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Exotic states
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If we assume that the strong interactions of bary-
ons and mesons are correctly described in terms of
the broken "eightfold way' ~~9/, we are tempted to
look for some fundamental explanation of the situa-
tion. A highly promised approach is the purely dy-
namical "bootstrap' model for all the strongly in-
teracting particles within which one may try to de-
rive isotopic spin and strangeness conservation and
broken eightfold symmetry from self-consistency
alone 4). Of course, with only strong interactions,
the orientation of the asymmetry in the unitary
space cannot be specified; one hopes that in some
way the selection of specific components of the F-
spin by electromagnetism and the weak interactionsg
determines the choice of isotopic spin and hyper-
charge directions.

ber ny - ng would be zero for all known baryons and
mesons. The most interesting example of such a
model is one in which the triplet has spin 3 and

z = -1, so that the four particles d-, s~, u® and b®
exhibit a parallel with the leptons.

A simpler and more elegant scheme can be
constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following
properties: spin 3, 2z = -3, and baryon number 3.

We then refer to the members u3, d-3, and s-7 of

anti-triplet as anti-quarks . Baryons can now be

constructed from quarks by using the combinations
(@qq), (@qqqd), etc., while mesons are made out
of (qd), (qqqd), etc. It is assuming that the lowest
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AN SU, MOIEL FOR STRONG INTERACTION SYMMETRY AND ITS BREAKING

3
*
II)
G. Zwelg
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*
) Version I is CERN preprint 8182/TH.401, Jan. 17, 1964.

In general, we would expect that{bgryons are built not only from the product
of three aces, AAA, but also from AAAAA, AAAAAAA, etc,, where A

denotes an anti-ace, Similarly, mesons could be formed from :A,

etc.

possibilities, AL and AMA, that is, "deuces and treys",

For the low mass mesons and baryons we will assume the gimplest
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GI quark model for for D meson

Mesons in a Relativized Quark Model with Chromodynamics

S. Godfrey (Toronto U.), Nathan Isgur (Toronto U.) (1985)
Published in: Phys.Rev.D 32 (1985) 189-231
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Coupled-channel framework

* Coupled-channel effect due to hadron loop could cause sizable mass shift on

] Yu. S. Kalashnikova, Phys.Rev.D 72, 034010 (2005);
the state in quark model.  Z.-v. Zhou and Z. Xiao, Phys. Rev. D 84, 034023 (2011)

] 1 3 1
bare state core -> channel ; B channel -> channel :

D o By

Phys.Rev.Lett. 128,112001(2022)

=3 [ @ {1a@)ga n(F) (Bl + hc.) 0= [ ERERaE)VE 5(F, )
a,f

Quark pair creation model (QPC):

7 2L — Effective Lagrangian: (exchanging mesons, €.2. p/w
9o (1K) = 11a p([F])e ™27 grangian: (exchanging & P1w)
\ A2 A2 2
P. G. Ortega, et al, truncate the hard vertices given Form factor: AQ——I—p?c (m)
Phys. Rev. D 94, 074037 (2016) by usual QPC



Coupled-channel framework

e For the T-matrix,

_ g(kp)g(kp-)
E—mg

V(l_{)D*,El,)*,E) +U(l_€D*, 'I_()l,)*)

 For the Hamiltonian

H = Hy + Hj,
where the non-interacting one is
Ho= Y Byma(B|+ 3" [ d*Fa(f) BB a(E)
B o
And the interacting one includes two parts

Hy =g+
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Fit the lattice data : D4 (2317,2460,2536)

Lattice data from: C. B. Lang et al., Phys. Rev. D 90, 034510 (2014);
G. S. Bali et al., Phys. Rev. D 96, 074501 (2017)

E — mg — mp [MeV]

Fit Postpredict
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—— Fit
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Component and pole mass

P(c3)[%)] ours exp
*(2317) 32.0152 2338.9121 2317.8+ 0.5
*1(2460) 52.413 4 2459.4129 2459.5 £ 0.6
*1(2536) 98.219-2 2536.6170-2 2535.11 + 0.06
%5 (2573) 95.9171% 2570.210-4 2569.1 & 0.8

D¢y (2317), Dy1 (2460)

» Bare c§ has strong coupling to S-wave DK channels, and significant mass shift.
* Both the bare ¢S core and molecular components are significant and essential.

