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Gluon TMDs: gauge links and modified universality

* Single-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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Dihadron hadroproduction and factorization breaking

* Proof of factorization violation & [T. J. Rogers, P. J. Mulders (2010)]
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T-even and T-odd gluon TMD PDF's at leading-twist
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T-even and T-odd gluon TMD PDF's at leading-twist
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T-even and T-odd gluon TMD PDFs at leading-twist
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#¢ Spin-1/2 spectator

Lowest Fock state:

tri-quark spectator ,
on-shell and Y (p”)

with mass My >

s geler:

¢ Nucleon-gluon-spectator vertex

P, = T |(p + )t
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Assumptions of the model

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

p2

2
91,2(29 ) — R1,2
p? — A% |?

Cancels singularity of gluon propagator
Suppresses etffects of high pr

Compensates log divergences arising from pr-integration

rom—

Adds three more parameters: k; , and Ay



Our model at a glance

Spectator-system spectral-mass function

Link with collinear factorization

pr-integrated TMDs have to reproduce PDFs

at the lowest scale ((J,) before evolution

URY

- Instead of a single on-shell spectator, ,
a continuum of spectators |

—

~
~
~
L ~
~
\\
~

replica 11

all replicas
————— NNPDF3.1sx

| Spectral function learns small- and moderate-xinfo| |’  Tog ceoticn
| . , o { | | 100 replicas |
encoded in NNPDF collinear parametnzatlons “’, ,f" . —
(NNPDF3 . 1 I + NNPDFpOl 1 . 1) ;': 0.001 0005 0010 ) 0.050 0.100Xg1g(x) 0.500
M Simultaneous fit of fi and g1 PDFs \ |

0.0

M Inclusion of small-x resummation effects (BFKL) 1

M Calculation of all leading-twist T-even gluon TMDs Y Z2— sy
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...towards twist-2
| T-odd gluon TMDs




T-odd gluon TMDs in a spectator model

No residual gluon-spectator interaction at tree level

Interference with one-gluon exchange (eikonal)
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T-odd gluon TMDs in a spectator model

No residual gluon-spectator interaction at tree level

Interference with one-gluon exchange (eikonal)

gg > H qg — y-jet

Leading-twist one-gluon-exchange of the gauge-link operator

Sensitivity to f- and d-type structures

Preliminary results for Sivers and linearity functions

& & [A. Bacchetta, F.G. C., M. Radici, EPS-HEP, PANIC (2021)]
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Analytic structure of T-odd gluon TMDs

Two-jet SIDIS = ftype |+, + ]

|A. Bacchetta, F.G. C., M. Radici, in preparation| 16
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‘ spectator-gluon-spectator
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Analytic structure of T-odd gluon TMDs

Two-jet SIDIS = ftype |+, + ]

‘ nucleon-gluon-spectator

‘ spectator-gluon-spectator
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‘ nucleon-gluon-spectator

‘ spectator-gluon-spectator
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Analytic structure of T-odd gluon TMDs
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Checkpoints and further steps

[ Systematic calculation of all initial-scale twist-2 T-even gluon TMDs

[ Spectral mass to catch small- and large-x effects

M Simultaneous fit of fi and g1 PDFs via replica method
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Checkpoints and further steps

Systematic calculation of all initial-scale twist-2 T-even gluon TMDs

Spectral mass to catch small- and large-x etfects

Simultaneous fit of /i and g1 PDFs via replica method

Twist-2 T-odd gluon TMDs (Sivers, etc.) almost done!
Inclusion of standard CSS evolution almost done!
Pheno: spin asymmetries, pseudodata and impact studies

Extension to quark TMDs, GPDs and the small-x UGD

Explorative studies on gauge-link sensitivity and factorization

17






3D proton tomography at new-generation colliders

Yellow Report & [EICUG [arXiv:2103.05419]]

Accessing the gluon content
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3D proton tomography at new-generation colliders

Electron Covler Polonred
- yidithr —>s Electron
Source

Yellow Report & [EICUG [arXiv:2103.05419]]

| SPD
S (DefecTO') |

P g o o

Gluon content at NICA-SPD &’ INICA [arXiv:2011.15005]] | N | B';E‘ff;'ci?j‘ﬁéfﬂ

Heovy [

Accessing the gluon content

sector of studies

Significance of large-x studies at NICA-SPD
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3D proton tomography at new-generation colliders

Quarkonium studies at HL-LHC & [QAT [arXiv:2012.14161]]

Gluon TMDs at high energies
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3D proton tomography at new-generation colliders
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3D proton tomography at new-generation colliders
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The Forward Physics Facility (FPF) & [FPF [arXiv:2109.10905]]

