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Properties of X(3872)

e Proximity to D*°D? thresholds and extremely narrow width [ T[THCS Preliminary | & s svase

E * Y. Dong et al
(na|Ve) DD D. P. Rathaud and A. K. Rai
R. F. Lebed and S. R. Martinez

B. Grinstein, L. Maiani and A. D. Polosa

om = Mpopo — Mx(3872) = 0.00 + 0.18 MeV PpDG22 4 . -
pure CC e ¥ Bavies and 5. Codlvey

[~280 keV (LHCb), I' ~380 keV (BESIII) y ol
je: A. M. Badalian et al

) J. Ferretti, G. Galata and E. Santopinto

.

LHCb, Phys Rev. D 102 (2020) 9, 092005. ° A. M. Badalian, Yu. A. Simonov and B. L. G. Bakker
BESIII, Phys. Rev. Lett. 132, 151903. B W. J. Deng et al

© F. Giacosa, M. Piotrowska and S. Goito

* Large isospin violating decay patterns not expected by a pure cc-molecule? [

S. Takeuchi, M. Takizawa and K. Shimizu

E. Cincioglu et al

| D. A.-S. Molnar, R. F. Luiz and R. Higa

BIX > J1ve] 1.603 +£0.2 BESIII, F.-K. Guo et al
— W o e I A
¥ =1:0.7+0.3 B" events, BaBar, - . T ——

1.7+13 B%events,BaBar, [ |

BIX — J/yn*n "] B _
BX S Jumn] 1.0+ 04+ 0.3 Belle; BIX o JJum]

F—e— BaBar 2008

<+ Belle 2011

. . . — e 4 LHCb/Runl 2014

 Unexpected large radiative ratio- ¢c? « “experiment | s
e LHCb/Run1 2024

}1 LHCb/Run2 2024
" A 1

0 2 4 6 .'Rwy

FX = wS)ITX = Jlyy) > 1
I. Polyakov (LHCb Collab.), CERN Seminar, June 2024.
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Theoretical interpretations of X(3872)

» Theoretical models

[
v Conventional ¢c: y.,(2P). Qb ﬁ _ f(@
Eichten ,Lane, Quigg, Suzuki, Barnes, Godfrey,... ’ CZG

v/ Compact tetraquark state.

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

v The D*D/DD* molecular state. —

Swanson, Wong, Guo, liu,.... Mass coincidence with the threshold

v The mixing of the ¢c core with D*D /DD* component. & large 1sospin violation

Chao, H. Q. Zheng, S.Takeuchi, Yu. S. Kalashnikova, P. G. Ortega...

* Goal: Understand structure using a unified coupled-channel framework.
* Mixing between bare cc and D D* hadronic channels.

* Coupled-channel dynamics naturally generate near-threshold state.

* Model tested via both mass spectrum and decay observables.



Coupled-channel Framework

 The Hamiltonian reads H = Hy+ H;
- b}

* Non-interacting Hamiltonian ~ Ho = yj | B)mp(DB] +Z/ d3E|a(E))Ea(E)(a(E)\

B o
Bare ¢ meson two-meson state D*D /DD*

* Interacting Hamiltonian Hr=g+v
. c DX oy 31
CO/ q channel -> channel: ><
bare state core -> channel: & < . » 3,

g= Z/dBE{m(E))ganED(m +hep v = Z/dSEdSE'Ia(E))VaL,a(IEI, K')(B(K")]
a,B o,
3P0 mechanism: y — y(3770)(¢c >D;) 4



