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Overview

Double J/v Resonances

@ Double J/1) resonances observed at the LHC
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Possible candidates (S-wave)

Tecce  1S0(1S0.1S0) 1S0((S51.351) °5:(351.351)
M g/ 1S °S,

@ Mass splitting: mc.v* ~ 100MeV
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Questions

@ How to determine its JP¢? (Solved!)

o From first principle
o Robust!

@ How to explore the structures of these resonances?

@ Compact tetraquarks or molecules?
o Where is the ground state?
o Radial excited or orbital excited?
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NRQCD Factorization

@ Cross Section Factorization

do(H) = da(n)(0" ()

@ n: intermediate state
e &(n): Short-distance coefficient
o (OM(n)): Long-distance Matrix Element

o Difficulty: (OH(n)) ~ m2a2, no available data!
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Replacement

e For J/v
_ 1 1
vi(pp)Tj(pa) = My = m\/—N—&'j‘ﬂiﬁ +myy)
d3p 2

dd,dd, — db,, = [0/0(0)|

(2m)32pg my

9/32



Nonrelativistic QCD as a novel probe of fully-heavy exotic hadrons
Results for the LHC experiments

Replacement

@ For Molecule
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Replacement

@ For Genuine Tetraquark
¢ CParity Transformation:

T (o) (k1 + ) (Kot m)v) (pre)
=T (P(e.d))(—Kn + mn) ... (— K1 + m1)v (pb)

@ Replacement

Vib(pb)Uia (Pa) ® v; c,d)( (C,d)) ( P(d, c))

]- 5/alC5/ iy — 5131 51 ic
_>32€SSZ bd\/ﬁ = (P—FM)@FY (P—I_M)

Viy (pb)ﬁia (pa) ® v; c,d)(p(C,d) )Ei(d,c) (p(d,c))
OnicOiyiy + OiiyOipi
b CBOWE o3Pt M) @9 (P M)

ialc

—S,
32 24

%

11/32



Nonrelativistic QCD as a novel probe of fully-heavy exotic hadrons
Results for the LHC experiments

Quantity to explore the spin

@ Ratio (R) of cross sections for spin-2 to spin-0

7y = do(Tecze[2]) _ 5d6(ccz2™])

R(T) = do(Tecze[0HF]) ~ dé(ccee[otH])
do(Myp[2tF])  5de(ye[27+])

R(M) = da(I\/IZZ[OJFJF]) d&(yp[0F])

@ Free of nonperturbative parameters!
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Ratio versus Transverse Momentum

@ Ratio of cross sections for spin-2 to spin-0'
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'HFZ, Y.-Q. Ma, W.-L. Sang, Sci. Bull. 70, 1915 (2025)
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Ratio versus Rapidity

@ Ratio of cross sections for spin-2 to spin-0?

16 T e e e T T
141
124
I
o
s{ —— Tetraquark LO
6{ 77T Molecule LO
o) Tetraquark LP
N Molecule LP

’HFZ, Y.-Q. Ma, W.-L. Sang, Sci. Bull. 70, 1915 (2025)
14/32



Nonrelativistic QCD as a novel probe of fully-heavy exotic hadrons
Results for the LHC experiments

CMS Measurement

@ Confirmed by the CMS measurement!

Determination ofthe spin and parity of
all-charmtetraquarks

https://doi.org/10.1038/s41586-025-09711-7 The CMS Collaboration*=
Received: 9 June 2025

Accepted: 6 October 2025 The traditional quark model'?accounts for the existence of baryons, such as protons
Published online: 3 December 2025 and neutrons, which consist of three quarks, as well as mesons, composed of a quark—
antiquark pair. Only recently has substantial evidence started to accumulate for exotic
states composed of four or five quarks and antiquarks®. The exact nature of their
internal structure remains uncertain*?’. Here we report the first measurement of
quantum numbers of the recently discovered family of three all-charm tetraquarks®=2,
using data collected by the CMS experimentat the Large Hadron Collider from 2016 to
2018 (refs. 33,34). The angular analysis techniques developed for the discovery and
characterization of the Higgs boson®* have been applied to the new exotic states.
Here we show that the quantum numbers for parity Pand charge conjugation C
symmetries are found to be +1. The spin Jof these exotic states is determined to be
consistentwith 2/, while 01 and 11 are excluded at 95% and 99% confidence levels,

Open access

[®|Check for updates

respectively. The/™=2"" assi: implies particular configurations of constituent
spinsand orbital angular momenta, which constrain the possible internal structure
of these tetraquarks.
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Extraction of LDME by Fitting

@ LHCb measured the fraction of the cross section for the
resonance over that for double J/1) in the region

pi I > 5.2Gev, 2 <y < 5, pY < 10GeV.
o [Wc(0)]> = (7.0+2.7) x 10°GeV?
o [Wm(0)|[¢ry0(0)]* = (2.1 +£0.8) x 1075GeV®
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Ratio to distinguish between compact tetraquarks and
molecules

@ Ratio R to distinguish between compact tetraquarks and
molecules

cEE —7 CE)

B(T.
R = BTz = JJ0)

@ Free of nonperturbative parameters!
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Results of R

@ Results of R for compact tetraquarks and molecules:

R(T)~ 3.4
R(M) ~ 780

@ Perfectly distinguish between the two structures!