D.{(2536), D.,(2573)

* Coupling to D-wave D™ K channels can be neglected.

* Mamly pure cs.



Component and pole mass

P(c3)[%)] ours exp
*(2317) 32.0152 2338.9121 2317.8+ 0.5
*1(2460) 52.475 4 2459.4129 2459.5 + 0.6
*1(2536) 98.219-2 2536.6170-2 2535.11 + 0.06
*5(2573) 95.911% 2570.210-4 2569.1 + 0.8

A. M. Torres, E. Oset, S. Prelovsek, and A. Ramos JHEP 05, 153 (2015)
P(KD) =72+13+5 %, for the D3,(2317)
P(KD*) =57+21+6 %, for the D4;(2460)

L.M. Liu, K. Orginos, F.-K. Guo, C. Hanhart, Ulf-G. Meissner Phys.Rev.D 87 (2013) 1, 014508

P(KD) =[0.68,0.73], for the D;,(2317)

10



B, energy levels

* The heavy quark symmetry seems to be a good symmetry here.

* Use the same parameters as D; .

Postprediction, not a fit !
700

600
2 2 500
Z =
'E IS
I | _
w u1400
300¢t 300+t - == Free Hamiltonian
-== Free Hamiltonian — Total Hamiltonian
—— Total Hamiltonian ¢ Lattice
¢ Lattice + Expt.
00— 3 1 > 00321 5
L [fm] L [fm]
= 1
m = 4 (mBs + 3"?32‘) Lattice data from: C. B. Lang et al., Phys. Lett. B 750, 17 (2015)
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Content

D, (2317) and D,;(2460)

2+ X(3872)
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GI quark model for charmonium

Mesons in a Relativized Quark Model with Chromodynamics

S. Godfrey (Toronto U.), Nathan Isgur (Toronto U.) (1985)
Published in: Phys.Rev.D 32 (1985) 189-231

¢ DOI [= cite

[d reference search 9N 3,134 citations

GeV + _
4,80 “b
3°p,(4.52)
3
Y S,(4.45)
4 40
23D,(4.19) 2'D,(4.21) 23D,(4.21) 2°D3(4.22)
3'54.06) 3___§W 1%F,(4.09) 'F5(@09) I°F3(4.10) 3F((4.09)
4 00 LI ip(3.96) PPp (39 -"Pz<3.98)
: | 2 (3.
| 13p,(3.82) | I'D,(3.84) 13D,(3.84) 13D,(3.85)
2'sg(3 62) ’éumis/ﬁ'lsg) |
3.60 . 7/ flp(a 52) I3P (3.5” laPz(3.55)
| L mp a0
LSS s
3.20 1°8,(3.10)
l'sg2sn
' | | | ] 1 | ] ] | ]
2'80 I-—— '+— 2—— 3—- 3+— 3++ 4++

13



X(3872)

