV) 95-106 202-292 41-44 1-2 1-2 50-144 0-2 0-1

S(o) 10 > 20 13 7 11 I 4 8

x°/d.o.f = 346/275 p-value = 0.002
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K-matrix formalism

- BESH:2024ths, Julinizpt#el
. . 51— = B
® K-matrix formalism i o
» Two bare poles 3 3
Y — 5 £ 3F g 25F
>DOQO, D*D~,D*D, £ : 5 2f
D*D*,dummy 2e 15
channel 1= E
o 3E =
5 o 5 0
5 sE g
= 3.7 3.8 3.9 4 4.1 4.2 = .
Vs (GeV) Vs (GeV)
BES:2001ckj, Ablikim:2006mb, Rapidis:1977cv,
— BESIIT 2021‘yvc Belle:2017grj) CLEO:20080jp, Dong:20171tpt Osterfield: 1986hw Schindler:1979rj
“Cete™ > D = i »~  eTe” — hadrons
sl 6 - I
L s SF s *F
£ 6 £ 4B £ C
o N o E b -
4; 3;— 20__
- 2F -
20— = 156
L = C
1) 0__. T e I R R ST R o Of_ A N R ISR RN 10_— . | . A |
E :§ Hh’yﬂh{";ﬂ;* ;**q‘f ﬁﬁ % ‘:’:: i; “?‘ L P ! "% 55_ .
g F ! ¢ ; g .F a 4 s Odmg
k) S o -5 ¥ g 5:_
3.7 3.8 3.9 4 4.1 4.2 3.7 3.8 3.9 4 41 4.2 = 37 : .
Vs (GeV) Vs (Gev) Vs (GeV)

N. Husken, R. Lebed, R. Mitchell, E. Swanson, Y-Q Wang, C-Z Yuan, arXiv: 2404.03896
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K-matrix formalism

Model Channels Constraints #p -
I DD, DD",D'D*,  gp .0 =9ro0pe 29 -0.02 _—..
[T/ (77)] durnmy -
2 DD, DD*, D*D*, Iepi b = Ir.popo 24 -0.04 -
[J /(7)) dummy fDJrD*:u = fDOBO:,u e -
o B Iptp-—ptp- = fDODO:DUDU % 0.06 E
3 DD, DD*, D*D*, 9r.p+p— = 9r.popo 29 (D _0-08 -
[D;‘-Ds_]dummy S —
14 DD: DD*? D*D*a gR:DJrD* = gR:DODO 24 m _0-1 - ?k
[DiD;]dummy fDﬂLD*:pL = fDof)O:p - #-
Jp+p-:p+p- = fDOH0.p0 HO H_O"I 2 -
5 Model 1 plus node [Eq. (4)] 30 =_014 E_
Model ~ Mass (MeV) T (MeV) [ee (eV)  x*/ndf -0.16 :_
1 3778.7(7) 34(4) 205(25) 2.20 -
2 3784.2(7) 49(4) 3000(1500)  2.48 018 1 e e
3 3778.9(6) 33(4) 210(20) 2.39 3.8 3.85 3.9 3.95 4 4.05
4 3783.7(6) 49(4) 270(25) 2.45
5 3778.3(6) 38(5) 200(400)  1.88 F{e( E) (GeV)
fit summary 3778.7(7)(50) 34(4)(15)  205(25)(70)
PDG 3773.7(4) 27.2(1) 261(21) _ _ _ B
1 10410(15)  130(30)  180(100) G (3900) in the past, is not in fact due to a new cc resonance,
2 4036.0(10)  135(35)  15000(8000)
3 1040.0(10)  95(30) 80(80) but rather naturally emerges as a threshold enhancement due
4 1046.0(10)  120(20) 10(50) : * T
- W0S000) 2200 50000(40000) to the opening of the D*D channel.
fit summary 4044(15)(36) 130(30)(125) 180(100)(170)
PDG 4039(1) 80(10) 856(162)
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Our calculations

® Data: Does the pole close to 3900 exist?

® Dynamics: If so, could we embed the X(3872),T,., Z.(3900) and this state into a
unified scheme?

® Uncertainties: If we can, the caveat of this scheme?



