Transverse Momentum PDFs (TMDs)

dz—d?z, ik p ~
5/ ¢t 0 AN R(=2) TWH(S) T, 0L, Ao

Depend on
A, A, T : nucleon and quark polarizations

k-l—
T = o : longitudinal momentum fraction

ki : parton transverse momentum
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Transverse Momentum PDFs (TMDs)
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Transverse Momentum PDFs (TMDs)

2
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Depend on mean momentum  displacement
A, A, T : nucleon and quark polarizations N/
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- no direct Imk -
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Semi-Inclusive
Deep Inelastic Scattering
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Transverse Momentum
Distributions: 0D+3D map



Key information from TMDs

e Complete momentum spectrum of single particle
e Transverse momentum size as function of x (3D map)
Spin-Spin and Spin-Orbit Correlations of partons

e Information on parton orbital angular momentum
(no direct model-independent relation)

e Study interesting new non-trivial aspects of pQCD: role of re-scattering
of active partons, factorization, universality, evolution,....

e Non-perturbative structure we cannot calculate with QCD
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How to measure TMDs

h(Py) + h(Py) — £ (1) + ¢~ (1)

do ~ ZTMD(:U, EJ_)@da'hard@FF(Z,ﬁJ_)‘l_O(a) do ~ ZTMD(m, EJ_)@TMD(CE, EJ_)@da'hard

Fragmenta&ion Functions

H,

v Factorization
ete™ — hh'X
vUniversality




SIDIS
(I, )+ N(P,S) — ﬁ(l’, )\2) + h(Py,Sp) + X

* 6 independent kinematical variables

Q’ - ;
Py @ % m=py Pu=IR

transverse polarization

B =

azymuthal angle of the
polarization vector

azymuthal angle of
the produced hadron

do ~ L""'W .,



Hadronic tensor at tree level

h’(Ph7 ‘Sh)

3P
Z/ 27) 32Xp0 6D (q+ P~ Px — Py)

« (PS|.J*(0)|Px: PuSi){(Px: PySu|J* (0)| PS)



Hadronic tensor at tree level

h’(Ph7 ‘Sh)

3P
Z/ 27) 32Xp0 6D (q+ P~ Px — Py)

JH(z) = py" () - = X(PS[JH(0)|Px; PrSh)(Px; PrSp|J”(0)| PS)




Hadronic tensor at tree level

h’(Pha S'h)

PP
Z/ 27732XP0 0 g+ P — Px = Py)

JH(z) = py" () - = X(PS[JH(0)|Px; PrSh)(Px; PrSp|J”(0)| PS)

W~y e / d'kd*p 5™ (k+q—p) Tr [®9(k, P, S)v* Al(p, Py) "]

1
(2m)*

Bk, P,5) = / d*z e (PSIH(-2) v(2)|PS)

- i / dz e O (2 ) X P (X PaShl(=3)0)



Hadronic tensor in SIDIS

WHY ~ Z eg / d*k d*p 5(4)(k +q —p) Tr [®9(k, P, S)~+" Al(p, Pn)~"]
q

e consider Pt and P, large — large k1t =Pt P, =zpp

e consider frame with P, |, = 0 and small ¢ # 0

e neglect small light-cone components of parton momenta (k~, p™)

SO (k4 q—p)~ 8kt +qN)5(q —p )P (kL +q. —71)

2rBz - . - S S
QBz é Ze?]/deL d*pL 0% (kL + qL — pL)
q

WHY ~

x Tt [/dk oIk, P, S)v“’/der A(p, Py) 7”]

k""ZCBBP""
p~=P, /zn



TMD Correlators

— 12 =
dz—d*“z) ik

(2m)°

®(a,F1,P.S) = [ i~ ek, P5) = | (P.SI(-2)u(2)IP.S)

zt=0

(33,]{_]_),)\ (xakL)aA/

A A

TMDs parametrize quark-quark correlator




TMD Correlators

— 12 =
dz—d*“z) ik

(2m)°

®(a,F1,P.S) = [ i~ ek, P5) = | (P.SI(-2)u(2)IP.S)

zt=0

(33,]{_]_),)\ (xakL)aA/

A A

TMDs parametrize quark-quark correlator

)|0)

<
2 z— =0

= 4+ d2+d2ZJ_ ip-2 Z _
A(Zh,pJ_,Ph,Sh) — dp A(p,Ph,Sh) :Z (27_‘_)3 € <O|w(§)‘waSh7X><Ph7Sh7X‘¢(
X

P, Sy, Py, Sy,

(ZhaﬁJ_)v)‘ > (ZhaﬁJ_)a)‘/

Y

FFs parametrize fragmentation correlator



SIDIS cross section

do 1
~ 1 — ~ a2 F 1 — 9 COSngh
it ~ {0 g P+ (- peos(200) £

Sln h 1
+A(1 — y)sin(2¢p) FE7 20 4 NAy(1 — S¥) Frr
~ 1 sin
HSLIA =y + Sy?) sin(on — ds) Fipy" "
+|S1L1(1 = y) sin(gn + ¢s) Fpp O

+’§J_’(1— )Sln(3¢h—¢s> Sm(3¢h ®s)

= 1 COS — "
+ Ae|S1|y(1 — §y) cos(opp — ¢s) FLT(% ?s) 4 10 additional terms }

e Structure functions depend on 4 variables: F; = F;(z g, 2, P}?L, QQ)

X beam polarization

Jrweight Y target polarization

XY,L(T) weight angular distribution of produced hadron

L(T) virtual-photon polarization

Bacchetta, et al., [HEP 0702 (2007) 93



SIDIS structure functions at tree level

Fyur =28 ) € / Plod’p 0P (kL + @ — L) fi(w,kT) Di(zn,57)
q

Fg™t ~ by © Hy

By ~ hi, ® Hi

Frp ~g1 ® Dy

Frmiar=¢s)  fib @ D,

F(S;;(cbwcbs) ~h ® Hi

Fopa?" %) ~ i ® Hi

Frp =)~ gir @ Dy

e transverse parton momenta of TMDs and FFs are convoluted
(convolutions may contain additional powers of transverse parton momenta)

Bacchetta et. al, JHEP 0702 (2007) 93



TMDs - PDFs of Quarks

Dirac matrix

selects quark polarization

(ZIJ, kJ_), )\

@

(.”E, kJ_), )\

A A

(I)ij(lli‘, kJ_, S) — /

TMDs parametrize
quark-quark correlator

dz—d?*z

2(2m)3

e *(p, 5\%(—3) W[—

1
ol = > Tr[@T]

27 2



TMD-PDFs of quarks at leading twist

®

A A

(P—i_,ﬁJ_:O),S —)—@— (P"‘,P)J_:O),S

- leading-twist: T = (vF, y7s, ic"tys)

’ 7SJ_

 spin four-vector: S =
P ( M M

APT AP~ —»)

1) 1.0 QJ

(I)Q[’Y (ajang_) — ff M 1T
. Ak, - S
q)q[fr%](x’]ﬂ) = AT+ L lglqu
M
o . . Ak, -5 Ykl
st palio +75](£E,kj_) — 7 -5 Ky ]LWSL hf_Lq_ GL]\?SL}L
- L - - So i n
—|—2M2 (2]€L°SLkL°SL—k’ SJ_'SJ_)h !