Experiment Mass [MeV] Width [MeV]
Belle [63] 3872+ 0.6 +0.5 <23 Observation of a narrow charmonium-like state in exclusive B* — K<t~ J /1) decays
Belle [75] - - Belle Collaboration « S.K. Choi (Gyeongsang Natl. U.) et al. (Sep, 2003)
Belle [76] | 3875.4+0.7:07 £ 0.9 - Published in: Phys.Rev.Lett. 91 (2003) 262001 « e-Print: hep-ex/0309032 [hep-ex]
Belle [77] | 3871.46 + 0.37 + 0.07 _ , o
pdf @ links ¢ DOl [S cite 3) 2,295 citations
Belle [78] 3872.9%05+0¢ 3.9750
Belle [79] — -
Belle [80] | 3871.84 + 0.27 +0.19 <12
CDF [67] 3871.3+0.7 +0.4 -
CDF [81] - - B
-
CDF [82] - - @)
CDF [83] | 3871.61+0.16+0.19 - >
D@ [68] 3871.8 +3.1 £ 3.0 - v
BaBar [84] 3873.4+ 1.4 -
BaBar [85] | 3871.3+0.6+0.1 <4.1
3868.6 + 1.2 + 0.2 -
— —
BaBar [36] - - « The DD /D*D molecular state.
+0.7 +1.9
BaBar [87] 3875.1107 £ 0.5 3.0119+09 Swanson, Wong, Guo, ...
BaBar [88] | 3871.4+0.6+0.1 <33
3868.7 + 1.5+ 0.4 -
BaBar [89] _ - — () — 0
Close to D°D "~ /D*°D “thresholds
BaBar [90] 3873.0"18 + 1.3 E
LHCb [91] | 3871.95 + 0.48 + 0.12 - sm = m m
= — %0 —
LHCb [70] - - D°D " X(3872)
LHEB 2] - - 0.00 + 0.18 M
= (. : eV
CMS [73] - - — PDG 22
BESIN [93] | 3871.9+0.7+0.2 <24

Phys. Rept. 639 (2016) 1-121 14



Theoretical interpretation of X(3872)

Where is the y.,(2P) in quark model?

* The mixing of the ¢c core with DD~ /D*D component.
Chao, H. Q. Zheng, Yu. S. Kalashnikova, P. G. Ortega...

Close to charmonium y.;(2P): m=3953.5 MeV
6m —_ mxcl(zp) — mx(3872) —_ 8135 MeV

— Complicated coupled-channel effect: éc & DD /D*D

Phys. Rev. D 32, 189 (1985)

X(3872) 0.2 8.4
—o | —
DOpO* D+p—* Energy (MeV)

15



How to determine the component 1n the X(3872): from Tcc

€70: ]I3WI -~ ]
= [ | G E 1
E 60 i LH(—J? % jg— i1
S _ i 91b § 25F + e
- | <200 1]
=" % oA |
= 40 i RE
g BT T T
301 ETR Lo E
u i Total .
20f ﬁ -
o B b
@ﬁ,ﬂm+w%+ﬁ%ﬁg
387 388 B Y
MpopOs+ [GeV/ c ]

¢ Quark content: ccud

¢ Only the D*D coupled channel effect

l C-parity

D*D /DD* interaction

DDt channel
Close to D**D° thresholds:

Conventional Breit-Wigner: assumed J© = 1%,
OMpy = Mg — Mps+po
= —273 + 61 keV
ey = 410 + 165keV

EPS-HEP conference, lvan Polyakov's talk,29/07/2021; Nature Physics,22’

Unitarized Breit-Wigner:
omy = Mg — Mp++po
= —361 + 40 keV
[y =478 +19keV

LHCb, Nature Commun. 13 (2022) 1, 3351

16



One-boson-exchange model

DD*

1+ 4
2
A = 20H @190 = [P+ Pl

HC("Q) - [P v — Pays]

1+ 4
2

P = (DOaDjL,Dj) &P* = (D*O,D*""D:-l-)

Lyp@pe =1igTr [HESQ)’YMY5A§CLE§Q)]
Ly @ g =161 [Hng)’Up (Vbﬁé _ pga) FI((LQ)]
AT {Hg@% Fo () gé@)}

DD*

_ 7 i )
HQ) = C (CH(Q)C—l) Ol — [PQ(S)*I_Y# B PQ(Q)’)/E,]

a a 2

_ = _ 1— ) )

Hc(aQ) = ’YoHéQ)TFyO — Tfi) [péﬁ})*’r,},# 4+ PéQ)T’YS]

p — (DO')D_,DS_) & P* = (D*O,D*_,D:_)
Lot @ =igTr |H @y, y; 48, B
EVH(@)H(Q) = —i8Ir HC(LQ)@# (Vaf‘g — pﬁb) HEEQ)}

