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QCD Factorization for Heavy Quarkonium Production

Production of Fully-Heavy Tetraquark  Summary

NRQCD Factorization

CD
0 Q

Mv¢ (NRQCD
M”? (GNRQCD)

Vairo,
Hadron 2011

See Vitev's talk for more details

@® Quarkonium energy scale Braaten, 1997

7 bb tt
M | 1.5GeV  4.7GeV 180 GeV
Mv | 0.9GeV 1.5GeV 16 GeV
Mv* | 0.5GeV  0.5GeV  1.5GeV

@ Integrate out the heavy(~ M) degrees of freedom

@ [

QCD

NRQCD

3)27


https://doi.org/10.1103/PhysRevD.51.1125
https://www.slac.stanford.edu/econf/C110613/slides/200-slides.pdf
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 https://doi.org/10.48550/arXiv.hep-ph/9702225

QCD Factorization for Heavy Quarkonium Production Production of Fully-Heavy Tetraquark ~ Summary

Universality of LDMEs

OCs) o0 (OCP)/m2 (0CsT)

[GeV®]  [1072GeV?] [1073GeV®]  [1073 GeV?]
Butenschoen, Kniehl, PRD2011 1.32 3.04 —4.04 1.68
Chao, et al., PRL2012 1.16 8.9 0.30 0.56
Gong, et al., PRL2013 1.16 9.7 —-9.5 —4.6
Bodwin, et al., PRL2014 9.9 1.1 1.1
Zhang, et al., PRL2015 0.65 0.78 17 10
Feng, et al., PRD2019 1.16 5.66 3.42 1.77

Selection of J/v) LDMEs from NLO fits using Tevatron (and LHC) data. Lansberg, 2020

@® Both size and sign of universal LDMEs are different. 4
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https://doi.org/10.1103/PhysRevD.84.051501
https://doi.org/10.1103/PhysRevLett.108.242004
https://doi.org/10.1103/PhysRevLett.110.042002
https://doi.org/10.1103/PhysRevLett.113.022001
https://doi.org/10.1103/PhysRevLett.114.092006
https://doi.org/10.1103/PhysRevD.99.014044
https://doi.org/10.1016/j.physrep.2020.08.007
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Heavy Quarkonium Production with Multiple Hard Scales

E.g. Perturbative expansion of color-singlet QQ production: Kang, Qiu, Sterman, PRL2012

@ Hierarchy between pr and mg

provides another way of expansion.

Q>
zZ,
=
o
o
®» W
)
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]

— T ® as() hl;(g) ® When pr > 2mg, NNLO becomes
hr
dominant.
9 —> Expansion in powers of oy might

not be ideal when pt > 2mg.
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Fixed-Order NRQCD v.s. Fragmentation

I~ T
% o \ NLO CSM
L = o001f . -=-= LOCSM
@® QCD factorization [ NS S P
i 107 Sog,_ )
(NLO) ~ A(LO) (LO) F 1071 VS =196Tev .
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@® LO fragmentation/NLP gives a nice o
description of NLO fixed-order results when s :g;\
pr is sufficiently large. 09
TS 20 30 40 50

@ Fragmentation is much easier to calculate.
Kang, Ma, Qiu, Sterman, PRD2015
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https://link.aps.org/doi/10.1103/PhysRevD.91.014030
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QCD Factorization for Heavy Quarkonium Production

pQCD+NRQCD Factorization

Aoy ipx = <03,]/¢> ® Z/dl’adzbfa/h(%, 1) fo 1w (6, 1)
n a,b

~ Resum ~NRQCD 1~ Asym
R |:d0.ab—> ce[n] X + daab—) ce[n] X da(tb—> ce[n] X

Kang, Ma, Qiu, Sterman, PRD2015; Lee, Qiu, Sterman, Watanabe, 2022

® pQCD factorization + FFs: dgfesum x=LP+NLP +...

ab— ce[n]

@® pQCD fixed-order: deVRQCD

ab— ce[n] X

@® pQCD asymptotic contribution: ~NRQCD
- Asym Resum 4o, Sempx P > Me
s cetni (P x = AT 0 celrl(P) X g onder

~Resum
daa,b—>(12[7L](P)X pr Z Me
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https://link.aps.org/doi/10.1103/PhysRevD.91.014030
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Modified DGLAP

@ Physical cross sections does NOT depend on the factorization scale.