Coupled-channel Framework

40
V: D(*)l_) — D(*)l_) 35F
< 30}
¢
o 25
a * o
. b P plw plw DD (Tc) S 20
é 15F
W Pr Z 1ol
5 -
One-Boson-exchange model EXYE 3.874 3.875 3.876 3.877
Mpopor+ (GeV)
LHCb, Nature Commun. 13 (2022) 1, 3351
wave function I(J PC] u — channel : 7 u — channel : p/w t — channel : p/w
1 + y*0 0 =+ + —+ 3 31,5u u 31/t 1yt
) L (D*D** — D°D*Y) 0(1%) [T5 3V, syp_ 1 3yt 1Y) _ . )
pD o i 1 ) S D*D /DD* interaction
7(D+D* + D°D*t) 1(1%) A vy + 51/;‘ lyt g iyt
7 ([DTD 7]+ [D°D°])  0(1T)[X(3872)] 2V —5Vy - 11/3 —3VE— LV
o &) - 00D 11+ -tV vy - ju o
5 ({DTD* 7} +{D°D*%}) 0(1%7)[he] AL Vi + %ij -3V, = 3VS
7 ({DTD 7} = {D°D*})  1(177) [Z.(3900)] sVr AR A V=LV 5
[DD*] = Z5(DD*~D"D) {DD"} = Z5(DD" + D" D)



Structure of X(3872)

« D*D interaction is attractive but insufficient — bound only with ¢¢

v/ Bound state for X(3872), AE = —80.4 keV.

Yx = Ace(2°Py)) + Z_/dg(% (@) |DD™)

v 94.0% D*°D°® 48%D*D*",1.2% cc

v Important isospin breaking. I =0(71.9%): 1 = 1(28.1%)

v Iy popo, = 32.5 keV. —02{ — D9 X(3872)
L -
—0.4 - —-= Xc1(2P)
v g3 /9% = 1.14-dressed coupling. : " " o o
r [fm]

G.J. Wang, et al., Sci.Bull. 69,3036(2024)



Connecting to Open-charm decay
« For decays: X(3872) - DD* - DD + m/y

X(3872) < X(3872) ; X(3872) /\" X(3872) < X(3872) ;"

7 = TgXX”(D*ODO D°D}) + ——gi X¥(D;* D™~ DD
2 2"

X(3872)

gx
[y(3872)0 00 o = 32.5 keV  ——

C
gi/gs =114 IX. | Ty opo, = 122 keV T'xp+p-, = 0.04 keV

=

[pro_, poty

* Suppression of the charged channel arise from:

v Primarily the near on-shell enhancement of the intermediate D°D*©.
v Coupling constant: g, (D**°? - D*%) « e, & g%/g% = 1.14.



Connecting to Hidden-charm decay

* For decays: X(3872) — J /Y i (J/Yp),] /Yrnn(] /Yw), xo;m

V' cc = ] /y+light hadron: OZI suppression C. Meng et. al, Phys. Rev. D 75, 114002 (2007).

v Dominant contributions arise from intermediate D™ D™ channels. M. Suzuki, Phys. Rev. D 72, 114013 (2005).
F. K. Guo et al,. Phys. Rev. D.83.034013 (2011)

MJ;ZMC+MD7MC:MD _ < }}{JZ(JA,JB)|V|CJCMCDJDMD)

q —> > qg — —
c < = < q ¢ < < q
2 7. 1 3 =
- f K2R(k)dk f 4% Yoo (F) S (JoMe, JpMplJ' ) : :
J' _ = ( S
C > > C C = >
AT NTg1J Jo [ ANIp 1’ =2/ i ——
x([A(qQ)"* B(Qq)""]7,IVI[C 7 (qq) D(QQ)""]7.) ! | f : (
Cl-prior C2-prior
Quark Interchange Model (QIM) at quark level S — . T .
[= (=
V=3 Vi) 3 E
i<j _ S _ J
Ai A . Y A WS C g 7
Vii(g) = 5 - ZL (Ve (g) + V™ (9) + V™ (9)), T — 7 — —
2 2 ) T1-prior T2-prior
14ma(g®) L
V;JE:‘OUI(Q) — wigj g )w%
lin 67d 4402, 7.-Yang, et al, JHEPO1(2023)058 T. Barnes, et al, Phys. Rev. C.60.045202.
Vii"(q) = e i T Z.-Y. Zhou, et al, Phys. Rev. D.100.094025.
. 8a 2) . ) G.-J. Wang, et al, Eur. Phys. J. C79, 567.
Vh(q) — _9?::[‘;-5600'1131‘, q ( kij )3/25; . §j91+§€‘30”3t

