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1. Introductory remarks



Gluon TMD PDFs: a largely unexplored territory

#2  Theory: different gauge-link structures...

...more diversified kind of modified universality!

Pheno: golden channels for extraction

of quark TMDs are subleading for gluon TMDs
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Gluon TMD PDFs: a largely unexplored territory

#% Theory: different gauge-link structures...

...more diversified kind of modified universality!

Pheno: golden channels for extraction

of quark TMDs are subleading for gluon TMDs

3D proton imaging

Gluon TMD PDFs = core sector of studies

Need for a flexible model, suited to pheno

Gluon and nucleon polarization at twist-2

Window of opportunities also at a

Electron lon Collider
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2. Spectator-modadel
gluon TMDs



2.1 Modeling gluon TMDs

Spectator-model gluon TMDs

Our model at a glance

#¢ Spectator-system spectral-mass function s

- Instead of a single on-shell spectator,
______ N { a continuum of spectators

| Spectr function learns small- and moderate-x info 1
encoded in NNPDF collinear parametrizations
(NNPDF3.1sx +

[ Simultaneous fit of fi and g1 PDFs
[ Inclusion of small-x resummation effects (BFKL)

[ Calculation of all leading-twist T-even gluon TMDs

Link with collinear factorization

pr-integrated TMDs have to reproduce PDFs

at the lowest scale (Q,) before evolution
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& [my talk at the Early Career Workshop 2022]
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T-odd gluon TMDs in a spectator model

# Noresidual gluon-spectator interaction at tree level

&  Interference with one-gluon exchange (eikonal)

2.2 T-odd gluon TMDs at twist-2




T-odd gluon TMDs in a spectator model

#  Noresidual gluon-spectator interaction at tree level

& Interference with one-gluon exchange (eikonal)

gg > H qg — y"-jet

TMD PDF

[+ o -]
TMD PDF TMD PDF

f-type (WW) structure d-type (dipole) structure

2.2 T-odd gluon TMDs at twist-2 (Sivers & linearity) & & [A. Bacchetta, F.G.C., M. Radici, EPS-HEP, PANIC (2021)] 0
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T-odd gluon TMDs in a spectator model

Higgs-gluon fusion = f-type [+, +] Photon-jet emission = d-type [+, —]

Cl++] = Cliges] = 2C4CF Cl+.-] = Clyq) = (C4 —4)Cr

2.2 T-odd gluon TMDs at twist-2




T-odd gluon TMDs in a spectator model

Higgs-gluon fusion = f-type [+, +] Photon-jet emission = d-type [+, —]

4] = Ofiges) = 2C4CF Cl—] = Clyg) = W

‘ nucleon-gluon-spectator VE(p%) = e |91(0%) v + 92(9°) 577 O P
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T-odd gluon TMDs in a spectator model

Higgs-gluon fusion = f-type [+, +] Photon-jet emission = d-type [+, —]

4] = Ofiges) = 2C4CF Cl—] = Clyg) = W

‘ nucleon-gluon-spectator VE(D?) = 0pe |91(0%) 7 + 92(0) ﬁ oM p,
‘ SpeCJ[CiJ[OI'-g|UOH-SDGCJ[CIJ[OI’ Xcﬁbc(pz) :fabc glf(pQ) ’V'M 4 ng(pQ) ﬁ FHY | — i Jobe 9?(]92) ’7“ 4 gg(pQ) ﬁ FHY 'y
4 o Foay ) L=] _ C=] pl[+4] 2 pL[+,4]
Assumption: g7 5(p”) = g1 2(P”) = 91,2(P7) < Jir N Jir - 18f1T

[A. Bacchetta, F.G.C., M. Radici (in preparation)]

2.2 T-odd gluon TMDs at twist-2
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3. Gluon TMDs and
quarkonium @EIC



Quarkonia: assets & challenges
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Assets | Challenges
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Initial-state color flow = [ -, -] gauge link

(overview) & [D. Boer (2017)] £
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Assets | Challenges