Resum
d ‘EthMAMQM() —0
dIn u}% dspP

—> Modified inhomogeneous evolution equations for FFs up to NLP:

0 9 Yy z z
Oln 12 Digay—nlan’) == 7P[Q@(n)]—>[Q©<H)] (;) Diogmy—u(Z, 17,
0 ozé /L
9l 2 15 Doz 1) *Pf—w )Df—>H(Z’ 1?)

Ly z
~Pr0ae () Dieawon (7:2)
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https://link.aps.org/doi/10.1103/PhysRevD.90.034006

QCD Factorization for Heavy Quarkonium Production

@® LP dominant:

pr 2 5(2m.) ~ 15GeV
@® NLP important:
5(2mc) 2 pr 2 (2m.)

@® Matching to fixed-order NRQCD

pr ~ 2mc

Production of Fully-Heavy Tetraquark

Comparison with Tevatron Data

—

—

B;+;- do?/¥ /(dprdy) [pb/GeV
— —_

Lee, Qiu, Sterman, Watanabe, 2022

Summary

04 L CDF 1.96 TeV |y| < 0.6

R ® CDF 1.8TeV |y| <0.6 (x0.1)
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https://doi.org/10.1051/epjconf/202227404005
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Heavy Quarkonium Production at EIC

Leptoproduction of quarkonium is suppressed by the large momentum transfer:
doSIDIS 1

dopd Rdpidy © @

Additional scales are introduced for measurement of photoproduction of quarkonium at HERA.
Collinear factorization allows systematic treatment of photoproduction and QED radiation.
Joint QED and QCD factorization for the single inclusive hadron production:

Liu, Melnitchouk, Qiu, Sato, PRD2021; JHEP2021

dae HX
# ~ [fifel ® Wifp ® ( D{f ® Cyjsr + DE® Cij—mé)

fi/e,p: universal lepton/parton distribution function (LDF/PDF)
DI universal hadron fragmentation function

Cij—+: perturbative calculable IR&CO-safe hard scattering coefficient

10/27


https://doi.org/10.1103/PhysRevD.104.094033
https://doi.org/10.1007/JHEP11(2021)157
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Lepton Distribution Function

@® Combined factorization leads to mixed evolution of LDFs.
—> LDFs are non-perturbative.
@® \Weizacker-Williams distribution at LO

2
WW (e, u?) = ngl(f) (lnu - ) Hinderer, Schlegel, Vogelsang, PRD2015

v/ 2
2m Em;
A 4 =3GeV? | 42 =100 GeV? L 2 =1TeV? 1 EIC: /s = 140GeV,y =0
10 . 10 10 = — Total —- NLP: Lepton
- }‘l“' "“’Idl*;ll ’uq: 10! == LP: Lepton NLP: Photon
— hoton LDI® 9 w++ LP: Phe
—~ — Electron LDF } 10 2/ 0ton
N o100 10° 10° E.10-3
w <107
é = 107t 107! ‘gm;’
G ! Y A I SR 106
< T SS107
5 N\ s s = 8
L 1 1 T ) S 1 B\ S T S T 05575 100 125 1o
13 pr [GeV]
Qiu, Watanabe, in preparation Boer, et al., 2025
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https://www.sciencedirect.com/science/article/pii/S0146641025000092
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Discovery of X(6900)

LHCb e Tntal fit

= Resonance

— = Interference

B merference BW

Weighted candidates / (28 MeV/c2)

00 7000 3000 9000
My, (MeV/c?)

