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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

1.2 Gluon-TMD process dependence
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Factorization and universality
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Gluon TMD PDFs at leading twist
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2. Modeling gluon TMD PDFs



Spectator-model gluon TMDs

¢ Spin-1/2 spectator
Lowest Fock state: P
tri-quark spectator
on-shell and Vg (Pz)
>
M, P *

with mass My,
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Lowest Fock state:
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Spectator-model gluon TMDs

#¢ 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
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Spectator-model gluon TMDs

#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

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

[ Calculation of all leading-twist T-even gluon TMDs
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3D proton Imaging: Tomographic reconstruction & TMDs

Unpolarized TMD
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3D proton Imaging: Tomographic reconstruction & TMDs
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Anatomy of gluon TMDs
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¢ Suppression of genuine NP effects ?




3. Building T-odd gluon TMDs



T-odd gluon TMDs in a spectator model

# Noresidual gluon-spectator interaction at tree level

&  Interference with one-gluon exchange (eikonal)

3.1 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

[+ — -1
TMD PDF TMD PDF

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

3.1 T-odd gluon TMDs at twist-2 (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 = d-type [+, —]
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T-odd gluon TMDs in a spectator model

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

4] = Ofiges) = 2C4CF Cl—] = Clyg) = W

‘ nucleon-gluon-spectator VE(p%) = e |91(0%) v + 92(9°) ﬁ o p,

‘ spectator-gluon-spectator i (2 _ e glf(pQ)v“—l—gg(pQ)ﬁUWpy ) A+ gl () o,

. Li4,—] =) pif4] — 10 a4+ 4
Assumption:  ¢f,(p*) = gl ,(0*) = 912(0*) &  fir = 1T = i

3.1 T-odd gluon TMDs at twist-2 (Sivers & linearity) & & [A. Bacchetta, F.G.C., M. Radici, EPS-HEP, PANIC (2021)] @



https://inspirehep.net/literature/1958911
https://inspirehep.net/literature/1961661
https://inspirehep.net/literature/1958911
https://inspirehep.net/literature/1961661

Analytic structure of T-odd gluon TMDs

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

‘ nucleon-gluon-spectator

‘ spectator-gluon-spectator

3.1 T-odd gluon TMDs at twist-2

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

3.1 T-odd gluon TMDs at twist-2

[A. Bacchetta, F.G.C., M. Radici (in preparation)]
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Accessing gluon TMDs @LHC
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Quarkonia: Assets & challenges
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Initial-state color flow = [ -, -] gauge link

(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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Quarkonia: A path toward precision

TMD & shape functions
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Quarkonia: A path toward precision

TMD & shape functions

¥ NRQCD = double expansion: a, @ v

e @
RIS
'-'.'-‘.0." B
@

s 00, S

2)=01)|QQS"1) +6w) IQQI’PY gy + 6 (™)1 QQI' Sy  g1)
+0(")1QQI’S] " ggly +0(v»)1QQIP D}V ggl) +....

S-wave quarkonium wave function

' TMD = from LDMEs to shape functions (ShFs)

2 mechanisms: bound state + soft-gluon

(factorization) & [M. Garcia Echevarria (2019)
(SCET) & [S. Fleming, Y. Makris, T. Mehen (2020)]
(unpol. Jry) & [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)]
(unpol. J/y) [D. Boer, J. Bor, L. Maxia, C. Pisano (in preparation)]
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Quarkonia: A path toward precision
TMD & shape functions Revised TMD shape function in SIDIS
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' TMD = from LDMEs to shape functions (ShFs)

2 mechanisms: bound state + soft-gluon
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Quarkonia: A path toward precision
TMD & shape functions Revised TMD shape function in SIDIS
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S-wave quarkonium wave function

# TMD = from LDMEs to shape functions (ShFs) # 2mechanisms: bound state + soft-gluon
2 mechanisms: bound state + soft-gluon ® LDME