- TMDs depend on z and k2

S2=A2-§2=-1 P.-S=0

1Lgq
1

1T



Partonic interpretation

dz—d?z, - z 2. i(zPts—F. .3
Ofin = [ S B (- 5) Tud(5) e = Rt

—= insert Fourier expansion of quark field

% — Yl el vy quark-number density
f f - .
= < 775 e @0 =¥y Py quark-helicity density
N7 P ) S SRR AL transverse-spin density
($P+, kJ_) ($P+, kJ_)
—— > ®
° N A °
Pt A ° °® Pt A

* Density interpretation spoiled by QCD effects (radiative corrections)



TMDs and their probabilistic interpretation

quark pol.
U L T
é Ul f hi
§ L giL hit
é fir | i | P, hiz

8 S e
T - a W»
unpolarized deformation due to
target and partons spin-spin and spin-orbit correlations

e TMDs in black survive transverse-momentum integration
* TMDs in red are T-odd (change sign in SIDIS and DY processes)

* TMDs in blue require OAM transfer

e No effects for U/L and L/U polarizations due to parity invariance



Quark fragmentation functions

quark polarization

A AREEE:
slu| b Hi:
=L G | HY
|\ 7| DL | Gir | Hy, HE

e Same interpretation as for TMDs, but with the role of quark and hadron interchanged

e [Fs in red are T-odd



Drell-Yan process at tree level

hl—l—hzﬁl—l_—I—l_—l-X

h,-z
¢+

L=y

hi
e Hadronic tensor at tree level, for low ¢ of gauge boson
WHY ~ Zeﬁ/dQl%’aL d®ky 1 6P (kat + kL — 1)
q

x Tr {(I)q(xa,lgabfﬁ,&)’y“ <I>q($b,EbL,P2,SZ)’YV}

ki=xp Pl+
k;:be;
e It involves two TMD-PDFs

e transverse parton momenta are convoluted

e longitudinal momentum fractions fixed by the kinematics

* cross section parametrised by 48 structure functions
[Arnold, Metz, Schlegel, PRD 79 (2009) 489]



Need of the Gauge-Link

S 1 -2z )
o\ (z, k1, P.S) = —/dz TEL gtz (p, )i

2 (27)3 ) I'lGauge Link w(g)\P, S)

z
2

21+ =0

The staple gauge-link




Light-front wave function
representation



Proton state

Probability Amplitude for the N, Fock state

(PF,PL),A) = Z[dl‘]N[dEL]N‘P%,B(%,EM)IN,@;(lez'PJr,CUiﬁL+E¢i),)\i>
N’lB

Light-front wave functions

_|_
Internal variables: gz, = ]Z;Z+ sz — Zkii —0,

Frame Independent

Eigenstates of parton light-front helicity

gzij/)} AN )‘Z\Ij/)} A N
1--+AN 1.--AN A:Z’L:l )\z+€z

Eigenstates of total OAM

A AT =0 gauge
Lz\Ijé\xl---AN — KZ\IIQL..)\ A 5aU5

N




Light-Front Wave Function Overlap Representation

Y

Y

TMDs ~ Z /[dfv]N W (kn)?6(. ) probability density in 3D momentum space
N

PDFs ~ Z/[dSk]N Un(kn)I*6(--.)  probability density in 1D momentum space
N



Quark-OAM: partial wave decomposition of LFWF

CUz'PJ;, ;P + k)

. ijk
> > | P,A) = / d[1]d[2]d[3] W5, 5, », (zi k1) 8\/6 ujy, (Dujy, (2)d),, (3)] 0)
LCWEF: eigenstate of OAM
% — (11D =2 (11 Dee =1 (1o =2 (L Do= -2
2 2 2 2
_1l_ g0 _s  Li=-1 L1 =0 L1=1 L4=2

L= (P 1 | P, 1) =:probability to find the proton in a state with eigenvalue of OAM L;

Lo=Y, LPtPyt N\ AT =0 gauge

l

squared of LFWFs



OAM decomposition of T-even TMDs

AJ =AJ?+ AL? total angular momentum conservation

f1, 91L h-

+, L. +, L.

+, L. — (L. +2) L (L) L + (L +1)




OAM content of TMDs

Model results with light-front wave functions fitted to nucleon electromagnetic form factors

f] up g1L up hl up
3 3
— TOT | :
— S wave 4r 2 2:
—— P wave :
27 1t 1
0l ol

0 n 4 n T - 7 | - i | | | | | | | | | |
0 025 05 075 x 0 025 05 075 x 0 025 05 075 x
FO (@) = [ d2Fy bz j(a, k2)

2M?
(1) | T h1®

1T 1L 1T
0.4 U 0 up up

— TOT |
0.3}

0.2}

S-P int

0.1}

0% 025 05 075 x "0 025 05 075 x 0 025 05 075 X

BP, Cazzaniga, Boftfi, PRD78 (2008)



OAM content of TMDs in observables

fi (AL, =0) fi (AL, =0) N hiY (AL, =2) it (AL, =2)
up 3 i down I up : down
40 TOT / TOT ﬁ 0.2 P-P int.
2 02" P-P int. r
[ ] TOT
i i S wave i I
2+ S wave 1! S-D int. 0
P wave i P wave 0.4
I I S-D int.
0 : D \\N&\:G \ 0 P ——— \ . ———TOT 0.2 - L
0 025 0.5 0.75 x 0 025 0.5 0.7 x 0 025 05 0.75 x 0 025 05 075 X

“pretzelosity”

(=l s LY



D wave

S wave
P wave

0 Le——
0 025 05 075 x

OAM content of TMDs in observables

fl (ALZ — O)

3

; down

: TOT
2/

I S wave
1 L

i P wave
0 I

4+ Effects on SIDIS observables
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Boffi, Efremov, BP. Schweitzer, PRD79(2009)



First attempt to extract pretzelosity from data

Letky, Prokudin, PRD91(2015) 034010

0.09 - 0.18

up down Q? = 2.4 GeV?