Invariant mass spectrum of .J/t-pair candidates (LHCb, 2020)
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https://doi.org/10.1016/j.scib.2020.08.032
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Production

@ Duality relations: Berezhnoy, et al., 2011, 2012; Kaliner, et al., 2017
@ Color evaporation model: Carvalho, et al., 2016; Maciuta, et al., 2020

@® NRQCD-inspired: Ma, Zhang, 2020; Feng, et al., 2020

O Gluon fragmentation: Feng, et al., PRD2022; Zhu, 2020
O LO at LHC: Ma, Zhang, 2020; Feng, et al., PRD2023
O LO at B factories: Feng, et al., PLB2021, CPC2021

O LO at electron-ion colliders: Feng, et al., PRD202}

@ 7 interaction: Goncgalves, Moreira, 2021

14 /27


https://doi.org/10.1103/PhysRevD.106.114029
https://doi.org/10.1103/PhysRevD.108.L051501
https://doi.org/10.1016/j.physletb.2021.136368
https://doi.org/10.1088/1674-1137/ac0b38
https://doi.org/10.1103/PhysRevD.110.054007

QCD Factorization for Heavy Quarkonium Production

NRQCD Factorization

Production of Fully-Heavy Tetraquark Summary

@ To produce Tyq, one needs to produce two charm quarks and two anti-charm quarks at short

distances ~ 1/m¢ before the hadronization.

@® NRQCD factorization formula

o(Tig) = 3 2 ) (0|07 (uy)| o),

m
Q

n

@® NRQCD production operators

(/)77;4(2 =0, (Z Z | Tyq + X> <T4Q + X) OL/.

X my
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QCD Factorization for Heavy Quarkonium Production Production of Fully-Heavy Tetraquark

NRQCD Operators

Summary

We construct all the NRQCD local operators at leading order of velocity expansion for the S-wave
tetraquark with JP¢ = 0+ 1+ 2++

1 . 7 + Gy * ab;ca
0%3 = _ﬁ[wé(lﬂ)g o] [t (i0?)x ] 3@;3 i
0% = [ lio2 el ko 2)xal Cotiet,

75 (1 i ik H * i S
0583 = Z5e* Whotiovi) (xtioo*xa) €

-‘?53(2) [w (0‘2)0-m/¢b“ 'LO_ ( ) ] I\aﬂ mn C;é;d,

abjed | acsbd adsbe abjed | acsbd adsbe
caed 2{“ 5bd _ gadgte)  cak ._%(5 §bd 4 sodgbey

I , 2
Fk,l,nm — 5 (5km6ln + 6kn6lm o g(skl&mn)
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QCD Factorization for Heavy Quarkonium Production

NRQCD Operators

Production of Fully-Heavy Tetraquark Summary

@ The operators manifest the correct C/P-parity under the charge conjugation/parity

transformations
P —i (ngg)t’ x — —i (1/1Tg2)t

7/}(2&’ I‘) — '(/}(tv —I‘), X(t’ I‘) - _X(t’ —I‘)

@ \We use the basis in which the diquark and anti-diquark in the color-triplet and color-sexet,
respectively. The operators can also be constructed from quark-antiquark pairs in the
color-singlet and color-octet.
@ These NRQCD operators can also be inferred by performing the Foldy-Wouthuysen-Tani
transformation from the QCD interpolating currents in QCD sum rules.
H.-X. Chen, et al.,2020
1727
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Perturbative Matching

Since the SDCs are insensitive to the long-distance physics, one can use the perturbative matching

procedure to determine the SDCs.

@ Replace the physical tetraquark state T, with a free 4-quark state
@® Calculate both sides of factorization formula in perturbative QCD and perturbative NRQCD
@ Solving the factorization formula to determine the SDCs.

181>< )\3 /\4

Eg.,

R@) =3 5 (g

Sl N

182><181182|ij>

Cae | (@) (P ) (@)E (@ - P @)
:><7;‘é<’>;nj(Q) e(my) - O30 >_4
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Factorization Formula

@ For tetraquark production at EIC, pr is relatively small and fixed-order calculation should be

reliable.

