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Investigating nucleon internal structure

Test what we know about

perturbative and lattice

Measure what we don’t know about
extraction from data



Multidimensional imaging of hucleon

Momentum and Position: how partons move inside the
nucleon and distribution dependence on X

Flavor: how different flavors affect partonic distributions.

Spin: correlation between parton movement (OAM) and overall
nucleon properties (missing spin budget). - I

XP/L\E,

Information summarized as Lo

Parton Distribution P/ -
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collinear

Parton Distribution Function —
one dimensional
probability density
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3Dimensional structure

Considers also \
(ransverse momentum %,
k \
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Transverse Momentum Distributions

quark polarization

U L T
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Twist-2 TMDs



Transverse Momentum Distributions

quark polarization
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Transverse Momentum Distributions

Unpolarized

\ quark pol.
\ U L T

giL hf_L

nucleon pol.

qgiT h17 hf_T

Sivers function



TMD Parton Distribution Functions

| quark pol.
Unpolarized
\ L T
B hi
-
8 giL hf_L
= gir | hi, hiry

dependence on:

longitudinal momentum fraction X
transverse momentum k,
energy scale




TMD Parton Distribution Functions

| quark pol.
Unpolar‘lz{ - -

— = N
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Why study unpolarized TMDs?

Nucleon tomography
High-energy phenomenology
Necessary to describe polarized processes
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Nucleon tomography
High-energy phenomenology

Necessary to describe also polarized processes

Open questions :

1. What is the functional form of TMDs at low transverse
momentum ? And their kinematic and flavor dependence?

2. How can we separate the descriptions at low and high
transverse momenta ?

3. How can we match TMD and collinear factorization “?

4. Can we test the generalized universality of TMDs ?

5. Can we perform a global fit of TMDs ?
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Extraction from SIDIS & Drell-Yan

nucleon

A+B = ~*/7 =111~
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Extraction from SIDIS & Drell-Yan

nucleon

/

TMD PDFs

A+B = ~*/7 =111~
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Extraction from SIDIS & Drell-Yan

Semi-inclusive Deep Inelastic Scattering

hadron

nucleon
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Extraction from SIDIS & Drell-Yan

Semi-inclusive Deep Inelastic Scattering

hadron

TMD PDF

nucleon

q

() + N(P) = 1Y+ h(P) + X
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quark polarization

U |L| T
D Hi

TMD Fragmentation Functions
(TMD FFs)

longitudinal momentum fraction Z

dependence ON: transverse momentum P,
energy scale



Extraction from SIDIS & Drell-Yan

Pp

nucleon

hadron

nucleon
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Structure functions and TMDs: SIDIS

multiplicities

dol; ) (dzdzd P5dQ? F 2 P22
oy (2,2, P, @) = 28/ (=P dY) | g (0% i O

d()'Djs/ (da?dQ2) -~ FT(maQQ)

hadron

nucleon
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Structure functions and TMDs

multiplicities

m?\/’ ($,Z,PiT,Q2) —

FUUT X, Z, hTa

doly/ (dzdzdPyrdQ?)  wFyur (2,2, Phr, Q%)

d()'Djs/ (dinQ2) -~ FT(waQQ)

l TMD factorization

Z 7 [dzkldzPl ((x,kT; Q1D "z, P1; %)

P;) + O(M?*/Q%)
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Structure functions and TMDs

At our accuracy level:
Leading Order (expansion in ' g)

Next-to Leading LOg (corrections in aslog (22Q°/ Pir))

Fuyr (%2 Pl Q%) = Zﬁ &k, P, f{(x. k3 QP)D{ " (2. P} 07)
X 2(ck, — Py + P) +*+ BM10)

~ ()
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Structure functions and TMDs

TMD
nucleon  Fragmentation Function

TMD Parton
Distribution Function

FUU,T (x, <s P;%T» Q2) = ijdzkldzpi ffl(xakz; Qz) Df_)h(Z, Pi; Qz)

X 52(ZkJ_ —Pyr+P)) 29



TMD Evolution

reproduce shift of
TMD peak with energy scale
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Evolved TMDs

fi (&, &r; 1) =

a/z®f1 $€*,Mb

Wilson
CoefﬂClent
collinear PDF

pQCD

nonperturbative part
of evolution

7

S(g*,ub,u)egx(&) 1n(u/uo)f"“ (z,ér)

