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The 1-D nucleon picture, successes and some failures

Beyond the 1-D picture, quark intrinsic motion

New concepts, TMDs and GPDs, 3-D momentum and spatial
distributions of quarks and gluons

How and what do we learn from data about the 3-D nucleon
structure? (mainly in momentum space)

Open problems and future experiments

special issue of EPJA dedicated to the 3D nucleon structure,
EPJ AB2, 2016, n.6 - 15 contributions, (Edts. M.A., P. Rossi, M. Guidal)




despite 50 years of studies the nucleon is still a very
mysterious object, yet the most abundant piece of
matter in the visible Universe
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usual (successful) way of exploring the proton
structure (collinear parton model)

DIS: {p—/{4X Q% = —q*

Naive parton model:




QCD interactions induce a well known Q¢ dependence

S R N

DIS —pQCD :  q(z) = q(z ,Q2
PDFs

DGLAP evolution equations

factorization:
4o,
dde2 qu Q%) ¥ 102

universality: same g(x, QZ) measured in DIS can be used
in other processes




Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
evolution equation

d (02
d(InQ?) q@’(xvcf) = ;g ) 4 @ Py +9® qu]
d JQ?) | i
d(In@?) g(:c,Q2) = - ;w ) ZL:(C]Z + qi) ® Pyq + 9 ® Py
15P=Pogs [10:9 (1)

B = g [(;jjﬂ i 25(1 — x)] + O(a)
Po= 140 +0()  Py= LD o0
P, =6 [(1 _"”’m : 2 (1 x)] i _62"” 5(1 — z) + Oa,)




, NC

O+
—
B

1.2

0.8

0.6

04

0.2

H1 and ZEUS

©¢ HERANCe'p 0.5t

Xp; = 0.002
Xg; = 0.0002 } 3 Vs =318 GeV
¢ _; HERAPDF2.0 NLO
8
¢ { HERAPDF2.0 NNLO
¢ ¢
; !ii Xg; = 0.008
¢ ® '5!]
(] s ‘;!
£ 4
® 9
o ]
.! y i !!...,1"5155 §  xp=0.032
s8,*
Y ¢ 3 vekvegeve ety 008
il a0%e%g5004 8 s U
& x, =013
!!!.I.'i..‘ = -
¢ Xg; = 0.25
!l..i‘ooo.o "~y ¢ e
"Thg x,=04
\\\\\H‘ | J\\\\H‘ f LJLJlJl‘ lJllHJ i lllllH‘
10 10° 10° 10° 10°

Aileip 4

+ d UNC , Q ABj
tINC 1T . 2 0

dxg;dQ~ 2ma?Y,

o

Y, = 1+(1-y)’

Eur. Phys. J. C75
(2015) 580

remember
beautiful plots
by K. Wichmann
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Fy = Z zq(z,Q%)  from M. Pennington, arXivi1604.01441
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H1 and ZEUS

HERAPDF2.0 NLO
uncertainties:
experimental

model
parameterisation

HERAPDF2.0AG NLO
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XU,

unpolarized
distribution

 fo(, QZ)

H. Abramowicz et al., Eur.
Phys. J. €75 (2015) 580

PDFs are very
useful, they
can be used to
predict cross
sections for
several
processes ...



pp — 7 X

based on factorization theorem
(in collinear configuration)
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E*d°c/dp® (mb/GeV?)

(Data-QCD)/QCD

mid-rapidity RHIC data, unpolarised cross sections
(arXiv:1409.1907 [hep-ex], Phys. Rev. D91 (2015) 3, 032001)

large Pt single pion production pp — X
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good agreement between RHIC data
and collinear pQCD calculations




but there are problems with spin dependent data ...
A, = simple left-right asymmetry

N dO’T(PT) —dO’l(PT) % dO’T(PT) —dO’T(—PT)
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transverse Single Spin Asymmetry (SSA)



AN large and persistent at high energies ...
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SSAinpp —>7mX?

do! —dot =} Arfo®f,®[ds! —do']@ Dy
a,5,¢,d=4,4,9 l pQCD elemenTary FF
transversity SSA
it do! — dot i o Mg was considered
Y T dol+dot " T E, ° almost atheorem




Transverse single spin asymmetries in elastic scattering

S
p:
_p,
do' — do* H||.||:(I)1
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Example: pp — pp =—>< Hy_ ., = &3

5 independent helicity amplitudes
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Single spin asymmetries at partonic level. Example: ¢¢' — q ¢’