0.06 - 0.12 + -
% 0.03} % 006}
= <
5. © .09
< 0.03 = -0.06 f

-0.06 | 012}

. ' 0.1 -
002 0.1 1 U 0.1 1
X X

convolution in SIDIS with P;ijactor —— suppressed for  (Pp,. 1) < 1GeV

red: positive x=0.1
blue: negative
o
X
—~E
=t
b
>
s

0.5 0 0.5 -0.5 0 0.5
ky (GeV) k, (GeV)

future measurements will be very important to clarify the sign and size of the pretzelosity



The unpolarized TMD f;

0.05 Fraction of
longitudinal momentum

0.20
1.0

0.5

0.0 Ky (GeV)

-0.5

-1.0

We know the integrated PDF very well.

1.0
0-0 0.5

We aim to the the TMD still poorly. 1.0 %%, " Gev)

Correlation between x and k. g
Flavor dependence of TMDs @

Transverse momentum




Flavor structure of TMDs: indications from lattice QCD

1
U (#2) : / 0 (f1. (@ F2) = fu.o(2, B2)

number of quarks as function of transverse momentum

10+

0.5

“less” up quarks

0'07\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

\Eﬂ (GeV)

Pioneering lattice-QCD studies hint at a
down distribution being wider than up

Musch, Hagler, Negele, Schaefer, PRD83 (2011) 094507



Flavor structure of TMDs: indications from data

Ratio of width of sea /

width of up valence

18
1.6
14

N_[(\l'l

x|= 1.0
0.8
0.6
0.4

sl 1.2

~ fit to SIDIS multiplicities from HERMES:

e (kT 4,) < (KT .0 < (kT sea)

(k2 4,)
(K u,)

Signoriet.al., JHEP 1311 (13)

Ratio width of down valence/

width of up valence

There is room for flavour dependence, but we do not control it well



Quark unpolarized TMD extractions

Framework | HERMES [COMPASS| DY |, dfction p'(\‘)ig];
favia 20101 NLL v v v v 8059
RN BT E R D % v v | 309
Pt I I S IR S B B
favia 20191 NNNee | X X v v | 353
2020 | NNNLL v v v v | 1039
wMAP2022 [ e | v P P | oo

in progress



https://arxiv.org/pdf/1912.07550.pdf
https://arxiv.org/pdf/1912.06532.pdf

Quark unpolarized TMD extractions f,(z, %, )

DY data at NNNLL

DY+ SIDIS data
at NNNLL
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Bacchetta, Bertone, Bissolotti, Bozzi, Delcarro, Piacenza, Radici, JHEP 07 (2020) 117

z=10"3
. uncertainty
r = 10—2}:/' E T Fm_p(:l?, b) 0%
A4 A
=01’ i |
A \ 10%
i Al
T LA NN
L2y A I 20%
A1 A
09}y 1 LD
Al A S N iy Y -
06} I ol [ —
o3y i A 4 D 4 A
e ERTA /,/,//,/ﬁ
// ,/ ”/ /’1’/, e
—ra — -V
005 1 1.5 2. 2.5 5 YOV

z2=10.2
i uncertainty
1 0%
/: 3 a
j’/ Z Du_;,r+(2, b)
z=04]
v 0 1
IR/ 15%
1 1 :
1 1
B /s
z2=06 !
Rl /
W e/7; st
‘ 1 1
! 1 [
! 1
1, 1 7
’ ]
z=0.,8’i E i, Xt
05" | A : g
g Gl ot = iy, el
i
0.3/ | - 2
i
17 el g e i o g g -
){
y 4 ’ s’ ’ ’ ’
’ ’ / / ’ /’ /’ ’
| i 2 S BREEE SRS GER RS R SEIEE LS sy /
= b[GeV |




Quark unpolarized TMD extractions f,(z, %, )
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Q =10 GeV

DY data at NNNLL
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Bacchetta, Bertone, Bissolotti, Bozzi, Delcarro, Piacenza, Radici, JHEP 07 (2020) 117

0.00 0.25

Open issues:

O Flavor dependence and more flexible functional forms

O Different choices in implementation of TMD formalism

O More data needed to test the formalism and functional form of parametrizations
O Improvements on the knowledge of the fragmentation functions
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Adding the spin

0.20
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o5 -1.0 information on parton OAM
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correlation between x and k



The Worm-Gear functions

Another way to access orbital angular momentum
information without final state interactions:
Worm gear functions

hit

= —+ + -+

longitudinally pol. quarks transversely pol. quarks
in transversely pol. nucleon in longitudinal pol. nucleon



Bhattacharya et al,
PRD105, 034007 (2022)

First extraction of g7

data set after the cut ¢r/Q < 0.50
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Worm-gear shift (k.)rz compatible with lattice results



Pioneering lattice QCD studies

Musch, Hagler, Negele, Schaefer, Europhysics Lett. 88 (2009) 61001

(k¥) = 67(5) MeV (k$) = —30(5) MeV

(k%) = —60(5) MeV

g1T, h1LL IPDs

genuine effect of intrinsic transverse momentum of quarks!
not counterpart in impact parameter space distributions



Relations among T-even TMDs

[Avakian, Efremov, Schweitzer, Yuan, 2008]
[Lorcé, Pasquini, 2011]

| inear Relations Quadratic Relations
Flavor depend
av02r epen 1ent D i+ g7, =21 xx
Dv=Z Di=__
3 3
Flavor glr = —hif * % 20 hif = ~(g1p)>
independent oo .o
q q ki Lgq xx
g1, — 1 = mhw e
Bag [Jaffe, Ji 1991); Signal (1997); Barone & al. (2002); Avakian & al., (2008-2010)]
XQSM [Lorcé, Pasquini, Vanderhaeghen (2011)]
LFQM [Pasquini & al. (2008)]
S Diquark Ma & al. (1996-2009); Jakob & al. (1997); Bacchetta & al. (2008)]
AV Diquark [Ma & al. (1996-2009); Jakob & al. (1997); Bacchetta & al. (2008)]

|
|

Cov. Parton [Efremov & al. (2009)]
|

Quark Target [Meissner & al. (2007)]

