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A short review of exotic hadrons

Charmonium spectrum

. ) _ X@700) (oo
« The quantum chromodynamics (QCD): s 2016 3051 (g1
2021
3D ;
4500 ] g ¥ Z,(4430)*
Hybrid Tet k s Ea 2F 2008
ybori Glueball etraquar C y(4390) = ; .
17 Sans ¥4360) X(4350)
ATl ., i, = 16 3510
(4260) =2014 2021
%8%350) 2005 vcazrag 011 D 2D 2008 R0(4240)  Z3(4220)
DT yai60) Xe1(4140) X(@160) | :22(42091)— ‘
S5 e R . 2008 cosor B A5 BT
_________ O i v i i R B (AU e il
40001~ )0 op op 2P - Z-(402002014 ‘___9_..1)__
_ 2007 X3940) 7 oD D;D*, D*~D°
2 LD ool XaG872) x2G930) XOU3) e 2020
=3 1D \o@860) 2003 2006 e~ 2005 2013
3 . weIo) 2017 42083) e
e 'pY
Pentaquark  Hadronic molecule i
17:2S)

' Ye2(1P) ° JFC
h(1P) Yei(IP) = X(3915) 0F 07t or 27+
3500 X(3940,4160)  7?
\ o X (4350) 0 274
[ Yeo(I™ Z: 1t 1t
R,»“ 1t 0~

X (4020,4055)* 1+ 2=
G X (4050,4250)* 1~ 7t
More complicated hadron structures. | i %LG Godirey-Isgur quark model

discovered before 2003
3000 - _zc(S) discovered after 2003

D:,(2317) &X(3872)@2003,..., P. @2019, T .@2021 [0 ™) OOy D) D) O O BER) B e e

2024/6/27 G.J. Wang | Disentangling the X(3872) with Tcc 3



Popular star-X(3872)

Table 1: The resonance parameters of the X(3872) and its observed productions and decay channels. Here the X(3872) is abbreviated as X.

Experiment Mass [MeV] Width [MeV] Productions and Decay Modes Jre Belle Collaboration

Belle [63] 3872+ 0.6+ 0.5 <23 B — KX(— n*n~J/¥) Sep, 2003

Belle [75] - - B — KX(— yJI|y, o]y — nta~n’J/y) C=+1 10 pages

Belle [76] | 3875.4 +0.7:%4 £ 0.9 - B — KX(— D°D°n) I™/2"™  pyblished in: Phys.Rev.Lett. 91 (2003) 262001

Belle [77] | 3871.46 + 0.37 +0.07 ~ B - KX(— n*rJjy) e-Print: hep-ex/0309032 [hep-ex]

Belle [78] 3872.9105+04 3.9128+02 B — KX(— D*°D° DOI: 10.1103/PhysRevLett.91.262001

Belle [79] - - B — KX(— yJ/y) PDG: chi_c1(3872) --> pi+ pi- J/psi(1S) Show All(5)
Belle [80] | 3871.84 +0.27 +0.19 <12 B — KX(— n*nJ/y) Experiments: KEK-BF-BELLE

CDF [67] 3871.3+£0.7 £ 0.4 - pp — anything + X(— m*n~J/y) View in: ADS Abstract Service

CDF [81] - - pp — anything + X(— n*n~J/y) C=+1 pdf @ links = cite

CDF [82] - - pb — anything + X(— n*n~J/y) 1552+

CDF [83] | 3871.61 +0.16 +0.19 - pp — anything + X(— n*tn~J/y)

D@ [68] 3871.8 +3.1+3.0 — pb — anything + X(— ntn~J/y)

BaBar [84] 38734+ 1.4 - B™ - K X(—» n*tn J/¥)

BaBar [85] 3871.3+0.6 £ 0.1 <4.1 B~ - K X(— n*n J/y¥)

3868.6 +1.2+0.2 - BY - K°X(— n*nJ /)

BaBar [86] - - B — KX(— yJ/¥) C=+1

BaBar[87] | 3875.1°7+05  3.0:19£09 B - KX(— D*D") -
BaBar [88] | 3871.4+0.6+0.1 %33 B — K*X(— - J/y) b