3m¢mj T Y 8



Quark-interchange model

([A(qQ)”*B(Qa)""]7.IV|[C”° (¢9) D(QQ)""]7,)

= IﬂavorIcolorIspin-spa,ce

4 4
Ico or — ~ y T~ q
1 g(qQ) g(qq)

TABLE IV. Ispin = { [xox0)5 |Os] [xaxs]S, ).

([xcxpla Isi - sil [xaxsly, )

(SA,SB)—)*(Sc,SD)

Cl C2 Ti1 T2

(0, 1)—=(0, 1) s 1 _1 s

(1, 1)—(0, 1) —45"/5 4\1/5 —4\1/5 —4\1/5

(0, D—=(1, 1) 4\1/5 4\1/6 _4\1/5 _4\1/5

(1, D)—(1, 1) o o -+ I
([xexply 11| [xaxsly,)

(S4,S8)—(Sc,Sp) All diagrams

(0, 1)—(0, 1) :

(1, 1)—(0, 1) 7

(0, 1)—(1, 1) 7

(1, 1)—(1, 1) 0

IES. = (0ads|V|[dconll)
= f / dkdrk'® 4 [¢ (2ka — K 4)] 5 [¢ (2kp — K )]

x ¢ [ (2ke — Ko)|@5° [( (2kp — Kp)|V (K — K)

Ic, = ] d3p/ *°q®a(q —p/2 — faPA)®s(a—p/2 — f5Pa — 2PC)
xV(q)®c(a+p/2—2Pc)®p(a—p/2 —Pc — 2Pa),

Icy = fd3p/dgq@A(q —P/2— faPA)®5(qa—p/2 - fgPa +2Pc)
xV(q)®(q+p/2+Pc —2PA)®}(q — p/2 + Pe),

Iri = [ @ [ da®ata - p/2- fPA)®a(a+ p/2 - f5Pa - 2Pc)
xV(q)®c(a+p/2—Pc)2p(a—p/2—Pc —2P4),

Irs = [ &p [ d*Bala~p/2- FAPA)Ea(a+ P/2 - f5Pa +2Pc)
xV(q)25(q—p/2+Pc —2PA)®5(q —p/2+Pc + Pa)

* Quark interchange dynamics 4= spectroscopy:

V' Potential V, all parameters, wave function: quark model

* A unified treatment of various hidden-charm decays

9



Representative Results: X(3872) - J/Y + p/w

* A direct ratio for the isospin breaking

Ro=| Dy [d¥ K (K YTy + uia | [DPD*]) = [d¥ Kk yo(K ){J/w + dd| [D*D*"])  Destructive interference
X =1 | = — — _ — — _ . .
o X—Jyw d3 k y (k){Jy + uit| [DODO*]) + [d3 k y,(k ){J/w+dd|[D+D*~] Constructive interference
2
* Decay width incorporating running I}, and I, I /M ~mv dm! [Ax S gpyplPq (M, M) T,
J/wp 2 27{. (m! . mp)2 + 1_13/4 ’
035} r, T /‘Mm”‘i’ dm/’ |¢4X—>J/1I)w|2q (m',M)T,,
- /?Ji’w w Smﬂ 27[- (m{ _ mw)Q + 1—\‘%/4 9

? ? 0301 | % M. Suzuki, Phys. Rev. D 72, 114013.
<|< E. Braaten, et al. Phys. Rev. D 72.054022.

I C. Hanhart, et al. Phys. Rev. D 85. 011501

S LHCD, Phys. Rev. D 108. L011103.