(factorization) & [M. Garcia Echevarria (2019)
(SCET) & [S. Fleming, Y. Makris, T. Mehen (2020)]
(unpol. Jry) & [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)]
(unpol. J/y) [D. Boer, J. Bor, L. Maxia, C. Pisano (in preparation)]
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1., Production @ 7TeV LHCb

p(P1) + p(P2) — n.(qr)

#2 Perturbative scales fixed, NP-evolution parameters fixed, TMD 100-replica analysis, NRQCD w/o ShFs

p(P1) + p(P2) — ne(qr)

do /dqr [nb/GeV]

PVGlueModel?20

Vs=TTeV; 2 <y < 4.5
|Ro|? = 0.921 GeV?

do /dqr [nb/GeV]

. PVGlueMode120

L /5=TTeV; 2 <y < 4.5

§|1ﬁﬂ2:=:7£§3(}e\ﬁ3

[A. Bacchetta,

F.G.C., M.G. Echevarriq, J.-P. Lansberg, M. Ozcelik, M. Radici, A. Signori (in preparation)]




Double J/y production @(HL-)LHC

& More spin asymmetries, measurable @HL-LHC

do \/Q2 B 4M622
dMgadYoqd? Pgo,dQ2 B (2m)28s Q?

{Fl C[f{gfig]

+ F, C[wzhllg Ky ] + cos 2¢CS(F 3C[W3 ) ]

+F §C[w§h1lg fi ]) + COS 4¢CSF4C[w4h1lghllg ]} ,




Double J/y production @(HL-)LHC

o
D:3

# More spin asymmetries, measurable @HL-LHC

)
i W

do \/Q2 —4Mg
dMgadYoqd? Pgo,dQ2 - (2m)28s O?

{Fl C[f{gfig]

+ F, C[wzhllg hllg ] + COS 2¢CS(F 3C[W3 v hllg ]

+F §C[w§h1lg fi ]) + COS 4¢CSF4C[w4h1lghllg ]} ,

# TMD Models

& [J.-P. Lansberg et al. (2018)]
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Double J/y production @(HL-)LHC

More spin asymmetries, measurable @HL-LHC

w, hi9h7%:Model 1 == w5 hy%:Model 1 =+ w, hi? hy®: Model 1 -
Model 2 Model 2 Model 2
| |

do- ) \/ Q2 — 4AM> - C[fgfg]
dMgadYoqd? Pgo,dQ2 - (2m)28s O? 1 b

proton proton

+ F, C[wzhllg Ky ] + Cos 2¢CS(F 3C[W3 in® ]

+F §C[w§h1lg fi ]) + COS 4¢CSF4C[w4h1lgh1lg ]} ,

0 5 10 15 20

PWT[GeV]
TMD MOdelS & [J.-P. Lansberg et al. (2018)]
2 ~ 04 . . . . .
X, L) k > Gaussian 19, <k2> fit —
g(xa k29 ) — g( X _ - S '-1<, T>
fl T 2 ﬂ(k%) p( (k%>) § 05 over [0 ; MW /2] _
o ~ LHCb data without DPS +——
©
. | 1L O 0.2 <MW> 8 GeV -
Cfig/hlg(pT_)O) ? |h1g‘ S fig \"g | <kT> 3.3 + 0.8 GeV?
-Ev:? 0.1 \i}* reduced %2 = 0.36 -
2 3 1
gy = 2BAZDEE (o By g SEaTEo
’ ©
<k2> r ey AL L wy e

[Model-dependent fit on 13 TeV LHCb datdl]
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Double J/y production @(HL-)LHC

do \/ 0’ - 4M622
dMgadYoqd? Pgo,dQ2 -

+ F, C[wzhllg Ky ] + Cos 2¢CS(F 3C[W3 in® ]

+F §C[w§h1lg fi ]) + COS 4¢CSF4C[w4h1lgh1lg ]} ,

(2m)28s Q? {Fl C[ffff]

TMD Models

k;
@)

ik = E28 exp (-

¢ foIh'E (pr— 0) P 8] < f%

2
M, (1-7) g(x, ) exp (1 - k;

18
Ol ) = <k2> r ey

& [J.-P. Lansberg et al. (2018)]

r(kz)