#% Precision TMD < production mechanism(s)
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Assets | Challenges

# Precision TMD « production mechanism(s)

#% Onia = clean channels of f-type gluon TMDs "

Initial-state color flow = [ — . — ] gauge link (production mechanisms, LHC) & [J.-P. Lansberg (2020)]

(overview) & [D. Boer (2017)]
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#% Precision TMD < production mechanism(s)

(production mechanisms, LHC) & [J.-P. Lansberg (2020)]

(00Q) decorrelated from onium, semi-soft gluon emissions
Overshoots data at large pr

(00) to onium, no gluon emissions
Fails at large pr, improves at NLO

Higher Fock states, soft gluon emissions
Problems at low pr, fails on polarization
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Quarkonium production @EIC

TMD & shape functions

#% NRQCD = do(|0)) « # ® LDME

2)=01)1QQIS{"1) +6() IQQIPP gl) +6(*) QAL Sy’ gl)
+0(")1QQI’S] " ggly +0(v»)1QQIP D}V ggl) +....

S-wave quarkonium wave function

3.2 Quarkonia @EIC




Quarkonium production @EIC

TMD & shape functions

#% NRQCD = double expansion: a, @ v

#% NRQCD = do(]| @) x # ® LDME

2)=01)1QQIS{"1) +6() IQQIPP gl) +6(*) QAL Sy’ gl)
+0(")1QQI’S] " ggly +0(v»)1QQIP D}V ggl) +....

S-wave quarkonium wave function

# TMD = from LDMEs to shape functions

(factorization) & [M. Garcia Echevarria (2019)

(SCET) & [S. Fleming, Y. Makris, T. Mehen (2020)

(unpol. Jiy) & [D. Boer, U. D’Alesio, F. Murgia, C. Pisano, P. Taels (2020).
(pol. Jiy) & [, U. D’Alesio, L. Maxia, F. Murgia, C. Pisano, R. Sangem (2022)]

3.2 Quarkonia @EIC
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Quarkonium production @EIC

TMD & shape functions Voices from our ECW22

# NRQCD = double expansion: a, @ v
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(factorization) & [M. Garcia Echevarria (2019)]
(SCET) & [S. Fleming, Y. Makris, T. Mehen (2020)] f . 1 + )\9 T V@(b A QNd 1y, are angular parameters
(unpol. Jiw) & [D. Boer, U. D’Alesio, F. Murgia, C. Pisano, P. Taels (2020). 3 + )\9 S
(pol. Jiy) & [, U. D’Alesio, L. Maxia, F. Murgia, C. Pisano, R. Sangem (2022)] Plotin this slide:

Polarization phenomenology for j/y @
& [talk by Luca Maxid]

3.2 Quarkonia @EIC
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EIC studies: a win-win strategy

#%¢ OniaasTools = 3D proton imaging via gluon TMDs

#8 Gluon TMDs as Tools = unveil onium production mechamisms

#¢  [EIC prdomain] < [HERA prdomain] = TMD factorization needed (;!)

3.2 Quarkonia @EIC




EIC studies: a win-win strategy

#%¢ OniaasTools = 3D proton imaging via gluon TMDs

#%  Gluon TMDs as Tools = unveil onium production mechamisms

#¢  [EIC prdomain] < [HERA prdomain] = TMD factorization needed (;!)

Relevant studies

%k Vectors & pseudoscalars (J/y, 1., )

2%k Lepto & photoproduction
*k Inclusive UPCs

[D. Boer, et al. [Quarkonia At Tools Community],
Physics case for quarkonium studies
at the Electron Ion Collider (in preparation)]

3.2 Quarkonia @EIC




EIC studies: a win-win strategy

Relevant studies

%k Vectors & pseudoscalars (J/y, 1., )

2%k Lepto & photoproduction
*k Inclusive UPCs

[D. Boer, et al. [Quarkonia At Tools Community],
Physics case for quarkonium studies
at the Electron Ion Collider (in preparation)]

3.2 Quarkonia @EIC

@2 Onia asTools = 3D protonimaging via gluon TMDs
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# Gluon TMDs as Tools = unveil onium production mechamisms

#¢  [EIC prdomain] < [HERA prdomain] = TMD factorization needed (;!)