Common assumptions:  » No gluons

» Independent quarks



Quark OAM from pretzelosity

hyp = /: /: “pretzelosity”

model-dependent relation
L. =— [ded®k, £ hi (2, k2)

first derived in LF-diquark model and bag model
[She, Zhu, Ma, 2009; Avakian, Efremov, Schweitzer, Yuan, 2010]



Quark OAM from pretzelosity

hll"r= /: - ’: “pretzelosity”
model-dependent relation

L. =— [ded®k, £ hi (2, k2)

first derived in LF-diquark model and bag model
[She, Zhu, Ma, 2009; Avakian, Efremov, Schweitzer, Yuan, 2010]

L. hir
chiral even and charge even chiral odd and charge odd
AL, =0 AL,| =2

no operator identity
relation at level of matrix elements of operators



Quark OAM from pretzelosity

hyp = /: /: “pretzelosity”

model-dependent relation
L. =— [ded®k, £ hi (2, k2)

first derived in LF-diquark model and bag model
[She, Zhu, Ma, 2009; Avakian, Efremov, Schweitzer, Yuan, 2010]

L. hir
chiral even and charge even chiral odd and charge odd
AL, =0 AL,| =2

no operator identity
relation at level of matrix elements of operators

4

valid in all quark models with spherical symmetry in the rest frame
[Lorcé, BP, PLB 710 (2012) 486]




Common assumptions : > No gluons
» Independent quarks

» Spherical symmetry in the nucleon rest frame
»SU(6) symmetry

spherical symmetry
in the rest frame

rest frame

0, 0)

zero OAM

the quark distribution does not depend
on the direction of polarization

[Lorcé, BP, PLB 710 (2012) 486]



Common assumptions :

spherical symmetry
in the rest frame

» No gluons

» Independent quarks

» Spherical symmetry in the nucleon rest frame
»SU(6) symmetry

rest frame infinite-momentum frame
|67 U> ’Ea AN LF
Light-cone boost
zero OAM —) NON-zero OAM

the quark distribution does not depend
on the direction of polarization

[Lorcé, BP, PLB 710 (2012) 486]

LC polarizations of quark and nucleon
are NOT all independent



Common assumptions : > No gluons

» Independent quarks
» Spherical symmetry in the nucleon rest frame
»SU(6) symmetry

spherical symmetry
in the rest frame

rest frame infinite-momentum frame
|67 o) \IZ, A LF
Light-cone boost
zero OAM —) NON-zero OAM
the quark distribution does not depend LC polarizations of quark and nucleon
on the direction of polarization are NOT all independent

L relations

among polarized TMDs

[Lorcé, BP, PLB 710 (2012) 486]



Sivers function

fir = —@»—-@»

unpolarized quarks in L pol. nucleon

+, L, L+,(Lz +1)

_|_

the helicity mismatch requires orbital angular momentum (OAM)

non trivial correlation between quark OAM and nucleon transverse spin

non-zero ONLY with final-state interaction



2 (sin(¢-0g))yr 2 (Sin(d-dg))yr

2 <Sin(¢'¢s)>UT

Sivers effect has been measured in SIDIS
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Sivers effect has been measured in DY and W=/ Z° production
- STAR p-p 500 GeV (L = 25 pb™) - STAR p-p 500 GeV (L = 25 pb™) is\\\ﬁ o
RIS (0.5 <P} <10 GeVie
; B _}_ PRL 116 (2016) 132301
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Global fit to SIDIS, DY, W /Z boson production

100 "
fl 10 :BPV:’.O :fl.lu pS\']Q r=10.1
= 2GeV
&
J
1 e
1T 'J: 10
| 10~2
u |
w0 P | | - | _
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
kr (GeV)
1
f1T(CUa/ﬁ)

u-qudrk

k, (GeV)

-0.5

k. (GeV)
M. Bury, A. Prokudin, A. Vladimirov, JHEP 05 (2021) 151



plp— W=/Z

@ RHIC-STAR Caoll.
PRL 116(2016)132301

Drell-Yan 7p — puX

@ COMPASS
PRL 119(2017)112002

1
0.8
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of
-0.2}

2

~0.4

—-0.6F

-0.8

First hints of sign change

F STAR p-p 500 GeV (L =25pb )
F0.5 <Py <10 GeV/e

L WS Iy

- STAR p-p 500 GeV (L=25pb )

©F0.5<P) <10GeV/e

— KQ (assuming “sign change™) . KQ (no “sign change”)
i Global y2/DOF = 7.4/6 Global 2/DOF = 19.6/6
:_3.4% beam pol. uncertainty not shown =0.83.4% beam pol. uncertainty not shown
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TMDs vs IPDs

(longitudinal components are not shown)

difference average of .
£t » ) 5 ) average difference of
of transverse position ransverse momenta -
P position transverse momenta
7, «—> k| b, «— A

> see Lectures of Markus Diehl



X = proton pol
PXY
Y = quark pol

correlations in kA, 5,

B} 1 .
prr(@, ki) = glfi +As hiz]

kLM

correlations in k.S, )\

> 1 i i 1
prr(z, k1) = Q[fl + A5 kJ_Mgf_T]

correlations in k&, A, \

—

1
prr(x, k1) ==[fi + AAgiL]

5

correlations in k,.,5,,5,

—

1 o
prr(T, k1) = §[f1 + 57 8% ha

+5% (2K'K) — K2 6%)

5 2M2

hi:

7]

TMDs vs IPDs

As'b",
time-reversal odd = GPD=0

SAbY,
time-reversal odd = GPD=0

correlations in b, A, A

—

. 1 ~
,OTL(CIZ,bJ_) == §[H—|—A)\H]

correlationsinb,, S|, 5|

1 . 1

prr(z,b1) = SH = S s' (Hr — s A Hr)
. . 1 -
) ) 2t
+S0 (200 — b20V) 5 — ~ 7]

Diehl, Haegler, EP] C44 (2005) 87



X = proton pol
PXY
Y = quark pol

correlations in kA, 5,

B} 1 .
prr(@, ki) = glfi +As hiz]

kLM

correlations in k.S, )\
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TMDs vs IPDs

