Nonrelativistic QCD as a novel probe to fully-heavy exotic hadrons

Nonrelativistic QCD as a novel probe to
fully-heavy exotic hadrons

Hong-Fei Zhang
Guizhou University of Finance and Economics

July 14, 2025

1/28



Nonrelativistic QCD as a novel probe to fully-heavy exotic hadrons

@ Background

© NRQCD Framework

© Prediction of the Spin

@ Ratio to Explore the Structure

© Conclusion

6 Appendix

2/28



Nonrelativistic QCD as a novel probe to fully-heavy exotic hadrons
Background

Background

Background ]

3/28



Nonrelativistic QCD as a novel probe to fully-heavy exotic hadrons

Background

Double J/v Resonances

@ Double J/1) resonances observed at the LHC
220

T T T
—F—

Toul it

— Resamance 1

— = Threshull BW]

NRSPS
DPS+NRSPS

Weighted candidates / (28 MeV/c?)

9200 7000 8000 9000
My (MeV/c?)

428



Nonrelativistic QCD as a novel probe to fully-heavy exotic hadrons
Background

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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Background

Questions

@ How to determine its JP¢? (Solved!)

@ From first principle
@ Robust!

@ How to explore the structures of these resonances?
o Compact tetraquarks or molecules?
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NRQCD Framework

NRQCD Factorization

@ Cross Section Factorization

Zda )(OH (n))

® n: intermediate state
@ &(n): Short-distance coefficient
o (OH(n)): Long-distance Matrix Element
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Replacement

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

@ For Molecule

@€ — by

. [1, ., PP 1.
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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
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Prediction of the Spin

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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Prediction of the Spin

Ratio versus Transverse Momentum

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

—— Tetraquark LO

NS T Molecule LO
P
W Tetraquark LP
Molecule LP
124
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o '
6 9 13 17 = |
Pt

'HFZ, Y.-Q. Ma, W.-L. Sang, Sci. Bull. 70, 1915 (2025)
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Prediction of the Spin

Ratio versus Rapidity

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

16 T e e e T T
141
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’HFZ, Y.-Q. Ma, W.-L. Sang, Sci. Bull. 70, 1915 (2025)
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Prediction of the Spin

Conclusion

@ The observed resonances are likely spin-2

@ Confirmed by the CMS measurement
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Ratio to Explore the Structure

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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Ratio to Explore the Structure

Results of R

@ Results of R for compact tetraquarks and molecules:

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

@ The two structures can be perfectly distinguished!

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

Conclusion

@ NRQCD successfully predicted the spin of the di-J /1
resonances.

@ NRQCD can access the structure of the fully-heavy exotic
states.
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Conclusion

Thanks

Thanks! J
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Appendix

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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Appendix

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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Appendix

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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Appendix

tic QCD as a novel probe to fully-heavy exotic hadrons

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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Appendix

Thanks!
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