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- READY TO USE EIC DATA
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Not mentioned: pion TMDs, TMD fragmentation functions, nuclear TMDs
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See talk by Cristian Pisano
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UNPOLARIZED TMD
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TMD STRUCTURE
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(o lbrl ) = [ dPho e g7 (o k)

see, e.q., Collins, “Foundations of Perturbative QCD” (11)

TMD collaboration, “TMD Handbook,” arXiv:2304.03302



http://www.arxiv.org/abs/2304.03302
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UNPOLARIZED TMD GLOBAL FITS
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arXiv:2405.13833

Accuracy HE:?DIJISES CC)Sll/IDIJ,iSS Dt\;:;x;d DY collider | N of points| %2/Ngoints
arxﬁ/;aozgg 157 N v v v v 3059 1.55
arXiv?1\/921%1.36532 L v v v v 1039 1.06
arXiv:|\2/|2Agé2.f)7598 L v v v 4 2031 1.06
arXiv:§§o§%7473 WL X X v v 627 0.96
MAP2A N3LL v v v/ v 2031 1.08
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see also Parton Branching approach, talk by Louis Moureaux
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FLAVOR-DEPENDENT UNPOLARIZED TMDS s

MAP Collaboration, arXiv:2405.13833
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MAP Collaboration, arXiv:2405.13833
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See talk by Filippo Delcarro
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IMPROVED ACCURACY AND SIDIS

17

COMPASS multiplicities (one of many bins)
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IMPROVED ACCURACY AND SIDIS

COMPASS multiplicities (one of many bins)

NP predictions N3LL

S

‘i 3

: T

N e +j_

X —— 3

S — —_ T i

The description considerably worsens at

higher accuracy.
Almost a constant suppression factor.
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Scimemi, Vladimirov, arXiv:1212.06532
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Also in the SV19 study, the overall
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The paper emphasizes the relevance of prescription choices and simultaneous TMD-PDF fit,
but does not provide a fit to extended data sets.
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The k2 weighing exposes the tails

The paper emphasizes the relevance of prescription choices and simultaneous TMD-PDF fit,
but does not provide a fit to extended data sets.

See talk by Tommaso Rainaldi
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VECTOR MESON CONTAMINATIONS

A. Bressan’s talk at Transversity 2024
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Let’s hope that both data and fits can lie in comfortable beds

7{ "a ':I '4— —-,..‘~- o
' |\ - o "d“ -.W'J bl s 2

— .".q :
‘ ®

.-‘ ".“.’ T

“ , » s o '

"?.."55‘!'°‘¢__

] ' |- .. c,.'.
:.o " s“..‘ .“ 0* s 4
) . ) A .
. L 3 ’
VLS il

.

',

o

H

A RRARERA,
3:3’11;1




EXPECTED DAIA

Pt
\\

Com Pass mu Iti pl Icities G. Angelini’s talk at SarWors2021

gom

/ | off protons
N P - Bin 1| 0.40<z<0.45
: :Q:zzé =18 GeVA2 Name: [a]*exp(-x/[b])
4 0%GeV/c)? a 2.649
16.0 COMPASS preliminary b 0.203
030<z<040 ' . ! K. -fg' 10° ¥*/ndf 1.111
o 1t 107! 'o.’ 'o.. .o. v -
o I 107 e, . . ® o U
107 * ¢ :
30 10 ] 5 : : 107
I P? (GeV/c)* =
. o... o.. o.. E ‘0‘“
3 ¢ ° * e ’0’
w S0 clcs‘ )
1of T E— T E— —
P} (GeVic)* P; (GeVic)* P} (GeVic)* p
0.003 0013 0.020 0.055 0.100 P R E Ll M I NARY
h™ distributions in = : Q% : z : P2 (2nd z bin 1023 = e
@ T ( ) 0.20 0.40 0.60 0.80 1.00

[A. Moretti (COMPASS), Proc. of ICNFP 2020]

PT? [GeV?



