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1. Background

➢ Quarkonium is a bound state of a heavy quark 𝑸 and heavy 
antiquark ഥ𝑸. 

𝒄 ത𝒄 𝒃 ഥ𝒃

➢ There are many important scales in a heavy quarkonium:

heavy quark mass

typical heavy –quark 
momentum

typical heavy-quark kinetic 
energy and binding energy

𝑣2 ≈ 0.3 for charmonium, 𝑣2 ≈ 0.1 for bottomonium.
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➢ Effective field theories provide a convenient way to 
separate scales

NRQCD factorization
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➢ The features of exclusive quarkonium production processes

• They have clean experimental signature 

• Their production mechanism is simple

Can be easily distinguished from the background.

Can be calculated to a higher accuracy.

➢ A large number of Z bosons can be produced at colliders

Platforms LHC FCC-ee CEPC ILC

Number of Z bosons 5 × 109/𝑦𝑟 5 × 1012 4 × 1012 ~109
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2. Z-boson decays to quarkonium plus photon

➢ Experimental searches

• ATLAS Collaboration, PRL 114, 121801(2015); PLB 786, 134(2018);
EPJC 83,781(2023).

• CMS Collaboration,    EPJC 79,94(2019); arXiv:2411.15000.

Process Experimental upper limit Theoretical prediction

𝐵𝑟(𝑍 → 𝐽/𝜓 + 𝛾) 6.0 × 10−7 (CMS2024) 1.1 × 10−7

𝐵𝑟(𝑍 → 𝜓(2𝑆) + 𝛾) 1.3 × 10−6(CMS2024) 4.8 × 10−8

𝐵𝑟(𝑍 → Υ + 𝛾) 1.1 × 10−6(ATLAS2023) 5.4 × 10−8

These searches could calibrate 
the experimental techniques  
for measuring the 𝐻 → 𝑉 + 𝛾
decays.
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➢ Theoretical studies

• NRQCD, 𝒪(𝛼𝑠
0𝑣0) , [B. Guberina et al, NPB 174, 317 (1980)]. 

• NRQCD,LCDA, 𝒪(𝛼𝑠
0𝑣0) , [A.V.Luchinsky et al, arXiv:1706.04091].

• LCDA, 𝒪(𝛼𝑠
1𝑣0) , [X.P. Wang and D.S.Yang, JHEP 06,121(2014)].

• LCDA, [𝒪 𝛼𝑠
1𝑣0 + 𝒪 𝛼𝑠

0𝑣2 ], [T.C.Huang et al, PRD 92,014007(2015)].

• NRQCD+ LCDA, 𝒪 𝛼𝑠
2 + NLL , [W.L. Sang et al, PRD 106,094023(2022);

W.L. Sang et al, PRD 108,014021(2023)].

𝒁 → 𝑽 + 𝜸 (vector quarkonium production)

• LCDA, [𝒪 𝛼𝑠
1𝑣0 + 𝒪 𝛼𝑠

0𝑣2 ] + NLL , [Y.Grossman et al, JHEP 04,101(2015)

G.T. Bodwin et al, PRD 97,016009(2018)].

The high-order corrections have been calculated up to 𝒪(𝛼𝑠
2) and 𝒪(𝑣2).

The joint (QCD and relativistic) 𝒪(𝛼𝑠𝑣
2) corrections?

• 𝑍𝑏ത𝑏 anomalous coupling, [B.Yan and P.Sun et al, PLB 829,137076(2022)].



Xu-Chang Zheng(CQU) Exclusive quarkonium production in Z decays

𝒁 → 𝓠 + 𝜸

2025/3/29 8

➢ NRQCD factorization

(Up to order 𝑣2) 

Short-distance coefficients (SDCs), IR safe

Long-distance matrix elements (LDMEs),

Can be calculated through perturbation theory

for

for

We calculate the SDCs 𝑐0 and 𝑐2 up to 𝒪(𝛼𝑠 ).

Can be extracted from experimental data



Xu-Chang Zheng(CQU) Exclusive quarkonium production in Z decays

𝒁 → 𝓠 + 𝜸

2025/3/29 9

➢ Extracting SDCs through matching

Applying the NRQCD factorization formulism to an on-shell (𝑄 ത𝑄) pair: 

Calculated by Feynman diagrams
Calculated perturbatively 
based on the definition

The SDCs 𝑐0 and 𝑐2 up to 𝒪(𝛼𝑠 ) can be extracted.
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➢ Calculating the amplitude for the on-shell (𝑸ഥ𝑸) pair

Tree level Feynman diagrams

One-loop level Feynman diagrams (part)

𝑝1
𝑝2

The relations of momenta:

The projector for the (𝑄 ത𝑄) pair :



Xu-Chang Zheng(CQU) Exclusive quarkonium production in Z decays

𝒁 → 𝓠 + 𝜸

2025/3/29 11

➢ Expanding the amplitude in 𝒗

Averaging over the spatial direction of q:

➢ 𝜸𝟓 scheme in dimensional regularization（Larin scheme）

Finite renormalization should be introduced
to the axial vector vertex.
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➢ Calculating the LDMEs for the on-shell (𝑸ഥ𝑸) pair 

The LO LDMEs for (𝑄 ത𝑄) pair:

The LDMEs for (𝑄 ത𝑄) pair up to 𝒪(𝛼𝑠𝑣
2):
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➢ Input parameters

,

Input for LDMEs:

Extracted from the exclusive 
decays of quarkonia.