Voices from our ECW22
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Plots in this slide:
NLO J/y + X at 45 GeV

& [talk by Yelyzaveta Yedelking]

Inclusive onium in UPCs

& [talk by Kate Lynch] m
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tunities @EIC
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Quarkonium studies at new-generation colliders

Yellow Report & [EICUG [arXiv:2103.05419]]

Accessing the proton content
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Quarkonium studies at new-generation colliders

Yellow Report & [EICUG [arXiv:2103.05419]]

Accessing the proton content

sector of analyses
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Quarkonium studies at new-generation colliders

| BM@N (Detecior)
£ Extrocted beam
{ N L

Yellow Report & [EICUG [arXiv:2103.05419]]

Gluons at NICA-SPD & [Prog. Part. Nucl. Phys. 119 (2021) 103858]
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Analytic structure of T-odd gluon TMDs

Two-jetSIDIS = fFtype [+, +]
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Parton densities: an incomplete family tree
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The proton spin crisis
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Gluon TMDs: gauge links and modified universality

dingle-spin asymmetries — process dependence of TMDs via gauge links
Color flow — integration paths of gauge links calculable
Gluon TMDs — more complicated structure with respect to quark staple links

Factorization-preserving processes — two main kinds of modified universality

Different classes of processes — distinct gluon TMDs, not related to each other
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#* Link with collinear factorization

1. pr-integrated TMDs have to reproduce PDFs

at the lowest scale ((),) before evolution
2. TMDs and PDFs decouple due to evolution




Assumptions of the model

#* Link with collinear factorization

1. pr-integrated TMDs have to reproduce PDFs

at the lowest scale ((),) before evolution
2. TMDs and PDFs decouple due to evolution

p2

2
g1.2(p°) = K12
p? — A% |?

1. Cancels singularity of gluon propagator
2. Suppresses effects of high pr

3. Compensates log divergences arising from pr-integration

4. Adds three more parameters: k; , and Ay




Assumptions of the model

#¢ Spectator-system spectral-mass function

spectral-mass function

-- spectator-model TMD

& [Inspired by G.R. Goldstein, J.O.G. Hernandez, S. Liuti (2011)]
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Gluon TMD correlator and T-odd gluon densities
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Gluon TMD phenomenology



1., Production @ 7TeV LHCb

Nc production at LHC
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1., Production @ 7TeV LHCb

Perturbative scales fixed, NP-evolution parameters fixed, TMD 100-replica analysis
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* Diagram: SIDIS onium * Diagram: DIS
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TMD versus high-energy factorization

| IR-safe colorless {P'°)

(Fadin-Martin theorem) "‘
i & [V.S.Fadin, A.D. Martin (1999)] §

%k

Inclusive or exclusive processes (!)

Small x, large «;

Language of

Diagram: DIS

7(Q%) off-shell
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TMD versus high-energy factorization

| IR-safe colorless {P'°)

(Fadin-Martin theorem) "‘
{ & [V.S. Fadin, A.D. Martin (1999)] §

* Inclusive or exclusive processes (!)

* Small x, large «;

* Language of

* Diagram: DIS

0> o7 1"
7(Q%) off-shell

IR diffusion patterni
(Bartels’ cigar) ;"‘
& [J.Bartels, H. Lotter (1993)]

E
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High-energy factorization and the UGD

e example: virtual photoabsorption in high-energy factorization

otot (VP — X) o< Ims{A(Y*'p —= v*p)} = Oy e ® F(x, k%)

o F(x, k?) is the unintegrated gluon distribution (UGD) in the proton

MWW S JVWW AW S _ WW

» Small-x limit: UGD = | | ® [protonimpact factor |

Takes into account the of
¢ Describes the coupling of the gluon Green's function to the proton

» Proton impact factor is non-perturbative — UGD needs to be modeled!




