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Understanding heavy quarkonium production
in terms of QCD factorization

=  Challenge to our understanding on how quarkonium is produced?
= A new QCD factorization formalism for pT-distribution of heavy quarkonium production
= Both leading power and next-to-leading power contributions are needed
=  Factorized QCD calculations describe well existing data from the LHC and Tevatron
= Summary and outlook
Jianwei Qiu
Jefferson Lab, Theory Center
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Heavy quarkonium and its production at high p;

1 Well-separated momentum scales — effective theory:

Known quarks
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@ —>—Quarkonium

Coherent soft interaction

QCD Factorization is “expected” to work
for the production of heavy quarks

= Difficulty: how the heavy quark pair
becomes a quarkonium?
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NRQCD factorization and the “lack” of universality of LDMEs

] NRQCD factorization:
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Expansion in powers of both a, and v !

Hadronization

Bodwin, Braaten, Lepage, PRD, 1995

= 4 leading channels in v:
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Heavy quarkonium production of high p-

. . Z.B. Kang, et al., PRL 2011
O O(a,) expansion vs. 1/p; expansion:

P/2 CS channel as a case study

3
LO in ag: :j:}%Pﬂ q 510 Oés(.gT)
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P; Power!
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= When pt >> mq, the expansion in powers of agis not reliable!
= |eading order in as-expansion =\= leading power in 1/pr-expansion!
O PQCD factorization:

= 1/p; expansion first: leading power (LP) & next-to-leading power (NLP) are factorizable!

= O(o.)-expansion: leading order (LO) & next-to-leading order (NLO) are calculated
3 (a)-exp g (LO) g ( ) JefQon Lab
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QCD factorization + NRQCD factorization

Kang, Qiu and Sterman, 2011
 Color singlet as an example:
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Heavy quarkonium production of high p-

D PQCD + NRQCD factorization, Lee, Qiu, Sterman, Watanabe, 2022
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Renormalization group improvement

» Twist-2 evolution equation: DGLAP + nonlinear quark pair corrections
Kang, Ma, Qiu, Sterman, PRD 90, 3, 034006 (2014)
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olnu2 Yf1-111 ® [f1-H T S f1-100)] & [QQ(K)]—)H| V: vector

# # a: axial vector

The inhomogeneous term is added to the slope, not to the FF itself. t: tensor
» Twist-4 “DGLAP like” evolution equation: L= q,sQ, gl 8 Lo
x,n = vyl g8l gl11 £I81 4[]
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The RG improved factorized cross section covers all events ~ Dr

in which the heavy quark pair can be produced:
1. at the short-distance: early stage (NLP)

2. at the input scale: later stage (LP) /

3. in-between (Nonlinear quark pair correction)




Evolution of cc-fragmentation function in pu, v space

Consider the derivative of a test function: Diagonal singlet 1.00 00
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« S-t0-S DP FFs get broader in u, v-space after evolution.

« O-to-O DP FFs become narrower with a large peak around u = v = 1/2. 0.9000
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Evolution equations in a simplified situation
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Ma, Qiu, Zhang, PRD89 (2014) 094029; ibid. 94030

InpUt fragmentation fu nCtionS at l“l’O ~ # mC Lee, Qiu, Steerman, Watanabe, SciPost Phys. Proc. 8, 143 (2022)
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Mo = O(2m): input scale, u, = O(m): NRQCD factorization scale k= vl gl fel p = ZSHLJ[C]

Perturbative SDCs of input FFs in &, and v expansion in the NRQCD are reliable only when SDCs <« O(1).
Indeed, the NRQCD factorization is not reliable as z — 1 where SDCs d(z) include the following terms:
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NLP contribution to single parton fragmentation functions

Lee, Qiu, Steerman, Watanabe, SciPost Phys. Proc. 8, 143 (2022)
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The nonlinear quark pair corrections remain significant even at high Q2 = /.¢2 ~ p%.
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J/y-production in hadronic collisions

Lee, Qiu, Steerman, Watanabe, in preparation

Vs =TTeV, |yl <1.2 Vs =TTeV, |yl <1.2
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« Unweighted results: (OCSI'))/GeV? = (6('S1#))/GeV? = (0(SB)/GeV? = (OCPE))/GeVS = 1.
. a = 30, = 0.5 are fixed for both SP and DP FFs.