= 025} 1 {
H.-N. Wang et al. Phys. Rev. D 106, 056022.
J. M. Dias, et al. Phys. Rev. D 111, 014031.

Ry = 0.21

020+

&
& XN
10



X(3872) = /i + 2(3)1

X->J/Y+p/w—]/P+23)m : Schematical amplitude —t <8W - p::)

g =
X=Jly2(3)r X—JlyV

ﬂl/
. .. . V-2@3
V Dy & dy_oi3), include p — w mixing pz—m2+im[T, (3)m

» 7t distribution: without any fitting except a normalization factor —C.Hanhart, et al. Phys. Rev. D 85. 011501
LHCb, Phys. Rev. D 108. LO11103.

J. M. Dias, et al. Phys. Rev. D 111, 014031.

400 12
I:j
« LHCb Phys. Rev. D 108. L011103 { 10l I\
300} total ! . [
8 — tota |
% ox 2 8f | H
= = w I
) |
2 200} w | = ¢ H
=z > |/
> | - p°-w interference 2
= 2 |
: 3 4
A 100} }/‘7
of /
7 4
] e 1 0 , \ A e
: 450 500 550 600 650 700 750

M@t n7)[MeV] M(nnm)[MeV]

Channel | J/vp | J/yw | J/ynta | J/ypnta a0 BIX - Jjyr*rn"]
T [keV] | 11.6 | 39.1 10.0 17.7 BIX — Jjymtn] =10+£04+03 Belle ~1.3 (Ourlsl)




Representative Results: X(3872) —» cc +y

* Two decay modes
Mode I—Charmonium core: X — x4 (2P) = J/W/p(2S) + y: El radiative decay T. Barnes, et al, Phys. Rev. D 72 (2005) 054026

E(CC)

Tpi(n 25t Ly — 0/ L, 4 4) = —Cf,,, sy et a| (g|r|es) |PES —— M(CC)
rEl _ J 74 GI quark model « TP _ ) 170.7  GI quark model
Xl @RIV | 71 NR quark model x@P)=5v ()7 =\ 183 NR quark model

Sensitive to wave function

V' The existence and the position of the radial nodes affect the overlap integrals.

Mode II-Molecular: X — DD* = J //p(2S) +y Uxopproinyy = 0.1 keV > Ty ppesyas), = 0.006 keV

—i (g‘“’ - p—:ﬁu)
v Ay

T, = / d3qxi (Q) A -. .
Z Z( j DD*—J/ 'qpr ’m% +vm, I, V= J.Sakurai, Currents and Mesons,(Chicago: Universityof Chicago Press).
M. Bando, et al, Phys.Rev. Lett., 54:1215 (1985).

) pH wh H*
Y Vg K V2 32 3 Vector meson dominance model
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X(3872) »cc+y

* Mixing of X - DD* - J/Y/P(2S) + yand X — y.1(2P) - J/Y/Pp(2S) + y:

v The phase between y.1(2P) and DD* is determined; However, undetermined phase between two decay modes

T;:ota,l — Ta + Tbei('b

IS, 7wy = 0.2+ 0.2Cos¢
I'xY, 74y = 1.0+ 0.6Cosg
TS, p(2s)y = 2-1+0.2Cos¢

V' ] /Yy: both decay modes and their interference are important.
v ¥(2S5)y: Dominant contribution stem from E1 decay of ¢c component in X(3872).
» Txoyes)yy > Txoa/py

13



Lineshapes of X(3872) decay

«Using the FLATTE parametrization, the line shape as a function of E

dBr (B — KD°D*") 1 giki

_p- _91im1
dFE 2r |D(E)|? C. Hanhart, et al. Phys. Rev. D.76.034007

. Y. S. Kalashnikova, et al. Phys. Rev. D 80, 074004.
dBr (B — K + charmonium) Bi T charmonium () M. Ablikim et al. (BESIII), Phys. Rev. Lett. 132, 151903

dE - "2 |D(E)|?