[G.T. Bodwin et al, PRD 77,094017(2008);
H. S. Chung et al, PLB 697,48(2011)].
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➢ Numerical results

• Decay width of 𝑍 → 𝜂𝑐 + 𝛾 (eV)

• Decay width of 𝑍 → 𝐽/𝜓 + 𝛾 (eV)

The 𝒪(𝑣2) and 𝒪 𝛼𝑠𝑣
2 corrections have important contributions.

[G.Y. Wang, X.C. Zheng, X.G. Wu et al, 
PRD 109,074004(2024)].
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➢ Numerical results

• Decay width of 𝑍 → 𝜂𝑏 + 𝛾 (eV)

• Decay width of 𝑍 → Υ + 𝛾 (eV)

[G.Y. Wang, X.C. Zheng, X.G. Wu et al, 
PRD 109,074004(2024)].
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➢ Numerical results

• Comparison of the contributions (eV) from different orders:

𝒪(𝛼𝑠
2) corrections are taken from  [W.L.Sang, D.S.Yang et al, 2023]

[G.Y. Wang, X.C. Zheng, X.G. Wu et al, 
PRD 109,074004(2024)].
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➢ Numerical results

• Branching fractions from theoretical calculation

• Experimental upper limits

6.0 × 10−7

< 1.1 × 10−6

[CMS,2024]

[ATLAS,2023]
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3. Z-boson decays to double 𝑱/𝝍

➢ Experimental searches

• CMS Collaboration,    PLB 797, 134811 (2019);
PLB 842, 137534 (2023);

𝐵𝑟(𝑍 → Τ𝐽 𝜓 + Τ𝐽 𝜓) < 1.4 × 10−6
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➢ Theoretical studies

• LO QCD, [L. Bergstrom et al, PRD 41, 3513 (1990)]. 

• LO QCD, [A.K. Likhoded et al, Mod. Phys. Lett. A 33, 1850078 (2018)]. 

• LO QCD+QED Fragmentation, [D.N. Gao et al, CPC 47,043106 (2018)]. 

Including the photon fragmentation contribution

• QCD+QED Frag (NLO), [C. Li et al, JHEP 10,120 (2023);

X. Luo et al, arXiv:2209.08802]. 

Theoretical branching fractions Reference

2.3 × 10−14 A.K. Likhoded(2018)

1.1 × 10−10 D.N. Gao (2018)

1.1 × 10−10 C. Li(2023)
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➢ Motivation

The dominant contribution comes 
from the photon fragmentation.

• The perturbative expansion of the amplitude of 𝜸∗ → 𝑱/𝝍 does not converge

F. Feng and Y. Jia et al, 
arXiv:2207.14259

• Large Logs 𝐥𝐧 𝒎𝒁
𝟐/𝒎𝒄

𝟐 appear in the amplitude of 𝒁 → Τ𝑱 𝝍 + 𝜸∗



Xu-Chang Zheng(CQU) Exclusive quarkonium production in Z decays

𝒁 → 𝑱/𝝍 + 𝑱/𝝍

2025/3/29 21

➢ Fragmentation amplitude

• Extracting                        from experimental data

𝛾∗

𝐽/𝜓
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• Calculating                                    through light-cone approach

Hard-scattering  kernel LCDA

𝜇 = 𝑚𝑍

X.P. Wang and D.S. Yang et al, JHEP 06,121(2014)
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Calculating the LCDA based on the NRQCD factorization

X.P. Wang and D.S. Yang 
et al, JHEP 06,121(2014)

𝜇0 = 𝑚𝑐

W. Wang, J. Xu and D.S. Yang et al, JHEP 12,012(2017).

J.P. Ma and Z.G. Si, PLB 
419,426(2007)
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Solving the ERBL equation

The large logs of 𝑚𝑍
2/𝑚𝑐

2 are 
resumed through the ERBL 
evolution. 

ERBL evolution
𝜇0 = 𝑚𝑐 𝜇 = 𝑚𝑍

Gegenbauer expansion of the LCDA

The sum over n is divergent!
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Abel summation:

Padé approximant:  

𝑓 𝑧 = ෍

𝑘=0

∞

𝑐𝑘𝑧
𝑘 ,

𝑅[ Τ𝑚 𝑛] 𝑧 =
𝑃𝑚(𝑧)

𝑄𝑛(𝑧)
=
𝑎0 + 𝑎1𝑧 + ⋯+ 𝑎𝑚𝑧

𝑚

1 + 𝑏1𝑧 +⋯+ 𝑏𝑚𝑧
𝑛
,

𝑓 𝑧 − 𝑅[ Τ𝑚 𝑛] 𝑧 = 𝒪 𝑧𝑚+𝑛+1 .
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➢ Non-fragmentation amplitude

NRQCD factorization:
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➢ Numerical results

• The decay width of 𝒁 → Τ𝑱 𝝍 + 𝑱/𝝍 (𝟏𝟎−𝟏𝟐GeV)

• The branching fraction of 𝒁 → Τ𝑱 𝝍 + 𝑱/𝝍

Br(this work) Br(C. Li et al,2023) Br(CMS,2023)

[G.Y. Wang, X.G. Wu , X.C. Zheng et al, 
EPJC 84,544(2024)].
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➢ The exclusive quarkonium production in Z-boson decays provides a good 

platform for studying the strong interaction and Z boson properties;

➢ The 𝓞(𝒗𝟐) and 𝓞(𝜶𝒔𝒗
𝟐) corrections are important in the precise prediction 

of the decay widths of 𝒁 → 𝓠+ 𝜸 ;

➢ The accuracy of the theoretical prediction for the decay width of 𝒁 → 𝑱/𝝍+

𝑱/𝝍 are improved (light-cone approach, 𝑴𝜸∗→𝑱/𝝍) compared to the fixed-

order calculations in the literature .

Summary
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Thank you！