38687+ 1.5+ 0.4 - B - KOX(— 11 /W) <

BaBar [89] - - B — KX(— yJ/¢¥, = y¢(3686))

BaBar [90] 3873.0118 + 1.3 - B — KX(— wlj¥ — n*nn°JJy) o= -
LHCb [91] | 3871.95+0.48 +£0.12 - pp — anything + X(— n*n~J/y) u
LHCb [70] - - pp — anything + X(— n*tn~J/y) 1**

LHCb [92] = - pp — anything + X(— yJ/y, — vy(3686))

CMS [73] - - pp — anything + X(— n*tn~J/y)
BESIII [93] 3871.9+0.7+0.2 <24 e*e [— Y(4260)] — yX(— n*n~J/¥)

H.X. Chen, et al., Phys. Rept. 639 (2016) 1-121

[ reference search

Observation of a narrow charmonium-like state in exclusive B — K*n™m~J /1 decays

%) 2,346 citations
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Properties of X(3872)

« Aka .1 (2P) in PDG. JP¢= 1%+

» Extremely close to D*YD® /D°D*? thresholds

—6.8 X(3872)\ 0.2 D°D*m~ 8.4
= — —_ - | .| | |
5m mD*oDO mx(3872) 0.00 i 0P1D8G1\;[26V DOIEOnO OG0 D|+D_T[0 D+ID—* Energy (MeV)

v/Close to charmonium y.; (2P) [¢c, 23P;]

oSm = My (2p) — Mx(3872) = 81.35 MeV  S. Godfrey, et al. Phys. Rev. D 32, 189 (1985)

v’ Complicated coupled-channel effect: cc & D**D° /D*D~*

 Large 1sospin violating decay patterns

1.6*04 + 0.2 BESIII,

X 70 BIX—>J o
BIX = YT 0404403 Belle; X2 TW@] _ 107,03 B* events, BaBar,

BIX - J/yntn~ BIX — Jfym*n]
[X — J/yrtn~] X = Jiyma] 1.7+ 1.3 B events, BaBar,

L. Meng, et al. Phys. Rept. 1019 (2023) 1-149
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Theoretical interpretations of X(3872)

 Conventional cc: y.1(2P).
Eichten ,Lane, Quigg, Suzuki, Barnes, Godfrey....

« Compact tetraquark state.

Close, Maiani, Piccinini, Polosa, Riquer,...

 The D*D/DD* molecular state.

Swanson, Wong, Guo, liu,....

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

H.X. Chen, et al., Phys. Rept. 639 (2016) 1-121
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Theoretical interpretations of X(3872)

 Conventional cc: y.1(2P). —

Mass coincidence with the threshold & large isospin violation?
Eichten ,Lane, Quigg, Suzuki, Barnes, Godfrey....

« Compact tetraquark state.

Close, Maiani, Piccinini, Polosa, Riquer,...

 The D*D/DD* molecular state.

Swanson, Wong, Guo, liu,....

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

_ Proximity to D*°D? + c.¢

Isospin breaking: D*~D*-D*°D%~ 8MeV+ phase space of ] /Yp& | /Ppw

= = PDG 22
— Dominant decay mode: T'(X = D°D°n%)/Tioa = (4970)%, [(X — D**D°)[Tiota = (37 £ 9%,

H.X. Chen, et al., Phys. Rept. 639 (2016) 1-121
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Theoretical interpretations of X(3872)

 Conventional cc: y.1(2P). —

Mass coincidence with the threshold & large isospin violation?
Eichten ,Lane, Quigg, Suzuki, Barnes, Godfrey....

« Compact tetraquark state.

Close, Maiani, Piccinini, Polosa, Riquer,...

 The D*D/DD* molecular state. _
Swanson, Wong, Guo, liu,.... How exactly is a hadron composed of

these possible components?

