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Motivation to study charmonium resonances

Experimentally discovered exotic hadrons L. éedu

* Most of them contain cc P. : ccuud
C .

* All of them are resonances (decay strongly)

X (3872) : ccqq

Current study: Oﬂ%
<

Charmonium(like) resonances with isospin=0 and JP¢ =0**, 2** J

g=u,d

cc legge) essc

DD DSDS coupled-channel scattering DD —_ DS DS

conventional + exotic ?

This is the first extraction of the scattering matrix for coupled channels in the charmonium sector

The only previous lattice studies that into account decaying nature of charmonium resonances

J=0,1: Lang, Leskovec, Mohler, SP, 1503.05363, JHEP 2015 , conclusion concerning J=0 remains puzzling
J=1,3: Piemonte, Collins, Padmanath, Mohler, SP, 1905.03506, PRD 2019

1=2: /
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PDG 2019

Charmonium system: experimental status (PDG) and summary of lattice results
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Lattice details g
2%
. . //
CLS ensembles with u/d, s dynamical quarks 6
a=0.086 fm Z
/
N, =24, 32
lat exp
rnu/d > I’nu/dem
ms < mseXp
my+mg+mg = muexp +mdeXp +msexp
m. < m:e®
Mz 280(3) 137 separation between DD and DsDs threshols smaller than in exp
Mo 1927(2) 1867
Mps 1981(1) 1968
May 3103(3) 3068 Moy = §(3mypy +mn.) Wick contractions evaluated with

distillation or stochastic distillation method.
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Charmonium resonances in coupled DD - D D, scattering

aim: extract scattering matrix t;(E) illustrated below using Luscher's finite volume method

t.(E) =

1=0, 2
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Towards E,, for coupled-channel DD - D, D, scattering

C,(0=(0]a) g O)= 2z} e

Implemented operators

ODD _ (E_qu) D1 (QFQC)]S’Z /?‘
= D(p1) D(p2) o
~ D@
OP+Ps = (1), (5T20)p, | & —s
I — — .D
— Ds( 1 Ds(pQ) P2

P=l_51 +ﬁz
P: O N,=24, 32

(OIOI 1) 2Tl-'/NL
(1,1,0) 21N,

irreps studied

i) AP = 4, |IP2=0, JP =0%0],

i) A= 4, |1P2=1, JP[\] =0%0], 2*[0],

iii) A= A4; , IP?2=2, JP] =0%0], 2*[0], 2*[2]
iv) A= B, IP2=1, JPp=2%72.
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Energies of eigen-states E,, in irreps that contain JP¢=0*+,2+* for mp=1927 MeV

ES[GeV], A" P=0 ES[GeV], A; PP=1 ECC[GeV], A; P?=2 EZ[GeV], By P*=1
4.1+
¢
non-interacting energies denoted
4.+
1
0D | I — DD
DD 3.8+ 2 DS DS
T 3T 7 S AT
C Y ) JPC =+
30 3.6 2.6 . 36T @ JPC =+ 9+
) . 'Y o ® e ’
ST 35T 357 35T
” o . ° o black circles used for
]
3.4 : : 3.4 : : 3.4 : : 3.4 = : scattering analysis
24 32 24 32 24 32 24 32
L/a L/a L/a L/a
Extraction of matrix t(E) : ij=1,2 1:DD, 2:DsDs, 1=0,2 Parametrization for K(s) matrix N
9 in each of two energy regions (
-1 1 D D D D,
(t )'i = (K )z —1 p; 0;; ~ -
4 E(‘m l l 4 J Kzgl(s) < CTc A = CTc N
Vs = ;5 + bj;s t,(E) =
r-—1
det[Kl,ZJ (Ecm) 5”’ o ll’ (Ecm) 57‘.7] - 2 we verified aposteriory o. ° N = y
‘ 8§ = Ec7n that both regions can be — > i B,
known matrix (we take into account that it is not diagonal in 1=0,2) el | -

package TwoHadronsInBox by C. Morningstar et al employed [1707.05817]
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JPC=0** (1=0) for low energy region :

unexpected shallow bound state slightly below DD threshold X ECD/

ol
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: I 5 m—2mD=—4.01'50MeV
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w-0.031 —& sheetll - ——
= 1 1
[Lang, Leskovec, Mohler, SP, 1503.05363 ] £ : :
-0.04 ! |
pheno: predicted by effective models with vector meson exchange : |
'0.05 . JPC=°6-; :
[Oset et al, many works, eg. state at ~1720 MeV in Table 4 of 0612179] A JE=2t E
. . -0.06 o : : .
predicted as spin partner of X(3872) 3.80 3.84 3.83 i 3.;;%6 V]3.96 400 4.04
e(Eqm) [Ge
[Hildago Duque et al 1305.4487, Baru et al 1605.09649] DD D, D,
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5 i D D = = — 3.0p
o - DD—=DD =y p P DD, &2
«» 25F Q-
near pole Q 'Q B
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Babar (those two are likely the same exp state: to be verified by exp)
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DsDs nature explains why width to DD is so small
Pheno predictions of cssc state:

Lebed and Polosa: 1602.08421

2103.12425

Guo et al, virtual state 2101.01021



1P€=2++ (1=2) : conventional resonance @
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JPC=0*,2*: summary of masses for charmonium-like states

those two are likely the same state
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JPC=0*, 2+ summary of masses for charmonium-like states

E ref

2mpys): for state closest to D,Ds th.
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Challenges

* accurate determination of highly excited E,,
* several J? contribute to each irrep

* extraction of scattering matrices for coupled-channel scattering

Simplifications / assumptions

° nN.n omitting from operator basis, assuming to be decoupled from DD, DsDs

¢ J/lIJ W taking into operator basis, assuming to be decoupled from DD, DsDs

analysis of DD with 1=2: assuming negligible coupling to DsDs

further assumptions: see section 5 of 2011.02541, JHEP
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Backup
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Analysis combining lower and higher energy regions
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Figure 15. The modeled K ~'/,/s -matrix elements for the coupled DD — D, D, scattering: red for f
DD — DD, black for DD, — D,D, and blue for D;D, — DD. The green dashed lines indicate 3.90
the DD and the DD, thresholds. The left orange dashed line gives the bound state constraint for
DD channel. The right orange line gives the bound state constrain for the D,D, channel in the ﬂﬂ%
limit that the two channels are decoupled. X
Q(Ecm) 0015 0 0015 Q(Ecm) Q(Ecm)

-0.015 0 0.015

-0.015 0 0.015

Figure 16. The Q(E,,) function (defined in eq. (C.1)) for the scattering matrix of the coupled
channels DD — D,D; in the wider energy region (E., ~ 2mp — 4.1 GeV) is given by the orange
line. The observed eigen-energies are given by circles and the coloring is the same as in figure 2.
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m [MeV]

Charmonium-like states with J?¢=1-,3~ [1905.03506, PRD 2019]
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Results based on cc operators and the challenge to determine JP
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FIG. 11. J'-identified charmonium spectrum in the moving frame with p = (0,0,1). Irreps AC of group Dics are presented.

The colors indicate J** of states according to the color-coding (21).
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