@ inclusive production cross section of a hadron 7. at the EIC can be written as

do(y+i— Tue+ X, )
dt '

do B 2z;pr
— lip, P ’ ‘ ’
ddeT Z /Iz‘i“ I’Y Z(l _ z)f’Y/e (I’Y)fz/p (l )

)

® ::=Pp, -P,/P, - P, elasticity parameter;

i M7 —mz
Y sz(1—2z)
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QCD Factorization for Heavy Quarkonium Production Production of Fully-Heavy Tetraquark

NRQCD Factorization

Summary

@® LO partonic channel: v+ g— Ty + g
@ (-parity conservation ~» vector tetraquark state 17—
dé(vg = Tf) + X) _ 2Mr,,

dt ml

F{9,9 (083)

@ more than 300 tree-level Feynman diagrams

2027



QCD Factorization for Heavy Quarkonium Production

SDC

Production of Fully-Heavy Tetraquark

Summary

Fﬁﬁl(;, 1) = P eladr? [7205 (5445 — 52987, + 146217 — 18477 + 497)) — 43217 (—5445 + 9879r, — 552477 + 10307 — 11217 + 4217) 1, + 2175 (3332340 — 84270781,

+845430377 — 410113275 + 11156507; — 25381077 + 436277%) 12 + 217 (5880600 — 178921987 + 2518053377 — 2203511177 + 128077047 — 494512677

+119529175 — 13853317 1% + 7 (14113440 — 495234007, + 8360044277 — 1011123187 + 944090517 — 606572257 + 2405551075 — 53053547 + 5058797%)

+ 77 (11761200 — 495234007, + 9573375677 — 1358043487 + 1644722607 — 15120984875 + 913952171 — 33278237r] + 66118647% — 55553817 12 + 17 (6664680
—357843967; + 8360044277 — 13580434877 + 18689737077 — 20662941977 + 16409157375 — 862665177} + 2795617175 — 501686177 + 3817157,°) 5 + ry (2352240

—168541567 + 5036106677 — 1011123187 + 164472260r] — 20662941977 + 18721675675 — 1195186741} + 5232309475 — 1476298077 + 23814197, — 1654067} ") 77

+ (392040 — 42677287, + 1690860677 — 4407022277 + 944090517} — 15120984877 + 16409157315 — 1195186747 + 5992580477 — 2096926577 + 49461077,° — 6989197

+43850712) 15 + (—381456 + 23863687, — 820226477 + 2561540877 — 6065722577 + 913952177 — 8626651775 + 5232309477 — 209692657; + 568294277 — 10425477}°

+1199417;" — 64807}%) 19 + (105264 — 4449607 + 223130077 — 989025275 + 2405551077 — 332782371} + 2795617175 — 147629807 + 494610775 — 104254717

+ 1356467, —105127;" + 4087;%) 710 + (—13248 + 483847, — 50762077 + 239058277 — 530535477 + 66118647 — 501686179 + 23814197] — 6989197 + 11994177

—10512r10 + 324721) 11 4 (2 31, + 12)° (882 — 18907, + 1327772 — 2197073 + 143547 — 403215 + 40875) rﬂ

x {1327104(3 — )2 (2= )2 (1= 1) (15 (2= 1) — 21)2 (3 — 10)2 (2 — 10)> (1 — 1) (s + 7)° (15 (3 — 27) — :m)z}f1

Asymptotic form of the SDC in large pr

. T i=16m2 /5, 1= 16m2/1

. 605mPate?md (8% 4 st 12 9
PG = (8 s it
34583412 (5 + 1)2 P}
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Production of Fully-Heavy Tetraquark Summary

QCD Factorization for Heavy Quarkonium Production

LDMEs

@® Four-body potential models are adopted to estimate the LDMEs. The results are proportional to

the wave functions at the origin, where the color structure labels C; and C5 indicate the color

configurations 3 ® 3 or 6 ® 6.
(09) 0,) = 1606,006%,(0), (0% ¢,) ~ 4800, (067, 0), (08 5,) ~ 8060, (0)9, (0).
® Numerical results: [GeV?]

