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Background

Tranditional

Charmonium spectrum
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Background

Question: How Is a hadron composed of these
possible components?

_ _ Colorful - quark level
strong Interaction —

Colorless > hadron level
N —




Background

Question: How Is a hadron composed of these
possible components?

_ _ Colorful - quark level
strong Interaction —

Colorless > hadron level
N —

A more comprehensive framework for systematically describing hadrons

Include quark level Not only one, at least
and hadron level. a set of hadron
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H=H,+H, Resonance
(Mass, width, pole position, coupling)
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Introduction of HEFT

H=H,+H, > i Resonance
H A a (Mass, width, pole position, coupling)
=9+ From 3P0 _model, and the
g — Z Z |:| Ot(ka)> g:a <Bi |_|_| Bi > gi,a <0((ka) |:| wavefunction of quark model
a i=1l,n oy B1
QQX:))Q

0=>"ak )V, . (BK,)|
a.p One boson exchange (OBE)
HEFT

Question: Two Interactions ?
Too many solutions of a+b=5

T matrix

(phase shift, Lattice
Inelascity) spectrum




Introduction of HEFT

H=H,+H, > i Resonance

(Mass, width, pole position, coupling)

H =¢+V
From 3P0 model, and the

g _ Z Z |:|Ot(ka)> g:a <Bi |_|_| Bi > gi,a <0((ka) |:| wavefunction of quark model
a i=1,n Q1X31

0=>"ak )V, . (BK,)|
a.p One boson exchange (OBE)
HEFT

Question: Two Interactions ?
Too many solutions of a+b=5

Model StUdy X(3872) ;I[_Jfrlggérsi;l(ift, Lattice
dependence! from T Inelascity) spectrum
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Introduction of OBE and DD* vs DD*

The interaction between D and D* OBE Heavy Quark Symmetry
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Introduction of OBE and DD* vs DD*

The interaction between D and D* OBE Heavy Quark Symmetry
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Introduction of OBE and DD* vs DD*

The interaction between D and D* OBE
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Heavy Quark Symmetry
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The mass differences leads to isospin breaking, our calculations are
based on the physical states of the particles.
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The generation of T, T me T
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Number/(200 keV)

A(fixed) A (/GeV) B
I he generatl On Of I 0.8 GeV 0.890 + 0.20 0.810 + 0.11
CC 1 GeV 0.683 + 0.025 0.687 + 0.017
ONn0. -+ 1.2 GeV 0.587+0.21 0.550+0.12
pp > X DD m
1.17 GeV 0. 56 0.9
Cheng, et al. PRD 106,016012
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Mpopor+ [GeV] Mpopor+ [GeV] Mpopog+ [GeVl
\ * * Res(DYD*+
A (GeV)| BE (keV) T (keV) (r?y I=0 I=1 PD°D**) PD*D?) DT D0
0.8 _387.7 67.3 4.8 fm 95.8% 4.2% 70.0% 30.0% —1.063 +0.0011
1.0 -393.0 70.4 4.7 fm 95.8% 4.2% 70.0% 30.0% —1.055 + 0.0017
1.2 -391.6 72.7 4.7 fm 95.7% 4.3% 70.3% 29.7% —1.052 + 0.0017
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The nature of T,

Complex scaling method N —ooe-i | L Bound state: T,
T — rew, q— qe_“‘[J Ho®p = EyPy, 2! e | mgp =3874.7 MeV,
3 AE = —393 keV
7~ Dopo /DOD*O Coupled-channel =\ 4 7. =70.4keV
effect -5 1
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co e k — + *+ -_ -7
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\" Continuum states —0.4- [I = 1] S E(D*—FDO S D*OD+)
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Produce X(3872) with pure DD* + DD*

From the interaction of
DD* to obtain the
interaction of DD* +
DD*, check X(3872)
exists or not by pure
DD* + DD* interaction,
without cc state.

