EICUG /[ &\ 2019%>"

Electron-Ton Collider User Group Meeling Lcole Nationale Supérieure de Chimie

_ The world's moal Pmmﬁu . - __ E‘] @
microscope for studying the . — B i
“glue” that binds the building .ln = i . f' 3 f o P S
blocka of visible maller - * @ ‘ N . . SRR S

QUARKONIUM PRODUCTION
IN EP END PP COLLISIONS
WITHIN & TMD APPROACH

U. D’Alesio in collaboration with

Francesco Murgia, Cristian Pisano,

I N F N Sangem Rajesh and Pieter Taels

- CAGLIARI




OUTLINE

a J/y production within a TMD scheme
Qep = e J/Y+jet + X atanEIC

¢ direct access to TMDs for linearly polarized gluons

Qpp = J/U+X

¢ cross sections and SSAs (access to the Sivers function):
O Role of the production mechanisms [CS vs. NRQCD]

d Concluding remarks
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3D Nucleon Structure
(a more complete description)

U Quark TMDs : information and direct evidence from several experiments,
rich phenomenology (about 20 years)
U Gluon TMDs: poorly known

Golden channels to access gluon TMDs:

O pp — 7 X at mid-rapidity

O pp - vy X pp = D X, dijet production....and many more
U quarkonium production (this talk)

First phenomenological Sun, Xiao, Yuan (2011)
studies Boer, Brodsky, Mulders, Pisano (2011)
Boer, den Dunnen, Pisano, Schlegel, Vogelsang (2012)

Disclaimer
O A challenging (open) issue: production mechanisms/polarization states
...a lot of work and many papers [see Lansberg 2019 for a review]
U Here: A phenomenological TMD approach within NRQCD focused on
azimuthal and spin asymmetries as a tool to access gluon TMDs
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e() +p(P,S) — e(l") + J/U(Ky) +jet(K;) + X
[UD, Murgia, Pisano, Taels, in progress]

Transverse l

variables Collinear
variables
Ky —Kji 102
K, =— 5 d l'_lI?nggg
qr = K@-’J_L + KjL - P ;
qr| < [Ki|~Q~ M TP
2 __
Two ordered scales Q" = rpYs
_ Ku'l' - P
o — q - P
ep —eJ/X.
~ LT Bacchetta, Boer, Pisano, Taels 2018

U. D'Alesio University and INFN Cagliari EICUG 2019 July, 22-26 Paris %G’



e() +p(P,S) — e(l") + J/U(Ky) +jet(K;) + X

cross section / intrinsic pr
1 a3 d*K d?
do = v d:r;/deT om)* )(q+p—Kj—K¢)
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~Flus binding
mechanism

I‘g Gluon correlator
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Gluon correlator Mulders, Rodrigues (2001)
Meissner, Metz & Goeke (2007)

Linearly polarized
Unpolarized target Unpol. TMD gluon TMD
1 P} Pr \[ L
FMV(;EP)_{ { ( pﬂ ( T+gﬁu/ T {h 9( p)}
U y H'T 1 Ly Pr 2 T 2 Ly Pr
21 M 20
, Gluon Sivers Circularly polarized

Transversely polarized target TMD gluon TMD
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Linearly polarized gluon TMDs
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Gluon TMDs at leading twist

Unpolarized
1 Boer-Mulders
Longitudinal g
8511 hlL Kotzinian-Mulders
Transverse Lg Ji
1T gir [hir, th
= Pretzelosity
Sivers Helicity

Worm-gear

collinear
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Cross section

d
dz dy das gqudz & = 10(9s,0r,91) = Ao (¢r,91) + o' (¢5, 1, 61)

do¥ =N |(AF? + A7 cos 1 + A5 cos 26 ) fi (@, q7)

- (ng cos 20, + B? cos(2¢r — ¢ 1) + B57 cos2(dpr — ¢ 1)
2

+ B5? cos(20r — 361) + B cos(26r — 46.)) 215 i 9 q%)]
*p

T-even TMDs: no need of initial/final state interactions

Similar to heavy-quark  Pisano, Boer, Brodsky, Buffing & Mulders (2013);
pair production Boer, Mulders, Pisano, Zhou (2016)
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[ 640" = 2mn7 5,1 9] [ 40 im0 — 02)Fi-9 (2, 2)

Mp
— 2557 sinos — 300) L ni# (0. 2
2 0 Mg 17 AT
+ ByY sin(¢s + or)h (2, q7)]

2
g __ p 1
hi =hi,+ ﬁ hi T-odd TMDs
P
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Quarkonium production mechanism

In Color Singlet Model (CSM), heavy-quark pair is produced

directly with the guantum numbers of the quarkonium:
Chang (1980); Baier and Ruckl (1983)

.A?*q C( 'S .«4 <()|Ol( Sl)‘()) and B?‘q C( S B (()|O]( Sl)|(])
1
nonperturbative Long Distance Matrix Element (LDME)

In nonrelativistic QCD (NRQCD), the pair is produced in
every allowed quantum number, and hadronizes only later
Bodwin, Braaten, and Lepage (1995)
A} =50 (0 |08(1so)|o> A; 50 +C75 (0|05 (351)|0) A, 5+ (0]0s (P Po) [0) A; 0
+C P (0|0s(PP)|0) AT+ C P2 (0|05 (3P3)[0) A, T2

! /
Spect
LDMEs for Color Octet states D o € astip
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My,
q; 1 2 2
N2 i (2. q)| < (2, q7) Positivity bounds
‘p | for TMDs
dr
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- - Maximized asymmetries -