+ A Tr :H((IQ)%UF;»;V (p)HEEQ)}

* g = 0.57 Is determined by the strong decays D* — Dm.

e undetermined 4 & f.

plw

plw

17



The Inclusive production of the T,

pp - D°(pp,)D°(pp, )t (px)X, X denotes all the other produced particles

The T-matrix can be solved from the Lippmann-Schwinger equation

V(kp+, @ E)T(§,kp-; E)

E—\/mlz)+q2—\/m%*+q2+ie

The effective potential is obtained with light-meson exchange potentials

AZ 2 AZ 2
V=(V.+V +V*
( T p/w p/w) (Az + pjg) (Az + p12>

18



Fitting result

A=08GeV, x?/dof =0.76 Without resolution function
90— 40 ———————— 7 : —
Fit | 5 F —— Fit :
3 === DaR=Rip | 3 35 —:= Moe + mp-+ | J
| mMp-+ + Mp* | [ Mp+ + Mp I
~ 30F ¥ LHCD - 1 sl 4 LHCb ! ]
g | l 9 i
2 : | o | :
N 5oL . ] N :
= % | = 20T valf _
v [ ' @ I : ]
L 15¢ I 1 £ 15¢ | ]
= | B I ]
= | | 1 S -
< 10 B 1 2 10F + .
di | : st J ++
0 = . - A = = = F 4 1 = . _ = 4 - = 0 H ++ A " " 1 l " " " " 1 i " i i
3.873 3.874 3.875 3.876 3.877 %73 3874 3875 3876 SR

Mpepon+ [GeV] - Mpopog+ [GeV]

19



Complex scaling method

The radius and momentum will rotate with an angle 6:

T — rew, q — qe_w
2
qd i —i
Ho®yg = EgPy, H9=H(r9,q9)=Ze 20 4 V(re, qe™)
Im(E)
Re(E)

S.Aoyamaetal. PTP. 116, 1 (2006).
T. Myo etal. PPNP. 79, 1 (2014)
N. Moiseyev, Physics reports 302, 212 (1998)

Bound states
Resonance states

Continuum states

With the varying 6:
* the scattering states will rotate with 26

« while the bound and resonant states will stay stable

20



Results with A = 0.8 GeV

* Only one pole appears—bound states

my =3874.7 MeV, AE = —387.7 keV
FTCC — 673 keV

« J(r¢) =48 fm I — ] =

«70.1% D**D°, 30% D*D*° <4mmp 95.8%, DD*(I = 0)
& t & 4.2% DD*(I = 1) =1 =

(D*-I-DO . D*OD-I-)

U109 4= IgYiprs)

= Sl

Mass differences of D**D° and D*D*°

0.5 0 1
== DD
— DD 1
0.4 -
_2-
& S
—
' 0.3{ D -3
>
E =
< g
£0.2- )
S B 5 -
L) -
- "~ _g] --- DDt 6=15" ‘Q\.
— DD+, 8=15° ‘e
74 === D"+, 6=25" A
0.0 —— DD*,8=25"
60 _8 T T T T T T
-1 0 1 2 3 4 5 6

Real(E) [MeV] 21



Results with three A

A (GeV)| BE (keV) T (keV) +/(r2) I=0 I=1 P{D°D**) P(D*D*) et
0.8 -387.7 67.3 48fm  95.8%  4.2% 70.0% 30.0% ~1.063 + 0.0011
1.0 -393.0 70.4 A7fm  95.8%  4.2% 70.0% 30.0% ~1.055 + 0.0011
1.2 -391.6 72.7 A7fm  95.7%  4.3% 70.3% 20.7% —1.052 + 0.0011

« The conclusion remains the same using the three different cutoff values.

« The binding energy of the bound state is around AE~ — 390keV, which is consistent

with that of the measurement (AEqy, = —360(40)KeV). | Nawre Commun. 13 2022) 1. 3351

22



Direct application to DD*: X(3872)

e Without the cc¢ core, there are no bound states.