Imag.(E) [MeV]

I — _
Vigip = x* Vpsp

DD* + DD*
A=1.0GeV

e Bound state: T,
mr .=3874.7 MeV,

AE = —393 keV
[r,, = 70.4 keV

o J(r2) =47 fm

Imag.(E) [MeV]

—6 _— —
DD* + DD*
“l x=1.5
10 ‘ . . . .
-10 -5 0 5 10 15
Real(E) [MeV]

20

F|_l //_\v/\v/q\\ L T
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10 15

Real(E) [MeV]

0 2 4 ¢ ¢ 1 +70.0%D**D° 30.0% D*D*°

Real(E) [MeV]

First of all, It is attractive interaction
while it is not enough to form a bound
. state, while just a virtual state

3870.0 + 0.26 1 MeV

04—
-2 1
5
m}
8" -6 T * N N * °
£~ DD*+DD
“lx=2.0
10 , , r v v
-10 =5 0 5 10 15 20
Real(E) [MeV]
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Produce X(3872) W|th DD* + DD* and cc

From the interaction of
DD* to obtain the
intraction of DD* +

DD*, check X(3872)
exists or not by pure

DD* 4+ DD* interaction, =~ |
without cc state. “A —1. 0GeV

=10

Imag.(E) [MeV]

-10 —I5 6 5l 1IO 1I5
Real(E) [MeV]

Real(E) [MeV]

Attractive interaction BUT not enough to form a bound state

» A bare state shows the cc bare state component.

vc1(2P, 3940) and its wave function, determined
by the quark model.

* The interaction parameter y = 4.69 for the 3P0
model is determined through y(3770) to DD.

» Therefore the analysis of X(3872) does not
introduce any additional parameters.
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0

—== DD+ c.c,8=15"
—— DD'* +c.c,8=15"
=== DD+ c.c, 8=25"°
— D-D"" +c¢.c,8=25"

-10

0 10 20 30 40 S50 60 70 80
Real(E) [MeV]
(b)

D) TAMTRREY

0 2 4 6 8 10

e Bound state: T,
mr .=3874.7 MeV,

AE = —393 keV
[r,, = 70.4 keV

o J(r2) =47 fm

«70.0% D**D°, 30.0% D*D*°

* Bound state for X(3872)
AE = —80.4 keV
FTCC - 325 keV

«J(r2) =112 fm

«94.0% D*°D° 4.8% D*~D™,
1.2% cc

s =T A
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The nature of T, and X(3872)

- T.. bound state of D**D°
AE = —393 keV Ty =704 keV

« Jr?) = 4.7 fm

«70.0%D**D°, 30.0%D*D*Y

- X(3872) bound state of D*°D°

AE = —80.4keV Tr_ = 32.5keV s | |
o /<r2> =11.2 fm o2l — D°D" X(3872)
+94.0%D*"D°, 4.8%D*~D*, 1.2% cC = xan

r [fm]
AE of X(3872) is extremely small, a significant D*’D°® wave function,

dominates in long—range
the cc component predominant in short—-range, it is important to form

this bound state .
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Prediction

0
——= DD*%4c.c,8=15"
—_— D D"t +c.c,8=15"
—2 mme DD+ c.c, 8=25"
—_— D" D*f +c.c,8=25"
. §
> 4 ’t‘\, 0.0 .
= r 0
e 9 ‘i
T
E' —6 : ?' —08}t
1 b "
t
'
—8 1 |£ ~1.6F
t 0.0 0.5
_lU T ILI T T T T T
0 10 20 30 40 50 60
Real(E) [MeV]
(b)
* %1 (2P)
M = 3957.9 MeV _FXcl(ZP) = 16.7 MeV
*Main decay channel: D*D
e
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Prediction

0
-——= DD*04c.c,8=15"
—_— D D" +c.c,8=15"
—2 mme DD+ c.c, 8=25"
— DD +c.c,8=25" 1- 0
L
> 4 ’t‘\. 0.0 . 2
) : ' = |1l
Al « !
—6 - L _ L
= E 0.8 o+ 1
' 1+ 1
- * —16F
' | | 27 1
t 0.0 0.5
_lU T ILI T T T T T 2__ 2
0 10 20 30 40 50 60
Real(E) [MeV] 3- 2
(b) .
2 2
* %1 (2p)