(Sudakov
form factor)

nonperturbative part
of TMD

CSS formalism
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Evolved TMDs

Fourier transiorm: ¢t Space

nonperturbative part

fla (513, Ep ,UQ) _ of evolution

7

(Caji @ F) (v, & o) €5 mvamleanEnintulio) fi. , (, e1)

|Is
form factor)
collinear PDF nonperturbative part

pPQCD of TMD

Non-perturbative contributions have to be extracted
from experimental data, after parametrization
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0.0k - - -
0.0 0.2 0.4 0.6 0.8 1.0

sum of two different gaussians
with kinematic dependence on transverse momenta

J1 (ZE) — N1 ( where N = g1(2)
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sum of two different gaussians
with kinematic dependence on transverse momenta

For the FF we use two different variances: gg(Z), g4(z)
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Free parameters

Ny, a, o, A 4 for TMD PDF

6 for TMD FF
N37N47675777 >\F
2
Y 1 for NP contribution to
5k = T 8275 TMD evolution

Total: 11 parameters
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pp = 277 /5_*

1.5
Q=1GeV 7

Q=10 GeV

| _ alternative notation:
0.0 0.5 1.0 1.5 2.0 b
ér [GeV™] 29



Amade  OIDIS UN
B
| data points

Total; 8059 data

*EZSS Drell-Yan w

¥E605 data2 p9r§s

Z Production

data poirQs
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Q2 > 1.4 GeV2
0.2<z<0.7

Punt, qr < Min[0.2Q, 0.7Qz] + 0.5 GeV

Motivations behind kinematical cuts

TMD factorization (Pht/z << Q2)
Avoid target fragmentation (low z)

and exclusive contributions (high z)
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Framework| HERMES |cOMPASS| DY £ IN of points
production
Pavia 2017
(+ JLab) | O v v v v 8059
published in

[ JHEP06(2017)081 ]
Summary of results

Total number of data points: 8059

Total number of free parameters: 11

> 4 for TMD PDFs > 6 for TMD FFs
> 1 for TMD evolution

|/_\ XQ/d.Of. = 1.50 = 0.05
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(b)

< O

- o

(f)

0.4
PhT[GeV]

0.2

0.6

0.2

0.4
Prr[GeV]

0.6

a)Example of original data
(two bins)

b)Data are replicated with
Gaussian noise

c) The fit is performed on
the replicated data

d)The procedure is
repeated 200 times

e)For each point a 68%
confidence level is
identified

f) These point connects to
create a 68% C.L. band
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Norm . multiplicity

I

X~ /dof= 1.61

10

SIDIS h-

[

(z)=0.23 (offset=6)
(z)=0.28 (offset=5)
(z)=0.33 (offset=4)
(2)=0.38 (offset=3)
(z)=0.45 (offset=2)
(z)=0.55 (offset=1)
(z)=0.65 (offset=0)

o n

v A
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Norm . multiplicity

COMPASS data
SIDIS h*

I

N
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(x)=0. oo7

DI,
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to avoid known problems
with Compass data normalization:
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h
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Drell-Yan data

x2/dof  0.32 0.84 0.99 1 12
E288, /s = 27.4 GeV E288, v/s=23.8GeV E288, v/s=19.4 GeV E605, s = 38.8 GeV
. /A=H‘N y=0.08| 5 y=0.21| %u y=0.4 + + xr=0.1
ol /%FLM\N | + 10 + + + _
m 15 | )%LL,\-} _
| !

{ 10

do/dqgt (normalized)

JEFY

/

ar[GeV] ar[GeV] ar[GeV] ar[GeV]

2% Fermilab

Q2 Evolution: The peak is now at about 1 GeV, it was at 0.4 GeV for SIDIS 38



Z-boson production data

x> /dof 1.36 .11 2.00 .73
30 . . . .
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Q2 Evolution: The peak is now at about 4 GeV 29



Best fit value: transverse momento

m m Bacchetta, Delcarro, Pisano, Radici, Signori JHEP06(2017)081
Signori, Bacchetta, Radici, Schnell arXiv:1309.3507

Schweitzer, Teckentrup, Metz, arXiv:1003.2190

Anselmino et al. arXiv:1312.6261 [HERMES]

Anselmino et al. arXiv:1312.6261 [HERMES, high z]
Anselmino et al. arXiv:1312.6261 [COMPASS, norm.]
Anselmino et al. arXiv:1312.6261 [COMPASS, high z, norm.]
Echevarria, Idilbi, Kang, Vitev arXiv:1401.5078 (Q = 1.5 GeV)

0.5)[GeV?]

Pz

2 4 207 |¢

01 02 03 04 05 06 07
(K2 (x=0.1)[GeV?]