ARV

time-reversal odd = GPD=0

SAbY,
time-reversal odd = GPD=0

correlations in b, A, A

—

. 1 ~
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X = proton pol
PXY
Y = quark pol

correlations in kA, 5,

B} 1 .
prr(@, ki) = glfi +As hiz]

kLM

correlations in k.S, )\

> 1 i i 1
prr(z, k1) = Q[fl + A5 kJ_Mgf_T]

correlations in k&, A, \
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1
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hi:
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TMDs vs IPDs

ARV

time-reversal odd = GPD=0

SRy

time-reversal odd = GPD=0

correlations in b, A, A
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. 1 ~
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TMDs vs IPDs

X = proton pol
PXY

Y = quark pol
correlations in k.S, correlations in b,.5,

- 1 iijle E_lHSiijbjlaE
pTU(makJ_):§[f1+SJ_E kJ_MflT] pTU(mv J-)_§[ — € LM@ ]
correlations in k.5, correlations in b,,5,

" 1 i ijg 11 - 1 PTIY B 2
PUT(-TakL):i[fl‘FSLG ]ﬁﬁfh] pUT(kaJ_)zi[H_SJ_E bJ_M(ET—l_ZHT)]



IPD for unpolarized quarks in a transversely pol. Proton

1 . i 1 — /
/daz§ [H(a;,bj) + 5l - (S(x,bi)) ]

/
H - S,b, E'/M H-Sb, E'/M
by 1.0 D 1.0 o D) 1.0 D
Bl >035 B >034 Bl 035
0.5 Bl <035 0.5 Bl <034
B <028
B <03 B <022
U 0.0 I <025 0.0 I <0.16
P ] <02 ] <01 ] <02
<0.04
05 ] <05 05 % o ] <05
10 [ ] <0.05 10 ] < 014 | ] <0.05
10 05 00 05 10 10 05 00 05 1.0 1.0
by 1.0 o Em Y 1.0 o D) 1.0 T
B 035 Bl >034 Bl 035
0.5 B <035 0.5 = So 0.5
B <03 B <022
down 90 I <025 0.0 I <0.16
[ <02 . ] <01 [ <02
<0.04
_ | <01 _ ] < 008 _ | <01
1.0 ] <005 1.0 < 0.4 ] <005
1.0 05 00 05 10 1.0 05 00 05 1.0

, by b,
X

average distortion: L flavor dipole moment

KD =1.86, k) = —1.57 = |dI|~0.1—0.2fm
[B.P,, Boffi, PLB, 2007]



TMDs for unpolarized quarks in a transversely pol. proton

1 . NP 1 —
[ dog | AR - S'el] 5 S R2)

up down

0.4 GeV 2 GeV ?
— -p ( > 7>.2 -p < > 3>.6
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. ] < 4. ] < 2.
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Model relation TMD «<— GPD

unpolarized quark in unpolarized




Model relation TMD «<— GPD

unpolarized quark in transversely pol. nucleon

Distortion in impact
parameter
(related to GPD E)




Model relation TMD «<— GPD

Distortion in transverse momentum
(related to Sivers function)

Final-state interaction
(lensing function)




Model relation TMD «<— GPD

Distortion in transverse momentum
(related to Sivers function)

Final-state interaction
(lensing function)

L jkkj gk . . . . jkbj gk . /
—/deT k- ET]\; Lopid(p k2) ~ /deTZq’Z(:C,bT) GT]\; L (8‘1(33, b%))
Sivers function Lensing function F.T. of E(x,0,t)

Burkardt, PRD 66 (2002) 114005
e Relation valid only in restricted class of models, as, for example, the scalar-diquark model

BP. Rodini, Bacchetta, Phys. Rev. D100, 054039 (2019)



Model results

Sivers effect = Lensing function ® IPD

Scalar diquark model:
- two-particle system (one active quark and a scalar spectator)
- perturbative coupling between Wilson line and spectator — no-helicity flip of the spectator

T™MD IPD

lensing function

——
/ / /

(CI?,EJ_) qé (%,EJ_ _q_l) (QZ‘, EJ_) A Y (337 EL+(1—ZIZ‘>&J_)
} _7_<1\\ /}:}___; _____ Cl\\
Pt

P P

It is violated when considering coupling with the gauge boson that are not helicity conserving (e.g.,
axial diquark model) or for bound system with more than two constituents

BP. Rodini, Bacchetta, PRD 100, 054039 (2019)



Limitations of existing data/facilities

o 0_04:_ ez>02 ht _ COMPASS preliminary _ Proton 2007, 2011 data _ Sample data for A?}I}j(2¢h) ~ hf_L 0% HlJ-
84 [oo01<z<02
"< 002} # - -
: : e B - models predict small effects
oo i } ; - data basically only allow conclusion that effect is
L [ e '_* . .
ooy B T e | compatible with zero
o= 004f az>02 |
S | a01<z<02 : : !
"< 002 ﬂ s | s
! gt et |
0o} :— |
0tf P— ’-4
_004. PP .....‘..q“.l.l.l...l..'....1.1..111..1.
1072 107} 2 02 04 06 08 . 05 1

e
Py (GeV/c)

Existing data/facilities often suffer from one or more of the following:

elack of data precision (due to lack of machine luminosity)

elack of kinematical coverage

elack of polarization

e|limited detector capabilities



Paste, present and future TMD measurements

10 3| Current data for Sivers asymmetry:
e COMPASS h*:P_ <1.6GeV, z>0.1

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

Planned:
102 B9% JLab 12

T Ll I'TIT]

1]

N% .geffgon Lab
S |
A B
e
10

comp
e

EIC

T TII[II]’

1

'l

- multidimensional binning
- high Q2 reach

- large range in transverse momentum

Accardi et al., The Electron lon Collider: the next QCD Frontier, EPJA52 (2016) 268



JLab12 SIDIS program

14

Q* (GeV?)