An # 0 needs helicity flip + relative phase

+ + + i
it} 1t N jUTRAE

QED and QCD interactions conserve helicity, up to

corrections O (ﬁ
Eq

Mg
> Ay ¢ — a5 at quark level
EC]

(Kane, Pumplin, Repko)

but large SSA observed at hadron level



the (longstanding) proton spin puzzle

1 1
§:§ZQ—I—ZQ—I—LQ—I—LQ
T A A

T

total spin carried by quarks

total spin carried by gluons

orbital angular momentum of quarks and gluons

the total spin carried by quarks and gluons does not amount
to 1/2, one needs orbital angular momentum,
then a 3-D description

many other (spin) effects in high energy interactions
cannot be understood in the collinear configuration



... we cannot state
that we know the full
partonic nucleon
structure ...

parton intrinsic motion
spin-k, correlations?
orbiting quarks?
spatial distribution?
nucleon mass?

new concepts: Transverse Momentum Dependent
distribution and fragmentation functions - TMDs
Generalized Partonic Distributions - GPDs



new probes and concepts to explore
the nucleon structure

TMDs - Transverse Momentum Dependent
(distribution and fragmentation functions)

(polarized) SIDIS and Drell-Yan,
spin asymmetries in inclusive
(large pt) NN processes

Esaf | 1k

P.S P.S

fa/p(xy kJ_; Sa, S)



GPDs - Generalized Partonic Distributions

exclusive processes in leptonic and
hadronic interactions

st x+ &




TMDs in simple parton model

TMDs = Transverse Momentum Dependent
Parton Distribution Functions (TMD-PDF) or
Transverse Momentum Dependent
Fragmentation Functions (TMD-FF)

TMD-PDFs give the number density of partons, with
their intrinsic motion and spin, inside a fast moving
proton, with its spin.

S i
p ________________________

S-(pxky) Sq- (P X ki) S - s,
"Sivers effect”" “Boer-Mulders effect”



there are 8 independent TMD-PDFs

£ ( 12 ) unpolarized quarks in unpolarized protons
LA L unintegrated unpolarized distribution

e 2 ) correlate s, of quark with S_ of proton
SAVACERAAT unintegrated helicity distribution

he (x 12 ) correlate st of quark with St of proton
1T\ ™L/  unintegrated transversity distribution

\ J
T¥n 11l

only these survive in the collinear limit

#] (, ki) correlate k, of quark with St of proton (Sivers)

hllq(az, ki) correlate k. and st of quark (Boer-Mulders)

il 2 L 2 il 2
glflg(kaJ_) hu(,l(%kﬂ hlﬁ(x,kl)
%—/ H—.J
worm-gears pretzelosity



The nucleon at twist-2,

@x,ki) hi]T(kai)

(, 9 N -Twist 2 hfg(x, k)

hi9(x, k3) g7t (m,@

hi(x, k)

courtesy of A. Kotzinian



TMD-FFs give the number density of hadrons, with
their momentum, originated in the fragmentation of a
fast moving parton, with its spin.

Sq* (Pqg XP1) “Collins effect”
there are 2 independent TMD-FFs for spinless hadrons

DY(z,p*) unpolarized hadrons in unpolarized quarks
H unintegrated fragmentation function

H:"9(z,p%) correlate p. of hadron with st of quark (Collins)



TMD formalism - The nucleon correlator, in
collinear configuration: 3 distribution functions
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TMD-PDFs: the leading-twist correlator, with intrinsic k.,
contains 8 independent functions

e,,gvnkpS" ki -Sr
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with partonic interpretation



how to "measure” TMDs?

need processes which relate physical observables
to parton infrinsic motion

P s

J NSID:E% s Drell-Yan processes
i pN = 074~ X

6+6_ T hl hQ X



TMDs in SIDIS

Q

d6 UepT —lhX

= dz, dQ? dz, 2P dos

p, S p,S °

TMD factorization holds at large Q?, and P: = k. = Ao
Two scales: Pr <« Q?

TMD-PDFs hard scattering TMD-FFs

dotP— 2 — Z@k LM“(% k@@@,m@
q

(Collins, Soper, Ji, J.P. Ma, Yuan, Qiu, Vogelsang, Collins, Metz...)
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at leading twist there are 8 independent azimuthal
modulations, with different combinations of TMDs.