More spin asymmetries, measurable @HL-LHC

w, hi9h7%:Model 1 == w5 hy%:Model 1 =+ w, hi? hy®: Model 1 -
1 Model 2 Model 2 Model 2
3 |
i STITICLLCURLICER L
i —"
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— 0.6 [} [ G ‘l'l%q% 2 |
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08 ]
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0 5 10 15 20
Py, [GeV]
—— e

" Gaussian fJ, <k> fit —
over [0 ;<MW>/2]

~ LHCb data without DPS
: <M\|ﬂ|'> 8 GeV -
| <kT> 3.3+0.8 GeV*

++ reduced x = 0.36 -

+ 6 8 10 12 (b)
Py, [GEV]

[Model-dependent fit on 13 TeV LHCb datdl]

proton ! proton

I
NP + TM resummation

Gaussian <kf#> = 3.3 = 0.8 GevZ —

Evolved f@ , byim € [2;8] GeVvl

0.5 - LHCb data with DPS subtracted —+
0.4 - -
0.3 - / \ . T

0.2 + // i \\

0.1 -
<Myy> = 8 GeV
O | | | | | |

0 0.5 1 1.5 2 2.5 3 3.5 4
Py [GeV]

do/dPyy, [ [§V% /2 dojdPy,. dPy,, [Gevl]

& [F.Scarpa et al. (2020)]
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TMD factorization



Parton densities: an incomplete family tree

3D 3D

» Wigner distributions

Se

FT of GPDs

.\ . xclusiv
(semi-)inclusive exclusive

’4
-
“
-

PDF's FT of Form Factors

(semi-)inclusive

1D

— b | dependence

A these two variables are NOT Fourier conjugate

.......... > EJ_ dependence



The proton spin crisis

quarks helicity

-30%

orbital angular
momentum

I

, Total in carried by qr

1
I
|
[

eluons helicity gluons does not amount to 1/2,

~ 20% —50% ?

‘one needs orbital angular momentum, "

\ t then a 3D description... |

_ __ _ _ ——

& (proton spin crisis) [EMC Collaboration, CERN (1987]]

side adapted from C. Bissolotti | Backup
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The proton spin crisis

quarks helicity

-30%

orbital angular
momentum

1
2

I

, Total spin carried by

gluon spin ‘ ‘
gluons helicity gluons does not amount to 1/2, :

~ 20% —50% ?

one needs orbital angular momentum, ]
\ t then a 3D description... 1h
| - - - |

& (proton spin crisis) [EMC Collaboration, CERN (1987)]

side adapted from C. Bissolotti | Backup
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The proton spin crisis

...many other effects in hadronic |
l. ) |
interactions cannot be understood |

quarks helicity

~30%

orbital angular
momentum

1
2

I

Total spin carried by quarks and

gluon spin

1
(i
\
|
[

gluons helicity gluons does not amount to 1/2,

~ 20% —50% ?

lone needs orbital angular momentum, |

‘then a 3D description... {
. ]

& (proton spin crisis) [EMC Collaboration, CERN (1987)]

side adapted from C. Bissolotti | Backup
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Dinadron hadroproduction and factorization breaking

* Proof of factorization violation & [T. J. Rogers, P. J. Mulders (2010)]
* Assumed factorization in SCET and CGC r
* Significance of low-x studies [ . . ______________ .
o
* Size of factorization-breaking effects small? (c)
< ST <
* DP TMDs: . T 5=
e — — |
(e)
* Appearance of new gauge loop links: & .
(e) [+ 9+ ]7 (f) [+9+ ]7 ______________________ ;__S _____________________ . ______________ I < e
S
(g) [ ’ ]) and (h) [ ’ ] (g) g

éri
___________________

&
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___________________________________________________

&

(f)
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Spectator-model gluon TMDs



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 —
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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)]

[ 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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Gluon TMD correlator and T-odd gluon densities

k!