12}

10}

e JLab12 program very important to constrain TMD distributions at large xz
e complementary measurements with different targets
e Hall B: large acceptance (CLAS), unpolarized and polarized H e D targets;

cross sections, single and double-spin asymmetries; start kaon SIDIS program with RICH detector

e Hall C: SHMS + HMS, precision magnetic spectrometer setup, unpolarized target;
L/T separation in SIDIS, precision cross section of 7*and 7~, and K+and K-

e Hall A: forward large acceptance (SOLID), longitudinal and transversely polarized 3He target;
pion and kaon run; access to neutron structure at high xg and Q2



Sivers function at JLab12 and EIC

q Q?=2.4 GeV*

kl((1;eV)
Dudek et al., Physics opportunities with the 12 GeV JLab upgrade at JLab, EPJA48(2012) 187

20 uncertainties of extractions from currently available data

B 20 uncertainties of extractions from pseudodata generated for EIC (v/s = 45 GeV)
0

-0.2

-04

-0.6

u, (1)
f1J'f (x)

-0.8

-1

X X
Accardi et al., The Electron lon Collider: the next QCD Frontier, EPJA52 (2016) 268
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—>— A=0 ®
— [dky Charges |

— fd:l:

Lorcé, BP, Vanderhaeghen, JHEPO5 (2011) 041



—>— A=0 ®
— [dky Charges |

— fda:

Lorcé, BP, Vanderhaeghen, JHEPO5 (2011) 041



—_— &:O

— fdki

— fda:

Lorcé, BP, Vanderhaeghen, JHEPO5 (2011) 041



2D Fourier
transform

Aj by

—_— &:O

— fdk_]_

— fd:l:

Lorcé, BP, Vanderhaeghen, JHEPO5 (2011) 041



2D Fourier
transform

Aj by
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— [dky Charges |

— fd:l:

Lorcé, BP, Vanderhaeghen, JHEPO5 (2011) 041



2D Fourier
transform

Aj by
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2D Fourier
transform

Aj by

—>— A=0
— [dky Charges |

— fda:

Lorcé, BP, Vanderhaeghen, JHEPO5 (2011) 041



2D Fourier

transform AL by

xaga EJ_? &J_

—>— A=0
— [dky Charges |

— fda:

Lorcé, BP, Vanderhaeghen, JHEPO5 (2011) 041



2D Fourier

transform Al by
xagakJ_aAJ_ T EL EJ_

—>— A=0
— [dky Charges |

— fda:

Lorcé, BP, Vanderhaeghen, JHEPO5 (2011) 041



2D Fourier

transform Al by
xagakJ_aAJ_ T EL EJ_

—>— A=0
— [dky Charges |

— fda:

Lorcé, BP, Vanderhaeghen, JHEPO5 (2011) 041



Phase-Space Distributions in Quantum-Mechanics

Quantum Mechanics

Wigner distribution

\4

=

dz —1kz
pw(r, k) = %e & ¥ (r —
dA — AT
or ©

p(r +

DO | ™
N—r

¢"(k+ 5)olk — <)

Wigner (1932)
Moyal (1949)

Position-space density

(r)|? = / dk p (k)

Momentum-space density
B0 =2r [ dr puw (k)

Quantum average

(0) = [drdkO(r k) pw (1, k)



Wigner distributions (#,b., k1)
* Extend the concept of classical phase-space density
* Phase-space distributions of partons inside the nucleon

* Quasi-probabilistic interpretation

pr(P) O

N0
(@)

m

Heisenberg’s uncertainty relation

. G . h=0 . .
) (Juasi-probabilistic interpretation > classical density




Wigner Distributions in QFT

Dirac matrix

‘ quark polarization

. —~ d4z . _
uark Wigner operator w7 k) = ik-z
Q 5 P (7, k) /(%)46 Y(r— Q)FW¢ "“+2)
Wilson line

‘—)



Wigner Distributions in QFT

Dirac matrix

quark polarization

. — d4z i _
ark Wigner operator C(# 1) — ik-z
Qu g P W, k) /(%)4@ (7 — 2)FW¢ 2)
Wilson line

‘—)

Fixed light-front time pt=0 <= /dk‘



Wigner Distributions in QFT

Dirac matrix

quark polarization

. — d4 o
Quark Wigner operator w7 k) = / (254 ek (7 — Q)FW¢ 2)
‘ Wilson line
Fixed light-front time pt=0 <= /dk‘
Wigner distributions N / BA _xAN L
. . NG AT N W0, kT k)| -
in the Breit frame pA3A+(::D L) = 2] (2r)3° (5 AW ]

Ji (2003)

no semi-classical interpretation Belitsky, Ji, Yuan (2004)

no | >y



Wigner Distributions in QFT

Dirac matrix

quark polarization

. — d4z . —

uark Wigner operator w7 k :/ thz r

Q gner op (7 ) = [ e O = T W+ )
‘ Wilson line

Fixed light-front time =0 =—> / dk™
Wigner distributions 1y BA iz A . A

. . NG / AT MW 0,k R - =LA

in the Breit frame pAgA(;D 1) = 2] (2r)3° <2 | (0, K7 k1) 2’ )

+
: : : : Ji (2003)
no semi-classical interpretation Belitsky, Ji, Yuan (2004)

Wigner distributions 1 Gkt RL) = CAL ik, 5, Lt AL NI, kL) pt ,_AL A)
. AA 2 2 2 2
in the Drell-Yan frame 923 D (2m)

+
(AT =0) semi-classical interpretation GTMDs

Lorce, BP (2011)
Lorce, BP, Xiong, Yuan (2012)



Generalized TMDs

Meillner, Metz, Schlegel, JHEP 0908 (2009)] 56, JHEP 0808 (2008) 38
Lorcé, BP, JHEP 1309 (2013) 138

A P—-A A’,P+%A

Quark polarization

[‘f‘] _1 dz_dQZJ— P/ A/ 1,4 _E F _E E q E PA 'I:(xP+Z_—EJ_°2J_)
WA’A T 2/ (27_‘_)3 < ? ‘w)\’( 2) W( 27 2‘n)¢)\(2)‘ ) >6

a

Nucleon
polarization

4 X 4 =16 polarizations <) 16 complex GTMDs (at twist-2)

W a(, &, ki, AL



Generalized TMDs

Meillner, Metz, Schlegel, JHEP 0908 (2009)] 56, JHEP 0808 (2008) 38
Lorcé, BP, JHEP 1309 (2013) 138

