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• Produced at short distance since                    
→pQCD may work even at low      . 

• Rare but Beneficial probe to investigate (i) hadron 
structure and (ii) parton/hadronic medium.
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A challenge to QCD
• Quarkonium is an interesting probe, but, its production 

mechanism is poorly understood yet since the 
November Revolution. 

• Difficulty: QQbar is a colored object and bound state.
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Long Distance Part
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Modern approaches

• Color Singlet Model (CSM) (v=0) 

• Color Evaporation Model (CEM) 

• Improved CEM 

• Non-Relativistic QCD (NRQCD)
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Gluon radiation during hadronization

Note: pQCD Fragmentation is beyond this talk.

↵s, v expansion
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Ma, Vogt, PRD94 (2016)
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Success in NRQCD at NLO

• Long Distance Matrix Elements 
are obtained by fitting Tevatron 
data at large       . 

• Fixed order calculation works 
down to                      (pt ～ M). 

• Understanding of low pt onium 
production is essential for many 
researches around JLab!
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p? ⇠ 5GeV
<latexit sha1_base64="MpuYV3Lvwh5pfJDEdtBHjSHsLto=">AAACAnicbVDLSgNBEJz1bXytehIvg0HwFHZF0WPQgx4VzAOyS5iddHRwZneY6RXDErz4K148KOLVr/Dm3zh5HDRa0FBUddPdlWgpLAbBlzc1PTM7N7+wWFpaXlld89c36jbLDYcaz2RmmgmzIEUKNRQooakNMJVIaCS3pwO/cQfGiiy9wp6GWLHrVHQFZ+iktr+l25EGoyMrFD2MEO7RqOIM6v22Xw4qwRD0LwnHpEzGuGj7n1En47mCFLlk1rbCQGNcMIOCS+iXotyCZvyWXUPL0ZQpsHExfKFPd53Sod3MuEqRDtWfEwVT1vZU4joVwxs76Q3E/7xWjt3juBCpzhFSPlrUzSXFjA7yoB1hgKPsOcK4Ee5Wym+YYRxdaiUXQjj58l9S36+EQSW8PChXT8ZxLJBtskP2SEiOSJWckwtSI5w8kCfyQl69R+/Ze/PeR61T3nhmk/yC9/ENf8SXew==</latexit><latexit sha1_base64="MpuYV3Lvwh5pfJDEdtBHjSHsLto=">AAACAnicbVDLSgNBEJz1bXytehIvg0HwFHZF0WPQgx4VzAOyS5iddHRwZneY6RXDErz4K148KOLVr/Dm3zh5HDRa0FBUddPdlWgpLAbBlzc1PTM7N7+wWFpaXlld89c36jbLDYcaz2RmmgmzIEUKNRQooakNMJVIaCS3pwO/cQfGiiy9wp6GWLHrVHQFZ+iktr+l25EGoyMrFD2MEO7RqOIM6v22Xw4qwRD0LwnHpEzGuGj7n1En47mCFLlk1rbCQGNcMIOCS+iXotyCZvyWXUPL0ZQpsHExfKFPd53Sod3MuEqRDtWfEwVT1vZU4joVwxs76Q3E/7xWjt3juBCpzhFSPlrUzSXFjA7yoB1hgKPsOcK4Ee5Wym+YYRxdaiUXQjj58l9S36+EQSW8PChXT8ZxLJBtskP2SEiOSJWckwtSI5w8kCfyQl69R+/Ze/PeR61T3nhmk/yC9/ENf8SXew==</latexit><latexit sha1_base64="MpuYV3Lvwh5pfJDEdtBHjSHsLto=">AAACAnicbVDLSgNBEJz1bXytehIvg0HwFHZF0WPQgx4VzAOyS5iddHRwZneY6RXDErz4K148KOLVr/Dm3zh5HDRa0FBUddPdlWgpLAbBlzc1PTM7N7+wWFpaXlld89c36jbLDYcaz2RmmgmzIEUKNRQooakNMJVIaCS3pwO/cQfGiiy9wp6GWLHrVHQFZ+iktr+l25EGoyMrFD2MEO7RqOIM6v22Xw4qwRD0LwnHpEzGuGj7n1En47mCFLlk1rbCQGNcMIOCS+iXotyCZvyWXUPL0ZQpsHExfKFPd53Sod3MuEqRDtWfEwVT1vZU4joVwxs76Q3E/7xWjt3juBCpzhFSPlrUzSXFjA7yoB1hgKPsOcK4Ee5Wym+YYRxdaiUXQjj58l9S36+EQSW8PChXT8ZxLJBtskP2SEiOSJWckwtSI5w8kCfyQl69R+/Ze/PeR61T3nhmk/yC9/ENf8SXew==</latexit><latexit sha1_base64="MpuYV3Lvwh5pfJDEdtBHjSHsLto=">AAACAnicbVDLSgNBEJz1bXytehIvg0HwFHZF0WPQgx4VzAOyS5iddHRwZneY6RXDErz4K148KOLVr/Dm3zh5HDRa0FBUddPdlWgpLAbBlzc1PTM7N7+wWFpaXlld89c36jbLDYcaz2RmmgmzIEUKNRQooakNMJVIaCS3pwO/cQfGiiy9wp6GWLHrVHQFZ+iktr+l25EGoyMrFD2MEO7RqOIM6v22Xw4qwRD0LwnHpEzGuGj7n1En47mCFLlk1rbCQGNcMIOCS+iXotyCZvyWXUPL0ZQpsHExfKFPd53Sod3MuEqRDtWfEwVT1vZU4joVwxs76Q3E/7xWjt3juBCpzhFSPlrUzSXFjA7yoB1hgKPsOcK4Ee5Wym+YYRxdaiUXQjj58l9S36+EQSW8PChXT8ZxLJBtskP2SEiOSJWckwtSI5w8kCfyQl69R+/Ze/PeR61T3nhmk/yC9/ENf8SXew==</latexit>

