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Outline

» Coupled-channel interpretation of LHCb data
» Interactions between J /1] /1 from dispersive relation:

soft gluon exchange — two pion exchange + ...

» Possible bound states of | /Y] /Y
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X(6900) in LHCb measurement

(a)

4 N

v A narrow resonance-like
structure at 6.9 GeV, X(6900)

v A broad structure just above
double-/ /1 threshold

v' A dip near 6.7 GeV

(¢) ~220p— k /

esonance

aof i Fhy » X(6900) compact tetraquark?
(1 T Predictions dated back to 1970s
Y. Iwasaki, Prog.Theor.Phys. 1975;54:492

K.-T. Chao, Z.Phys.C7, 317(1981),
A.M. Badalian et al., PRD25,2370(1982), ...
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Figure 3: Invariant mass spectra of weighted di-.J/) candidates with py ¥ > 5.2GeV/c and

overlaid projections of the pi[l‘i_'M";’-tln‘(!:-;l101(1 fit using (a) the NRSPS plus DPS model, (b) model Many theo retical investigations
I, and (c¢) model II.

LHCb, Sci.Bull.65,1983(2020)
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X(6900) in LHCb measurement

» Fully charmed tetraquark state?

200 EE IR ' * 6.9 GeV too high for ground state
' R * The gap 700 MeV too large for ground and
_ ® data 15t excited states
“%’ 150 b * No lighter states (easier) observed
=S e I 1 . T I J/g+he
) @ Jy+y(25)
g 0 VRN e e T XCO0+XCO » Threshold effects. Near threshold,
=S I (L R LR WT S 455 S G I 5P UG VI R RS Xc0+xc1 ’ * Breit-Wigner fits mislead rather than
§ Jw+w(3770) educate
§ _____ :::;fm * Breit-Wigner parameters (M and I') hide
== ¢ 0 R wsS)the | nature of states
* Threshold effects sometimes play critical
role
Mssy(GeV) » Coupled-channel approach, Minimal
models with X.-K. Dong et al, PRL126,132001(2021)

Discussions of general threshold behaviors, e most relevant channels (2 models)
see X.-K. Dong, F.-K. Guo and B.-S. Zou

PRL126, 152001(2021) ° minimal necessary orders in interactions
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Coupled-channel models

Two channel model Three channel model p ~
J/ T/ & (28)J /1 J/WJ [, p(25)J /¢ & (3770)J/¢¥ | @O p, and h, spin-0, HQSS
- a1 a1 ais O x., — ¥ by w exchange
Voen(E) = ( a1+ 01 Cb 1.2 ) Vaen(E) = | a1z aze a3 N /
¢ a2 + 02#% a1z Q23 0433
wbt . @® data =
Lippmann-Schwinger equation HCb-ft2 |

Jpsp2S)

— (%]
[y}
[}

T T T T T T T

T(E)=V(E) 1 -GE)V(E)]™

Production amplitude in J/YJ/P channel (channel 1)

[4y]
=
T T TT

Weighted Candidates/(28 Me\/ic?)

My = ae BB [b+ GU(E)Tu(B) + Xy 5 1:Gi(B) T (E))

[}

Mdi_Ju_.I:GE\u'r]'
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Hints of a J /Y] /1 molecule