1
NoE+=A
Y —|_ 2

1 1
A P—ZA ' -~
) 5 A,P+2A

Quark polarization

[‘f‘] _1 dz_dQZJ— Pl A/ 7.q _z F _E E q E PA ’L‘(ZBP—‘_Z_—EL-E’J_)
With = 5 [ Som (PN (5 T W5 I ()P A)e

a

Nucleon
polarization

4 X 4 =16 polarizations <) 16 complex GTMDs (at twist-2)

W a(, &, ki, AL

2 : average fraction of quark § : fraction of longitudinal
longitudinal momentum momentum transfer
EJ_: average quark A | : nucleon transverse momentum

transverse momentum



Generalized TMDs

Meillner, Metz, Schlegel, JHEP 0908 (2009)] 56, JHEP 0808 (2008) 38
Lorcé, BP, JHEP 1309 (2013) 138
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Generalized TMDs

Meillner, Metz, Schlegel, JHEP 0908 (2009)] 56, JHEP 0808 (2008) 38
Lorcé, BP, JHEP 1309 (2013) 138

1
/
—A
)\,k‘-l-2

1 1
A P—-A ! —
; 5 A,P+2A

Quark polarization

[‘f‘] _1 dz_dQZJ— P/ A/ 1,4 _E F _E E q E PA 'I:(xP+Z_—EJ_°2J_)
WA’A T 2/ (27_‘_)3 < ? ‘w)\’( 2) W( 27 Q‘n)w)\(Q)‘ ) >6

a

Nucleon
polarization

4 X 4 =16 polarizations <) 16 complex GTMDs (at twist-2)

WK/,A($7§,E¢,5¢)
Fourier transform A | < I;L at £ =0

W/{",A(waga ki,b1) 32 real Wigner distributions



Transverse phase-space distributions

* Twist-2: | Tewist—2 =¥+, v 75, 1075

quark polarization: U L T
% Nucleon polarization: U L T
k-5 k+ 5
E = =




Transverse phase-space distributions

* Twist-2: | Tewist—2 =¥+, v 75, 1075

quark polarization: U L T

% Nucleon polarization: U L T

% Gauge link: T-even and T-odd functions




Transverse phase-space distributions

* Twist-2: | Tewist—2 = ¥, 7775, 07Ty

quark polarization: U L T
16 | 32 real
% Nucleon polarization: U L T —) complex D Wigner
GTMDs O
Distributions

Transverse

% Transverse Phase-Space distributions
A
%
b1

/

Longitudinal ,OX(EJ_agJ_) p— fdgij(Qj,EJ_,gJ_) X — UU, UL, UT, LU,




Angular Correlations

P5gs = PUU T St prLu + 5% pUL + SLS% PLL + S% (priv + 5% prir) + ng (puri + SL prri) + S%S%j OTiT

quark polarization

Slox| U L T, T, £=0

Slol o | s | s | sy

2| L | (Scey) (SLST) (Sl S3ed) | (SplySied)

S| To | (S.69) | (Sot2SLe8) | (S.S9) | (SptaSeq)

21y | Syl | (S,esiey | (S easay | (8,80
GPD | U | L T TMD U L T
U | H Er U | f hi
L H ET L giL hf_L
T | E|E| Hp, Hy T | fix | oir | h1, hizp

each distribution contains unique information

the distributions in red vanish if there is no quark orbital angular momentum

the distributions in black survive in the collinear limit



Angular Correlations

P5gs = PUU T St prLu + 5% pUL + SLS% PLL + S% (priv + 5% prir) + ng (puri + SL prri) + S%S%j OTiT

quark polarization

Slox| U L T, T, £=0

Slo ] @ | s | sum [ s

S| Lo|(Seh) | (SpSY) | (Spedsuen) | (Spelsie)

S| T | (So02) | (S.09500%) | (S.S%) | (Spla59eq)

21y | Syl | (S,esiey | (S easay | (8,80
GPD | U | L T TMD U L T
U | H Er U | f hi
L H w L 9giL hlLL
T | E || Hr, Hr T | fiz | oir | h1, hiyp

each distribution contains unique information

the distributions in red vanish if there is no quark orbital angular momentum

the distributions in black survive in the collinear limit



Phase-Space Transverse Modes

A

pX(ELH;L) — /dxpx(x,/%l,l;l;[’ —€,,n = —I—l)‘gL croq —> 2+2 dimensions (Z;L,EL)

Multipole decomposition

using PT symmetries

Lorcé, BP, PRD 96, 2016



Phase-Space Transverse Modes

px(ky|bL) = /dpr(:v,lZL,li;f’ =é,,n =+1) \bL frod > 242 dimensions (b, k. )
by
A
Multipole decomposition b
_ (MK ,mp)
PX = Z Px
Mg ,Mp > bLE

using PT symmetries

Lorcé, BP, PRD 96, 2016



Phase-Space Transverse Modes

by
A
0-4 = S
N2 B \ | |/ \\
® ______ "'. -.,II ',Il
Multipole decomposition . o=
_ (M, M) A % &8 67| &
pPxX = Px . \
X
mpg,mp
» 0

T

using PT symmetries

Lorcé, BP, PRD 96, 2016



Phase-Space Transverse Modes

by
A
0.44,_. o e L‘_.‘\\\_ e
72 B\ | N
N ) I1'|
Multipole decomposition . o=
_ (M, M) A % &8 67| &
pPxX = Px . \
X
mpg,mp
» 0

using PT symmetries

p A

Lorcé, BP, PRD 96, 2016

T




@) Unpolarized quarks in unpolarized proton

%B[Fll] %m[Fll

-

Y
/

Yoz
4 \s

ﬁ

ﬁ
IR
Il ﬁ@” &

N
Z

\S
e A -
@
naive time-reversal even naive time-reversal odd

Integral over k£, = GPD (monopole) no counterpart in the GPD and TMD cases

Integral over b; =» TMD (monopole)

polar flow (¥, L b,) preferred over radial flow (k. | 1) net radial flow (k. || b.)
bottom-up symmetry =» no net OAM due to initial/final state interactions



@) Unpolarized quarks in

%G[Fll]

naive time-reversal even

Integral over k; = GPD (monopole)
Integral over b, = TMD (monopole)

polar flow (k. 1L b,) preferred over radial flow (ko || b1)
bottom-up symmetry =» no net OAM

unpolarized proton

%m[Fll]

naive time-reversal odd

no counterpart in the GPD and TMD cases

net radial flow (k. || b.)
due to initial/final state interactions



@ Unpolarized quarks in Longitudinally pol. proton

L unique information from GTMDs

%G[Flzl]

naive time-reversal even

S naive time-reversal odd
x S,(bL x ki), ocSz(gL XEJ_)z(gJ_'EJ_)

orbital flow =» net OAM correlated S, with spiral flow correlated withS.