) (x, k) = x |87 f1(x, k*) A 5 hi-(x, k%)
. I {i k]}“s \
'] _ 2 T “L
. 511 Stkr ieij k-S

I‘f}(x, k) = T Cr | TM L ng(x, kz)

M

kT{ZSJ} ST{lk]} {1 k]:.r}aST i
2M3




Gluon TMD correlator and T-odd gluon densities




Gluon TMD correlator and T-odd gluon densities

M3

STkT

i Y, flT(x k ) — EéTl]F](x k)




Gluon TMD phenomenology



Boer-Mulders effect in unpolarized pp collisions

Pf _py2 | x05™ (GeV-?) x=0.001
[>/u] fixpepy) + —5=hi (P p) o~

unpol. & Boer-Mulders

py (GeV)

....................

O —-=-=NMNWhrALOM
AR VUREELRA RARAR RARRE RERAN LA

px (GeV)

& [A. Bacchetta, F.G.C., M. Radici, P. Taels (2020)]
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Boer-Mulders effect in unpolarized pp collisions

pz B pz
[>/u]  finpop) + —hiH(x, pes )

unpol.

E NRQCD
do o at low transverse momentum
- (I) A (I) |M‘ for (pseudo)scalar state S o1
dqr CO v

Cl A /B ) & [ hyo/A pi9/B

\unpolarized gluons ) . lin. polarized gluons -

& [D. Boer, W.J. den Dunnen, C. Pisano, M. Schlegel, W. Vogelsang (2012)]
(Higgs+jet angular distributions) & [D. Boer, C. Pisano (2015)]

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

py (GeV)
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111111111111
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Boer-Mulders effect in unpolarized pp collisions

pz_pz “ (GeV2) x= 0.001
X Y 11 P VPOV ) XERET
[(_)/u] ][l(xapxapy) + h] (x9px’py)
unpol. 5~ —
%
&)
...... Pseudo)scalar pr-distributions: Higgs. 2
I ( ) pT gg ;/IC b NRQCD QU
dO' 2 at |OW transverse momentum
—_ (I) A (I) |M‘ for (pseudo]scalar state CS 1
dqr 0w

CLAM AP = elh ™ P )

....................

06 -04 —-02 00 02 04 06
px (GeV)

OC—-NW,LOM

kunpolarized gluonsj . lin. polarized gluons -

& [D. Boer, W.J. den Dunnen, C. Pisano, M. Schlegel, W. Vogelsang (2012)]
(Higgs+jet angular distributions) & [D. Boer, C. Pisano (2015)]

& [A. Bacchetta, F.G.C., M. Radici, P. Taels (2020)]
# Model prediction at low x

f3(x, p7)
T ~ constant
hi8(x,pz) x—0*
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Boer-Mulders effect in unpolarized pp collisions

Py =Py

[« /u]

unpol. 5~
2« (Pseudo)scalar pr-distributions: Higgs.
as ) P 995 M. p NRQCD
do' o at low transverse momentum
— (I) A (I) |M‘ for (pseudo)scalar state oS 1
dqr CO v

CLAM AP = elh ™ P )

\unpolarized gluonsj . lin. polarized gluons B

& [D. Boer, W.J. den Dunnen, C. Pisano, M. Schlegel, W. Vogelsang (2012)]
(Higgs+jet angular distributions) & [D. Boer, C. Pisano (2015)]

& [A. Bacchetta, F.G.C., M. Radici, P. Taels (2020)]
BFKL regime (linear low-x evolution)

#% Model prediction at low x
f(x, p7)
T ~ constant
hi¥(x,p3) x—0°

py (GeV)

x05~ (GeV™) x=0.001

1111111111111111111
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flg(x, P%) = hll 5(x, p%) + higher twist
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1., Production @ 7TeV LHCb

Nc production at LHC

full transverse momentum spectrum:
low qT matched with high gT region

10°

LHCD —e— : blue band: uncertainty from matching
Resummed 1
105 Fixed-order sesse- . grey band: scale uncertainty
i Average m=m -
Scale uncertainty == red band: nonpert. uncertainty

NP uncertainty s

Swp(br) = - [51 + % Q2] i

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

both for unpolarized and
linearly polarized distributions

do/dgr [nb/GeV]