Model | : Li, Chen, Dong, EPJC2020
Model Il : M.-S. Liu, F.-X. Liu, Zhong, Zhao, PRD202/

o+t 1+— 2t+

0 0 0 1 2
(063) | (o) [ (o) | (ohs) | (083)
Model | | 0.0347 | 0.0211 0.0128 | 0.0780 | 0.072
Model Il | 0.0187 | —0.0161 | 0.0139 | 0.0480 | 0.0628 2227



https://doi.org/10.1140/epjc/s10052-020-08454-1
https://doi.org/10.1103/PhysRevD.109.076017

QCD Factorization for Heavy Quarkonium Production

Production of Fully-Heavy Tetraquark

pr distributions at EIC

Summary

Vs = 45 GeV s = 63 GeV
0.01 B— Q? <1 GeV? 01 >~ Q2 <1 GeV?
3 3 0.05<2<09
O (9} - & .
) ~ a 10
L &
g —— Model | g 101} — Model |
12
© Model Ii © Model Il
10718
- -y
6 8 10 12 14 16 18 20 10 15 20 25 30
pr [GeV] pr [GeV]
(a) Vs =45 GeV (b) v/s =63 GeV

/s = 105 GeV Vs = 140 GeV
= Q<1 GeV? = Q? <1 GeV?
3 005<2<09] & s 0.05<2<0.9
& 2 ~
u »» oS
g s
3 3 1010

Model Il

Model Il

-=-Jly

10 20 30 40 50
pr [GeV]

(c) V5 = 105 GeV

10 20 30 40 50 60
pr [GeV]

(d) v/5 = 140 GeV
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z distributions at EIC

Summary

= 0.01 =
g £ 0.100
] ]
3 10 3
Js=45Gev] ® 0001 /5 = 63 GeV
= Model | ==+ J/y Q2 <1 GeV? — Model | ==+ Jiy Q% < 1GeV?
Model Il pr26GeV 10 Model Il py26GeV
02 04 0.6 08 0.2 0.4 0.6 0.8
z z
(a) /s =45 GeV (b) /s =63 GeV
1 e B = 100 o omeembmmemmmeemee o o
10 y - 10 -
g ! g2 4
¥ 0100 h 3 /-’\
5 5 0.100
3 3
0.010 e
0001 — Modell ---Jy s = 105 GeV : — Model | ==- J/y s = 140 GeV
o Model Il p; 2 6 GeV Q2 <1 GeV? 0.001 Model Il Py 26GeV Q2 <1 GeV?
0.2 04 0.6 0.8 0.2 0.4 0.6 0.8
z z
(c) Vs =105 GeV (d) Vs =140 GeV
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pr-integrated cross section

@ Integrated luminosity:
100 fb~! /yr@EIC;
50.5 fb~! /yr@EicC;
468 pb~1@HERA.

/5 [GeV] pr range Model | Model Il

[GeV] o [fb] N o [fh] N

44.7 6 — 20 0.022 2.2 0.0031 0.31

ElC 63.2 6 — 20 0.069 6.9 0.0098 0.98
104.9 6 — 20 0.25 25. 0.035 3.5

140.7 6 — 20 0.45 45. 0.064 6.4

HERA 319 6 — 20 1.5 0.72 0.22 0.10

EicC 20 6—9  0.000015 0.00076 2.1x 1075 0.00011
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Summary

Summary

Heavy quarkonium production involving more than one hard scale requires reorganization of series
expansion.

The LP contribution to quarkonium production is significant at large pr, while the NLP
contribution is important at lower pr and is necessary for matching to fixed order calculations.
Combined QED and QCD factorization provides a systematic framework to study the quarkonium
production on ep colliders.

NRQCD factorization could be extended to production of fully-heavy tetraquarks.

(liank vy
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