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Wigner distributions
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Distributions)

see, e.q., C. Lorcé, B. Pasquini, M. Vanderhaeghen, JHEP 1105 (11)
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Wigner distributions
(Fourier transform of GTMDs =

Generalized Transverse Momentum
Distributions)

Fourier transform
of GPDs

TMDs

PDF- Fourier transform

of Form Factors

see, e.q., C. Lorcé, B. Pasquini, M. Vanderhaeghen, JHEP 1105 (11) 3



EARLY-STAGE PARAMETERS

\ Species Energy Luminosity e polarization p/A polarization
(fo')

Year 1 e+Ru or e+Cu 10 x 115 0.9 N/A N/A
e+d (21 weeks) 10 x 130 9.2 N/A N/A

Year 2
e+p (5 weeks) 10 x 130 0.95-1.03 N/A trans?

Year 3 e+p 10 x 130 4.95 - 5.33 N/A trans & long
e+Au (13 weeks) 10 x 100 0.42 N/A N/A

Year 4
e+p (13 weeks) 10 x 250 3.09 -4.59 N/A trans & long
e+Au (13 weeks) 10 x 100 0.42 N/A N/A

Year 5
e+’He (13 weeks) | 10 x 166 4.33 N/A trans & long




UNPOLARIZED CROSS SECTION 5

Bacchetta, Diehl, Goeke, Metz, Mulders, Schlegel, hep-ph/0611265
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TMDS IN SEMI-INCLUSIVE DIS (S1DIS)

hadron

TMD Parton “
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TMD STRUCTURE

(o lbrl ) = [ dPho e g7 (o k)

see, e.q., Collins, “Foundations of Perturbative QCD” (11)
TMD collaboration, “TMD Handbook,” arXiv:2304.03302
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UNPOLARIZED TMD GLOBAL FITS

10

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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https://arxiv.org/abs/2206.07598
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https://arxiv.org/abs/2405.13833

FLAVOR-DEPENDENT UNPOLARIZED TMDS !

MAP Collaboration, arXiv:2405.13833
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EIC IMPACT, ONE CONFIGURATION

12

Simulations by Lorenzo Rossi

Combined fit with existing data (2031 points) + EIC,10 x 100, 5 fb-1 (1611 points)

x=0.1

0.100 1

0.075

0.050 1

0.025
1 0.000
5 —0.025
—0.050 1
~0.075 |

—0.100 1

up

o MAPTMD24
BN MAPTMD24 + 10x100

0.0

0.2

0.4

0:6
|kL|[GeV]

0.8

1.0

1.2

0.3

0.2 1

0.1

0.0

—0.1

—0.2 1

—0.3

down

S MAPTMD24
B MAPTMD24 + 10x100

0.0

0.2

0.4

0:6
|kL|[GeV]

0.8

1.0

1.2

0.20

0.15 1

0.10 1
0.05
1 0.00
i—o.os

~0.10 1

—0.15 1

» © MAPTMD24
aANntl-UpP gy \MAPTMD24 + 10x100

Q =2 GeV

x = 0.1

{

—0.20
0.0

0.2

0.4

0.6
|kL|[GeV]

0.8

1.0

1.2

0.3 1

0.2 1

—0.2 1

—0.3 1

S MAPTMD24

Q =2 GeV

x = 0.1

{

anti-dOWIN gy \iapTaiDs £ 105100

0.0

0.2

0.4

0:6
|kL|[GeV]

0.8

1.0

1.2

0.6

0.4

—0.4

—0.6

Sea

{

MAPTMD24
S MAPTMD24 + 10x100

Q =2 GeV

x = 0.1

0.0

0.2

0.4

0:6
|kL|[GeV]

0.8 1.0 1.2



EIC IMPACT, ONE CONFIGURATION E

Simulations by Lorenzo Rossi

Combined fit with existing data (2031 points) + EIC,10 x 100, 5 fb-1 (1611 points)

x = 0.01

0.20 ‘

0.3 1 | 0.6 |

MAPTMD24 S MAPTMD24 MAPTMD24

0.100 -

0 MAPTMD24 0 MAPTMD24

up B MAPTMD24 + 10x100 down B MAPTMD24 + 10x100 01| ANCI-UD g \iAPTMD24 £ 10x100 al“1171'(10""1“- MAPTMD24 + 10x100 Sea e MAPTMD24 + 10x100

0.2 1

0.075

0.10
0.050

0.025 005

0.000 0.00

—0.025 —0.05

—0.050 010
—0.075 R —0.2 1
Q=2GeV z=0.01 —0.15 Q=2GeV  x=0.01 Q=2GeV zx=0.01 Q=2GeV z=0.01
—0.100 - 03| —0.6 1
. . : : : * ' ' ' ' ' ' _0.20010 0I2 0.4 0I6 Olg 1I0 1.2 ' ' ' ' 0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 . : . . . . : 0.0 0.2 0.4 0.6 0.8 1.0 1.2 . . . . . . .
|k1|[GeV] |k |[GeV] |kL|[GeV] k. |[GeV] k1 |[GeV]



