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Challenges in Heavy Quarkonium Production

* Non-Relativistic QCD FactorizaW\
o
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Short-Distance

* Our Primary Focus
- LDME universality: Theory vs. Reality
- Inability to distinguish LDMEs via p spectra

= Need for complementary probes!
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Quarkonium-in-Jet as a Solution
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- Beyond the p; spectrum § o}

- Breaking the degeneracy ™
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- Testing universality of LDMEs

* Expanding experimental measurements

| Chao et al.
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NRQCD: Effective Theory for Heavy Quarkonium

* Scale Hierarchy
- Hard (mg) >> Soft (myv) >> Ultrasoft (myv?)

* Factorization Theorem
o ~ Z o>PC x (0" (n)) (1 + (9(’02))

* Velocity Scaling
- Expansion in v (v% ~ 0.3 for J /Y, v*> ~ 0.1 for Y)
- Hierarchy of LDMEs
1 8 8 8
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Factorization Theorem

* Single heavy quarkonium production: pp(ep) = i(H) + X

o~ 6 (2) ® G (2, 21) (1 + O(md /%))

~6'(2) ® ® D (211)
~6(2) ® ®Z Lon(ze) x (07 () (1 + O(v?))
where z —17% /pT, ZH = pT/p]et _p>_

6'(z) :Hard scattering process
: Perturbative jet evolution and collinear radiation
d?, (zy) : Short-distance matching of parton j onto QQ(n)
(0" (n)) : Non-perturbative transition from QQ(n) to H
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Fragmenting Jet Functions (FJFs)

G!'(s,z): constraints on jet invariant mass s with light hadron h
M. Procura, I. Stewart (2009), A. Jain, M. Procura, W. Waalewijn (2011)

GM'E,R,z): jet algorithm with R and resum threshold log .
M. Procura, W. Waalewijn (2011) Z = prJI!/p%ﬂ

GH(E,R,z) : application to heavy quarkonium H

M. Baumgart, A. Leibovich, T. Mehen, |. Rothstein (2014)

Gz 21, Es, R) : semi-inclusive FIF!  where z = pis'/pl | 2z = p2 /pl¢*
T. Kaufmann, A. Mukherjee, W. Vogelsang (2015), Z. Kang, F. Ringer, I. Vitev (2016)

Generalize with z and zy dependence

dz" ZH
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Scale hierarchy and Resummation

e DGLAP evolution

Hard scale (uy ~ pr) &' (z,pr) ® G (2, zm, pr)
Jet scale (‘Ll] ~ pTR) t7?,](za ZH,pTR) X Df(ZH,pTR)
Fragmentation scale (uy ~ 2mg) Z[df—)n(zHa 2mQ)]>< (0" (n))

* Threshold Resummation for the quarkonium FF
H. Chung, U. Kim, J. Lee (2024, 2026)

NRQCD Hard scale (uygy ~mg) Working at fixed hard scale (,uNR,H ~ mQ), no evolution!
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Threshold Resummation for the Quarkonium FF

H. Chung, U. Kim, J. Lee (2024, 2026)
* Singular behavior of Fixed-order FFs at NLO

(%)" llogz”"l(l — z)] ® Do)

78 1—2

 Target Channels (Gluon FFs) - 351[8],313][8]
* Resummation Framework in Mellin space

Mresum a 5O . 1| —2log(1 —
Dygomn (V) = exp [J7] DySogu)(N) where 7 = % /0 dz 2! [ ol Z)]
1 +
Je{\zl:m = Jsj\;:m = —J;V
* Advantage of Threshold Resummation
- Restoring convergence
- Positivity of cross section

- Phenomenological accuracy (Fixes y.1(3872) overestimation)
W. Lai, H. Chung (2025)



With vs. Without Threshold Resummation

g - 351[8] | g - 3PI[8]
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= Threshold resummation restores the physical distribution
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Classification of LDME Sets for J /Y

« Same signs for (0(351[8])) and (0(319][8]))
- Category 1-> (Small (0(15(58]» Han ‘14, Zhang ‘14, Shao ’14, Brambilla ‘21, Chung ‘24

8
- Category 2> (La rge (0(1S(E ])) Gong’12, Shao ‘14, Bodwin ‘15, Feng ‘18, Butenschoen ‘22

* Opposite signs for (0(351[8])) and (0(313][8]))