with no-net quark flow

Lorcé, BP, PRD 96, 2016, PRD 84, 2011



@ Unpolarized quarks in Longitudinally pol. proton

L unique information from GTMDs

3%6[F14]

naive time-reversal even
X SZ (gJ_ X EJ_)Z
orbital flow =» net OAM correlated S, with

Lorcé, BP, PRD 96, 2016, PRD 84, 2011

naive time-reversal odd

O(Sz(gJ_ X EJ_)z(gJ_°EJ_)
spiral flow correlated withS.
with no-net quark flow



@ Unpolarized quarks in Longitudinally pol. proton

L unique information from GTMDs

3%6[}714]

naive time-reversal even
X Sz (gJ_ X EJ_)Z
orbital flow =» net OAM correlated S, with

Lorcé, BP, PRD 96, 2016, PRD 84, 2011

%m[Fp}]

naive time-reversal odd
O(SZ(B)J_ X EJ_)Z (gJ_EJ_)
spiral flow correlated withS.
with no-net quark flow



Orbital angular momentum of the proton from Wigner functions

lg = fddeEJ_dng_(gJ_ X EJ_),O%’EV([;J_,EJ_,CC)

19 = /dQI;LEL x (k) - (k1 (b1))= [dadky ki ply (b1, ki, )

Lorcé, BP. PRD 84 (2011) 014015
Hatta, PLB 708 (2012) 186
Lorcé, BF, Xiong, Yuan, PRD 85 (2012) 114006



Orbital angular momentum of the proton from Wigner functions

lg = fdxd2EJ_dng_(gJ_ X EJ_),O%Q}V(EJ_,EJ_,LU)

19— / 25,5, x () (EL(b1))= [dzdky kL pl (b kL, @)

* intuitive definition of OAM

* mutually orthogonal components of quark position and momentum

— no conflict with uncertainty principle

* the integrand [{(x)represents the OAM density
* same equation for both Jaffe-Manohar (staple-like link) and Ji (straight link) OAM

* equation holds also for gluon OAM

* it can be calculated in LQCD  Engelhardt, PRD95 (2017) 094505

Lorcé, BP, PRD 84 (2011) 014015
Hatta, PLB 708 (2012) 186
Lorcé, BF, Xiong, Yuan, PRD 85 (2012) 114006



Orbital angular momentum of the proton from Wigner functions

lg = fddeEJ_dng_(gJ_ X EJ_),O%’EV([;J_,EJ_,CC)

19 = /dQI;LEL x (k) - (k1 (b1))= [dadky ki ply (b1, ki, )

Lorcé, BP. PRD 84 (2011) 014015
Hatta, PLB 708 (2012) 186
Lorcé, BF, Xiong, Yuan, PRD 85 (2012) 114006



Orbital angular momentum of the proton from Wigner functions

lg = fdadeEJ_dng_(gJ_ X EJ_)p%’UW(gJ_,EJ_,Qj)

— —

14 = /d%m x (k%)

<7ﬂ bJ_

~ 00

~06 -04 -02 00 02 04 06
b /fm

Lorcé, BP. PRD 84 (2011) 014015
Hatta, PLB 708 (2012) 186
Lorcé, BF, Xiong, Yuan, PRD 85 (2012) 114006

fdl’dlulﬂp Vby,ky,x)

0.6
0.4

0.2

-0.2

-0.4

-0.6

06 -04 -02 00 02 04 06
b./fm

> Proton spin
—> u-quark OAM

<« d-quark OAM



Orbital angular momentum of the proton from Wigner functions

lg = fdﬂ:dQEJ_dng_(gj_ X EJ_),O%’?}V([;J_,EJ_,CE)

19 / B0 5, x (K (B (b))= [ dadky By pl (by, K, 2)

~06 -04 -02 00 02 04 06 06 -04 —02 00 02 04 06
b./fm b./fm

> Proton spin
Lorcé, BP, PRD 84 (2011) 014015 —> u-quark OAM
Hatta, PLB 708 (2012) 186 <« d-quark OAM
Lorcé, BF, Xiong, Yuan, PRD 85 (2012) 114006



_ 27, 121 (L , qW /T 1 [Lorcé, BP (2011)]
t1 = fdxd k1d“by(by x kL)PLU (b1, ki, x) [Lorcé, BP, Xiong, Yuan(2011)]

[Ji (1997)]

Kinetic Canonical [Jaffe, Manohar (1990)]
4%
ISI FSI
/ > 2" F=====-=-= ® .
L--- o )
e.g. DY e.g. SIDIS

[Ji, Xiong, Yuan (2012)]

[Burkardt (2012)] [Hatta (2012)]

difference between the two definitions can be interpreted as
the change in the quark OAM as the quark leaves the target in a DIS experiment
[M. Burkardt (2013)]
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Observables for GTMDs and Wigner functions

Diffractive Exclusive back-to-back dijet production in /N /¢A collisions
ki Hatta, Xiao, Yuan, PRL 116 (2016) 202301

WQM

3

AL~ —(ki1+FkL o) k| ~ P = (k“;m@) P> ki1 + koo

- Reconstruction of full dijet kinematics and measure the azimuthal modulations in the angle
between A, and P,

- At small x: sensitivity to gluon GTMDs

- Estimates in the CGC effective field theory suggest that modulations are maximum some tens
of percent level Maéntysaari, Mueller, Schenke, PRD99 (2019) 074004, Boer, Setyadi, PRD104 (20121) 074006

- With proton polarization one may access FY 4
Hatta, Nakagawa, Xiao, Yuan, Zhao, PRD 95 (2017) 114032, Ji, Yuan, Zhao, PRL 118 (2017) 192004



Observables for GTMDs and Wigner functions

Exclusive pion-nucleon double Drell-Yan (quark GTMDs)
Bhattacharya, Metz, Zhou, PLB 771 (2017) 396

’Yf(Ql,/\l)

v5 (g2, A2)

N(paa ’\a) N,(p;’ /\:1)

- At present, the only known process that is sensitive to quark GTMDs

- In leading order is sensitive to ERBL region only

- Low count rate (amplitude T ~ o2 _ )



The blind men and the elephant

It’s
a Snake!

It’s a
Tree!

Different observables in different kinematical regimes
need to talk to each other
to reconstruct the full picture of the nucleon