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

_ Proximity to D*°D? + c.¢

Isospin breaking: D*~D*-D*°D%~ 8MeV+ phase space of ] /Yp& | /Ppw

= = PDG 22
— Dominant decay mode: T'(X = D°D°n%)/Tioa = (4970)%, [(X — D**D°)[Tiota = (37 £ 9%,

H.X. Chen, et al., Phys. Rept. 639 (2016) 1-121
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Coupled-channel Framework

* The Hamiltonian reads H = Hy + Hj,
3 —
 Non-interacting Hamiltonian Ho = Z Bymp(B|+ Z / d kla Ea(k )< (k)1
@ Bare Ec meson two-meson state D*D /DD* .‘ ‘
» Interacting Hamiltonian Hy =g+wv
Y ¥q 31
bare state core -> channel: B channel -> channel: X
a3 B2
o
9= [ @F{latE)ga (RN B + e} v=Y" [ERSRIaEIVE(H, FEE)
a,B o,
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Coupled-channel Framework

* Interacting Hamiltonian H I = g+twv oc
- D®
o 3P0 model CO/ q
bare state core -> channel: B, 4< —) O < q
oD \.E D™
g= Z/d?’k {|a(k)>9aB(|k|)(B| + h-C-} 95+ cec(|kpp-1) = VIpp= cc(|kpp)
a,B

Yy = 4.69 —(3770)(¢c >Dy)

1 G1
channel -> channel : X
o8 Ba

y = g; / PRCHE |a(R)V.E 5(|k], 1K) (B(K)

*

Various theoretical models contain
undetermined parameters. C-parity " D*D /DD* interaction

plw plw

One-Boson-exchange model: determined by DD~

—>

2024/6/27 G.J. Wang | Disentangling the X(3872) with Tcc 10



Observation of T,
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L. Meng, et al. Phys. Rept. 1019 (2023) 1-149

| |
D*+D0 D*0D+ D+D+7T_ EnergY(MeV)

e Close to D** D thresholds:

Conventional Breit-Wigner: assumed J© = 1.
5mBW = mTCC — Mp*+po = —273 i 61 keV

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

Unitarized Breit-Wigner:
dmy = mr,— Mpw+po = =361 £ 40 keV
[y =47.8 £ 1.9 keV

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

° « Only the D*D coupled channel effect: D**D°&D*°D*

C-parity
mm) DD /DD* interaction

2024/6/27
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One-boson-exchange model

DEHp® DEHP®
" T : . 1—
8@ = L Py, — Py APSE(CHRET) & | BIP—B | —
AQ = ~, H(Q)T% — [Priny, + Pin] 1+2 d 7(Q = o H @ty — 1—2 p [P(Q)*T b4 @ty ]
P = (D", D*, Df) &P* = (D0, D+, D} P (B°,D, D7) & P* = (B, 0, D)
Lyp@p@ =19Tr {HISQ)%’YSA&FIC(EQ)] Larg@ g =igTr [FIC(LQ)W%AZszEQ)}
: gl (Q) TR +4(%) . s 7o S
Lyr@p@ =1 '(I’r)[Hb Vn (V;)a (’0’;“) Ha } Lyp@pa =—10Tr Hc(zQ)vH (Vab = Pap) H(Q)]
- Q 7(Q o
‘|‘Z)\ Tr |:Hb O'HVF/J“V (,O)baHa :| 4+ i\ Tr HC(LQ)O_HVF/;W(p)H(Q)]

1 1 A2 A2
V(IS §) = : : 27r/dc059V” D', Di 4 %
( ) (27T)3\/2E;)2E{)2E;(2E{( Pr P g ) e )

* g = 0.57 is determined by the strong decays D* — Dm.
e undetermined A&S.
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T..& X(3872) & Z.& h,

* In 1sospin limit:

[DD*] = %F(DD* D*D) {DD"}= - (DD*+D"D)
wave function 4 u — channel : 7 u — channel : p/w t — channel : p/w
ool F@TDO-DD 0(1*) [T Ez: B~ BT
—\71_—(D+D*0 + D°D**) 1(1%) Va Vo + 3V Vo +3Vi

7 ([D*D*~] + [D°D*?]) 0(11+)[X (3872)] ! EIA —dyr—ivy !'—gv; — 1!
ol mTDTI-DT) 10t =17 ot i

7 ({DTD*} +{D°D"}) 0(1"7)[he] —5Va AR —2Ve —3Vo

7 ({DTD* 7} = {D°D™})  1(177) [Z(3900)] 3Vn —3Vo' + V2 a2l oli

* The  interactions for D*D(I = 0, T,.) are the same with those of D*D(I = 0,C = + )(X(3872))

* The long-range light meson exchanging : T,., X(3872),& Zc & h, are related to each other.