- Category 3 Butenschoen ‘11, Bodwin ‘15
(OCST)) (OGS (0(1Sgh)  (OCPyY))/m?
x GeV®  x1072 GeV?® x 1072GeV? x1072 GeV?
Cat.1  Brambilla et al.[15, 72] 1.18 £0.35 1.40+0.42 —-0.63+3.22  2.33+0.83

Cat.2 Bodwin ct al. [11] 1.324+0.20 —0.71+0.36 11.0£1.4 —0.31 £ 0.15
Cat.3 B&K [6] 1.324+£0.20 0.22 £ 0.06 4.97 £0.44 —0.72 £ 0.09
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Muon acceptance A

1.0
* Why Muon Channel (H - u*u~)? 03
- Superior Signal Purity .
. . . e 0.4+ prijet) = 20 GeV 4
- High Trigger Efficiency | — Lk muoncut |
- Excellent Mass Resolution CMS muon out

0.0 0.2 0.4 0.6 0.8 1.0

Z,//L.

* Kinematic Requirements for Muon Detection

LHCD [19]: Both muons satisfy 2.0 < n(p) < 4.5 and pr(u) > 0.5 GeV, with the | 4cop (2017)
additional requirement that p(u) > 5 GeV, and +/pr(ut)pr(u=) > 1.5 GeV.

CMS [73, 74]: Each muon satisfies one of the following kinematic domains, depend- CMS (2021)
ing on its pseudorapidity: pr(u) > 3.5 GeV for |n(p)| < 1.2; pr(p) > (5.47 —
1.89|n(u)|) GeV for 1.2 < |n(u)| < 2.1; and pr(p) > 1.5 GeV for 2.1 < |n(p)| < 2.4.

d’sc _ N(pr,y) < 1 >
dprdy  LAyApr \e(pr,yJA(pt, V)
11

CMS example (A corrected): B(Q — uu™)



Application 1: J /1 at the LHCb
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Cat. 1: Discrepancy at low zg
Cat. 2: Better agreement with data
Cat. 3: Similar to Cat. 2 result
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Y. Wang, D. Kang, H. Chung (2025)

Cat. 3: B&K
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0.21

- ‘
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B&K
pr(jet) > 20GeV

 LHCb

—— prompt

= Allows us to discriminate between different LDME sets

12

012 0.I4 O.I6
z(J/)

0.8 1.0
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Application 2: | /1 at the EIC: A New Frontier

* EIC Photoproduction (g =~ 0) Partonic Cross Section

—  10gq : EIC o LHCb
6F pr(jet) =20 GeV ] pr(jet) = 20 GeV, n(jet) = 3
----- NLOq = 2157
LOg 5, S10f
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* Ry Comparison in Cross section
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= EIC: a complementary facilitiy to test LDMEs
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Enhancement of
quark-initiated process at EIC
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R, is higher at the EIC across
all octet channel



Application 2: | /1 at the EIC: A New Frontier

* LDME Sensitivity Cat.1 Cat2  cat3

sof EIC ' ] 20f EIC
Brambilla et al. Bodwin et al.
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* Jet Radius (R) Dependence
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= Changing R provides enhanced discriminating power to the LDME
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Bottomonium vs. Charmonium - preliminary

* Key Physical Parameters

_ Charmonium (J /y) Bottomonium (Y (15))

Quark Pole Mass (m) ~1.5 GeV ~ 4.8 GeV
Velocity (v?) ~0.3 ~0.1

NRQCD Expansion (v?) Good Excellent

SCET Expansion (mg/p7) Typical Enhanced

= Y'(1S) has smaller v* for NRQCD, it requires higher py

15



Bottomonium vs. Charmonium - preliminary

« LDME Comparison : Y (1S) vs. J /Y

Velocity scaling ~myv3 ~myv’ ~myv’ ~myv’
]/ (GeV?3) 0.55 0.050 0.050 0.050
Y (1S) (GeV?) 3.49 0.035 0.035 0.035
Ratio (B/C) 6.31 (> 1) 0.70 (< 1) 0.70 (< 1) 0.70 (< 1)
Y (1S), Feng etal J/Y, B&K
0.00012 "1 ST : 0.00008
O-n(loo GeV) 0.00010]
; 0.00004
— 3S1[8] 0.00008 _—
0.00006 |
2RJIS] 0.00004] 0000024
e 180[8] 0.00002 - 0-00001:
— 381[1] vooooo:- o.oooooi
] S R
zH zH