Chao, Ma, Shao, Wang and Zhang,  

PRL108 (2012)5



TMD (kt-factorization) approach

• Collins-Soper-Sterman 
formalism 

• Transverse Momentum 
Dependent PDFs 

• Single logs + Double logs 

• DGLAP and Collins-Soper 
LINEAR evolution eqs.

• Color-Glass-Condensate 
(CGC) Effective Theory 

• Transverse Momentum 
Dependent Gluon PDF 

• Single logs (ln1/x) 

• JIMWLK or BK NONLINEAR 
evolution eq. 

• Hybrid formula includes 
DGLAP evolution.

The CGC ET describes Onium and Open heavy flavor 
production at low pt ?
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Non-Linear gluon 
interaction can give rise 
to a saturation of gluon 
density at small-x.

Gluon Saturation

Nonlinear Balitsky-Kovchegov eq.

Gribov, Levin, Ryskin (1983) 

Mueller, Qiu (1986)

�dDY,r?

dY
=

Z
d2r1?K(r?, r1?)

h
DY,r? �DY,r1?DY,r2?

i

<latexit sha1_base64="tNZZKC11Hhvk/0bObMTTyuz08Mc="></latexit><latexit sha1_base64="tNZZKC11Hhvk/0bObMTTyuz08Mc="></latexit><latexit sha1_base64="tNZZKC11Hhvk/0bObMTTyuz08Mc="></latexit><latexit sha1_base64="tNZZKC11Hhvk/0bObMTTyuz08Mc="></latexit>

High energy hadron/nucleus contains many gluons, 
that behave like classical. 