Q? = 10 GeV? Q% = 10 GeV?
0.45 T T T T T T T T T 0.6 T T T T T T T T
k cos 20 _ _ [ 2t -
04 \A T z2=0.7,y=0.3 - ACos2(@r-0)
: ] 0.5 |
035 ¢ NRQCD ——— ] _
0.3 CSM - — - 04 ¢
o2 oo 03 |
02 ] '
0.15 | 02 |
0.1 ] :
C ] 0.1 -
0 L L 1 P, Sl N NP . L — ] O
1 2 3 4 5 6

U No direct energy dependence in the maximized values
O Gluon dominance: quark/full negligible (band: scale uncertainty) [Vs=65 GeV]

Two LDME sets: SV : Sharma & Vitev PRC 87, 2013
CMSWZ: Chao et al, PRL 108, 2012
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Maximized asymmetries

Q? = 10 GeV? Q% = 10 GeV?
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04 F : : ] [ : : ]
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0.3 — CMSWZ CSM — — — - - 0.2 - :
0.25 [ Qe s [ CMSWZ
r ¢/ ] 0.15 | .
02 F ]
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o1 f sV : | sv |
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y y

0 CSM: almost negligible

O Sizeable effects for Color Octet Mechanism

0 Quark contribution under control (negligible)
0 Strong dependence on LDMESs
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pp = J/P X

[UD, Murgia, Pisano, Rajesh, in progress]
TMD scheme

= Effects: no separable (like for pion production)

= Integration over intrinsic azimuthal phases implies
O Unpolarized cross section: only unpol. TMDs

O Single spin asymmetry: only Sivers effect survives

dO'T . dO'l dAc [UD, Murgia, Pisano, Taels (2017);
= Godbole et al. (2017)]

N~ dol+do?! - 2do

again use of NRQCD: 30 Feynman diagrams

P. L Cho et al, Phys. Rev. D53, 6203 (1996)
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U NRQCD at low p7: infrared divergences (LDMEs at pr>2-5 GeV)
U Resummation, k-factorization, Color Glass Condensate...
U In a TMD scheme, intrinsic k+ (Gaussian k dep.) can “help”...

farp(@, kL) = fg/p(z) (k2 e FL/{EL) (k%) = 1GeV? & IR regular.
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COq
10-2....|....|....|....|.... 10-2....|....|....|....|....
0 1 2 3 4 5 0 1 2 3 4 5
pr (GeV) pr(GeV)  LDMESs from
Data from PHENIX [Adare et al. 10] Butenschoen, Kniehl 2008

No feed-down: its inclusion could improve the description
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Vs = 200 GeV

©
N
T

- pr = 1.65GeV

Sivers effect

< Maximized contributions:
1 Quark contributions almost zero
] Small differences between CS and CS+CO
0.3
0.06 —— —
i Vs = 200 GeV
0.04 1 l pr = 1.65 GeV
>0 J T Predictions adopting the GSF from
0 ’+I 1  UD, Flore, Murgia, Pisano, Taels 19
0.02 . Data from PHENIX [Aidala et al. 18]
004 csicog i
CSg
-0.06 . 1 f 1 . L . L L
-0.3 -0.2 -0.1 0 0.1 0.2 0.3
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CONCLUDING REMARKS

d Quarkonium production in a TMD scheme & NRQCD

0 ep—ed/yPjet X

v sizeable asymmetries over a large kinematic range (@EIC)
v quark contribution negligible (even at “low” EIC energy )
v strong dependence on LDMEs

v direct access to TMDs for linearly polarized gluons

Qpp — J/p X
v intrinsic kr: helpful for the low-p; spectrum

v SSAs: gluon (Sivers) dominated; no strong dependence on the
production mechanism

v process dependence via initial/final state interact.s: (2 GSFs)
CSM done, in progress for NRQCD
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Full transversely polarized cross section

q
l4x| T' 7 (2, q2)

= N'[8z| | sin(ds — 6r) (A’ + AT cos ¢ + A3 cos 26, ) T
+ cos(¢s — ¢r) (B sin2¢, + By sin(26, — ¢ ) + By’ sin 2(¢T —¢1)

+ B3 sin(20; — 361 ) + By sin(26; — 46.)) ';’\;f hiif (v, q7)
+ (Bg? sin(¢s + ¢r) + By? sin(ds + ¢r — ¢1) + B3 sin(dps + ¢r — 26 )

+ ng Sin(¢58 + O — 3¢J_) =T BZQ Sin(¢5 + ¢ — 4¢J_)) ;14—T|h€T(x1 qg’)]
p
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Feynman Diagrams at LO

Jo kB

e
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NRQCD decomposition

045 |
04 |
035 [ \
03 |
025 |
02 f
0.15 |
0.1
0.05 |
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Model calculation

)
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d
:
b
v

I
:

<§><>

Valence quarks: static sources of color for
the classical gluon fields
McLerran-Venugopalan (1994)

McLerran-Venugolapan Low-x Model

Dominguez, Marquet, Xiao, Yuan (2011)

Gluon TMDs within this model as
Weizsacker-Williams Metz, Zhou (2011)

S1CF /erO(QTT) (1 - mQ? (T))

g 2y _
fl (ma(IT) 04371_3 r

S C 2M2 J T r2 A2
g = e [ap ) (1t
XgTl q; TIHW

S| is the transverse blze of the proton
Qsg(r ) is the gluon saturation scale

©
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Model calculation

EIC@100 GeV x~0.01
[ T T T T T T T T T T T T T T T T T ] 0.25 T T T T T T T T T T T T T T T T
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A" for Y production

0? = 100GeV?, 2 = 0.7, and y = 0.3

045 ¢

04 f A" .
035 | :
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0.1 |

0.05 |
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