Crucial to understanding the inner structures

* Note there is additional short-range interactions for X(3872) (by exchanging c¢)

2024/6/27 G.J. Wang | Disentangling the X(3872) with Tcc 13



Fitting

*pp — D(pD1)D(pD2)T[(pTE) o O —
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of || SR e e
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bt :Hﬁﬁﬁ;‘}ﬁ# f ﬁﬁﬂﬁ i ﬂ i
Y A T Y
MpODO+ [GeV/c?]
lMI - |(11)1)—>DD \| Zf;l Px, /\\) ) (])\ )\\ ZB]/I‘BT“

Ax

_,'(p[lv . P])I’]’ Pr )

“mI, ) 20 2Wp Tm“ M, |qp-|. |p12]) € *(wp-.qp= a(P12) - s
} +Zl(1{/qu*(1D 1o V2WD, v/ 12 |9p-|; IPr2l) €, (wp-, gp+)éa(pr2) - Pr

— 5 + (Pp, = PD2)
ply —m¥b. +imp-Tp- i 2wp- V2wp (M —wh.) —wh) +ie piy —mp. +imp=I'pe }-i ! 2

By (pi2,pa3) = g {
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Fitting

« TS : Vand T — 2X2 matrix

(' DOp*+

\-

a1 31 aq 31 aq 1 31
X — X | E I'a.*, 2%
Q2 ‘3 2 a2 '3 2 e’ r2 3 1

V(kp+,§; E)T(G,kpe; E)

T(Roe, Ryei E) = V(R Ko E) + j dq

_ D°D*Y
Coupled-channel N ~ [ |

effect

D*° D™ y \_

E—\mj+q?— /m,%*+q2+ie

* X(3872): V and T — 3X3 matrix

[D*D™]

2024/6/27
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Number/(200 keV)

Fitting result

o —— - LHCP, Natufff Colrnr}lup- .13.(2.02.2).1’.33.51
355- i E D°D"* D*D™ E:l i
ol A=08GeV |!
) X% =0.76 +
] E =
| a
| '=.
5 \ | \
873 3.874 3.875 3.876 3.577 873 3.874 3.875 3.876 3.577 373 3.874 3.875 3.876 3_{;77
Mpopo+ [GeV] Mpopor+ [GeV] Mpopor+ [GeV]
YT T S N
0.8 GeV 0.890 + 020  0.810 + 0.11 A(GeV)| BE(keV) T (keV)
0.8 -387.7 67.3
1 GeV 0.683 +0.025  0.687 + 0.017 L0 1303.0 0.4
1.2 GeV 0.587 + 0.027  0.550 + 0.027 1.2 -391.6 72.7
1.17 GeV [1] 0.56 0.9 Cheng, et al. Phys. Rev. D 106,016012 (2022).
2024/6/27
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Complex scaling method (CSM)

* Complex scaling method

| | Im(E)
r—re?, q— qe " ¢
D) ———7 » Re(E)
. . . S~—— v e
Hg - H(rg, qg) - Z_ue_zle + V(l‘e le, qe_le) Bound states :"r»:::"' \ .
; Py ‘,.'-" esonance states
20
* Bound states & resonances: independent of 6
« Scattering state: along continuum line and rotate with 26 Continuum states

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

2024/6/27 G.J. Wang | Disentangling the X(3872) with Tcc 17



Results with A = 1.0 GeV

 Results in CSM are consistent with the T-matrix pole analysis
* Only one pole appears—bound states