» « NLP contributions steeply fall with p-



J/y-production in hadronic collisions

Lee, Qiu, Steerman, Watanabe, SciPost Phys. Proc. 8, 143 (2022)

3.0
e Fitting the LP formalism with the linear evolution eq. to Y LP Linear Vs =7TeV
CMS data on high p;prompt J/y at4/s = 7,13 TeV in Y LPLinear Vs =13TeV
_ 29 7 Q® LP Nonlinear v's =7TeV
the bin, |y| <12 E\ Q LP Nonlinear vs =13TeV
- # of data points in a fit: 3@7TeV + 4@13TeV = 7 for 3 204 4 LPNodlificar < NLP'yi = FLey
p > 60 GeV ﬁ : X LP Nonlinear + NLP Vs =13TeV
T .
 Only the 15(58] channel is considered, yielding unpolarized % 1.5
J/y. The other three leading LDMEs = 0. a §§
1.0 A X
« (6('SI*1))/GeV> = 0.1286 £ 5.179 - 107 fitted by high py é % ¥ § #
data is similar to the one extracted using fixed order
NRQCD at NLO. chao, Ma, Shao, Wang, Zhang, PRL108, 242004 (2012) 0.5 0 5 5'0 7'5 1(') 0 195 150

The power corrections do not vanish even at the highest p;, giving 10-30% corrections.

At pr = 30 GeV and below, the NLP corrections become significant.
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J/y-production in hadronic collisions

Lee, Qiu, Steerman, Watanabe, SciPost Phys. Proc. 8, 143 (2022)

e Fitting the LP formalism with the linear evolution eq. to % 103 e CMS vs—7TeV y| <12
CMS data on high p;prompt J/y aty/s = 7,13 TeV in < : m CMS /V5=13TeV |y <1.2
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= 1 & @ LP NonLinear
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Q ]
J/y. The other three leading LDMEs = 0. S 107
« (O('S!#))/GeV? = 0.1286 + 5.179 - 107> fitted by high py. > 102
data is similar to the one extracted using fixed order E ; N,
10 -

NRQCD at NLO. chao, Ma, Shao, Wang, Zhang, PRL108, 242004 (2012) 5 20 40 60 80 100 120 140
pr|GeV]

The power corrections do not vanish even at the highest p;, giving 10-30% corrections.

At pr = 30 GeV and below, the NLP corrections become significant.
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J/y-production in hadronic collisions
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Lee, Qiu, Steerman, Watanabe, in preparation

f - CDF 1.8TeV |y| < 0.6 (x10~%)

CDF 1.96 TeV |y| < 0.6 (x107?)
ALICE 5.02TeV |y| < 0.9 (x1072)
ATLAS 5.02TeV |y| <0.75 (x1072)
ATLAS 7TeV |y| <0.25 (x1071)
CMS 7TeV |y <0.3

ALICE 7TeV |y| <0.9

ATLAS 8TeV |y| <0.25 (x10)
CMS 13TeV |y| < 0.3 (x50)
ALICE 13TeV |y| < 0.9 (x50)
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Matching to fixed-order NRQCD calculation

Lee, Qiu, Steerman, Watanabe, in preparation

1. ln(p%/mz)-type logarithmically enhanced
contributions start to dominate when
pr 2 S(or7)(2m.) ~ 15 —20GeV, where
the LP is significant, power corrections are
small.

CDF 1.96 TeV
® CDF 1.8TeV (x0.1)

2. The NLP contribution is important at
pr = 02m,) < 10GeV, where matching

between QCD factorization and NRQCD
factorization can be made.

3. Further exploration of the shape of the FFs at 100t Matching
large-z would help us understand the | reglon
quarkonium production mechanism. 5




Summary and Outlook

1 It has been almost 50 years since the discovery of J/W, but, we are still not completely sure
about its production mechanism

(J We have studied the QCD factorization for hadronic quarkonium production at high pT

(J We demonstrated that the LP contributions are significant for hadronic quarkonium
production at high pT while the NLP contributions are sizable at lower pT but different in
shape, and both are needed, leading to a smooth matching to fixed-order calculations

J Power corrections to the evolution of LP FFs are important even at high pT, impacting
quarkonium polarization

(J QCD factorization formalism should make possible a new global data analysis. There is
sufficient room to improve the input FFs

J Matching between the QCD factorization and fixed order NRQCD factorization should
enable us to describe quarkonium production not only in hadronic collisions but also in
other scattering processes in a broader pT region.

Thanks!
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