Q

2
s / A

1/3
x

��
<latexit sha1_base64="UhzSPHKjkKQk19jo0XFeleRgjXY=">AAACCXicbVA7T8MwGHTKq5RXgJHFokJioSQFCcYCC2Mr0YfUpJHjOK1VJ45sB1FFWVn4KywMIMTKP2Dj3+A+Bmg5ydLp7vts3/kJo1JZ1rdRWFpeWV0rrpc2Nre2d8zdvZbkqcCkiTnjouMjSRiNSVNRxUgnEQRFPiNtf3gz9tv3REjK4zs1SogboX5MQ4qR0pJnwoYne1UnETxRHF71Mvv0LH/oZScO05cEKPfMslWxJoCLxJ6RMpih7plfTsBxGpFYYYak7NpWotwMCUUxI3nJSSVJEB6iPulqGqOISDebJMnhkVYCGHKhT6zgRP29kaFIylHk68kIqYGc98bif143VeGlm9E4SRWJ8fShMGVQhx7XAgMqCFZspAnCguq/QjxAAmGlyyvpEuz5yIukVa3YVsVunJdr17M6iuAAHIJjYIMLUAO3oA6aAINH8AxewZvxZLwY78bHdLRgzHb2wR8Ynz+Xlpmg</latexit><latexit sha1_base64="UhzSPHKjkKQk19jo0XFeleRgjXY=">AAACCXicbVA7T8MwGHTKq5RXgJHFokJioSQFCcYCC2Mr0YfUpJHjOK1VJ45sB1FFWVn4KywMIMTKP2Dj3+A+Bmg5ydLp7vts3/kJo1JZ1rdRWFpeWV0rrpc2Nre2d8zdvZbkqcCkiTnjouMjSRiNSVNRxUgnEQRFPiNtf3gz9tv3REjK4zs1SogboX5MQ4qR0pJnwoYne1UnETxRHF71Mvv0LH/oZScO05cEKPfMslWxJoCLxJ6RMpih7plfTsBxGpFYYYak7NpWotwMCUUxI3nJSSVJEB6iPulqGqOISDebJMnhkVYCGHKhT6zgRP29kaFIylHk68kIqYGc98bif143VeGlm9E4SRWJ8fShMGVQhx7XAgMqCFZspAnCguq/QjxAAmGlyyvpEuz5yIukVa3YVsVunJdr17M6iuAAHIJjYIMLUAO3oA6aAINH8AxewZvxZLwY78bHdLRgzHb2wR8Ynz+Xlpmg</latexit><latexit sha1_base64="UhzSPHKjkKQk19jo0XFeleRgjXY=">AAACCXicbVA7T8MwGHTKq5RXgJHFokJioSQFCcYCC2Mr0YfUpJHjOK1VJ45sB1FFWVn4KywMIMTKP2Dj3+A+Bmg5ydLp7vts3/kJo1JZ1rdRWFpeWV0rrpc2Nre2d8zdvZbkqcCkiTnjouMjSRiNSVNRxUgnEQRFPiNtf3gz9tv3REjK4zs1SogboX5MQ4qR0pJnwoYne1UnETxRHF71Mvv0LH/oZScO05cEKPfMslWxJoCLxJ6RMpih7plfTsBxGpFYYYak7NpWotwMCUUxI3nJSSVJEB6iPulqGqOISDebJMnhkVYCGHKhT6zgRP29kaFIylHk68kIqYGc98bif143VeGlm9E4SRWJ8fShMGVQhx7XAgMqCFZspAnCguq/QjxAAmGlyyvpEuz5yIukVa3YVsVunJdr17M6iuAAHIJjYIMLUAO3oA6aAINH8AxewZvxZLwY78bHdLRgzHb2wR8Ynz+Xlpmg</latexit><latexit sha1_base64="UhzSPHKjkKQk19jo0XFeleRgjXY=">AAACCXicbVA7T8MwGHTKq5RXgJHFokJioSQFCcYCC2Mr0YfUpJHjOK1VJ45sB1FFWVn4KywMIMTKP2Dj3+A+Bmg5ydLp7vts3/kJo1JZ1rdRWFpeWV0rrpc2Nre2d8zdvZbkqcCkiTnjouMjSRiNSVNRxUgnEQRFPiNtf3gz9tv3REjK4zs1SogboX5MQ4qR0pJnwoYne1UnETxRHF71Mvv0LH/oZScO05cEKPfMslWxJoCLxJ6RMpih7plfTsBxGpFYYYak7NpWotwMCUUxI3nJSSVJEB6iPulqGqOISDebJMnhkVYCGHKhT6zgRP29kaFIylHk68kIqYGc98bif143VeGlm9E4SRWJ8fShMGVQhx7XAgMqCFZspAnCguq/QjxAAmGlyyvpEuz5yIukVa3YVsVunJdr17M6iuAAHIJjYIMLUAO3oA6aAINH8AxewZvxZLwY78bHdLRgzHb2wR8Ynz+Xlpmg</latexit>
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The CGC framework
x

