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An Early Career Story

ECW 2021 online

Towards twist-2 T-odd TMD gluon distributions ; |

We present explorative analyses of the 3D gluon content of the proton via a study of polarized T-odd gluon TMDs at twist-2, calculated in a
spectator model for the parent nucleon. Our approach encodes a flexible parameterization for the spectator-mass density, suited to

‘ describe both moderate and small-x effects. All these prospective developments are relevant in the investigation of the gluon dynamics |
| \
| inside nucleons and nuclei, which constitutes one of the major goals of the EIC program. |

‘\
\\ Speaker: Francesco Giovanni CElBerO (ECT*/FBK Trento & INFN-TIFPA) |
\
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3D proton Imaging: Tomographic reconstruction & TMDs

Unpolarized
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3D proton Imaging: Tomographic reconstruction & TMDs
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3D proton Imaging: Tomographic reconstruction & TMDs
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Preliminary results for Sivers

replica 11

PVGlueModel20 :

—— all replicas

Phenomenology

1.2

[A. Bacchetta, F.G.C., M. Radici (to appear)]

1.0 |

0.8 |

L o P
r = 10"} PVGlueModel120g1V :

—— all replicas

replica 11

' 100 replicas |

I




Preliminary results for Sivers

replica 11

PVGlueModel20

—— all replicas

Phenomenology

1.2

[A. Bacchetta, F.G.C., M. Radici (to appear)]

1.0 |

L o P
r =103 PVGlueModel120g1V :

—— all replicas

replica 11

100 replicas |




)
Z
=
=
B\
S
O




Unpolarized gluon collinear PDF
o

|
—\\\ ------------
\\\ ]
N~
| Sao 1 NNPDF3.1sx NLO
4 B N\N~ ~ ~ [ i
§~ \\ ------------
- ~
x\N x\\
NN\ \\\
~\~ o
~ ~
~~\ sN\
3 B ~\~ \\~ ]
NN\ \\
NS \\\
‘x\ .
SO
N S
NS
~.\\
2 NN )
\\\\
NS
NS
SN
\\\
\
Sa
\0
1 B \\\\ N
- N
I \\\\
AN
\¢\
| 1.64 s
n — SeSN=
O B QO - o GeV ~—¢:¢. |
B ‘ | | | ‘ | | | | ‘ | | | ‘ | | | | ‘ | | | ‘ | |
0.001 0.005 0.01 0.05 0.1 0.5

X

Computing



Unpolarized gluon collinear PDF
U

i v T T
ol 1 NNPDF3. 1sx NLO
i J |
PVGlueModel20
3 all replicas )
: replica 11
2 _
1 _
ol | | ©Qy=164GeV e
0.001 0.005 0.01 0.05 0.1 0.5

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

Computing


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

Unpolarized gluon collinear PDF

C

|

0, = 1.64GeV e N

|

0.001 0.005 0.01 0.05 0.1 0.5
X

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

Computing


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

Unpolarized gluon collinear PDF
U

0, = 1.64GeV e N

- !
‘ | | ‘ ‘ | | | ‘ | | | ‘ | | | ‘ | |

' | o |
0.001 W 0.005 0.01 0.05 0.1 0.5
X

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

Computing


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

i C’mon, this is a traditional fit !

L]




i C’mon, this is a traditional fit !

O O

& [Tomorrow?’s lecture by Stefano Forte]

Yes, that fit works for a model...

...out EIC data will need Al
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Gluon TMD PDFs: Gauge links & modified universality

* 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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T-odd gluon TMDs in a spectator model
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T-odd gluon TMDs in a spectator model

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

)E >
i -..but the modelis not pQCD !

We want to model the nonperturbative content of T-odd TMD PDFs

Formal aspects

* |f the model were pQCD, say a gluon-target model...




Analytic structure of T-odd gluon TMDs

Two-jet SIDIS = f-type [+, 4]

‘ nucleon-gluon-spectator

‘ spectator-gluon-spectator
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Analytic structure of T-odd gluon TMDs

Two-jet SIDIS = f-type [+, 4]

‘ nucleon-gluon-spectator

‘ spectator-gluon-spectator o~
3 X 8 X 4 ijk (z,pT) = Zci(jk)’ (z, p7) Di(z, p7)

256 coeff. functions
[A. Bacchetta, F.G.C., M. Radici (to appear]]
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Factorization and universality
SIDIS Drell-Yan
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Factorization and universality
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Drell-Yan

TMD factorization breaks
due to color entanglement

& [T. J. Rogers, P. J. Mulders (2010)]
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Factorization and universality
SIDIS Drell-Yan

TMD factorization breaks
Is the violation large?
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Proving TMD factorization

is highly nontrivial...



Proving TMD factorization

is highly nontrivial...

“..as complex as proving

remormalization”

John C. Collins
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An Early Career Path

GLUON TMDS W

3D imaging of the proton ~ TMD factorization properties

EXPERIMENT COMPUTING

Design of new-generation detectors Proton reconstruction from EIC data
Synergies between EIC and LHC Artificial intelligence

PHENO
Transverse momentum & polarization /‘

...a fascinating path for realizing yourself as a scientist !
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Gluon TMD PDFs: A largely unexplored territory

& Theory: different gauge-link structures...