SOME LESSONS LEARNED



SOME LESSONS LEARNED

» Simple Guassians or bell-like shapes are not sufficient to describe data



SOME LESSONS LEARNED

» Simple Guassians or bell-like shapes are not sufficient to describe data

» The TMD shape must be x-dependent



SOME LESSONS LEARNED

» Simple Guassians or bell-like shapes are not sufficient to describe data
» The TMD shape must be x-dependent

» The TMD frag. functions are probably different for different final-state hadrons



SOME LESSONS LEARNED

» Simple Guassians or bell-like shapes are not sufficient to describe data
» The TMD shape must be x-dependent
» The TMD frag. functions are probably different for different final-state hadrons

» The TMDs are probably different for different quark flavors



CONNECTIONS
WITH OTHER FIELDS




CONNECTIONS WITH LATTICE QCD: COLLINS-SOPER KERNEL

29

Bermudez Martinez, Vladimirov, arXiv:2206.01105

— CASCADE o SVZES

— SV19 + ETMC/PKU
——= MAP22 . SVZ

-—-- Pavial9 s LPC20

- P&Vi&l? O LPC22


https://arxiv.org/abs/2206.01105

CONNECTIONS WITH LATTICE QCD: COLLINS-SOPER KERNEL

29

Bermudez Martinez, Vladimirov, arXiv:2206.01105

— CASCADE e SVZES
— SV19 « ETMC/PKU
-== MAP22 -~ SV7
-—-= Pavial9 v LPC20
- Pavial7 0 LPC22

f

TMD phenomenology


https://arxiv.org/abs/2206.01105

CONNECTIONS WITH LATTICE QCD: COLLINS-SOPER KERNEL

29

Bermudez Martinez, Vladimirov, arXiv:2206.01105

— CASCADE e SVZES

—_— SV19 « ETMC/PKU
-== MAP22 -~ SV7

-=== Pavial9 v

LPC20
---  Pavial7 - LPC22 \

TMD phenomenology Lattice QCD


https://arxiv.org/abs/2206.01105

CONNECTIONS WITH LATTICE QCD: COLLINS-SOPER KERNEL 2

Bermudez Martinez, Vladimirov, arXiv:2206.01105 Avkhadiev, Shanahan, Wagman, Zhao, arXiv:230/.12359
a \
| ‘
S
S
3 -1y
= _
7. B
Z. I
:3.\ -
=
0.0

— CASCADE e SVZES

— SV19 « ETMC/PKU

-== MAP22 -~ SV7

-—-- Pavial9 v

LPC20
---  Pavial7 - LPC22 \

TMD phenomenology Lattice QCD


https://arxiv.org/abs/2206.01105
https://arxiv.org/abs/2307.12359

CONNECTIONS WITH LATTICE QCD: COLLINS-SOPER KERNEL 2

Bermudez Martinez, Vladimirov, arXiv:2206.01105 Avkhadiev, Shanahan, Wagman, Zhao, arXiv:230/.12359
>
S
[
= U
é [
S -1
z
2.
O.—O
— CASCADE e SVZES
— SV19 « ETMC/PKU
-== MAP22 -~ SV7
-=== Pavial9 v LPC20
--=  Pavial7 = LPC22 \
f See talk by Patrizio Pucci

TMD phenomenology Lattice QCD


https://arxiv.org/abs/2206.01105
https://arxiv.org/abs/2307.12359

CONNECTIONS WITH LATTICE QCD: COLLINS-SOPER KERNEL 2

Bermudez Martinez, Vladimirov, arXiv:2206.01105 Avkhadiev, Shanahan, Wagman, Zhao, arXiv:230/.12359
>
S
[
= U
é [
S -1
z
2.
O.—O
— CASCADE e SVZES
— SV19 « ETMC/PKU
-== MAP22 -~ SV7
-=== Pavial9 v LPC20
--=  Pavial7 = LPC22 \
f See talk by Patrizio Pucci

TMD phenomenology Lattice QCD


https://arxiv.org/abs/2206.01105
https://arxiv.org/abs/2307.12359

CONNECTION WITh LATTICE QCD: TMDS 3

LPC collaboration, arxiv:2211.02340
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CONNECTION WITH LHC PHYSICS: My 5

_________________________ Overview of m,, measure”l'e"ts - | ATLAS Collab. arXiv:2403.15085
LEP Combination | ATLAS - e =
m,, = 80376 = 33 MeV : R
(s=7TeV,4.6fb" '
DO (Run 2) _ o

Phys. Rev. Lett. 108 (2012) 151804
m,, = 80375 = 23 MeV

CDF (Run 2) ; R :
Science 376 (2022) 6589 : Hl : 1o
m,, = 80434 = 9 MeV : o ;

LHCb 2021 : . :
JHEP 01 (2022) 036 : [ @ -,
m,, = 80354 = 32 MeV : e ;

ATLAS 2017

Eur. Phys. J. C 78 (2018) 110 ® Measurement - ® mm
m,, = 80370 = 19 MeV : l :
Stat. Unc.
ATLAS 2024 B Total Unc. : K
;hvlvs;lvgégm +16 MeV .SM Prediction E- | ® =
_________________________ | | |
80200 80300 80400

m,, [MeV]