* V'ppr = x * Vpp-

Imag.(E) [MeV]

-10 5 0 5 10 15 200 -5 0 5 10 15 20 _5 0 5 10 15 20
Real(E) [MeV] Real(E) [MeV] Real(E) [MeV]

DD* interaction is attractive but not

strong enough to form a bound state. =)  Inclusion of cc core

23



X(3872) : DD* + c¢

e The DD* system with quantum number I(J¢) = 0(1**) can couple with the y.,(2P).
« The coupled channel effect between them can be described by the quark-pair-creation

model:

)

) = VIDE*,CC_(ll_()Dﬁ*

é
gDﬁ*,cc‘(|kDD*

where EDE* is the relative momentum in the DD* channel.

Ip ﬁ*,cc(lED 5 ) 1s the overlap of the meson wave functions <« GI quark model

* y Is determined to reproduce the ¥ (3770):

Yy = 4.69
* The the X(3872) can be obtained:
X(3872)| BE (keV) T (keV) (r2) 1:'0_ 1:”1 P(DOD?U) P(D+D?—) P(éa)
-80.4 32.5 11.2 fm  71.9%  28.1% 94.0% 4.8% 1.2%

24



Direct application to DD* : X(3872)

0.0

—-0.2 -

—~0.4.4

Wave functions of Tcc and X(3872)

N ——- DOD** T,
'l ..... D+tD*
-| .
T
_.! ‘-.-.__...T-T-T::--—-ﬁﬁﬁ.'ﬂ""m-— — o e
0.25
0.00
X 0.0 0.5 1.0 1.5 2.0
|..,_.‘_..._
\/
—— DD X(3872)
i D+D*_
— Ye1{2P)
0 10 20 30 40

r{fm]

 Long tails for the radius distribution.

» X(3872) has a even longer tails than T,
v r < 2fm, cc + DD* are important.

v r < 0.5 fm, cc core dominates.

v DD* plays the dominant role in the long-
distance region, which contributes to 1/ (r?2).

25



Compare with the lattice results

Ours: -1 (2P) - M = 3957.9MeV

Haozheng Li et al, arXiv: 2402.14541

mx(MeV) 250(3) 307(2) 362(1) 417(1)

mr(MeV)  3924(5)  3926(6)  3969(4)  3995(4)
I'r(MeV) 63(23) 57(18) 37(13) 57(10)

X ~ 1 and indicates a predominant DD* component. This state may correspond to X (3872). On
the other hand, our results of the finite volume energies also hint at the existence of a 17" resonance
below 4.0 GeV with a width around 60 MeV.

26



Compare with the experimental results

Ours: virtual state with 1~ and M = 3870.2 MeV

COMPASS: X(3872) with M = 3860.0 + 10.4 MeV  compass, pLE783,334

Ours: h.(2P) - M = 3961.3MeV

——

Xc1(2P) > M = 3957.9MeV

LHCb, arXiv:2406.03156

This work Known states [|6 cc prediction [34]
1e(3945) JPC =t X (3940) [9][10 JPC =77 ne(38)  JPC =0""
mo = 3945 T 5T To =130 Tt | mo =3942+9 [y =370 mo = 4064—T = 80
~ he(4000) JPC =1+ T,2(4020)° [35; JPC =77- “h(2P) JFC =17
mo = 400017130 Ty =184 111 727 mo = 40255730 £ 3.1 Ty = 23.0 - 6.0 = £.0|mg = 3956 Ty = 87
Xe1(4010) JPC = 1+F X (2P) JPC =17t
_ mo = 4012.5 735 §%F0_627+Zg+2§ mo = 3953 g = 165

~— —

27



Summary

PRD110, 074007(2024)

Thp

c—ob

+/ /Y, nep

T.. Wmmsss) D D*. DD interaction mmmmmsm———) Z.(3900)

arXiv 2409.10865

+cc

X(3872)

Sci.Bull. 69,3036(2024)

> T.. is used to fix the DD* interactions in X(3872).

» Short-range interactions and structures of X(3872) should be studied by considering

the cc core.