EIC IMPACT, ONE CONFIGURATION L

Simulations by Lorenzo Rossi

Combined fit with existing data (2031 points) + EIC,10 x 100, 5 fb-1 (1611 points)
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EIC IMPACT, MORE CONFIGURATIONS s

Energy Points Lumi
oOx41 1273 2.85

10x100 1611 5.13
18x275 16438 10

Combined fit with existing data (2031 points) + EIC
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EIC IMPACT, MORE CONFIGURATIONS

17

Combined fit with existing data (2031 points) + EIC
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COLLINS-SOPER KERNEL
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Bermudez Martinez, Vladimirov, arXiv:2206.01105
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COLLINS-SOPER KERNEL e

Bermudez Martinez, Vladimirov, arXiv:2206.01105 Avkhadiev, Shanahan, Wagman, Zhao, arXiv:230/.12359
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FLAVOR-DEPENDENT TMD FRAGMENTATION FUNCTIONS 19

MAP Collaboration, arXiv:2405.13833
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FLAVOR-DEPENDENT TMD FRAGMENTATION FUNCTIONS s

MAP Collaboration, arXiv:2405.13833
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Very different from a simple Gaussian:

XN CHENCY,
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TRANSVERSE MOMENTUM IN FRAGMENTATION FUNCTIONS

Seidl et al., arXiv:1902.01552

First direct measurement of TMD effects in

fragmentation functior

Makes use of thrust axi

INto account

S
s: the formalism should take it


https://arxiv.org/abs/1902.01552

TRANSVERSE MOMENTUM IN FRAGMENTATION FUNCTIONS 20

Seidl et al., arXiv:1902.01552

First direct measurement of TMD effects in
fragmentation functions
Makes use of thrust axis: the formalism should take it
INto account

Boglione, Gonzalez-Hernandez, Simonelli, https://arxiv.org/abs/2206.08876
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IMPROVED ACCURACY AND SIDIS
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COMPASS multiplicities (one of many bins)
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IMPROVED ACCURACY AND SIDIS

COMPASS multiplicities (one of many bins)

NP predictions N3LL
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The description considerably worsens at

higher accuracy.
Almost a constant suppression factor.
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REGION OF VALIDITY OF TMD FORMALISM
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The MAP22 cut is already considered to be “generous”,
but the physics seems to be the same for a much wider transverse momentum
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TMDs in red are time-reversal odd
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Mulders-Tangerman, NPB 461 (96)

quark pol. Boer-Mulders, PRD 57 (98)
U L T
= 1 * Very good knowledge of
x dependence of f; and g1
S | L g1L hi
% L ~ Good knowledge of the
a 1LT air | hi, th kt dependence of f; (also for
pions)
* Fair knowledge of Sivers and
transversity (mainly x
TMDs in black survive integration over transverse momentum dependence)

TMDs in red are time-reversal odd .
 Some hints about all others



AVAILABLE EXTRACTIONS (NEWEST ONLY)

Unpol. TMD

MAP 22 arXiv:2206.0/598, ART23 2305.07473, MAP24 arXiv:2405.13833

Helicity

arXiv:2409.08110, MAP24, arXiv:2409.1807/8

Transversity

arXiv:1505.05589, arXiv:1612.06413, arXiv:2205.00999

Sivers

MAP20 arXiv:2004.14278, arXiv:20092.10710, arXiv:2103.03270, arXiv:2205.00999,

arxiv:2304.14328

Boer-Mulders

arXiv:2004.02117, arXiv:2407.06277

Worm-gear g1T

arXiv:2110.10253, arXiv:2210.07/268

Worm-gear h1L

Pretzelosity

arXiv:1411.0580
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https://arxiv.org/abs/2004.14278
https://arxiv.org/abs/2009.10710
https://arxiv.org/abs/2103.03270
https://arxiv.org/abs/2205.00999
http://arxiv.org/abs/arXiv:2304.14328
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https://arxiv.org/abs/2407.06277
https://arxiv.org/abs/2110.10253
https://arxiv.org/abs/2210.07268
http://arxiv.org/abs/arXiv:1411.0580

AVAILABLE EXTRACTIONS (NEWEST ONLY) e

Unpol. TMD MAP 22 arXiv:2206.07598, ART23 2305.07473, MAP24 arXiv:2405.13833

Helicity arXiv:2409.08110, MAP24, arXiv:2409.18078

Transve rsity arXiv:1505.05589, arXiv:1612.06413, arXiv:2205.00999

Sivers MAP20 arXiv:2004.1427/8, arXiv:2009.10710, arXiv:2103.03270, arXiv:2205.00999,
arXiv:2304.14323