Unc. [MeV | | Total Stat. Syst. | PDF A; Backg. EW e u ur Lumi I'w PS

ps 162 11.1 11.8 | 49 35 17 56 59 54 09 11 0.1 15
mr 244 114 216 | 11.7 47 41 49 67 60 114 25 02 7.0
Combined | 159 98 125 | 57 37 20 54 60 54 23 13 01 23
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cor o), Not taking into account the flavor
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JHEP 01 (2022) 036 : L @ -,
m,, = 80354 = 32 MeV : e ;

the determination of the W mass, of the
order of a few MeVs

ATLAS 2017 : ]! :
Eur. Phys. J. C 78 (2018) 110 @® Measurement : '@ mm
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ATLAS 2024 Wl Total Une. . |
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_________________________ | ] j
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Bacchetta, Bozzi, Radici, Ritzmann, Signori, arXiv:1807.02101
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The coupling constant of the strong force is determined from the transverse-momentum
distribution of Z bosons produced in 8 TeV proton—proton collisions at the LHC and recorded
by the ATLAS experiment.
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ATLAS coll., arXiv:2309.12986

The coupling constant of the strong force is determined from the transverse-momentum
distribution of Z bosons produced in 8 TeV proton—proton collisions at the LHC and recorded
by the ATLAS experiment.

Table 1: Summary of the uncertainties in the
determination of @ (mz), in units of 1073.

Experimental uncertainty +0.44

Electroweak fit O 0.1208 = 0.0028 PDF uncertainty +0.51

Lattce | 1 0.1184 + 0.0008 Scale variation uncertainties +0.42
World average —@— 0.1179 = 0.0009 Matching to fixed order 0 —0.08
ATLASZp. 8TevV | deo— T 01183 + 0.0009 Non-perturbative model +0.12  -0.20
! | | | | Flavour model +0.40 -0.29

0.115 0.120 0.125 0.130 QED ISR +0.14

ocs(mz) N“LL approximation +0.04

Total +0.91 —-0.88
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ATLAS coll., arXiv:2309.12986

The coupling constant of the strong force is determined from the transverse-momentum
distribution of Z bosons produced in 8 TeV proton—proton collisions at the LHC and recorded
by the ATLAS experiment.

Table 1: Summary of the uncertainties in the
determination of @ (mz), in units of 1073.

Experimental uncertainty +0.44

Electroweakfit | | 0.1208 = 0.0028 PDF uncertainty +0.51

Lattice 10— 0.1184 + 0.0008 Scale variation uncertainties +0.42
World average —@— 0.1179 = 0.0009 Matching to fixed order 0 —0.08
ATLASZp 8Tev | deo— T 01183 + 0.0009 Non-perturbative model +0.12  -0.20
! | | | | Flavour model +0.40 -0.29

0.115 0.120 0.125 0.130 QED ISR +0.14

o (m,) N“LL approximation +0.04
Total +0.91 —-0.88

Estimate that does not take into

account recent TMD results
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HELICITY TMD INTERPRETATION %

At a certain value of x k Spin of proton
fy pointing out
1 Positivity limit
3"\\‘_
ko)
0.57

We try to always impose positivity limits. We prefer rigid and physical to flexible and unphysical

The fraction of same/opposite helicities is the same at any transverse momentum
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At a certain value of x k Spin of proton
Y pointing out
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The quarks with the same helicity as the proton’s have less transverse momentum



HELICITY TMD INTERPRETATION
At a certain value of x




HELICITY TMD INTERPRETATION 37

At a certain value of x k Spin of proton
2} pointing out
1 @\
®
--------- © (8- @~ k




HELICITY TMD INTERPRETATION 37

At a certain value of x k Spin of proton
Y pointing out

The quarks with the same helicity as the proton’s have more transverse momentum



TWO (EXTREMELY) RECENT EXTRACTIONS 38

Yang, Liu, Sun, Zhao, Ma, arXiv:2409.08110 MAP collaboration, arXiv:2409.180/8
Uu
0.2 q
0.0
—0.27 Q — 2GeV = 0.04 1.0
0.5 | | | |
g 0.8
<2 R
= 0.0
: SIS,
= C},{'i{'o'ﬁ
o) = 0.08 <%
T 1 — |04
< SIES
5: 0 0.2
-
> r = 0.16 0.0!
- . . . . doo 025 050 0.75 0.00 025 050 0.75 0.00 025 0.50 0.75
I k1| [GeV] k1| [GeV] k1| [GeV]
0 il
1t r = 0.32
0.0 0.2 0.4 0.6 0.8 1.0