AE = —393.0keV Ty = 70.4 keV. (AEey, = —360(40)keV, [oxp=47.8 + 1.9 keV) LHCb, Nature Commun. 13 (2022) 1, 3351

0
o J(r?) =4.7 fm ——- D°D**,0=15"
95.8%, DD*(I = 0) '] T o
«70.0 % D**D°, 30.0% D*D*0 ’ ——- D°D**,9=25
o o 4.2% DD*(I = 1) -2 —— DD+, 9=25"
1
s
* [sospin breaking: Mass differences considered in the T matrix = ~4]
* Residue ratio: I
—06
Res(DD**)
= 1.055 _7-
Res(D*D*0)
-8 T T T T T
Iso-breaking effect is not important 0 2 4 6 8 10

Real(E) [MeV]

2024/6/27 G.J. Wang | Disentangling the X(3872) with Tcc 18



Direct application to DD* with A = 1.0 GeV

*V'5rp = x * Vprp

0.

-2 1

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]

e Virtual state at x = 1? --- 3870.0 + 0.26 1 MeV.

D*D interaction is attractive but not strong =) Inclusion of cc core
enough to form a bound state

2024/6/27 G.J. Wang | Disentangling the X(3872) with Tcc



X(3872)

Inclusion of cc core

* A bound state + a resonant state

* Bound state -- X(3872)

AE = —80.4 keV
Iy = 32.5 keV

« J(r2) = 11.2 fm

©*94.0% D*°D°, 48%D*tD*",1.2% cC 4y

 Important isospin breaking.

2024/6/27

71.9%,1 =0
28.1%,1 =1

-10

-2 [MeV]

0
——- DD 4c¢c.c,0=15°
—— D™ D"t +c.c,6=15"
-2 -—- DD +c.c,8=25"
—— D™ D"t 4+c.c,0=25"
~4] ‘;X 0.0
M
t %
t %
—0 - : L { _0-8 | ....‘
Y
|
-84 | 1.6} o
* T ...G>
’ 1 L L
t 0.0 0.5 1.0 1.5
) §
0 10 30 40 50 60 70 80
Real(E) [MeV]
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X(3872): Isospin breaking patterns

» X(3872) is the large isospin violating decay patterns

BIX > T/ n-20 BIX > JIuo] 1.6*04+ 0.2 BESIIL,
RN RN .
[ bl 1 0+04+03 Belle: YOl _107+03 B* events, BaBar.
BIX - J/yrntn] BIX — J/yntn] 0
\1.7 + 1.3 B" events, BaBar,

N

_ BX > Jiwntan ]

RBX - Jlyrtan]
AB(X - Jlyow] 10— N 2
Rot = "GBIX S Tyl NU Pz (P W, ()= 214

l

B ‘ M x3872)= Iy

= 0.22 REACP = 029 +0.04  LHCb, Phys. Rev. D 108, LOI1103 (2023)

M x(3872)~ Iy

2024/6/27 G.J. Wang | Disentangling the X(3872) with Tcc 21



X(3872): Isospin breaking patterns

» X(3872) is the large isospin violating decay patterns

BIX — J /0] 81X — I/ o] (16194 +0.2  BESIIL
— —
b 10404403 Belle: Vol _)07+03 B*events, BaBar.
BIX - J/yrntn] BIX — J/yntn] 0
\1.7 + 1.3 B" events, BaBar,

N

BIX — Jlyrtr ]
RBX - Jlyrtan] P

‘%[X — J/l//a)] —>  I=1/0 —

2
I((:))n;i); mJ/W) (S) (pv’ ma), Fw) q (mX, pV’ mJ/W) dp‘% % (CO N 7Z'+7Z'_7[0)
8 B (po — 7r+7r—)

2:

J-(<2";X)—2 mJ/l//) XY ( pV’ F ) q (mX, Py, m J/l//> dp%

R, ~0.087/0.147 == R =186/3.14

E. Braaten et al, Phys. Rev. D 72, 054022 D. Gamermann et al, Phys. Rev. D 81, 014029
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Wave function

* Long tails for the radius distribution.