10% §

7. production
NP model 1502.05354
bmin a'nd bmaa:

10" b s="T7TeV \ : (the formalism is in good shape!‘ |
RZ = 0.921533 |
2« y<4b . _ we need the data at low gT
. preliminary IR
T S E S ST R DRV
gr [GeV] /7
Jefferson Lab
25 o—

slide by Andrea Signori (INT 2017)




HEF and the UGD



TMD versus high-energy factorization

* Semi-inclusive processes

* K < hardestscale

* Language of parton correlators

* Diagram: SIDIS onium

on-shell

TMD
PDF

[Bacikup]




TMD versus high-energy factorization

* Semi-inclusive processes * Inclusive or exclusive processes (!}
* K < hardestscale * Small x, large «;

* Language of parton correlators * Language of

* Diagram: SIDIS onium * Diagram: DIS

k k
D7
74 (Q%) off-shell

ng
&

* 2
on-shell N X
K
TMD :
R2

PDF

'Backup|




TMD versus high-energy factorization

| IR-safe colorless {P'~°)

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

| 5 * Inclusive or exclusive processes (!)

* Small x, large «;

* Language of

* Diagram: DIS

k k
D7
74 (Q%) off-shell

t

P
(I)[NP]
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TMD versus high-energy factorization

| IR-safe colorless {P'~°)

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

| 5 * 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

P
(I)[NP]
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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

&5 —%— N

» 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’?

= = o - = TR = & ‘ 0y . - o 0 < \@ = =
> I3 = 3 < 95 9 — . - - - - - = =

o e 0 - > _ - toa=
. PR S . & > a . = - - o - ; q R 5 . a . /o2 . — P S
SRS * 23 O - Carl Bafl - SR = ol o = :,, o 3 -/ 4 . ¥ i3 =2 < . W 77 e B O - Ca] Faadl - S8 el - B\ <. << o A o Shear 3R

~.
) D)
5 3
0
.

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
| T, b o . o R == . . . £ o S \ I - N = o - - — = oo R o\ =S . 2 _ oo R \ e " . oo L \ RS

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'*(P|T [/, (x) J,(0)] \P)} x Atleastone J, outside proton---

* ---color dipole picture!




INnclusive quarkonium production mechanisms

* Gluon TMD PDF
* Short-distance (QQ) + ShFs




INnclusive quarkonium production mechanisms

on-shell

Kr €

* Gluon TMD PDF * Quark collinear PDF
* Short-distance (QQ) + ShFs * Oniumin jet
* Single-quark TMD FF




INnclusive quarkonium production mechanisms

off-shell \I K

Kt
* Gluon TMD PDF * Quark collinear PDF * BFKLUGD
* Short-distance (QQ) + ShFs * Oniumin jet %
* Single-quark TMD FF * Dipole mechanism

Backup




Exclusive forward
p Meson leptoproduction



Single forward emissions

= - v - ar e = 4 Y ‘ s N = - Y D, - — = - - " -
/e AR 3 U SO- R = PO, ORI T B Ry TR ORI ST B Ny TRV WO P R S O - B = T V3 T8 B

' Exclusive light VM: p°, o, ¢

{ * Small-size dipoles = large k;

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

1
; 2
D7 o I

dZ TI};*_)'O(Z, KT? Q? ﬂR’ /’tF) ¢/1'0(Za /’tF)
0

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

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

* LVMs as tools: discrimination among UGD models Q

* [VMs as tools: UGD extraction < HERA + EIC fitS
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Single forward emissions

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

‘ * Small-size dipoles = large k7 ‘ * Size of dipoles = wide range of k;

:-‘ * Collinear description: twist-2/-3 LVM NP DAs * Description: NRQCD (combined with LFWFs) ]
yE—p | ¥ —p A LFWF dﬂute O Y & UGD |
f O x | dz TH (2, K7, O, Ups ) Qb p(Z, ,uF) i [ WE® *Q[dip.] [ ® ] ]
0 13 :
"f * Significance of small x; under investigation... \;'.f"_ * Validity of small-size dipoles questionable...
¢ * HERA indication: no large-r4 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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