F -~ 62 ® D@ FCOS(¢—¢S) -~ €2® DA .
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integrated fi(z) and g{; () can be measured in usual DIS



TMDs in Drell-Yan processes
COMPASS, RHIC, Fermilab, NICA, AFTER...

factorization holds, two scales, M?, and gr<« M
o™ = Z folz1,k113Q%) @ falwa, k12 Q%) do1T" 0

direct prgduc’r of TMDs, no fragmentation process



Case of one polarized nucleon only
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Unpolarized cross section already very interesting
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Collins function from e*e” processes (Belle, BaBar, BES-ITII)
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Do we have experimental evidence of TMD effects?
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P+ dependence of unpolarised SIDIS multiplicities
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origin Of PT

dependence in . SIDIS
SIDIS with TMD (p—(hX
factorisation

~




Clear evidence for Sivers and Collins effects from
SIDIS data (HERMES, COMPASS, JLab)
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COMPASS data, Phys. Lett. B744 (2015) 250



origin of Sivers effect in SIDIS - Fjnl??s)
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origin of Sivers effect in DY processes

By looking at the d*o/d%q cross section one can
single out the Sivers effect in D-Y processes

Asin(¢s—¢7) L 2f0277d¢’y [dO-T T do-l] Sin(¢5 — ¢7)
[ZTd¢, [do + do!]

(p-p c.m. frame)




Collins effect in SIDIS

Dpjgs.(z,p) = Dpg(z,p1)+ = AYDy, 01 (2,p1) Sq+ (B, X D)




origin of Collins asymmetry in SIDIS - Fp ¢

Dh/qS ( 7pJ_) Dh/p < pJ— MZ |
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b8 Duga )0 E TN
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A A T T A T l
dAG = dgt? —ta — date —ta

Collins effect in SIDIS couples to transversity



independent evidence for Collins effect
from e'e” data at Belle, BaBar and BES-III

Ara(21,22) ~ A% Dy, g1 (21) @ AY Dy g1 (22)
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I. Garzia, arXiv:1201.4678
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a similar asymmetry just measured by BES-ITT

(arXiv 1507:06824)
T A ' A """"""""
02 '_:_' AUL 0.15 [ A 4 UL —
0.15 ve I ; : ] - & Ayc .
- Ay prediction : - - @ Ay prediction .
0.1E =% A, prediction : : = 01— -
; $ . % A, prediction

2 03 o 2 03 05 0
02 0.3 05 0.9 Q% =13 GeV?

Collins effect clearly observed both in SIDIS and e+e-
processes, by several Collaborations
In general clear evidence for quark intrinsic motion;
how do we extract information on TMDs from data?



What do we learn from data?
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TMD extraction from data - first phase
(simple parameterisation, no TMD evolution,
limited number of parameters, ...)

unpolarised TMDs - fit of SIDIS multiplicities
(M.A, Boglione, Gonzalez, Melis, Prokudin, THEP 1404 (2014) 005)
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measured quantity

i d*o(z,, Q% zn, Pr)
Mh 2 Pr) = b i
n(ZUB,Q y» Zh T) dQO'DIS(:EBgQQ) dng dQ2 th dPT
dx,, dQ?

in TMD factorisation at order (k./Q)

do.€+p—>€'hX
dr, dQ? dzy, dP2

202 [1 + (1 — y)Q]
s)? Y

D
(),
X Ze /d2k3J_ d2pJ_ (5(2) (PT —zpk 1 _pJ_) fq/p(xa kJ_) Dh/q(zapJ_)
q
[ U

elementary interaction, Iqg —Iq

2 120
(755)2

1+ (1—y)?
(2y)]FU.
Y

e~k / (k%)

assume simple x and k; farp(@: kL) = fqrp(T) (k2 )
factorization and a m
gaussian k, dependence Wi =Dy (2

e~ P71/ {p7)

m(p7)

e_P%/<P%>

then FUU—ZG Ja/p(T5) Dhyq(2n) 7 (P2)




the good fit of the data shows a clear
support for a gaussian distribution

H zq 63 fa/p(®s) Dryg(2n) e~ Pr/(P7)
29 € Ja/p(@s5) m(PZ)

(Pr) = (p1) + 23 (k1)

two correlated parameters

d*n"(z,,Q?, zn, Pr) 1
) ) ) 14 Mh 2 P L
th dp% 2PT ’n,(xB7Q ,Zh, T)

(k%) = 0.57 & 0.08 GeV?> (p?) = 0.12 4 0.01 CeV?