» X(3872) has a even longer tail than T,

- X(3872): \/(r2) = 11.2 fm

vV 1 < 21fm, c¢ + 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 /(r?).

-0.2 —— DD X(3872)
—_—— D+D*_
—0.4 —-= Xc(2P)
0 10 20 30 40
r [fm]
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Candidate for X(3940)?

0 — X(3940) MASS 3942 + 9 Mev
-=- DD +c.c,6=15"
—— D™ D't +c.c,6=15" X(3940) WIDTH 37137 Mev
-2 - ——- DD 4c.c,0=25°
—  D-D*+c.co=25 | X(3940) Decay Modes PDG 22
— } Mode Fraction (T; /T)
> —4 T t‘ & 0 0 *
[} ' . T T 't DD +c.c. seen
= e
— ?
& v Y e Resonance (MeV): JP¢ = 17+ M = 3957.9 MeV, T =
N -0 e | 167 Mev
*,
o . ey . .
g1 1 16k "o, * The decay width: DD, y.1(2P) is important.
. 0
t 0.0 05 1.0 15 :
ol Y | ' ' * Other explanations:
0 10 20 30 40 50 60 70 80 n(35):0~* — P-wave decay into DD* channel
Real(E) [MeV]
B.-Q. Li, etal, Phys. Rev. D, 79 (2009), 094004 3991 GeV
T. Barnes et al, Phys. Rev. D, 72 (2005), 054026 4043(NR) 4064(GI)
2024/6/27
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Candidate for X(3940)?

e New Charmonium(-like) states: BY - DTD*TK*

<+ Data —  %2(3930) n.(3945)  —— (4040) === To(2870)° =e== T221(2900)°
—— Total fit - EFF;. N £.(4000) NI 41(4010) 2% h(4300) | e NR)+
|:| Background ........... NR]—— ........... NK()—+ ........... NKO—— ....... Reference flt
R L L L L L — T T T T T T
> >
O LHCb 9 fb-! O N LHCb 9 fb-!
S 100 + ‘ S 100 i (b)
o 12 -
g 18 sof _
< 1 < B
o i 1 < i
3 ! 1S I
4.0 4.2 4.4 4.6 4.8 4.0 4.2 4.4 4.6 4.8
M(D*~D*) [GeV] M(D**D~) [GeV]
he(4000) JFPC = 1+
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DD* with JF¢ = 1%~

« I(JP¢) = 0(1% ) sector: DD* and c¢ (h.(2P)) both contribute.

v A virtual state M = 3870.2 MeV related to X(3872) with M = 3860.0 + 10.4 MeV in COMPASS.

M. Aghasyan et al. (COMPASS), Phys. Lett. B 783, 334 (2018)

v The t-channel vector meson exchange potentials dominate, X(3872) is related to X(3872).

Py — _ Z.-G. Wang, Int. J. Mod. Phys. A 36, 2150107 (2021).
v Aresonant state h', : M = 3961.3 MeVandI' = 1.1 MeV. XK. Dong ot al., Progr, Phys. 41, 65 (2021).

— = . P.G.Ortega,et al., Phys.Lett. B 829, 137083.
« I(JP¢) = 1(1%7) sector: only DD* contributes

V" No pole is observed corresponding to Z,

v Coupled-channel effects with the J/yn and 7. p : significant in Lattice QCD calculations.

S. Prelovsek, et al., Phys. Rev. D 91, 014504 (2015).

S.-h. Lee et al. (Fermilab Lattice, MILC), arXiv:1411.1389 [hep-lat].
Y. Chen et al., Phys. Rev. D 89, 094506 (2014).

Y. Ikeda, et al. (HAL QCD), Phys. Rev. Lett. 117, 242001 (2016).

Y. Ikeda (HAL QCD), J. Phys. G 45, 024002 (2018).

C. Liu, et al., Phys. Rev. D 101, 054502 (2020).

T. Chen, et al. (CLQCD), Chin. Phys. C 43, 103103 (2019).
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Summary

* The T, can be explained as the bound molecule.
v Only one pole appears.
v The pole masses and decay widths coincided with unitarized analysis.