Boer-Mulders arXiv:2004.02117, arXiv:2407.06277

Worm-gear g1T arXiv:2110.10253, arXiv:2210.07268

Worm-gear h1L

Pretzelosity arXiv:1411.0580

Not mentioned: pion TMDs, TMD fragmentation functions, nuclear TMDs
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EXAMPLE: SIVERS FUNCTION 26

Bacchetta, Delcarro,

FSin(¢h—¢5) Pisano, Radici, arXiv:2004.14278

sin(¢,—ds ) 7 7 fd¢S d¢h [dO_T — da-l] Sin(¢h — ¢S) UT.T
AUT (x9 <o PhTa Q ) — ~
f dosdoy[do + dot] Fyur



https://arxiv.org/abs/2004.14278

EXAMPLE: SIVERS FUNCTION 26

Bacchetta, Delcarro,

: sin(¢,—es ) Pisano, Radici, arXiv:2004.14278
A0 P o) [ desdgyldo’ — do'lsin(g - ¢s)  Fyry ™
uT " [ dpsdpldo? + dot] Fuyur

Fuur(x.z.Ppp, Q) = ) eix f d’kr d* Py 6P (zkr + Pp — Pir) f{(x, k73 Q°)D{ " (2, P13 O°)

1 = Py Na—
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p 0

Pur - kr

la ,k2; 2Da—>h ,PZ; 2
P M 1T(x 0°) 1 (2 T 0°)

Forg (o2 Pryp, Q°) = - Z eﬁxfdsz d’P; 69 (zkr + Py — Pir)

M ® — .
= -3 ) e f dbrby Jy(br Pyr[2)fi7 " (x. br: Q°)D{ ™" (2. b7: Q7).
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EXAMPLE: SIVERS FUNCTION 26

Bacchetta, Delcarro,

: in(¢p— Pisano, Radici, arXiv:2004.14278
ASin(¢h_¢S)( p2 Qz) fd¢S doy, [dO'T — d()'l] sin(¢y, — ¢g) F;]T(?fl bs) : loal ey
X, Z, , — ~
- ; [ dgsdeldo +dot] Fuoon

Unpolarized TMDs are needed

Fuur(x.z.Ppp, Q) = ) eix f d’kr d* Py 6P (zkr + Pp — Pir) f{(x, k73 Q°)D{ " (2, P13 O°)

1 = Py ~Na—>
T Zeﬁxf dbrby Jo(br Pyt [2) f(x, by; Q*)D " (2, b7; Q%)
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Pyr-kr .,

g it ke QD@ P 09)

Furg "z, Py, Q) = - Z eﬁxfdsz d’P; 69 (zkr + Py — Pir)
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a 0
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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

27



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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https://arxiv.org/abs/2004.14278
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https://arxiv.org/abs/2009.10710

30 STRUCTURE IN MOMENTUM SPACE

28

ky (GeV)

- 3.0

- 2.5

- 2.0

ky (GeV)

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
kx (GeV) kx (GeV)

Q= 2GeV

Bacchetta, Delcarro,

Pisano, Radici,

arXiv:2004.14278



https://arxiv.org/abs/2004.14278

30 STRUCTURE IN MOMENTUM SPACE

ky (GeV)

ky (GeV)

-1.0 -0.5 0.0 0.5
ky (GeV)

o
LRI
S S

ﬁﬁd— quark

h
Y
A

kTy(GeV)

ICTx(GGV)

- 3.0

- 2.5

- 2.0

Q= 2GeV

Bacchetta, Delcarro,

Pisano, Radici,

arXiv:2004.14278

Bury, Prokudin,

Viladimirov,
arXiv:2103.032/70

28


https://arxiv.org/abs/2004.14278
https://arxiv.org/abs/2103.03270

SIMULTANEQUS FIT OF SINGLE TRANSVERSE-SPIN ASY 2

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)


https://arxiv.org/abs/2205.00999

SIVERS FUNCTION WITH NEURAL NETWORKS

30

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


http://arxiv.org/abs/arXiv:2304.14328

STRUCTURE FUNCTIONS

31
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N W =~

w W NN = DN

Bacchetta, Boer. Diehl, Mulders, arXiv:0803.0227


https://arxiv.org/abs/0803.0227
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In the absence of lepton polarization, the
structure functions with long. target

polarization are less interesting
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“SIDIS F1”
“SIDIS F|”
“Cahn”

“Boer-Mulders”

“Kotzinian-Mulders worm gear”

“Sivers”

“Collins”