X Nnormalization

D(E)=E - E; + %(ﬁl + iky) + %2(,@2 + iko) + 1 (2 ) All decay widths except DD

15}

(o ~
=) =)
——

W
=)

10t

5- J ’H i

388 3.90 3.02 304 3.96 308
MDD’ 7°)(GeV/c?)

Events/(3 MeV/c?)

—_——
Events/(5 MeV/c?)
g 35

[\
(=}

. P . ,
é) 75 3.80 3.85 3.90 3.95 4.00
M@ 7~ /) (GeV/c?)
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Summary

* X(3872) is a mixture of DD* molecular component & cc(x.1(2P))

* No new adjustable parameters after fixing to Tcc data.

* Describes spectrum and decays without free parameters.

* The 1sospin breaking ratio Ry = 0.21.
* Only 1.2% cc-core : important for radiative decay, and govern X — (2S) +v.

v'Radiative decay ratios sensitive to interference and wavefunction nodes.

* Framework applicable to future multi-channel exotic states, e.g. X(4010)

15
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Properties of X(3872)

« Aka y.;(2P) in PDG. JF¢= 1,
« Mass and decay width derive from y ., (2P) (cc)

S. Godfrey, et al. Phys. Rev. D 32, 189 (1985)

T. Barnes, et al, Phys. Rev. D 72 (2005) 054026

om = mxcl(zp) - mx(3872) = 81.35 MeV, FXcl(ZP) = 165 MeV

_ _ ~6.8 X(3872)_02 D°D*m- 8.4
e Extremely close to D**D® /D°D*® thresholds | o L %
DDy DOD% p*t*p—x° DtD~* Energy (MeV)

6m = mWDo — mx(3872) = 0.00 i 0.18 MeV PDG 22

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

» Small total width: ~280 keV (LHCb), ~380 keV (BESIII) LHCb, Phys. Rev. D 102 (2020) 9, 092005.
BESIII, Phys. Rev. Lett. 132, 151903,

 Large isospin violating decay patterns not expected by a pure cc-molecule?

BIX — I/l 1.6*03 £ 0.2 BESIII,
R .
e =:0.7+0.3 B" events, BaBar,

1.7+ 1.3 BY events, BaBar,

B[X — J/yrTn "] B -
BX S Jurr] 1.0+£04 +£03 Belle; BIX = Jjyr ]

« Unexpected large radiative ratio- cc?
F(X = wQS)ITX = Jlyy) > 1

2025/11/13

Collaboration R(xc1(3872))
BaBar 2008 [29] 34+14
Belle 2011 [30] < 2.1(90%C.L.)
LHCb 2014 [13] 2.46 £ 0.64 £ 0.29

BESIII 2020 [31]

< 0.59 (90%C.L.)

LHCb 2024 (Run 1)

2.50 + 0.52 +529 +0.06

LHCb 2024 (Run2)

1.49 + 0.23 +9-12 +0.03

LHCb 2024 Average |

|

1.67 £0.21 £ 0.12 = 0.04

P. Colangelo et al, arXiv:2501.15888
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One-boson-exchange model

D™ p&)
1+ 4,
HC(LQ) — T [Pa'u’)’,u . a75]
] % 1+
H® = 5o H DV = [Py, + Plys] 2 =

P = (D° D*,D}) &P* = (D*°, D*+, D:t)

Lyg@pg@ =1tgTr [HZEQ)%%A&H(SQ)]

E’VH(Q)H(Q) =0 Tr [HlEQ)'Uu (Vg; _ p,ga) H&Q)]

AT [H V0, P () B

L 1
V(I,I'S,j) = . |
( )= Gy \/QE}JQE{)QE}(Q E)