Red/orange regions: 68% CL from replica method

nclusion of DY/Z diminishes the correlation

. . 2 .
nclusion of Compass increases the <P L> and reduces its spread

e+e- would further reduce the correlation
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Test of our default choices
How does the y? of a single replica change if we modify them?

Original y2/dof = 1.51

Normalization of HERMES data as done for COMPASS:
x2/dof = 1.27

Parametrizations for collinear PDFs
(NLO GJR 2008 default choice):
NLO MSTW 2008 (1.84), NLO CJ12 (1.85)

More stringent cuts
(TMD factorization better under control) x2/dof — 1
Ex: Q2 >1.5GeV?; 0.25 <z < 0.6; PhT < 0.2Qz = x2/dof = 1.02 (477 bins)
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Visualization of TMDs: PDF 3D structure

f1(x, k2; 1 GeV?)

f1(x, k2; 1 GeV?)
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0.5 0.5
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Visualization of TMDs: PDF 3D structure

f1(x, k?; 1 GeV?) Replica 105
~ 0.05 Q2=1 GeV
X
p(GeV~?)
14
0.20 12
1.0
10
0.5 8
0.0 ky(GeV) °
4
~0.5 .
-1.0 0

-0.5

-1.0 k, (GeV)

Momentum space
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Visualization of TMDs: FF 3D structure

TMD Fragmentation Function

D1(z, P%; 1GeV?) Replica 105
Q2=1 GeV
0.3
p(GeV?)
5
0.6 4
1.0
3
0.5
00 P, (GeV) 2
05 1
1.0 0

-1.0

| P, (GeV)

Momentum space
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Transverse Momentum Distributions

nucleon pol.

quark pol.
f1 hy
L g1L hi;
gir | hi, th

Sivers function
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TMDs: Sivers function distribution

quark pol.
U L T
—8; f1 hi
§ L gir | hig
é gir | hi, him

Sivers function

—number density of unpolarized partons
Inside a transversely polarized nucleon

o= = 0w m

-
-O»

nucleon with transverse or longitudinal spin
(® parton with transverse or longitudinal spin

parton transverse momentum
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scattering of transversely polarized proton off an
unpolarized proton or electron

==/

The asymmetry is defined as

L-R o —0
L+R o, + 0,

Ay (xF, kl) =

positive AN means that for upward polarization, the pions tend to go to the left.
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= presence of a non-zero Sivers function

will induce a dipole deformation of fi

x f1(x, kr, St)

-0.5 0 0.5 -0.5 0 0.5

[ EIC White Paper |
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Final state interactions and

vanishing Sivers function” Wilson lines to consider

nr nr
[g_a O+7 €T] [§_7 Oj_7 €T]‘
T R
DY SIDIS
past-pointing future-pointing

Sign change in Sivers function

| _ |
flT,DIS — _flT,DY
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Extraction of Sivers Function

The Sivers function can be determined through its contributions
to the cross section of the polarized SIDIS process.

transverse polarization

azymuthal angle of the
polarization vector

azymuthal angle of
the produced hadron

50



Extraction of Sivers Function

do 3 (12PN E o ver
= — €
dxdydzdgsdd,dP;.  xyQ? 2(1 —¢) Dy vu.r UU.L

vt 40157 5 ezt ) o}

contributions from other spin
structure functions

the spin structure function F(S]i;(th_%) IS a convolution of the

Sivers function fi7 with the unpolarized fragmentation function D, /q 5]



Extraction of Sivers Function

Isolating the terms relevant to the sin(¢;, — ¢y) modulation

Asm(¢h bs) _ J dogdep, [d(f —do l] sin(¢y, — @)
quﬁs d¢,, |do! + do']

l in terms of structure functions

sin(¢,—Py) sin(¢,—Ps)
Asin—s) _ Fyrg" ™ +ebyr” ™
UT o

Fyur+ eFyy

we will consider only the terms at order as® l written in terms of convolutions of TMDs

LO-NLL
iz k ]
sin(¢,—¢s) _ L .
FUTT =& M flTDl FUU,T =% [lel]
FSIH(¢h d)S) _ O FUU,L — @ <M2/Q2, P}%T/Qz) =

UT,L
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Extraction of Sivers Function

azymuthal angle of
the polarization vector

azymuthal angle of
the produced hadron

ASiH(¢h—¢S) N cg M _
ot %1 D1
universality

first Sivers extraction with unpolarized TMDs extracted from data
and inclusion of TMD evolution
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Parametrization of Sivers function

Sivers function can be parametrized in terms of its first moment
| 2 1 (1 | 2
fir(e k) = fi )(x)ﬂT,mNP(x’ kD)

Its nonperturbative part is arbitrary, but constrained by the positivity bound.