“Pretzelosity”

observable
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Four

Four
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FUU

singbh
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FUL

Fls}l;(ééh —¢53)
Fg;(%h —¢53)
F(S}i;(qﬁh +¢5s)
F[S]i;(%h —¢s)
Fg;(Qﬁbh_ﬁbS)

w W NN = DN

Bacchetta, Boer. Diehl, Mulders, arXiv:0803.0227

In the absence of lepton polarization, the
structure functions with long. target
polarization are less interesting

Not all of them are easy to access at EIC due
to:
X-range, twist,
evolution, prefactors


https://arxiv.org/abs/0803.0227

AVAILABLE TOOLS: NANGA PARBAT 32

https://github.com/MapCollaboration/NangaParbat

‘= README.md Y

Nanga Parbat is a fitting framework aimed at the determination of the non-perturbative component of TMD
distributions.

Download

You can obtain NangaParbat directly from the github repository:
https://github.com/MapCollaboration/NangaParbat

For the last development branch you can clone the master code:



AVAILABLE TOOLS: ARTEMIDE 33

https://teorica.fis.ucm.es/artemide/

arfeMiDe

. — . — .
ATLAS 8TeV 1 ATLAS 8TeV

1 . . v
x2 1.5 uncertainty A | 3
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n LHCb TTeV LHCb 8TcV LHCb 13TcV J . el zFun(2.b 0% i N
_ model 2 NNLO model 2 NNLO model 2 NNLO z=10"y wep(:0) = madal 2NNLOT - 3 e
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#L“‘T"'T*"{_T‘.h S '%.I —H— o === e — aL
- 0 0.5 1/ 1{ 2‘/ 2{—3"__» b[GeV"]
News Articles, presentations & supplementary materials
12 Dec 2019: Version 2.02 released (+manual update). k Extra pictures for the paper arXiv:1902.08474
23 Feb 2019: Version 1.4 released (+manual update). Seminar of A.Vladimirov in Pavia 2018 on TMD evolution.
. 21 Jan 2019: Artemide now has a repository. Link to the text in Inspire.
Archive of older links/news. Archive of older links/news.
Download About us & Contacts

If you have found mistakes, or have suggestions/questions,
please, contact us.

Some extra materials can be found on Alexey's web-page

Alexey Vladimirov Alexey.Viadimirov@physik.uni-regensburg.de

Recent version/release can be found in repository Ignazio Scimemi ignazios@fis.ucm.es




AVAILABLE TOOLS: TMDLIB AND TMDPLOTTER 3%

https://tmdlib.hepforge.org/

TMD plotter — Density as a function of k; 6 mmour,
Home TMD PDF Luminosity New PDFs Publications HEP Links
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DVCS CROSS SECTION

36
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DVCS CROSS SECTION
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DVCS CROSS SECTION

36
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DVCS Bethe-Heitler process
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COMPTON FORM FACTORS 37

Shiells, Guo, Ji, arxiv:2112.15144
Py,Py Py Pt Pth Pth Pth i Py, Pt 1 P, Pt
do = dopyvog +dopgy tdogy - = E A F'FI 4+ E B, > 'F +C

Fi; = {ReH,ImH, Re&, Imé&, ReH, Im?—[, ReE, Img} _


https://arxiv.org/abs/2112.15144

COMPTON FORM FACTORS

dotrtt = do

P, P,
DVC

S+da

P, P,
INT

_|_ d Pth

2,]

Fi; = {ReH,ImH, Re&, Imé&, ReH, ImH, Rek. Img} _

37

Shiells, Guo, Ji, arxiv:2112.15144
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https://arxiv.org/abs/2112.15144

EIC IMPACT 38

Aschenauer et al., in preparation, courtesy of S. Fazio
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FROM COMPTON FORM FACTOR TO GPDS 3

Bertone et al. , arxiv:2104.03836
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FROM COMPTON FORM FACTOR TO GPDS 3

Bertone et al. , arxiv:2104.03836
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RECENT GPD FIT
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Using DVCS and
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FIG. 16. 2-dimensional tomographic images obtained from EIC pseudo-data for DVCS, corresponding to £ = 10,fb~'. Each image represents a single kinematic bin

used in this analysis and includes information about the average kinematics and uncertainties of the estimated charge-weighted quark flavor spatial profile. One image
is zoomed in for better readability.
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The early-stage phase will not produce dramatically different results from
existing measurements in terms of number of data points and statistics

The EIC environment however should be much cleaner (e.g., smaller power
corrections) and will allow us to address several open questions

The machinery to extract TMDs and GPDs is in good shape
Also, other experiments are needed (fixed target ep, electron-positron, pp)

| did not mention many interesting topics: transversity and tensor charge,
subleading-twist TMDs, dihadron production, gravitational form factors...