+
x

� t

z
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<latexit sha1_base64="bKMBwRUGcjw+hlzzxsINDJKn2W4=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSZZmdzCZD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHfFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3xoZyJmnLMstpN9UUi5jTTjy+nfmdJ6oNU/LBTlIaCjyULGEEWyc99vVIRXmUTqNqza/7c6BVEhSkBgWaUfWrP1AkE1RawrExvcBPbZhjbRnhdFrpZ4ammIzxkPYclVhQE+bzg6fozCkDlCjtSlo0V39P5FgYMxGx6xTYjsyyNxP/83qZTa7DnMk0s1SSxaIk48gqNPseDZimxPKJI5ho5m5FZIQ1JtZlVHEhBMsvr5L2RT3w68H9Za1xU8RRhhM4hXMI4AoacAdNaAEBAc/wCm+e9l68d+9j0Vryiplj+APv8wcmepCf</latexit><latexit sha1_base64="bKMBwRUGcjw+hlzzxsINDJKn2W4=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSZZmdzCZD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHfFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3xoZyJmnLMstpN9UUi5jTTjy+nfmdJ6oNU/LBTlIaCjyULGEEWyc99vVIRXmUTqNqza/7c6BVEhSkBgWaUfWrP1AkE1RawrExvcBPbZhjbRnhdFrpZ4ammIzxkPYclVhQE+bzg6fozCkDlCjtSlo0V39P5FgYMxGx6xTYjsyyNxP/83qZTa7DnMk0s1SSxaIk48gqNPseDZimxPKJI5ho5m5FZIQ1JtZlVHEhBMsvr5L2RT3w68H9Za1xU8RRhhM4hXMI4AoacAdNaAEBAc/wCm+e9l68d+9j0Vryiplj+APv8wcmepCf</latexit><latexit sha1_base64="bKMBwRUGcjw+hlzzxsINDJKn2W4=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSZZmdzCZD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHfFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3xoZyJmnLMstpN9UUi5jTTjy+nfmdJ6oNU/LBTlIaCjyULGEEWyc99vVIRXmUTqNqza/7c6BVEhSkBgWaUfWrP1AkE1RawrExvcBPbZhjbRnhdFrpZ4ammIzxkPYclVhQE+bzg6fozCkDlCjtSlo0V39P5FgYMxGx6xTYjsyyNxP/83qZTa7DnMk0s1SSxaIk48gqNPseDZimxPKJI5ho5m5FZIQ1JtZlVHEhBMsvr5L2RT3w68H9Za1xU8RRhhM4hXMI4AoacAdNaAEBAc/wCm+e9l68d+9j0Vryiplj+APv8wcmepCf</latexit><latexit sha1_base64="bKMBwRUGcjw+hlzzxsINDJKn2W4=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSZZmdzCZD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHfFKWfG+v63V1pb39jcKm9Xdnb39g+qh0dtozJNaIsornQ3xoZyJmnLMstpN9UUi5jTTjy+nfmdJ6oNU/LBTlIaCjyULGEEWyc99vVIRXmUTqNqza/7c6BVEhSkBgWaUfWrP1AkE1RawrExvcBPbZhjbRnhdFrpZ4ammIzxkPYclVhQE+bzg6fozCkDlCjtSlo0V39P5FgYMxGx6xTYjsyyNxP/83qZTa7DnMk0s1SSxaIk48gqNPseDZimxPKJI5ho5m5FZIQ1JtZlVHEhBMsvr5L2RT3w68H9Za1xU8RRhhM4hXMI4AoacAdNaAEBAc/wCm+e9l68d+9j0Vryiplj+APv8wcmepCf</latexit>
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CYM eq.

Background Gauge Field at Large-x 

UGDF

Wilson lines in the Eikonal approximation

Blaizot, Gelis and Venugopalan,  

NPA743 (2004)

8

+ Small-x modes via BK eq.



Note on CGC+NRQCD
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CS channel probes the quadrupole amplitude. However, thanks 
to large-Nc approximation and quasi-classical approximation, the 
quadrupole amplitude is simply cubic in N_Y.

[Dominguez, Kharzeev, Levin, Mueller, Tuchin, PLB710,(2012)]



Event Engineering
p
s, p?, m, A
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Varying
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High Multiplicity Events

Extreme Rare!PMB � PHM
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What do we need to describe data?

ALICE Collaboration, 
 PLB712 (2012)
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Quantum Fluctuation
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At extreme high energy, gluon field behaves like classical: Small 
coupling constant and gluon nonlinear interaction. ↔ A ⇠ 1/g
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• If S_perp is fixed, Qs can controls Nch. 

• Qs depends on impact parameter (b). 

• Spacial configurations of color charge density of parton inside 
hadron are nonperturbative and complicated. 

• IP-Sat Model deals with b-dependent Qs and can model NBD 
of Nch.
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Schenke, Tribedy, Venugopalan (2012)
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Lumpy Configurations
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• rcBK evolution should hold 
Lumpy partons configuration. 

• Rare Partons Configuration 
corresponds to large Qs. 

• Partons inside nucleus have 
the same fluctuation effect.