= Enhanced Color-Singlet sensitivity in Bottomonium
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Feeddown Components: y; vs. x. - preliminary

* LDME Comparison: y3(1P)

Velocity scaling ~mgv® ~myv>
X (GeV?3) 0.17 0.17
xp (GeV3) 0.35 0.35
Ratio (B/C) 21(> 1) 2.1 (> 1)

Y(1S), Feng et al
o (60 GeV) |

0.006

— direct + feeddown from y;, (1P)

0.004

direct

= Prompt Y(1S) is highly sensitive to the P-wave feeddown
17



Conclusion

* zy distribution (siFJF) breaks LDME degeneracy

* Threshold resummation for quarkonium FF restores convergence
and ensures positivity in cross section

* EIC provides complementary sensitivity to quark FFs

* Bottomonium provides a testbed for the consistency of
SCET + NRQCD factorization across different mass scales
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Backup

Factorization Theorem

dOpp—s (jet H)+ X / dOab—itX (PT H
— d a,d a as 3 d 1 K ; . R, :
dprdndzu %:z/ ZadZb fo/p(Tas 1) fo p (@6, 1) | dz Gl ( ol u) GH(z, 2y, prR, 1)

19



Backup

Grammer-Yennie approximation

D _g“l/zd—-g +00d B _iK+x—
12 = S NI )@= 9) / ve

y .
< {01, 001 (00, )y ey (00, )G, (12 )10) whro @il ) = Pexp i [ axk- 4i(e)]

x

—00

tl
W, (t,t) = P exp [—z’g / dApy - A(py M) bt = T [@(p1) Wy, (00, 0)(—igy*T*) W}, (00, 0)v(p2)]
t

2

I;ﬁsaﬂ(z)7

—1

Dsoft (Z) — ZMCfrag K2—‘|‘718

9—QQ

where S,5(z) is the soft function defined by
_ T
5°%(2) = (O[T [ AZ@0(00,0)] 2m8(n - — PH(1 = )T [A58E (00,0)] [0)
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Backup

Partonic cross section at the EIC (direct vs. resolved)
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Backup

Velocity Scaling 1

TABLES

Operator Estimate Description

Qs v effective quark-gluon coupling constant
P (Mv)3/? heavy-quark (annihilation) field

X (Mw)3/2 heavy-antiquark (creation) field

D, (acting on v or x) M2 gauge-covariant time derivative

D (acting on v or x) Mo gauge-covariant spatial derivative

gE M?3 chromoelectric field

gB M?2p* chromomagnetic field

g¢ (in Coulomb gauge) M2 scalar potential

gA (in Coulomb gauge) M3 vector potential

TABLE I. Estimates of the magnitudes of NRQCD operators for matrix elements between
heavy-quarkonium states in terms of the heavy-quark mass M and the typical heavy-quark velocity
v. The estimates shown apply to matrix elements in a quarkonium state |H) whose position is
localized to a region of size 1/Mwv or less. If the states are normalized to (H|H) = 1, then the
product of the magnitudes of the operators gives the magnitude of the matrix element. (In order
to obtain estimates for matrix elements between momentum eigenstates that are normalized to
(H|H) =V, where V is the volume of space, one should multiply the estimates for localized states

of unit norm by (Mv)~3.)
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Backup

Velocity Scaling 2

01(1So) = ¥ix xT,

0:(*81) = vlox - x'oy,
Os(*So) = V' T*x x' Ty,

0s(3S)) = YTaTx - x'aTP.

(2.10a)
(2.10b)
(2.10¢)

(2.10d)
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Color-Singlet
Matrix Element

Numerical
Value

NRQCD
Scaling Order

(0|077*(35,)|0) 3.9 x 10! GeV? M3y3
(0|0¥=*(3P1)]0) 3.2x 107! GeV® M5v?
(0|0¥'(35,)|0) 2.5 x 10! GeV? M3v?
(0079 (35,)|0) 3.1 GeV? M3v?
(0|0x* P (3 py)|0) 6.1 GeV® Mpv?
(0|09 (351)|0) 1.5 GeV? M3}
(0|0 *F) (3 p)|0) 7.1 GeV® Mpvp
(0079 (35y)|0) 1.2 GeV? M3
(0]0X P (3p)|0) 7.7 GeV® Mpv}
Table I