M = 3957.9 MeV _FXcl(ZP)
*Main decay channel: D*D

= 16.7 MeV
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ECOCo—— Prediction

1.(2980) 1.(25) PR Observation of new charmonium(-like) states
- 0 1 o m— c.8=15" in Bt - D**DYK™* decays 1 (4010) JPC — 1++
@Sy oo LHCb Collaboration 2406.03156 o = 4012538141 Ty = 62.7 73 181
2 ]_ ¢(3770) ‘Cﬂe:zso ; -u"l"'l'l"l"']'u"]-; -““I“‘I“‘I“‘I"'I-
3 100} { LHCb9fIz:) 12 100} LHCbgft()';l) E
1~ 1 0 h,(3525) Z, 2 | 12 |
g 50 18 sof .
0+ 1 1 Xco(3414) Xco(3860) =R 12 |
3 o Lt e ey ] 5 Na; i
l-H- 1 1 Xe1 (3510) ? 4.0 4.2 4.4 M(D*f-]_ﬁ)ﬂ [G;ﬁ 4.0 42 4.4M(D*41.l6)_) [G:\./?
27 1 1 Xc2(3556) X2(3930)
2= 2 1 Y, (3823)
3 2 1 V5(3842)
2+ 2 0 ?
* % (2P)

M = 3957.9 MeV _FXcl(ZP) = 16.7 MeV

*Main decay channel: D*D
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Prediction

1.(2980) 1.(25) e Observation of new charmonium(-like) states
- 0 1 J/¥(3096) c,9=15" in B* - D**D*K* decays Xe1(4010) JPC = 1+
P(28)> g5 LHCb Collaboration 2406.03156 ™o = 40125555 757 To = 62.7 4 e
2 ]. IP(3770) c,8=25 = 1 T T TS L I IR AL BRI
3 100 {» . LHCb 9 fb- 13 100f LHCb9ft()l;l)
1 1 0 h.(3525) zZ, 2 | 12 [
g sof 15 sof s .
i NI X0(3414)  x,0(3860) = 12 1
. & oLl 42 6 + 85 RN - ; |
1 1 1 Xc1(3510) ? ! 4M(D*TD+) [Gei/] ) o 4M(D*il6)‘) [Ge4V§
2+ ] 1 Xc2(3556) X .2(3930) X(3872) Relevant DD* Scattering in N f = 2 Lattice QCD
- 9 1 V,(3823) H. Li, C. Shi, Y. Chen, M. Gong, J. Liang et al
2 CLQCD 2402.14541 “iven 250(3) _ 307(2) 362010 417(1)
Bound state from F2,3
3 2 1 ¥3(3842) K(s) Ep(MeV)  —9.773) 9750 —13'0¢ -1.309%
S rom 4
2+ 9 0 9 t(s) = 1= K(s)ip(s) mr(MeV) 3924(12;)\] ﬁg;%(ﬁ)Eg’ 3969(4)  3995(4)
: P Tr(MeV) 63(23)  57(18) 37(13) 57(10)
Bound state pole and residual from Fs 3.4
¢ XCI(Zp) K(S) = g —|— "}/ = (MEV) R_(“lq(l)illfzn('(‘ ;)118(31)1(1 r("%i(illo‘ﬁ(ﬂ _1.7(7)
M = 3957.9 MeV FXcl(ZP) = 16.7 MeV M? — s ;nR((l\I}/I%/)) 4008%4; 4025()(;1) 4050%3% 4071%3;
] _ o 60(6 38(9 43(8 50(7
*Main decay channel: D*D :BrRDD* %) <700 ~100 <100~ 100
; D) Fa# e RRy
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Prediction