Albacete, Armesto, Milhano, Quiroga-Arias,  
Salgado, EPJC71 (2011)
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Nch in kt-factorization
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p+A system
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Qsp increases

QsA increases
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D-meson at collider energies

• FONLL (Fixed Order + Next-
to-Leading Log) is the state 
of the arts framework. 

• BCFY FF is employed. NO 
QCD evolution and single 
parameter controls the FF.

Cacciari, Frixione, Houdeau, Mangano, Nason, 
Ridolfi, JHEP1210 (2012) 

Braaten, Cheung, Fleming, Yuan, 
PRD51 (1995)
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FFs at B-factory
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Note the hard part is not involved.

• KKKS set is favored at low energy scale. KKKS = initial functional 
form+ DGLAP. 

• DGLAP evolution start at                                    .µ0 = mc ⇠ 1.5 GeV
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Kneesch, Kniehl, Kramer, Schienbein, NPB799 (2008)
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D mesons in MB events

• Solid: BCFY, Dashed: BCFY+DGLAP, Dotted: KKKS 

• FF dependence is indistinguishable at                             .
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D mesons vs Nch
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• Systematic uncertainty w.r.t. HF FF increases at large event 
activity but very nice agreements are found. 

• The results in p+p and p+A collisions show the similar trend.

Ma, Venugopalan, Tribedy, KW (2018)
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QQbar production in NRQCD
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Tevatron data fitting at high pt

hOJ/ [1S[8]
0 ]i = 0.089± 0.0098GeV3
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Universal ?

Chao, Ma, Shao, Wang and Zhang,  

PRL108 (2012)
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• Consistent with the universality requirement from BELLE e^+e^- data: 

• Caveat: Tevatron data tell that         has a large weight at high pt.

New constraints on the LDMEs
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Zhang, Ma, Wang, Chao, PRD81 (2010)
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J/psi vs Nch
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• The similar trends are seen for D and J/psi production.  

• The saturation effect at short distance plays a key role in 
describing data.
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Summary

• Rare phenomena in High multiplicity events in p+p 
and p+A systems require Qs.  

• Many nonperturbative uncertainties for D and J/psi 
cancel and short distance xsection is essential. 

• New constraints on the NRQCD LDMEs for J/psi 
production : 1S[8]

0 vs 3S[8]
1
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Thank you.
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NRQCD vs ICEM
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• ICEM captures pt spectrum of the dominant QQbar state in 
MB and HM events. →　Useful reference against NRQCD.
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TMDs at small-x
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Unintegrated dipole gluon PDF (Not clear partonic picture)

Weizsacker-Williams gluon PDF (# density of gluon)
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Dipole amplitude
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J/psi in ICEM
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2
/d.o.f. FJ/ (1.4) �

2
/d.o.f.

13 2.5 < y < 4.0 7 5.63⇥10

�3 ± 3.56⇥10

�4
8.7 6.64⇥10

�3 ± 4.35⇥10

�4
9.3

8 2.5 < y < 4.0 6 5.84⇥10

�3 ± 3.79⇥10

�4
4.3 6.92⇥10

�3 ± 4.72⇥10

�4
4.8

7 |y| < 0.9 5 4.52⇥10

�3 ± 2.33⇥10

�4
0.33 5.35⇥10

�3 ± 2.83⇥10

�4
0.35

7 2.5 < y < 4.0 6 4.86⇥10

�3 ± 3.01⇥10

�4
5.3 5.76⇥10

�3 ± 3.77⇥10

�4
5.9

5.02 2.5 < y < 4.0 6 5.26⇥10

�3 ± 3.35⇥10

�4
7.0 6.25⇥10

�3 ± 4.21⇥10

�4
7.8

2.76 2.5 < y < 4.0 6 5.27⇥10

�3 ± 1.84⇥10

�4
0.88 6.31⇥10

�3 ± 2.43⇥10

�4
1.1

0.2 |y| < 0.35 21 6.36⇥10

�3 ± 1.94⇥10

�4
0.93 7.95⇥10

�3 ± 2.32⇥10

�4
0.85

0.2 1.2 < y < 2.4 24 1.06⇥10

�2 ± 1.30⇥10

�4
0.35 1.31⇥10

�2 ± 1.81⇥10

�4
0.44

Table 1: Fitted values and errors of F for d�/d

2
P?dy of J/ production in

p+p collisions. Numbers in the bracket next to FJ/ represent the heavy quark

mass value: m = 1.3 GeV or 1.4 GeV.
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