Poles of S-matrix

® “states” & S-matrix poles
® Causality=analyticity

® Conservation off probabilities
=unitarity

® Amplitude formalism to the
correct pole position

LSE, K-matrix
Mizera:2023tfe; PDG

Im k

a) Physical sheet

arb, Mt
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arb. Units

Im E

Re k

unphysical sheet

Virtual X
state

—S—

Bound
state ®

Resonance

Re E

Analytical continuation

gl




K-matrix formalism

® In principle, K-matrix formalism could meet the requirement of the analyticity and unitarity

— _ _ 2 _ 2
Im./\/l 1 — —2p, k’ — \/[S (ml m2) ][S (ml + mQ) ]’ p(S) — k
2./ 8m\/s
M P=K1+C, ImC(s)=—2p,
2 00
g s — So , ImC(s)
K — o —
e CR L O Ry M e iy
® Three defects of K-matrix formalism in [arXiv: 2404.03896] Different with that in PDG

» Analyticity is not kept: M (s) = M (kq, ky, ...), €.9. For MZ,; < s < M{,,, k, is set to zero
» Subtraction dependence / regularization dependence for P-wave
» Did not search the pole in the unphysical sheets below the thresholds

kl > O k2 > 0
———
Thresh.1 Thresh. 2
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Our fit in the K-matrix formalism

[qu] (,@,d < —2.2)0

® Repair the three defects

2 /dof = 2.07

® Our refit results
> X

[qu] (q.q « _2,2)0

3.8

V5 [GeV]

()
(8)
c
®
c
o
n
(&)
—_
*
Q
Q
~
*
Q
Q
()
>
®©
z
o
()
<
—-—
=
—-—
c
()
=
MA%
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Our fit in the K-matrix formalism

0.00

[ ' '
HRTC N 5
~-0.01F . : P
= I : ]
< :: : 1 (4040)
= —0.02F : o
> X : |
E :: : :
~0.03f ’ ]
_004 L : : I T T TN T N T S W A B : PR T T T S T TR N S SR T T | .:. L
370 375 380 385 390 395 400 4.0

Re /s [GeV]

Extra poles

3869.2(67) — i29.0(52)
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Dynamics model

® Interactions: exchange: m,n,p, w, o
» Success in high precision nuclear force, e.g. CD-Bonn potential Machleidt:2000ge
» S-wave and P-wave interactions are derived from the same Lagrangians

P p ! D P | i D P
P’ —pY P’ — Y
pr | D" oy pr | D*
—7) manataenenesnhesnsnnnenena, 4 P e p
P (al) (a2)
Direct diagram Cross diagram

® G-parity rules (particle-particle < particle-antiparticle)
» Direct diagram: V- 5+ = GV p»
» Cross diagram: V5. 5+ = —Gpp*/5p* GV New!
® Three unknown coupling constants:

» vector exchange for direct/cross diagrams, scalar exchange
» pseudoscalar exchange is known

A? A?
® Regulator and cutoff Vip',p) — V('p",p)pﬂ TR RN VP(q) = VP(q) (

AZ —m2\”
A2+q2)

Lu Meng (&#%) | Identify the P-wave D D+/DD *resonance



Scheme-l

® Fix parameters S . @eee od
» vector meson dominance, X-model, light- 0.000¢ o,
cone sum rule, LQCD 1i:2012cs, Li2012ss -0.005 o
> L \
® Vary A from 0.4 to 1.3 GeV (1-10) g ~0-010 @
m :
® A~0.5 GeV: loosely bound X (3872) and T, 5 00 T e :
. . ~0.020F Y (3872 T..(3875 (5
» Virtua state Z.(3900) Albaladejo:2015l0b 1] @ v @ o g;"
» 3P, resonance, reported by BESIII OO Gheet ] - -~ Sheet-II ‘9.0
» Other prediction 00006 —004  -002 000 002
Re E [GeV]
DD* ,C =+ DD*,C = — DD*
1=0 =1 I=0 I=1 I=0 =1
17(3S1) | —3.15, x1(3872) - —1.60% —35.6Y, Z.(3900) | | —0.41%, T..(3875) -
0~ (°Py) -1.5 — 14.54 - - - —9.6 — 9.71 -
A = 0.5GeV
1-(3Py) i - | —4.0-27.31, Y(3872) i —31.7 — 70.6i -
27 (°P)  —42.6 —39.4i - —21.3 — 50.7i - —37.8 — 40.9i -

B: bound state, V: virtual state
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Scheme-ll

® Fix parameters ——

» Bound state X(3872): —4~0 MeV  0.00F i ]
» Bound state T,.(3875): —4~0 MeV - ° A=05GeV D*I_)IL/E*D
» Virtual state Z.(3900): —35~ — -0.01 o A=0.6GeV : i
15 MeV o A=0.7GeV |
® For each cutoff, random pole positions -0.02p o A—08 GeV e ]
in above ranges : oo e .
. . . ~ e A=0.9GeV ot ‘ .
® Numerically obtain three coupling 003 e )
constants : . &M’
® Calculate the 17—, 3P, D*D/D*D poles ™[ . j;;;:&M :
00— . '
-0.06 -0.04 -0.02 0.00 0.02

1~~, 3P, D*D/D*D resonance pole

The para. constrained by X(3872), T..(3875), and Z.(3900) give
rise to the P-wave pole almost unavoidably
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Systemic uncertainties

® Coupled channel VS single channel

TABLE I: The pole of Y (3872) in the coupled-channel calculations involving DD, DD*/DD* and D*D*.