@ The structures of the resonances can be explored even by
measuring the upper or lower limit of R.

o B(X(6900) — J/1 + ) ~ 1078
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Y states

( = 177) compact tetraquark states:

o y1 = CXMGTXT(Se = 1)¢(Le = 1)x (Sz = 0)p(Le = 0)¢pec—zz(L = 0)
oy = cschG X" (Se = 1)(Le = 0)x~ (Se = 0)p(Le = 1)dpec—ce(L = 0)
o Yi=1(n—Pn—Cyn+PCly)

e Y, = (yg — .‘Syg — éyg + IS(_A"yg)

° V3= csfsfc XH(Se = 1)é(Le = 0)x™ (Se = 1)¢(Le = 0)oc—ce(L = 1)
o Y, = cscsfc+ (S = 0)(Le = 0)x~ (Sz = 0)d(Le = 0)pec—ce(L = 1)
@ Y molecule states:

o J/me

° J/"Z}XC

@ |t is possible to observe them using initial-state radiation.
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T Decay to di-J/v resonance plus ~y

® B(T — X(6900) +~v) =2 x 1078
@ Number of events at Super B-factories: about 100 events.

@ It is possible to be observed in the future.
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Ratio to distinguish between compact tetraquarks and
molecules for Y states

@ Ratio R to distinguish between compact tetraquarks and molecules for Y
states
B( YCCEE — CE)

R =
B( Yecee — 77c7)

@ Free of nonperturbative parameters!
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Discussion

@ Y states can serve as benchmarks of the fully-charm
tetraquarks.

@ It is possible that di-J/1 resonances be observed at
B-factories.
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Conclusion

Conclusion

@ NRQCD as a promising method to access the nature of
fully-heavy exotic states.

@ Y states can serve as benchmarks of the fully-charm
tetraquarks.

@ The structure of a family of exotic states might be determined
for the first time!
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Thanks! J
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Hartree-Fock Method

@ Wave function ansatz: Slater determinant

Yi(xa) a(xa) ... Yn(xa)
Yi(xe) 2(x) ... Yn(x)

V1(xn) Y2(xn) -0 Un(xn)

@ Hartree-Fock Equation

h2
—%V;w;(x;) + /d3X1 o d3xidBxipr L d3x,

< 1 (x )P [ica (xim 1) P i (xi1) [P - - [n(xn)]?
X V(x1,x0,..., xn)0i(x;) = Eiti(x;)
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Drawbacks of the Hartree-Fock Method

@ Incapable of strongly correlated systems
@ Slater determinant ansatz

@ Low precision
@ fail in solving hydrogen ground-state energy

@ Kinetic energy of the center of mass cannot be naturally eliminated
@ each v; has kinetic energy
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New Ansatz

@ Construct an eigenstate of angular momentum

@ Spacial wave function

Y= > O Yin(0,9)Ru(r) A

mm’ mymyp

X Yiymy (01, 91) Ringyy (1) Yigm, (02, 92) Rony i (12)

@ Functions to be solved: Ry, Rini, Ronyi
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Hartree-Fock Equations

@ Hartree-Fock Equation via new ansatz

[—h—2 (%;—;r— I(Ir-|2— 1)> + Vo(r) —50} Rn(r) =0,

[ 12 (1 d? h(h +1)
(=5 -1
rdri ri

) + Vigg(n) + Va(n) — 51} Rinp(r1) =0,
2 /1 d? h(h+1
- ———n- 2(272) + Vgq(r2) + Va(r2) — & | Ranyip(r2) =0
ra dr; r

Vaa(rm, )= Y Vienmibm (f 11, 2) Yim (0,9) Yimy (61,91) Yiymy (02, 92)

Imlymy lpmy

Vo(r) :/drldr291(r1)92(r2)V/mllmllzmz(r7 r, rn),
Vi(r) :/drdrz@(r)gz(rz)V/mllmllzmz(r, r,rn),

V2(r2)=/drdr19(r)91(f1)V/mllmllzmz(f, r, r)
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