(M.A, Boglione, Gonzalez, Melis, Prokudin, JHEP 1404 (2014) 005)

a similar analysis performed by Signori, Bacchetta, Radici, Schnell,
JHEP 1311 (2013) 194 it also assumes gaussian behaviour



extraction of u and d Sivers functions - first phase
measured quantity

AFn(En—95) _ o [dos doy, [do! — dot] sin(ép, — ¢s)
UT [ dos dop, [do? + do!]

TMD factorization at O(k./Q)
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two different notations AYf, , + =



simple parameterisations

N e_ki_/<k3_>
A% foypr (@, k1, Q) = 2N () h(k L) (q/p(2, Q)

- 7T<k3_> 27
P, £
fQ/p(xakJ_)

Nan—— oy il x)ﬁq (g + 5q)(o‘q+ﬁq)

k Cquﬁqq
Bl — V2e et s

M

e_pJ_/<pJ_>

D o) =D l2) o

Q¢ evolution only taken into account in the collinear part
(usual DGLAP PDF evolution)

M.A, M. Boglione, U. D'Alesio, S. Melis, F. Murgia, A. Prokudin, Phys.
Rev. D71 (2005) 074006; Eur. Phys. J. A39 (2009) 89
(results in agreement with those of several other groups)



most recent extraction of the Sivers functions
M.A, M. Boglione, U. D'Alesio, F. Murgia, A. Prokudin, JHEP 1704 (2017) 046
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TMD extraction: transversity and Collins functions - first phase
M. A., M. Boglione, U. D" Alesio, S. Melis, F. Murgia, A. Prokudin, PRD 87 (2013) 094019
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SIDIS and e+e- data, simple parameterization, no TMD
evolution, agreement with extraction using di-hadron FF

(recent papers by Bacchetta, Courtoy, Guagnelli, Radici, THEP 1505 (2015) 123;
Kang, Prokudin, Sun, Yuan, Phys. Rev. D91 (2015) 071501; Phys. Rev. D93 (2016) 014009)



measured quantities
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actual measurement is a
ratio of such cross sections




with simple parameterization, TMD factorisation gives
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recent BaBar data on the p, dependence of the
Collins function (first direct measurement)

d0.6+6_ —>h1 hQX

dzydzepi1dpi1piodpiodcostd(pr + p2)
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0 02 04 06 0.8 1 12ty 134 0O 02 04 06 0.8 1 24014
P, [GeV] Pir[GeV]

gaussian p, dependence of Collins functions
(M.A., Boglione, D'Alesio, Gonzalez, Melis, Murgia, Prokudin, Phys. Rev. D92 (2015) 114023)



recent results from COMPASS and a previous combined fit
of SIDIS (HERMES and COMPASS) and e*e* asymmetries

% B [ —
Q,q: < 0.1 o
— M. Anselmino et al.
0.05+ | Phys.Rev. D87 (2013) 094019 | _
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0.1+ | Phys.Rev. D87 (2013) 094019 |_
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COMPASS Collaboration, Phys. Lett. B744 (2015) 250




more on the Sivers effect, what does it teach us?
it induces distortions in the parton distributions

p = pZz

S =59y

. 0.20 u quark
| f 1.0
0.5

0.0 Ky GeV)

' -0.5

courtesy of i 1.0

. 1.0
A. Bacchetta o5 00 0.5
o kx (GeV)



models of Sivers function and |

gl _
1T]SIDIS T _[

qL
17T

]DY

gauge links, process dependence

SIDIS final state interactions (= AN)

_ .

D-Y initial state interactions (= -An)

_  —
= =

_ R

Brodsky, Hwang, Schmidt, PL B530 (2002) 99: NP B642 (2002) 344
Brodsky, Hwang, Kovchegov, Schmidt, Sievert, PR D88 (2013) 014032




but the the Sivers effect has a simple physical picture..

_ 7 k,
ANNNN~ - & spin
- Pr~ky
- - ~ |-k
NNANANNA~> - @ Spin
Te—p
1 .
fq/p S(x’ k)= fQ/P(x’ ki) + §A]\[fq/pT (2, k1) S -(pxky)

left-right spin asymmetry for the process v q — q

the spin-k, correlation is an intrinsic property of the
nucleon; it should be related to the parton orbital motion
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First results from RHIC, pr — W=X
STAR Collaboration, PRL 116 (2016) 132301
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some hints at sign change of Sivers function.....
(new results from COMPASS expected soon)



M.A, M. Boglione, U. D'Alesio, F. Murgia, A. Prokudin,
JHEP 1704 (2017) 046
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estimates of the Sivers asymmetry Ay for W' (a) and W™ (b)

production, assuming a sigh change of the SIDIS Sivers
functions, compared with the experimental data as function of yy,