- X.-K. Dong et al, PRL126,132001(2021)
[ ' T ! I ' ;
L . —— 2-channel fit ; i . —— 3-channel fit-1
175 : ------ DPs 175 : : === 3-channel fit-2
L H —— Mgy + Mg - & e DPS
150 : Bt ramos T 150 f | e ] 2-ch. fit 3-ch. fit 1 3-ch. fit 2
%‘ 1 b | LHCD data = | Fit range ap(fm) < —0.490r > 0.48 —Oﬁltgig < —0.600r > 0.99
s 1 i s 1% i LHChaata roffm)  —218%08 —0.06%05)  —0.00%
g 100} | g 100F I Xa 0.39%5:1 091902 0951506
7] 0
= 7 < 75k
e ) : i i
m m it . .
50} 50} B R L 5 ). X(6900) is uncertain
25 25} -~ X(6200) is robust
| | ] . | ] L . | .
0 6.5 7.0 7.5 8.0 8.5 9.0 0 6.5 7.0 7.5 8.0 8.5 9.0
My/ose [GeV) Mo 0 [GeVI
e | » Compositeness of X(6200)
It Pole on RS, | P i I 70
- i N [ i — 1/2
I o* 'pole on RS, ' [ 'm Lower pole on RS! | | | . - —_
03 1] :I.Owgrpnlﬂ onRS_, ‘ : 20.0 0.6 :. Higher pnleon:R‘;J‘ . : : { 60 XA e (]- —|— 2 |T0/a/0 ’)
0.2 # Higher pole on RS, I i i i i :‘ & &
’ ® |Pole on RS : 17.5 03l : : : : ! ': .-." v
| |1 S — - _ 03 H , o 10 so X, = 1 for molecule and
— 0.1 i 0,01} i 4 15.0 - i [ [
3 | / l | S 40 }m L ' 0 for compact state
6] | = 0.0 pemt : -
= . . | = + " 40
- 0.0 ——+ 0.00 ; | 12.5 L; : : : :
| I — | [ |
E o | 0.01 . | oo 03 1 I i w8 BN |. Matusche et al, EPJA57(2021)3,101
I ] ' I [ I i A
0o I 6.14 6.16 6.18 6.20 i 75 [ i [ R ' )
0. i i i [ i i .
| 0 | 5.0 06} | —— | | -«1% 20 3»  Large molecular component
-0.3 [ [ J-channel fitl | | 3rchannel fit 2 [ . . .
1] L] 25 ' L ' ' 10 in X(6200) in 3-channel fit.
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Hints of a J /Y] /1 molecule

200 | v -
| Sta. uncertainty [T/ ]
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Support of existence of X(6200)
from independent analysis

Z.-R. Liang et al, Phys.Rev.D
104 (2021) 3, 034034
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Further Tests

v’ Datain the (25)] /1y channel = distinguish between the models
v’ Data in the 71,1, channel = verify predictive power of the models
v" Data on YY production = check in complementary sector

v’ Lattice simulation of double-/ /1 (n,) scattering = independent test N

Binding mechanism??? = (dis)prove X(6200) nature!!!

» Van der Waals interaction between color dipoles
H. Fujii and D. Kharzeev, Phys.Rev.D 60, 114039 (1999).

» Long-range potential from two pion exchange
between 2 S-wave bottomonia

N. Brambilla et al, Phys.Rev.D 93, 054002 (2016)

.

Evidence of an Q.- Qcce

bound state from HAL QCD

method

Yan Lyu et al,
Phys.Rev.Lett. 127 (2021) 7, 072003

~

)

At long-range, soft gluon exchange — two pion exchange + heavier...

OPE highly suppressed by isospin
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Two pion/kaon exchange potential

]/, Z TN //‘,
> J/Y]/pnm coupling M. (t) = T

J/Y \ /7 ]/ )

» Yymm couplings related to the chromopolarisabilities,
a4, Satisfying

T/ 3 Cap(28)(2S) = Ny (2.8).7 /-

I/, ¥(25), ...
/

(af) T, K, ..
b (7870 Te] —— ™

(@B)
LECs -+ <Jg)Ja> Trlu,u,v"v"] + H.c.,

» Non-perturbative interaction of scalar-isoscalar
and KK channel is necessary. L "

o . y Unitarity o |
v" A polynomial times Omnés function N Ty K. 'K

» Chiral Lagrangian (& HQSS)

=
=
=
=
=
=

Nov. 16, 2021 J/P)/ Y interaction 9



Two pion/kaon exchange potential

l— Beistﬁt l*
(12) 8F ¢ BESIIdata 60 L
» ¢; " from fits to BESIl data on /(25) — ] /imm decay. bt o ;
_ 6| - \
[BES Collaboration], PLB645, 19 (2007) "S ’ Em A y
> Difference between ¢! and ¢}'? 5 s
2_
(8
5 = awi/zzjj ;J) P ~ 1 ~ 3 T g;sstl?gata
estimated by 0035 0.40 Er;i?sev(;.'so 0.55 0 Z0s co(;fg"* 0.5
* overlap of quark model wavefunctions Lo ' ' |
3 N —iF.-T/2 - 0.8F
aap o< [ dPr Py (F)e i Vp(r) = 1a(qc) —_— \
061 — Jyyy ]
« S-Wave J /Y scattering length 0.af T T !
(11) (11)y._ 2 02t e ]
(c +cy ' )m I |
1 2 ~ I ]
ao = 2o E2( M 5~ 0.0036 € fm 0-00'0' TTos 10 15 20
TEZ( J/¢+mﬂ) ' ' g [GeV] ' '
K. Yokokaw et al. PRD74, 034504 (2006) P-Wave J /i M [J/ypm — J /) = 81 (M) + mx) k2ay
|a%]at| ~ 0.01 fm L. Liu et al. PoS LATTICE2008, 112 (2008) S : . My yc1—myco » c1
X.-H. Liu et al. EPIC73, 2284(2013) cattering U= =G Fa M,y (Mg tmy) OEZN,
Lattice QCD
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Potentials from dispersive relation