-——- DOD**,8=30°
——- DD**,8=15"° — DD+, 8=30"
—— DD*,06=15" —20 - -~-- D°D"*,6=40"
-—- DD*t g=25° — DDt , 8=40"
—— DD*,6=25" D°D** B8=45"
> _40- DD+, §=45°
Q
=
sl o Tl
3 |_I —60 4
_2_
—80 —4 -
...
[ ]
|
T _6 T T
0 2 4 6 8 10 -0.5 0.0 0.5 1.0
R I(E) [M V] _10'0 T T T T T T T T
€a e 0 20 40 60 80 100 120 140

Real(E) [MeV]

A new T_. resonance M=3902.4 MeV , 1'=170.3 MeV, |1~1
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Summary

"hrough Tcc to determine the DD* interaction

Through fixed DD* interaction, and the nature of bare state to
study X(3872)

We find that the DD* component dominates in X(3872), but it is
mainly distributed in the long-range part, i.e., >1 fm, while the
bare state still dominates in the short-range part.

We predict X(3957) which may corresponding to X(4010) from
LHCb

V. T 3 ;
) ¢ ‘}’ R/ m
R’ University of Chinese Academy of Sciences ™
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A more comprehensive [ eco00-0 P —
framework for e
—20+ :
systematically OUtIOOk - ;
describing hadrons T,, arxiv2310.09836 g o :
Yu-Shan Ren, Guang-Juan S 60
c—>b I Wang, Zhi Yang, Jia-Jun Wu
—80+ . o
* T * —100 . . i . .
TCC — D? , liD ]/lPT[, UCP 0 _ZOReaI(E())[MeVJZO 0
Interaction > Study Z(3900), soon ...

cc statel
Study the decay of X(3872), soon...
X(3872) <
Lattice spectrum Study the decay of X(4010)
SOO1...
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THE 23 INTERNATIONAL CONFERENCE ON
FEW-BODY PROBLEMS IN PHYSICS (FB23)
Sept.22-27,2024 - Beijing, China

Host Institute of High Energy Physics, Chinese Academy of Sciences  Tsinghua University
University of Chinese Academy of Science  China Center of Advanced Science and Technology
Institute of Theoretical Physics, Chinese Academy of Sciences  South China Normal University
Co-host Chinese Physical Society (CPS)  High Energy Physics Branch of CPS

TOPICS

Few-body aspects of atomic and molecular physics

Hadrons and related high-energy physics

Neutrinos and their interactions with matter

Strange and exotic matter, including hypernuclear physics
Few-nucleon systems, including QCD inspired approaches

Few-body aspects of nuclear physics and nuclear astrophysics

Interdisciplinary aspects of few-body physics and techniques
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LOCAL ORGANIZING COMMITTEE

Chair: Qiang ZHAO (IHEP,CAS, zhacq@ihep.accn)

Co<Chair: Hut ZHAI (THU, huizhaiphysics@gmail.com)

Co-Chair: Mei HUANG (UCAS, huangmei@ucas.edu.cn)

Program Coordinator: Hao ZHANG (IHEP,CAS, zhaohao@ihep.acen)
Pregram Coordinator: Shun ZHOU (IHEP,CAS, zhoush@ihep.ac.cn)
Network Service: Wen-Shuai WANG (IHEP,CAS, wangws@ihep.ac.cn)
Conference Secretary: Li CHEN (IHEP,CAS, chenli@ihep.ac.cn)
Conference Secretary: Wen QIU (IHEP,CAS, qiuw@ihep.ac.cn)

Conference Secretary: Qian JIANG (IHEP,CAS, jianggian@ihep.ac.cn)

Conference Secretary: Jing-Jing ZHANG (IHEP,CAS, zhangjingjing@ihep.ac.cn) Registration Address

Conference Secretary: Yi-Chun LIU (IHEP,CAS, ycliu@ihep.ac.cn) https//indico ihep ac cn/event/21 08 3/ registrations/ 1689/

. il Conference Website
o http://fb23.ihep.ac.cn/
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