Gluon TMDs at high energies

.‘- Intrinsic etfect of gluon polarization in unpolarized pp collisions

-" Precision studies of proton structure via natural stability of high-energy resummatios
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Assumptions of the model

#¢ Spectator-system spectral-mass function

spectral-mass function

M spectator-model TMD

& [Inspired by G.R. Goldstein, J.O.G. Hernandez, S. Liuti (2011)]
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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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xf, collinear PDF vs (a - b)
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Unpolarized gluon PDF

xf19(x)

S SO0 Emm——— NNPDF3.1sx -

0, = 1.64 GeV enna

0.005 0.010 0.050 0.100 0.500




Unpolarized gluon PDF
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Helicity gluon PDF
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Helicity gluon PDF
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Fit specifics

y?/d.o.f. =0.54 +0.38

no overlearning, just large errors for g,
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Fit specifics

y?/d.o.f. =0.54 +0.38

no overlearning, just large errors tfor g,

1 1 1
W= | deafrn0)  S=1= | drgin

0 2 0

Our model @ O, = 1.64 GeV Lattice @ Oy = 2 GeV

" g

| ? ¥ t*
(), = 0.424(9) (), = 0.427(92) |
| | }
- (S), = 0.159(11) - (J), = 0.187(46)
{\ / \1\ | | / t

& [C. Alexandrou et al. (2020)]
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Unpolarized gluon TMD

@ o Mier)

replicas |

b
b

— replica 11

- all replicas

| | | | ! | | | ! | | | ! |
0.0 0.2 04 0.6 0.8 1.0

pr’ [GeV?]

& |A. Bacchetta, F.G. C., M. Radici, P. Taels (2020)]



https://inspirehep.net/literature/1794366
https://inspirehep.net/literature/1794366

Unpolarized gluon TMD
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Unpolarized gluon TMD
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Helicity gluon TMD
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Helicity gluon TMD
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Helicity gluon TMD
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Worm-gear gluon TMD
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Worm-gear gluon TMD
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Worm-gear gluon TMD
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Gluon TMD correlator and T-odd gluon densities
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Gluon TMD correlator and T-odd gluon densities

F’ZI(x, k) = x
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Gluon TMD correlator and T-odd gluon densities
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f-type Sivers / unpol. Bz £, 4141 (x, py?)

/ |
@ 0.008!

0.006
0.004
0.002

0.008.’ .-

& [A. Bacchetta, F.G. C., M. Radici, EPS-HEP (2021)]

f'| 9 (Xa pT2)

— replica 10

— all replicas

02 04 06

pr° (GeV?)

1.0



https://inspirehep.net/literature/1958911
https://inspirehep.net/literature/1958911

f-type linearity / unpol. £z 144 (x, py?)

f'lg(xa pTz)
Al AT EEEEEEEEE————————
/ | Q, = 1.64GeV — replica 10
_0.002. B — all replicas

~0.004 |(/,—

-0.006 fif

~0.008 '

8.0 0.2 0.4 0.6 0.8 1.0

& [A. Bacchetta, F.G. C., M. Radici, PANIC (2021)]



https://inspirehep.net/literature/1961661
https://inspirehep.net/literature/1961661

f-type linearity gluon TMD
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f-type linearity gluon TMD
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p-densities

@ Unpolarized [u/u] J1(x, py py)




p-densities
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p-densities

Unpolarized [u/u]

Boer-Mulders [—/u] f(x,p.p,)+

Px —P

J1(x, Py, D))

% )4

Yl
2M2 hl (Xapx’py)

1
Helicity [O/+] 5 J1G6 Py py) + 811X, Dy Dy)

Worm-gear [O/—] J1(X, Py Py) —

Dx

Mng(xapxapy)




Boer-Mulders effect in unpolarized pp collisions
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Boer-Mulders effect in unpolarized pp collisions
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Boer-Mulders effect in unpolarized pp collisions
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Boer-Mulders effect in unpolarized pp collisions
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i Model prediction at low-x .‘- HEF regime (linear low-x evolution)
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pseudoscalar quarkonium production:
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unpolarized cross section
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do /dgrdy [nb/GeV]

1, production @ 7TeV LHC
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do /dgrdy [nb/GeV]

n. production @ 7TeV LHC
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n. production @ 7TeV LHC

Nc production at LHC

full transverse momentum spectrum:
low qT matched with high gT region
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blue band: uncertainty from matching

grey band: scale uncertainty

red band: nonpert. uncertainty

— a a —
Snp(br) = — [71 + In Q2] b7

ai = 0.5 GeV=, var. 50%, envelope

both for unpolarized and
linearly polarized distributions

the formalism is in good shape!
we need the data at low T
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