J /1 77N J /1
/ \ 1 oo ImM t/
» Dispersive relation M (t) = Im___ 7 B dt’ x ()
, ! ™ 2 /' —t— 1€
J/ \ / J/ 4m=
s
. . ol T T __ T
» Two pion (kaon) exchange potential L 21
M rgrp(t) = Ma(t) + Mg (t) ~20f
Vexch JA:— S —40f ¢ — . 2m
e (q ) 47TM3/¢‘ % % T
00 2 < —60F g : o
- / dp” ImMé/¢J/;b (e )6_ qu—&gﬁ | % Va Wi
4m2 pe+q ~80 °ts .7
0 2 1 6 8
-100 r[fm]
0.0 0z 04 06 08 10

Form factor to regularize the UV
divergence in both g and u and keep the
long-range potential unchanged.
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J /W] /¥ molecular state

q2

> Renormalization with a contact term  Vor(g, A) =C e 2

Vcot (C], A) — VCT (q, A) + ‘/exch(QJ A)
Solid for bound states and
» Lippmann Schwinger equation dashed for virtual states

T (E; K k) — cht (k,> k, A)
/ d*l Vg (K, L, A) T(E; L k)
(2n)  E —12/M,y + ic

Ep (MeV)

> Parameters:

A(1 ~ 3 GeV), &(1 ~ 3) and V in GeV ™2

» Polesforé = 1.  *

12

Nov. 16, 2021 J/QI/W interaction



J /W] /¥ molecular state

—— £&=1, bound — £=2, bound —— &=3, bound
-== E=1, virtual -== =2, virtual -== £ =3, virtual 1.0

(s N

trategy:
v Near threshold poles (bound )
orvirtual), E5 = 1 or 5 MeV s S
fixed (hints from LHCb data) N -—- n=1, virtual [
v’ & (=1,2,3) fixed T ol
v’ Contribution of Vg, to the o ooh virtuad
&qD lb lh 1£ 1b 2.0
A(GeV)

| 2 2\n 2n
1 e~ (@ +17)"/A™ for meson exchanges
2n 2n

/A7 for the contact term

K binding,/R /
/

Vien (F'=0,k=0,A)

exch

V.3 (k'=0,k=0,A)

] e—q

R

Weak dependence onn

A (GeV)
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Plausible?

—— & =1, bound — £=2, bound —— &=3, bound
- & =1, virtual -== =2, virtual -== £ =3, virtual

» Contact term + two pion/kaon exchange leads

to a molecule of J /Y] /Y

> ]/1/)]/1/) interaction suppressed by OZI or
QCD/mC, no reason for V¢ > Vexen

» Naturalness: contact term is of the same order
as two pion/kaon exchange

» Reasonable cutoff, 1 ~ 1.5 GeV

» We take it plausible if two pion/kaon exchange
has sizeable contributions to the binding of
J/W] /Y, characterized by the ratio

Vien (K'=0,k=0,A)
R= 35 v=or=on ~1/2
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Summary

LHCb J /Y] /Y data can be well described by the coupled-channel method.

Hints of a state near /Y] /Y threshold, with large molecular component.

Soft gluon exchange between J /Y] /1y described by two pion and kaon exchange.

Coupling constants of 1 (2S5)] /ymm coupling extracted from BESII data on y)(2S) — ] /iymm decay.
J /Y] /Ymm coupling is argued to be larger than Y (2S)//ynrm coupling.

With reasonable cutoff A, two pion and kaon exchanges provide sizeable contribution to the

J /W] /Y attraction.

The binding of | /Y] /1) system is plausible, given our current understanding of hadron-hadron
interaction.

V VV V V V

A\

Data in the 1) (25)/ /1 channel = distinguish between the models \
Data in the 1.7, channel = verify predictive power of the models
Data on Y'Y production = check in complementary sector

Lattice simulation of double-/ /1 (n,.) scattering = independent test
Take a look at / /yete™ or [ /iu™ 1~ channels

Lattice simulations of S- and P-wave | /1 m scattering = ¢; and ¢,

/\\\\\\\

)
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THANK YOU /
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