]CT (GGV)


https://arxiv.org/abs/2409.18078
https://arxiv.org/abs/2409.08110

USED DATASETS

Yang, Liu, Sun, Zhao, Ma, arXiv:2409.08110

MAP collaboration, arXiv:2409.18078

Experiment Process Data points x°/N
HERMES|82] e*p — eThX 84 (160) 0.72
HERMES|82] ed — eThX 160 (317) 0.71
CLASI83] e p—e mX 9 (21) 1.43
Total 253 (498) 0.74

Experiment Ndat | XNLL /Ndat YNNLL /Ndat
HERMES (d — = 1) | 47 1.34 1.30
HERMES (d — n7) | 47 1.10 1.08
HERMES (d — KT)| 46 1.26 1.25
HERMES (d — K7)| 45 0.93 0.89
HERMES (p — «F) | 53 1.17 1.21
HERMES (p — 7~) | 53 0.86 0.86
Total 291 1.11 1.09
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MAP collaboration, arXiv:2409.18078

Experiment Process Data points x°/N
HERMES|82] e*p — eThX 84 (160) 0.72
HERMES|82] eTd — eThX 160 (317) 0.71
CLASI83] e p—e X 9 (21) 1.43
Total 253 (498) 0.74

Experiment Ndat | XaLL /Ndat | XNnLL / Ndat
HERMES (d — ©") | 47 1.34 1.30
HERMES (d — 77) | 47 1.10 1.08
HERMES (d — KT)| 46 1.26 1.25
HERMES (d — K7)| 45 0.93 0.89
HERMES (p — «") | 53 1.17 1.21
HERMES (p —+7~) | 53 0.86 0.86
Total 291 1.11 1.09

More data needed
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EXPECTED DAIA

Multidimensional binning needed
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SIVERS TMD
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SIVERS FUNCTION

,DNT(-X, x° Qz) fq(x kz, Qz) — _f (X k2’ QZ)

In a nucleon polarized in the +y direction,
the distribution of quarks can be distorted in the x direction

43



SIVERS FUNCTION

Pl (%, ky ks 02) = f9(x, k2 02) — —f 49(x, kK 0?)

In a nucleon polarized in the +y direction,
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SIMULTANEQUS FIT OF SINGLE TRANSVERSE-SPIN ASY 45

JAM, arXiv:2205.00999

— == FHKchevarria et al ‘20

= Anselmino et al ‘17
-—-—  Bacchetta et al ‘21

Interesting work from the point of view of simultaneous use of several measurements, but still
limited from other perspectives (lack of TMD evolution and knowledge of the unpolarized
function)
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SIVERS FUNCTION WITH NEURAL NETWORKS 46

Fernando, Keller, arXiv:2304.14328
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Interesting work from the point of view of the use of Neural Networks, but still limited from other
perspectives (lack of TMD evolution and knowledge of the unpolarized function)
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Interesting work from the point of view of the use of Neural Networks, but still limited from other
perspectives (lack of TMD evolution and knowledge of the unpolarized function)

See talks by Ishara Fernando
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CONNECTION WITH ANGULAR MOMENTUM?
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Estimate of angular momentum based on

model assumptions + Sivers fit

See also arXiv:1907.06960 for a critigue
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IMPACT OF RICH DATA? a8

Boglione, D’Alesio, Flore, Gonzalez-Hernandez, Murgia, Prokudin, arXiv:2402. 12322
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WHAT ABOUT PP — HADRONS DATA? 4

Artistic view of factorization Mulders, Rogers, arXiv:1001.2977
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Works for SIDIS, Drell-Yan, e-e* annihilation
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WHAT ABOUT PP — HADRONS DATA? i

Artistic view of factorization Mulders, Rogers, arXiv:1001.2977

TMD factorization does not work for pp to hadrons See talk by Oleg Eyser
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In five to ten years slide from 2018 CPHI@Yerevan

- TMD multiplicities for pions and kaons, off protons and deuterons, from
COMPASS and JLab

* Drell-Yan and Z measurements from CERN, RHIC, FermiLab
(COMPASS with pions)

- TMD multiplicities for pions and kaons in ete- from BELLE and BES
» Better understanding and control of higher-order QCD corrections

» More flexible functional forms, flavour dependence, at least two or three
alternative extractions

» Use TMDs for something else (W mass... comparison with lattice...
Wigner distributions...)

- READY TO USE EIC DATA
51
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The theory behind TMDs is well established for quarks at leading twist, but
there can be differences in the implementation

Progress is ongoing concerning higher-twist and gluon TMDs

Extractions of unpolarized TMDs are reaching a good level of sophistication,
but there are still several open questions and new data are needed

For other TMDs, the study has started and there is an increasing number of new
results, but more data are needed