* T.. and X(3872): long-range dynamics related by OBE.

« X(3872) :

v Virtual state: DYD*°

v is dominated by D°D*® molecular component & c¢ core is crucial to form the bound state.
v’ Short-range interactions and structures of X(3872) - c¢ core is important.

e Virtual VS bound states: decay pattern, LQCD energy levels, ...
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Thank you for your attention!
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Backup slides
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Production

~ e ' : - ’ I —
& = 0.14 " LHCb -
& i& o1 C pp Vs=8TeV j ~+-Prompt b decays ]
>R "L p >5GeVic ) . .
N 3 - T Comover Interaction Model, Esposito et al.
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N VELO Phys. Rev. Lett. 126, no.9, 092001 (2021)

tracks

FIG. 4. The ratio of the y.;(3872) and y(2S) cross sections
measured in the J/wz* 7z~ channel as a function of the number of
tracks reconstructed in the VELO. The point-to-point uncorre-
lated (correlated) uncertainties are shown as vertical error bars
(boxes), and the bin widths are shown as horizontal error bars.
See text for details on calculations from Ref. [43].
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The production of the T,

The differential cross section for the pp — D(pD 1)D(pD 2)ﬂ(pﬂ) channel reads

B (2m)* 2
dUpp—»(DDn = |IM|*dPxppr

4J(pp1 "Pp, ~ mgmg)

dapp—>XDDn
dmppr

~ ZmDDnj dUpp—>X+DDnBdeDDDn

~ ZmDDnj dmy,dm,3 B, (E; My, my3)

B, is obtained with the M,
2
B,

|M|? = |app—>DD*X

B, = z eu(px»AX)E:r(px»/lx)BﬂBw,-

Ax

We have approximated ‘ﬂgp—mp*x = Apyoppx €4 (Px, Ax)-
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Tpp

* Heavy quark flavor symmetry: all the parameters in OBE are the same as those in the charmed sector.

* A bound state & a resonance

0+ 1.00 —
; ---- BB
s 0.751 1\ — Aogr-
0501/
— —10 & f A
: L0 \
2 -15{ ---. BB, 6=15° § 000{ = TTmeeee
S — B%'-,6=15° =
" —20{ ---- B-B",6=25° s ~0:23]
— B%"-,0=25" —0.501
-25 B=B",6=40"
B°B*-,9=40° —0.751
R T 0 20 40 —1.005 1 5 3 2 5 E(F)
Real(E) [MeV] r[fm]
A (GGV) 5 — B*0 0 1 %— Res(B°B*™)
mass (MeV) |mass (MeV) (r2)  P(B™BY) P(B°B*7) |gep—5v) 10621.2(26.4) 10621.2(26.4)
1.0 10560.1 10560.1 0.6 fm 50.2% 49.8% 0.997
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https://arxiv.org/abs/2310.09836

Observation of X(3872)

« Aka .1 (2P) in PDG. JP¢= 1%+

» Extremely close to D*YD® /D°D*? thresholds

—6.8 X(3872)\ 0.2 D°D*m~ 8.4
= — —_ - | .| | |
5m mD*oDO mx(3872) 0.00 i 0P1D8G1\;[26V DOIEOnO OG0 D|+D_T[0 D+ID—* Energy (MeV)

v/Close to charmonium y.; (2P) [¢c, 23P;]

oSm = My (2p) — Mx(3872) = 81.35 MeV  S. Godfrey, et al. Phys. Rev. D 32, 189 (1985)

v’ Complicated coupled-channel effect: cc & D**D° /D*D~*

 Large 1sospin violating decay patterns

1.6*04 + 0.2 BESIII,

BIX - J/yr*nn° BIX—>J o
X2 IWm ] 0404403 Belle; X2 el 147403 B* events, BaBar,

BIX - J/yntn~ BIX — Jfym*n]
[X — J/yrtn~] X = Jiyma] 1.7+ 1.3 B events, BaBar,

L. Meng, et al. Phys. Rept. 1019 (2023) 1-149
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