(x*/n.o.d.) = 1.63

with sign change

(x?/n.0.d.) = 2.35 with no sign change



Sivers asymmetry in DY at COMPASS

arXiv:1704.00488
o COMPASS 2015 data
== DGLAP
- BN TMD-1 |
T TMD-2 Sign change
= ho sigh change
05 0 0.5



Sivers function and orbital angular momentum

Ji's sum rule
forward limit of GPDs

/o

]
h — 5/ drx |H%(x,0,0) + E9(x,0,0)]
0

l cannot be
usual PDF ¢(z) measured directly

anomalous magnetic moments

L dx d
/ - [2E"(2,0,0) — E%(z,0,0) — E*(x,0,0)]
0

! dx d.,,
/ ? 2E ZE‘ 0 O) B (QT,0,0) — (QZ,0,0)]

(&)

(EQ’U Y _EQ)



Sivers function and orbital angular momentum

assume
RO 0L = —L(2)E*(,0,0:07)

L0 oy / k) Foo(z, ki Q)

L(x) = lensing function
(unknown, can be computed in models)

parameterize Sivers and lensing functions
fit SIDIS and magnetic moment data
obtain EY and estimate orbital angular momentum

results at Q%= 4 GeV?: JU % 0.23, J¥ = 0

Bacchetta, Radici, PRL 107 (2011) 212001



other experimental evidence of
the Sivers and Collins effects
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SSA in hadronic processes: TMDs, a possible explanation

Generalization of collinear scheme (GPM)
(assuming factorization)

1 i ~ab—cd
do Z \fa/pT (T, km)J@\fb/p(zb, kLb)}@ do (Kia, k1) ®P7T/C(Z7PJ_7T)J

a,b,c=q,q,9 Y w Y

single spin effects in TMDs




TMDs and QCD - TMD evolution

how does gluon emission affect the parton transverse motion?
TMD phenomenology - phase 2

Different TMD evolution schemes and different

implementations within the same scheme
It needs non perturbative inputs

dedicated workshops, QCD Evolution
2011, 2012, 2013, 2014, 2015, 2016, 2017

dedicated tools:

TMDIib and TMDplotter: library and plotting tools for
transverse-momentum-dependent parton distributions

study of the QCD evolution of TMDs and
TMD factorisation in rapid development

Collins, "Foundations of perturbative QCD", Cambridge University Press (2011)



TMD phenomenology - phase 2

how does gluon emission affect the transverse motion?
a few selected results, examples

TMD evolution of up quark Sivers function

x=0.1

E T | T T T | T ?
= . =
o Bochum Fits Q=v2.4 GeV
> — — — — Q=5GeV =
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_______ ~
s . E — -\_\_\ =
T 0.0001 = e —
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Aybat, Collins, Qiu, Rogers, Phys. Rev. D85 (2012) 034043
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2n Kk

TMD evolution of up quark Sivers function

Evolved Bochum Gaussian Fits

Up Quark Sivers Function, x = 0.1

1.5 |

.
n

—— Q=v2.4GeV
——— Q=2GeV

1.5

Evolved Torino Gaussian Fits

Up Quark Sivers Function, x = 0.1

s
T a
2

Aybat, Collins, Qiu, Rogers, Phys.Rev. D85 (2012) 034043

TMD evolution of Sivers function studied also by

Echevarria, Idilbi, Kang, Vitev, Phys. Rev. D89 (2014) 074013



Extraction of transversity and Collins

functions with TMD evolution
(Kang, Prokudin, Sun, Yuan, Phys. Rev. D93 (2016) 014009)

Tfransversity
distributions
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extraction, Q% = 2.4 GeV?

(Kang, Prokudin, Sun, Yuan,
Phys. Rev. D93 (2016) 014009

no compelling evidence of
TMD evolution yet




A. Bacchetta, F. Delcarro, C. Pisano, M. Radici, A. Signori,
JHEP 1706 (2017) 081
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gt dependence of cross-section for Zo
production at TEVATRON

first global fit of unpolarized TMD-PDFs and TMD-FFs
from SIDIS, DY and Zo production data. Based on TMD
factorisation with TMD evolution



but TMD-PDFs are not the whole story ......

15 Ideally: obtain a quantum
phase-space distribution

‘¢
.
o %
.
R
.

