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Introduction

X(3872) by Belle, in 2003 -
Z+c(3900) by BESIII and Belle, in 2013 1|
Pc states by LHCb, in2015 .

Their nature?
= Quantum number?
= The inner structure?

/

Amplitude analysis
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Only one physical amplitude!

It should satisfy the fundamental QFT
principles

It should be compatible with the data
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X(6900)

- -FuIIy heavy tetra-quark state(s)?
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. FSI needs to be taken into account to perform an
amplitude analysis

= Methods: KM, N/D, AMP, Roy equation, PKU,
Pade, LSE, BSE, ChEFT, et.al.

= Fixed scattering, decaying amplitudes: extracting
resonance information

L E D=
[m — \ :
! Yao, Dai, Zheng, Zhou,

RPP84(2021)076201



Inner structure?

= |Interpretation these amplitudes, poles?

inner structure?

mass, width, coupling;
pole parameters

amplitudes (PWA)

l quantum number

ChEFT+FSI



Pole counting rule

= Pole counting rule: distinguish molecule and BW
resonance.

= At the very beginning, applied to light mesons
\ Morgan NPA543 (1992) 632.
Dai,\Wang and Zheng

CTP57 (2012) 841, CTP58 (2012) 410

= Applied to heavier mesons

Dai, Sun, Kang, Szczepaniak, Yu,
PRD 105 (2022) 5, L051507
Kuang,Dai,Kang,Yao,

EPJC 80 (2020) 5, 433

Dai, Shi, Tang, Zheng,

f?
= Any tools else PRD 92 (2015) 1, 014020



—— phase shifts?

= Phase shifts help to study hadronic scatterings
and resonances therein

= Successful in study of light scalars: PKU,Roy
equation, Omnes representations, etc.
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Zhou, Qin, Zhang, Xiao, Dai,Pennington, PLB736(2014)11;
Zheng,JHEP 02 (2005) PRD90 (2014) 036004;

= The phase shifts of a narrow BW resonance rise
from O to 180 degrees, crossing 90 degrees at

E=M




2. Formalism

= coupled channels: J/wJ/p. w(2s)Jd/y-

W(3770)J/yp
J/’L,b ¢(25) ’Lp(3770) Me he X c0 Xl Xc2
i 1=~ i 1=~ g 1+ g 1t Piver
Jii &

(MeV)  3096.9  3686.1 3773.7 29083.9 35256.4  3414.7 3510.7 3556.2

= N:Ne~ hche channels are supressed by HQS

= Energy region: [6.2,7.2] GeV

Dong, Baru, Guo, Hanhart, Nefediev,
PRL126, 132001(2021)
Gong, Du, Zhao, PRD, 106(5):054011, 2022



Effective Lagrangians

= Four vector interactions, similar to HGLS

formalism Geng, Molina, Oset.
CPC41(12):124101, 2017.
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Zhou, Guo, Kuang, Yang, Dai,
arxiv:2207.07537 [hep-ph]

= Feynman diagrams up to NLO

I/ i
I/ U

PO =0 e es

(25

(12



Building amplitudes

= PWA

T o (8 7)) = 16wl 3 (BT LTS (s)d (%) .

H1p25H3 Ha

J
= Time reversal and parity invariance reduce the
amplitudes

= Tranfer amplitudes from helicity to the JMLS
representation
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PW amplitudes
* Five PWs at last

L S=40 g=1 g =2
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= |gnoring PWs with L>=2

= No S-D coupled channel scatterings



Unitarization

= unitarity: 1ignore the S-D coupled waves

= 1/
(L'S'|T? — T/T|LS) _@4[1” ‘ Y (LS'|TT LS (L"S"|TY|LS) |

cm L S
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= Pade approximation: successful in confirming
existence of light scalars, restore unitarity and
perturbative amplitudes up to NLO

1 - TLO ; [TLO o TNLO]—l : TLO

Dai,\WWang and Zheng
CTPS57 (2012) 841, CTP58 (2012) 410



Invariant mass spectra

= Each channel contributes a ratio Q;

d EV@HtSl - 11,3
d\/g — Nl .2 pcm Z / dzs Z(]i T#i#iﬂa?:ﬂ:i 9 zs)[z

K123 He

Into the forms of PWs

S [ I T o0 = 5120 [ IFIZ )P +SIEZ )P + IS0 + SO + SIS 0P
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J41 42 43 g
i1 oz g

= Compatible with AMP method

= absorbing l.h.c. and distant r.h.c.
= Fulfill FSI theorem P () =% NI )

Dai,Pennington, PLB736(2014)11; PRD90 (2014) 036004;
Dai, Shi, Tang, Zheng,PRD 92 (2015) 1, 014020
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Couplings

" Couplings are reasonable

= So far, so good....

parameter Fit.I(LHCb) Fit.I[(CMS) Fit.III(ATLAS)
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= Lack of angular distributions!
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= 1S, dominates around 6900 MeV'!
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Fits

= 1S, dominates around 6900 MeV for both J/@J/y.
W(2S)J/y channels
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= 5S, Contributes a large background



Pole analysis

= One resonace found in!'S, wave: X(6900)----0**

= Couple channels case: a pair of accompanying poles

= Triple channels case: Four poles in unphysical sheets, implying
the BW origin.
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Phase shifts

= Phase shifts of 'S, 1s very likely to the one generated by
a narrow BW resonacne: tetra-quark

= QOther waves should contribute backgrounds
e
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One needs PWA to extract pole parameters for the
resonance: quantum number, mass, width, residues...

Amplitude analsysis connects QFT principles and Exp. FSI
needs to be considered when performing amplitude analysis.

It is very likely to be a compact tetraquark, and has quantum
number 0++

__ We lack enough data on the angular distribution, which
INEXA would be essential to separate the partial waves.Our
framework can be applied to other scatterings.
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Thank You For your patience.