A (GeV) 0.5 0.6 0.7 0.8 0.9 1.0
Single channel -4.0-27 .3i 2.0-27.3i 7.0-24. 41 10.2-19.61 11.1-13.51 9.1-7.0i
Coupled channel -3.0-27.21 2.8-26.81 7.9-23.2i 10.8-17.1i 10.1-9.4i 4.8-2.2i

® Three-body effect

TABLE II: The impact of the three-body DD effect of the OPE polential of DD* — DD* on the pole of Y (3872).

A (GeV) 0.5 0.6 0.7 0.8 0.9 1.0
Without three-body ellect -4.0-27.3i 2.0-27.31 7.0-24.4i 10.2-19.6i 11.1-13.51 9.1-7.01
Wiith three-body ellect -5.0-24.1i -1.2-24 3i 6.3-21.7i #.9-16.8i 9.4-11.1i 7.2-5.31

® Regulator dependences: no qualifiedly changes

Why the existence of P-wave resonance is so robust?
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From bound state to...

oA general statement: Taylor, scattering theory textbook sec. 13-b P245

[=0 E p]ane [>0 E plane
Bound state Bound state
® ————- — ° ’ NS
Virtual state \*.
V - AV, with A > 0, decrease 1 Resonance

(a) (b)

® The reasons of resonance: Veinberg QF T textbook
» H = H; + 1,, week perturbation allow the decaying
» Potential barrier: centrifugal barrier for [>0
» Unstable for statistic reason
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Higher partial wave and long-range interaction

® The long-range interaction: OPE interaction (no free parameter)
» D*Dn coupling constant is determined by D* - Dm decay width

® The dynamics of high partial wave is sensitive to the long-range interaction due to centrifugal
barrier

total

Y(3872)

— — — pdirect ===-=--- w direct ——=—— g ==-=-

X(3872)._.

e 150 e
-------------- j; 0

0 T [
__________ 1 100; 5ol

e "
LRI
.......
.
.......

50: -100¢

-------- Poo0 ~150}

-400f, . .---""

V', p) [GeV 7]

-50} 1 —200}

-600 ID*‘E—? ].E:_D_ Il '.3.‘5‘1 ...... ] -100 L [D* I_? ].? ;ﬂ-ﬂ ?.S.P L, ... -250
00 01 02 03 04 05 00 01 02 03 04 05 00 01 02 03 04 0.5 00 01 02 03 04 0.5
p/ p, pl pl
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Populated P-wave resonance pole

® 3P0 DD* resonance pole: —0.030 —i0.031

v AV
0'0065 [a—0.497:|:0.007 frn? J 0.0 S '
0_005? r = 5.629 + 0.190 fm ! 4 s ”
* 0.004f : 0.00 |- - - 2-5
5 i Ihc: | ¢ 37
% 0-003; ; E —0.01F} 2.5
=  0.002f L
o : =
=~ 0.001 —0.02+ 2
o.ooof_—_____,/; 1 1.°
(@) 3Py : —o.03} :
~0.001 —0.605 (.).OIOO 0.605 0.610 0.615 0.020 P S S S 1
(P/EDD*)Z —0.03 —0.02 —0.01 0.00 .01
Re E [GeV]
0.005 —
® 3P, NN resonance pole: —0.012 — i0.016 0.000 =
» \Were seldom investigated 0.00sF e
» Hard to detect: no lower coupled-channel ‘¢ <
—0.010 | -
. .
[ @ ]
T~ [] T~ L] ‘ ]
® 17~ DD* pole can be tracked in DD final state “00ISE o ;
—0.020: e S
—-0.015 —0.010 —0.005 0.000
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Experimental Search

DD* ,C =+ DD* C = — DD*
I1=0 I=1 I=0 =1 I=0 I=1
17(S1) | —3.17, x1(3872) - —1.60°% Q) | —35.6", Z,(3900) | |—0.41", T.(3875) -
A 05Cey 0~ (*P) 15— 1450 |3 - - - —9.6 — 9.7 @-
1=(CP) - - —4.0 — 27.3i, Y(3872) |(]) - —31.7 — 70.61 -
27(°P)  —42.6 —39.4i - —21.3 — 50.7i - —37.8 — 40.9i -