J, ................ | (Ilke the Wigner function)

in 1-dimensional QM:
/ dpW (z,p) = |(x) 2

/ G () = o (o)

oy / A A

(A. Belitsky, X. Ji, F. Yuan,
Phys. Rev. D69 (2004) 074014)




Exploring the 3-dimensional phase-space structure
of the nucleon

$7kL7bL

S >

longitudinal

Q




phase-space parton distribution, w(k, b)

(S. Meissner, Metz, Schlegel) Wigner e m
TGPD or GPCF function (BeliTsky. Ji, Yuan)

H(x,0,Ar) FT A+ <—>bT q(:v bT)

(M Burkard’r)

/deJ_ H(k7A> == H(ZB,&,AT) GPDS



GPDs (8 independent ones)

(recover partonic distributions in the forward limit)
H,E,H,E;Hr, Ep, Hr, B (z,€,t)

(a) (b)

DVCS hard meson production

exclusive leptonic processes.



quark spatial transverse distribution q(x, br)

pion

valence
quarks

longitud.

] «xP /Qd
.
/

(a) (b) x <0.1

L

x~0.3 x~ 0.8

femtophotography or tomography

of the nucleon

courtesy of C. Weiss



most general correlator (off diagonal)

) 1A _A// \\\k+1A

— P+ 1A

— 1zk
H(k,P,A) = (2m)~* /d4z € two-quark correlation

x (p(P + 3M)|a(—32) Ta(32)[p(P — 34)) function
. l + — T 1 0 3
light-cone variables v = (v",v™,v) v = — (v £ v°)
V2
kTt AT

A = 0 inclusive processes, cross sections

A £ 0 exclusive processes, amplitudes



The nucleon landscape
Markus Diehl, Eur. Phys. J. AB2 (2016) 149

N parton correlation function
/ H(k, P,A)
f (k, P) parton correlation function v f dk-
§=0 FT

H(x,k,£,b) €« H(x,k,&,A) GTMD

| dk~ ¥ W (x, k,b) Wigner distribution
Y [ &k
FT
(z,€,b) H(z, & A%) GPD
1mpact parameter
Y [dzant

form factor

models of the Wigner distribution most welcome....



Burkardt, Pasquini, Eur. Phys. J. A52 (2016) 161

GTMD(z, k., A) special issue of EPJA
; dedicated to the 3D

nucleon structure,
EPJ A52, 2016, n.6

GPD(z, A) 15 contributions,
(Edts. M.A., P. Rossi, M. Guidal)
ERJE
FF(A) ora e ok
+ A _
->- [dx




future facilities
and experiments:
D-Y @ COMPASS
JLAB 12 GeV
EIC
BESIIT
AFTER

Electron lon Collider: NICA_SPD
The Next QCD Frontier

Understanding the glue
that binds us all




10 3L Current data for Sivers asymmetry:
e COMPASS h*: P, <16GeV, z>0.1

O HERMES  =** K% P, <1GeV,02<2z<0.7
m JLab Hall-A =*:P,;<0.45GeV, 0.4<z<0.6

Planned:

102 B9 JLab 12

possible EIC kinematical coverage - SIDIS

Electron Ion Collider: The Next QCD Frontier - Understanding
the glue that binds us all: Eur. Phys. J. AB2 (2016) 268
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Current DVCS data at colliders:
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expected results at EIC - from DVCS to
GPDs to spatial parton distributions
EIC White Paper, arXiv:1212.1701
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Figure 1.4: The projected precision of the transverse spatial distribution of gluons as obtained
from the cross-section of exclusive J/W production. It includes statistical and systematic uncer-
tainties due to extrapolation into the unmeasured region of momentum transfer to the scattered
proton. The distance of the gluon from the center of the proton is by in femtometers, and the
kinematic quantity zy = xp (1 + ME/Q/QZ) determines the gluon's momentum fraction. The
collision energies assumed for Stage-l and Stage-ll are £, = 5,20 GeV and E, = 100, 250 GeV,
respectively.



some hadron physics in the world
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The 3D nucleon structure is mysterious and fascinating.
Many experimental results show the necessity to go
beyond the simple collinear partonic picture and give new
information. Crucial task is interpreting data and building
a consistent 3D description of the nucleon.

Sivers and Collins effects are well established, with many
transverse spin asymmetries resulting from them.

Sivers function, TMDs and orbital angular momentum?
QCD analysis of TMDs and GPDs sound and well developed.

Combined data from SIDIS, Drell-Yan, e+e-, with
theoretical modelling, should lead to a true 3D imaging
of the proton

Waiting for JLab 12, new COMPASS results, and,
crucially, for an EIC dedicated facility ...

thank youl