1 (14 Mgk?)
1 2 1
k<) =
f1TNP(an_ J_) wFff (M12 | Aswf)

2 2
e~ FL/Mi finp(z, ki)

following the definition of the nonperturbative part of the unpolarized TMD distribution

e_ki/gl

1 (14 Ak?)
x, k%) =
],ClNP( - J;) 7 (g1 + Ag?)

Free parameters  Ag, M,
54



Parametrization of Sivers function

normalization _
(abs.value <1) Tn(Xx) Chebyshev polynomials

e [ ]

FW = =X = V(14 AT () + B T() fi(x. 0

maximum value
of the function

Free parameters  N¢. ,a,,p,,A,.B,

Flavor dependent: different for up, down, sea
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Evolution of Sivers

We simply assume that fllT(l) evolves in the same way as unpolarized f;

Difference in the Wilson coefficients: (! — (C°%

At our accuracy level (LO):  C°"0) = §(1 — x)6%

The evolved Sivers function first moment becomes

2 212
fl(l)a(x 5T, Q2) f’(x u; ) eS(ﬂb’Q) e 8x(sT)In(Q7/0p) ff%i(xa 5%)

same choices used for evolved unpolarized TMDs
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|\ proton [H] neutron [3He]

l -,
%\ gﬁ o5 Jefferson Lab 6
r S data points data points

Proton [NH;]

111

data points

OMP deuteron [¢LiD]

2009

data points

Same kinematic cuts

applied to unpolarized X, Z, PnhT data projections

S/



’A — proton [H] . neutron [3He]
%‘gﬁ _ Jefferson Lab 8
r S dat%nts data points

30

OMP deuteron [¢LiD] Proton [NHs;]

2009 %

data points data points

30 ~ 52

Same kinematic cuts
applied to unpolarized

X, Z, Pnt data projections
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Results

LO - NLL
Replica method

Summary of results
Total number of data points: 118

Total number of free parameters: 14
> for 3 different flavors

‘/\ vd.o.f=1.06%0.12
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T

COMPASS (2017)

1<Q?/GeV?<4
= 0.1
b
§ .::-;-%
Sk 0.0f--s- st
<<
-0.1

p->h*

4<Q?/GeV?<6.25

_ I
by
s
Sk 0.0f -
<

6.25<Q%/GeV?<16

_ !
%
s
§k 0.0f---------- oA L
<

16<Q?/GeV?<81

e - ...¥6-1

proton

positive
hadron
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Jefferson Lab

or—

JLAB (2011)

n-JT

0.1 02 03 04

X

0.1 02 03 04
X

neutron
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Sivers function first moment

BT S T

X

RS A

X

R ERTE N

6x1072
4x107

2x1072

—2x1072

P S S

104

T T

X

09

logarithmic plots of 68% C.L bands for
first moment of Sivers function
for down, up and s quarks
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Xty (x)

0.08 -
0.06}

0.045

0.025

o.oo}

~0.020

0.00--

| — EIKV
| — PV11

TC18
PV18

| — EIKV
| — PV11

TC18
PV18
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INnternal structure deformation

1.0

05

_05

1.0
970

-0.5

1.0

05

_05

0.0 0.5 1.0 '1'91.0 -0.5

k, (GeV)

xfi(x, kT3 Q%) — xfi(x, kT; Q°)

0.0
k. (GeV)

0.5 1.0
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Conclusions

First global extraction of evolved partonic
unpolarized TMDs from SIDIS, DY and Z boson
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Conclusions

First global extraction of evolved partonic
unpolarized TMDs from SIDIS, DY and Z boson

Determination of Sivers function featuring
evolution and extracted unpolarized TMDS

66



Conclusions

First global extraction of evolved partonic
unpolarized TMDs from SIDIS, DY and Z boson

Determination of Sivers function featuring
evolution and extracted unpolarized TMDS

Test of the and formalism
of partonic TMDs
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Conclusions

First global extraction of evolved partonic
unpolarized TMDs from SIDIS, DY and Z boson
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Future outlooks: Sivers
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Structure functions and TMDs: DY

Differential cross section

dO’ 7 1
dQqu%dn — 037 (FI}U + §F(2JU>
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nucleon

Py
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N Y .