B: bound state, V: virtual state

Precision measurement of ete™ —» DD* close to threshold
Hidden charm final state: n.w , J/Yyn, J/Yynn

Hidden charm final state: J /yw, n.nm ,y 4w

Final state DD

® 0O
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Summary

® Concept: P-wave resonance
» populated }- centrifugal barrier

» more sensitive to the long-range interaction

® Data: A refined K-matrix fit support the existence of the 1=~ pole close to DD*/DD* threshold

® Dynamics: the meson-exchange model, DD*/DD* P, resonance
» Constrained by X(3872), Z.(3900), and T..(3875)
» G-parity rules, same Lagrangians for S-wave and P-wave
» Robust
» Unified framework

® Predictions: [DD*]1Z%,, 3s;; [DD*1%2%,, 3Py; [DD*]'=°, 3P,
Thanks for your

Promising examples for studying the attentions!

general few-body physics
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Backup



Cutoff and regulator dependence

DD*,C =+ DD*,C = — DD*

I1=0 =1 I1=0 I=1 =0 I=1
17(3S1)  —3.1%, xa1(3872) - —1.60% —35.6Y, Z.(3900) —0.41%, T..(3875) -
0~ (CP) —1.5—14.5i - - - —9.6 — 9.7i -

A = 0.5GeV
1-(3p) - - —4.0 — 27.31, Y (3872) - —31.7 — 70.6i -
27(3P) —42.6 —39.4i - —21.3 — 50.7i - —37.8 — 40.9i -
17(381)  —6.5%, x1(3872) - —5.85 —34.6Y, Z.(3900) —4.3% T..(3875) -
0 (CP) 3.2 -13.7i - - - —10.2 — 12.1i -
A =0.6GeV
1-(Cp) - - 2.0 — 27.3i, Y(3872) - —33.7 — 84.8i -
27(3P) —44.2 —49.0i - —19.3 — 58.8i - —37.8 —49.3i -

DD*,C =+ DD*,C = — DD*

I1=0 I= I1=0 I=1 I1=0 I=1
17(*S1)  —0.407, x1(3872) - —25.0Y —39.6Y, Z.(3900) —0.79%, T..(3875) -
0~ (*Po) 3.3 —17.2i - - - —11.2 — 16.7i -

A =1.25 GeV
1-(*P) - - 4.4 — 39.9i, Y (3872) - —96.6 — 87.3i -
27(3P) —71.2 — 63.5i - —31.0 — 96.5i - —61.3 — 53.6i -
17(381)  —2.8%, x.1(3872) - —2.2Y —38.5Y, Z.(3900) —8.87, T..(3875) -
“(R) 6.6 — 11.6i - - - —10.2 — 18.0¢ -

A =135 GeV
1-(*P) - - 10.2 —33.74, Y (3872) - —92.9 — 97.7i -
27 (P P,) —68.0 — 75.4i - —23.3 —97.2i - —58.4 — 59.6i -
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K-matrix formalism

® The unitarity: TmM™" = —2p o Vs = (m1 —ma)?|[s — (m1 4 ma)?] (s) = k
- 2/ T 8 s
® K-matrix parameterization M_l =K '+C, ImC(s)=—-2p

»Kisreal,e.g. K — g +f
mR

» C(s) determined by once-subtracted dispersion relation
— 0 I
C(s) = C(sp) — = WSO / ds’ ( mC(s)

s’ — s)(s" — sp)

» The subtraction-dependence is absorbed by the K

® P-wave and higher partial wave: threshold effect M — p*
» PDG: ) o
P ./\/ll p=K1+C;, ImC,— —2pp

» Swanson et al:
M =K' 4 Cio(s)
® CM function VS one-loop diagram ¢ (5) ~ G(s) = /
» Subtraction < regularization (
» In BSE, absorbed by the Kernal or coupling constant

Lu Meng (&%) | Identify the P-wave D D+/DD xresonance 28/25

d*q 1 1
2m)4 g2 — m? +ie (P — q)2 — m3 + i€’




G(3900) in BarBar and Belle
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FIG. 3: The exclusive cross sections for: (a) ete” — DD,

(b)e™
correspond to the (3770), 1/(4040),

e~ — D7D

. (¢c) ete” — DD. The dotted lines

1(4160) and 1(4415)




Cornell model- coupled-channel effect
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S-wave virtual and P-wave resonance
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