...more diversified kind of modified universality!

#2 Pheno: golden channels for extraction

of quark TMDs are subleading for gluon TMDs
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#% 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 at ePIC & 2nd detector

Electron lon Collider




Spectator-model gluon TMD PDFs

Our model at a glance

e Spectator-system spectral-mass function
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Golden chonnels for gluon TMD PDFs @EIC
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Golden chcnnels for gluon TMD PDFs @LHC

, nggs in gluon fusmn |

No color entanglement
TMD factorization

. & Large low-pr bin @CMS  §
More data @HL-LHC ~ #
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Quarkonia: A path toward precision
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S-wave quarkonium wave function

# TMD = from LDMEs to shape functions (ShFs) &% 2 mechanisms: bound state + soft-gluon
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Quarkonia & Gluon TMDs: a path toward precision

TMD PDFs & shape functions 3D proton imaging: LHC & EIC
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TMD PDFs & shape functions 3D proton imaging: LHC & EIC
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TMD factorization



Parton densities: Hors d’ceuvre

Parton densities — relevant for the search of New Physics...

— ...crucial role in the understanding and exploration of QCD

Describe the internal structure of the nucleon in terms of its elementary constituents (quarks and gluons)

Nonperturbative objects that enter the expression of cross sections

Can be extracted from experiments via global fits




Parton densities: Hors d’ceuvre

Parton densities — relevant for the search of New Physics...

— ...crucial role in the understanding and exploration of QCD

Describe the internal structure of the nucleon in terms of its elementary constituents (quarks and gluons)

Nonperturbative objects that enter the expression of cross sections

Can be extracted from experiments via global fits

Several types of distributions (1D collinear, 3D TMD, 3D GPD, ...)

Follow from different factorization theorems

Exhibit peculiar universality properties

Obey distinct evolution equations




The proton spin crisis
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The proton spin crisis
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@ [+,+] or (b) [—,—] i (c) [+,—] or (d) [—,+]

two-jet ¢ & Higgs in &) y-jet hadroproduction &)
SIDIS * * < * ® sluon fusion. < ; o g i . >

hadroproductionil. _ . o .
* Color flow annihilated within final/initial state it * Color flow involving both initial and final states

* ftype gluon TMDs — f“bc color structure - * d-type gluon TMDs — d’¢ color structure
* Modified universality: f,:+’+] = f ) ‘ * Modified universality: f,:+'_] — f[_fﬂ
L4 -] & I |

hir = —fir hir = —hir

* Phenomenology: Higgs, quarkonia or yy in pp, * Phenomenology: single hadron or }/(*)—jﬁt

two-jet SIDIS, heavy-quark pair SIDIS hadroproduction, SIDIS or Drell-Yan (subleading) ;

Gauge link — two main independent sets of TMDs, not related to each other




Dinadron hadroproduction and factorization breaking
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< ST <
* DP TMDs: . T 5=
e — — |
(e)
* Appearance of new gauge loop links: & .
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Factorization and universality
SIDIS

lepton lepton




Factorization and universality
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Factorization and universality
SIDIS Drell-Yan

lepton proton

electron

T TMD factorization

well understood

—

positron "\ pion

et + e~ — hadrons




Factorization and universality
SIDIS Drell-Yan

proton

proton .j‘:'":".'.Iiﬁffff.:f ....... antilepton

electron

T TMD universality
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Spectator-model gluon TMDs



Spectator-model gluon TMD PDFs

Spin-1/2 spectator

Lowest Fock state:
tri-quark spectator
on-shell and

with mass My,

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

Backup
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Spectator-model gluon TMD PDFs

Spin-1/2 spectator

Lowest Fock state:
tri-quark spectator
on-shell and

with mass My,

& [A. Bacchetta, F.G. C., M. Radici, P. Taels (2020)]
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Spectator-model gluon TMD PDFs

#s Link with collinear factorization

1. pr-integrated TMDs have to reproduce PDFs

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

& [A. Bacchetta, F.G. C., M. Radici, P. Taels (2020)] | Backup
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Spectator-model gluon TMD PDFs

#s Link with collinear factorization

1. pr-integrated TMDs have to reproduce PDFs

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

p2

2
g1.2(p°) = K12
p? — A% |?

Cancels singularity of gluon propagator
Suppresses eiffects of high pr

Compensates log divergences arising from pr-integration

s Wb

Adds three more parameters: k; , and Ay

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

7 Instead of a single on-shell |

> spectator, a continuum of “
spectators |

e e —



http://arxiv.org/abs/1012.3776
http://arxiv.org/abs/1012.3776

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)]

[ A C (Mx —D)% "
. ( ars) — _ ,,2a | 2
PX (MX,{XP }_{A,B,a,b,C,D,a})—u _B—I—,u% | 7_(_()_6 o
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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)




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

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

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

‘ nucleon-gluon-spectator VE (p?) = e

@ spectator-gluon-spectator  yu (2 (a1




T-odd gluon TMDs in a spectator model

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

‘ nucleon-gluon-spectator VE (p?) = e

@ spectator-gluon-spectator  yu (2 (a1

Assumption: 9?,2(102) = 9{,2(292) = g1.2(p°) < 1T