Hybrld or pure factorization?

Forward emlssmns

|

i * Asymmetric config. < fast parton + small-x gluon ';,J'

P ox Hybrid high-energy/collinear factorization

: Collinear PDF ,

¢ * Distinctive signals of small-x dynamics expected |
. ;
¢ % Phenomenology:

forward jet, Drell-Yan, Higgs or vector meson 3
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Hybrld or pure fcctonzatlcn’?
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Forward emlssmns ‘ Central emissions T

* Asymmetric config. < fast parton + small-x gluon“; * QGluon induced < small-x gluons

L% Hybrid high-energy/collinear factorization * Pure high-energy factorization

1 3
i it i
.‘ P . :'\' A b :‘\
3 Collinear PDF b ,
‘| ’. "‘\ UGD ’o :
! > | z
' ', w? '\ + S \l' ’
.ﬁi " .f K. : ", ‘
: UGD °
i 13,1 X
.‘ . Py ]

! * Distinctive signals of small-x dynamics expected .”". * Small-x dynamics to enhance f.0. description

* Phenomenology: Hox Phenomenology:

forward jet, Drell-Yan, Higgs or vector meson b 9 central jet, Higgs or vector meson 3




Hybrld or pure fcctonzatlon’?

| FOI‘W&l‘d emlssmns ‘ Central emissions

* Asymmetric config. < fast parton + small-x gluon ';,J" * Gluon induced < small-x gluons ‘l
'c. * Hybrid high-energy/collinear factorization o“". * Pure high-energy factorization »
: Collinear PDF , Pl &
3% UGD 3

! * Distinctive signals of small-x dynamics expected .”". * Small-x dynamics to enhance f.0. description

* Phenomenology: i! * Phenomenology:

forward jet, Drell—Yan Higgs or vector meson central Jet nggs or vector meson

= R ¢ 2 R = P
—_— = Rl - U / == = Aat; -

- Az 8 5
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Table complemented by excluswe counterparts and lepto-hadronic channels




Diffractive y* P scatterings and color dipoles

* Small-x = loffe time > R,

W,, o« Im {in4x e'7*(P|T [/, (x) J,(0)] \P)} x Atleastone J, outside proton:--

* ---color dipole picture!




Exclusive forward
p Meson leptoproauction



Single forward emissions

> I = d ar S = 3 Y ‘ s 5" = 2 Y i, R e . a S
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' Exclusive light VM: p°, », ¢

{ * Small-size dipoles = large k;

j‘ * Collinear description: twist-2/-3 LVM NP DAs

1
\" ok
P J

dz T "P(z, k7, Q, s Hp) P7(2, i) |
0

¢ * Significance of small k; under investigation...

‘
! * HERA indication: no large-ry; dynamics 3

{ % LVMs as tools: discrimination among UGD models ,'

¢ % LVMs as tools: UGD extraction < HERA + EIC fitS
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Single forward emissions

{  Exclusive light VM: p°, 0w, ¢ |} Quarkonia

‘ * Small-size dipoles = large k; ‘ * Size of dipoles = wide range of k;

:-‘ * Collinear description: twist-2 /-3 LVM NP DAs * Description: NRQCD (combined with LEWF's) i
PRV A LFWF® o/, | e [®"¥ @ UGD |
f O, X dz TH (2, K7y O, Ups MF) Qb p(Z, //iF) i [ WE® dip.] [ ® ] ]
0 i :
"f * Significance of small k under investigation... ‘;‘f"- * Validity of small-size dipoles questionable...
j * HERA indication: no large-ry dynamics * NRQCD: large-ry dynamics for ¥(2s) (Y(2s) ?)

¥ % [LVMs as tools: discrimination among UGD models " & [K. Suzuki et al. (2000)]; & [J. Cepila et al. (2019)]; & [M. Hentschinski et al. (2020)] '

* [LVMs as tools: UGD extraction < HERA + EIC ﬁts * Onia as tools: scan of TMD/HEF intersection range
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