21 / dcosGV”(ﬁf i) (

NoHo
_ T _ - 1—
H® =C (CHéQ)C‘l) ol = [Péff)*fy” _ PéQ)%] . ¢
_ . 1— -~ _
Q) = 7 @y — 21) [ P@ria p(gQ)T%]

ﬁ) = (DO,D_,DS_) & ]3’* — (D*O,D*_,D:_)

Lyrg@ @ =igTr {ﬁéQ)7ﬂ75AngéQ)}

Lyapogae =—1pTr _HCEQ)% (VH —ph) HEEQ)}

+iNTr (Ao, Y (o),

A" A
A +p} A+ p;

)2

* g = 0.57 1s determined by the strong decays D* — D.

e undetermined A&[.

2025/11/13
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T..& X(3872) & Z,& h,

* In 1sospin limit: [DD*] = %({)D*—D*D) {DD*} = 55(DD* + D*D)

wave function 1(JFY) w— channel : 7w — channel : p/w  t — channel : p/w
ool @D D) 01 (7% v sy — v -3V 4V
J(D+D + D°D*T) 1(1) Va SVE+ IV Vit SV
G ((r0 ]+ [0007) onixes) [ -3V - v -3V - 3V

ol S (D)= (00D 1(1+) T v WiV
7 (D7D 7} +{D°D"}) 0(177)[he] —3Va 2 Vo' + 3V —3Vs —3Va

7 ({DTD* 7} —{D°D*})  1(177) [Z(3900)] Va —3Vo' + 5V %V; Sy

» The 7 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?)

2025/11/13 20



Fitting

* pp = D(pp,)D(pp,)(Px) < T
> E BV LHCh
SF et 2
R u |} 1 <2
= S0 | =s
= F | > 10;
Saf | ;
E ! 4  Data
30F - B E
- ! Tot.alD ]
200 ﬁ el e T
o B bt e
. ;W MHH A + # i
3.2;7 3.88 3.89 | I39
M pOp0t [GeV/ ?
M = [apsppx*Y €upx, Ax el (px, Ax) ZBWB’J”L
Ax
_..-(ij,,, . Miz_'px) - dD o \/T T-_.J"(}() Ur | | | |} ,u, .
14 _ M= 2 = DQ DYy i qp=|s P12 €, EJ[D* gD+ )fa(pIZ) p?r} 4+ ( _
5, (pm'p%)g{p’ —m%. +imp-T'p- +{Z)zg{jdqn«q5) A 2wp- 2wp (M —wh.) —wh +ic ply — mp. + impsIp- ; (PD: = Pp2)

2025/11/13 G.J. Wang | Disentangling the X(3872) with Tcc 21



Fitting

v 31 o 3 1 (o5} Y1 3 1

V(kp+, G E)T(4, k) E)

E—\m3+q%— ’m%*+q2+i6

«Tx: Vand T — 2 X 2 matrix * X(3872): Vand T — 3 X 3 matrix
Coupled-channel [D°D*°]
0p*+
(DD effect R (
[D*D™]

K D*0 p+ ) K

2025/11/13 G.J. Wang | Disentangling the X(3872) with Tcc




X(3872)

Inclusion of cc core

» A bound state + a resonant state

0
—=- DD 4c.c,0=15"°
—— D™D"* +c.c,6=15"
* Bound state -- X(3872) - ~=- DD 4¢.c,6=25"
AE = —80.4 keV —— D D"t +c.c,6=25"
Iy = 32.5 keV _ 3
2 4 %X 0.0,
e J(r2) = 11.2 fm = !
Al R
_ _ L -671 -0.8f ooy
©94.0 % D*°D°, 4.8 % D*D*",1.2% cC ¢y /10701 =0 b
28.1%, [ = 1 ,
b %o,
* Important isospin breaking. 8 t -16 ’°.€)
k, o5 T o 1o Tis
00 10 20 30 40 s0 60 70 8

Real(E) [MeV]

2025/11/13
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