28



Content

PRD110, 074007(2024)

Thp

c—ob

+/ /Y, nep

T.. Wmmsss) D D*. DD interaction mmmmmsm———) Z.(3900)

arXiv 2409.10865

+cc

X(3872) ") X (3872) decay
Sci.Bull. 69,3036(2024) ' .
preliminary results

29



Preliminary results of X(3872) decay

The Quark exchanging model

[/ Tiotal PDG Our result C.-H. Li, C.-Z. Yuan
with Tp- = 55.9keV [PRD100 094003]
['(x.1(3872) » n*n~ ] /Y (1S5)) 0.035 + 0.009 0.03 (411D %
['(x.1(3872) = p(770)°] /Y (15)) (2.8 4+ 0.7)% 3.7% -
[(x.1(3872) = w] /W(1S)) (4.1 + 1.4)% 12.4% (4.4723)%
['(xc1(3872) - mren] /(15)) not seen 6.4% -
I'(x.1(3872) = D’°D"r") (45 + 21)% 10.3% _
['(x.1(3872) - D*°DY) (34 + 12)% 52.6% (52.41233)%
['(x.1(3872) - %) < 4% 1.6% -
['(x01(3872) -» 1%.1) (3.1713)% 2.0% (3.6122)9
I'(x01(3872) » %) < 13% 1.3% -
I'(x.,1(3872) > yD*D™) < 3.5% 0.1% -
I'(x.1(3872) - yD°DY) < 6% 5.8% -
[(x.,(3872) - y//Y) [VMD] | (7.8 +2.9)x 1073 0.9 x 1073 (11329 %
I'(x.1(3872) = y(25)) possibly seen (7.0) x 1073 (24153 %

30



Preliminary results of X(3872) decay

We obtain the distribution of the mm without any fitting
except a normalization factor !

400

300¢F

Decays/(5 MeV)
[\
o
o

M@z 7n7)[MeV]

,:;400,....,....,....,...
9 fb!
= o 2204.12597
= 550 —e— data
§ 00 — total fit
A —p’
150 o
100g ... p’-w interference
50 |
0 ................ n ...T.--. ------------
400 500 600 700
m_. . [MeV]

31



Preliminary results of X(3872) decay

Without any fitting except a normalization factor!

15¢ n' 70 H
—~ 60k
% |
% 10} < of
2 ) %‘
(3 1 240
7 s
= g 30
AUR i
[ ettty g I
3.88 3.90 3.92 394 3.96 398

-0 / .
M(DOD ﬂo)(GeV/Cz) :?.75 3.80 3.85 3.20 395 4.00
Mz 7~ I/ (GeV/c?)

BESIII, Phys. Rev. Lett. 124, 242001 (2020)
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Discussion

PRD110, 074007(2024)
Ty
c—b
+J /Y, nep

T.. W) D D*. DD*interaction FEEmmmmm—_)> Z.(3900)

arXiv 2409.10865

+cc

X(3872) ) X (3872) decay

Sci.Bull. 69,3036(2024)

X (3872) production?

» What important role the cc core can play in the production of the X(3872)?

33



Discussion

The probability of the c¢ component in the X(3872) can be obtained from fitting its

production:
do(pp — X (J/rtn7)) =do(pp = x'y) -k, k = Zee - Bro

— oz = (28‘44)% C. Meng, H. Han, K.T. Chao, Phys. Rev. D 96, 074014

Thank you !
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Backup

E — mg — mp [MeV]

100+

50¢

_50 L

—100¢}

 With fixed A = 1.
2.2
gC — 4:.21_31 )

v=10.3"75

S 50t
(O]
Z
a
_____________________________ E
|
A4
&
|
LLI _50_
—100}
1 2 3 4 5

0Gev, x?/dof=0.95

A =0.323"7 033 GeV.

Lattice data from: C. B. Lang et al., Phys. Rev. D 90, 034510 (2014);
Bali et al., Phys. Rev. D 96, 074501 (2017)

G. S.
Fit

100+

E — mg — mp* [MeV]

100+

50t
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