Fi(@,brs 12) = (Cayi ® f1) (@, by prp) e Ot IO Mg fo (00 br)

pp = 2 E /b, by = Collins, Soper, Sterman, NPB250 (85)

arXiv:1508.00402

b ) 1/4  Bacchetta, Echevarria, Mulders, Radici, Signori

DEMS 2014
br

Mb:QO+QT b.

CO m P | eX- b P rescri pti on Laenen, Sterman, Vogelsang, PRL 84 (00)
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input TMD FF (Q2=1GeV?)

A =2 2 =2
D%ﬁg = F.T. of ! N 2 <e_93aih =+ AF% e_g4aih>
G3a—h + (Ar/2%) G4, s &

sum of two different gaussians

with different variance
with kinematic dependence on transverse momenta

width z-dependence

(29 +6) (1 —2) N34 = g34(2)
g3.4(2) = N34 — - where
al2) = Mot Gr sy =2 5 — 0.5
Average transverse momenta
o (@) + 2262 (@) 2y _ 93(2) +2Argi(2)
(k1)(@) = =7 Agi (@) \PLIG 93(2) + Argi(z)
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PAST

PRESENT

D extractions

Framework | HERMES |COMPASS| DY pfoz‘aifign p'\(';n‘:;
KN 2006 | NLUNLO X X v v 98
I:rg?//:igogggo? No evo v X X X 1538
M No evo (sepa:r/ately) (sepa:r/ately) X X 6527864(23))
DEMS 2014 | NNLLNLO | % X v v 23
BIKV2014 | N0 |1(xQ2)bin|1 (x,Q2)bin| v v 500 (?)
aE)xeilv\:/1i3032.8)-1|567 NLL/LO v 4 v v 8059
ar)?v\:{?%gc‘)IZ?s Hmlﬂg X X v 4 309
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Mean transverse momentum

Change in TMD width
X-dependence

in TMD PDF

- Q2=1GeV?

in TMD FF
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scattering of transversely polarized proton off an
unpolarized proton or electron

==/

The asymmetry is defined as

L-R o —0
L+R o, + 0,

Ay (xF, kl) =

positive AN means that for upward polarization, the pions tend to go to the left.
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Evolution of Sivers

The evolved Sivers function first moment becomes

2 212
fl(l)a(x’ 5%’ Q2) =ffl(x //’b) eS(ﬂva ) p8x(&r)In(Q7/05) fll};)él)(x, 5%)

The first moment fl(1)(x) IS related to the twist-3 Qiu-Sterman function by the following relation

1
LDy —
Ji7 () = 3, Tr(x, x)

The up evolution for this term follows the Efremov-Teryaev-Qiu-Sterman (ETQS) evolution equations
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_ COMPASS (2009)
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COMPASS (2017)
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Jefferson Lab

or—

JLAB (2011)

n-JT
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5 space to apply

T SP CSS formalism for evolution
Sivers distribution function

fracx, &2: 0%) = n! —_2 f“( E5 0% = nt [” dlk, ||k, | L J(cf k) 1) fix, €2 0%)
R O =\ T 17X 675 = My ALY g I &1 J1r'\% oo

first moment

L

T

1 &)
Fiex, &5 07 =—J dlk|ky| (

112 . > Jl(ngkj_l)fla(x fTa Qz)
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Constraining Quark Angular Momentum through
Semi-Inclusive Measurements

Angular momentum1 | GPD
107 = 5 [ dxal (0,007 + E4(x.0,0; 07

VAR

fi(z, Q2) no corresponding collinear pdf

l

I
Zeqv f dxE?(x,0,0) = k,
- 0

[ Bacchetta, Radici - PRL 107, 212001 (2011)
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Constraining Quark Angular Momentum through
Semi-Inclusive Measurements

Angular momentum1 | GPD
107 = 5 [ dxal (0,007 + E4(x.0,0; 07

VAR

fi(z, Q2) no corresponding collinear pdf

l

I
Zeqv f dxE?(x,0,0) = k,
- 0

..from theoretical consideration and spectator model results:
Lensing function

[ Bacchetta, Radici - PRL 107, 212001 (2011)
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Azimuthal asymmetries

Aii]nT(ﬁbh_ﬁbs)(x, Z, P%, Q2)

2( 42 2 2
-4 (M12+ 2<kl>) S <Z2 + <P—2l>)3e_zzp%/<P§iv>
<PSiV> M <kJ_>

> 2 f172%(x; 01)D4(z; Q%)

X £ ,
Y 2 f5(x; Q1) D4(z; 0?)

Hermes, Compass, Jlab data

"TABLE 1. Best-fit values of the 8 free parameters for the case C*» = C° = 0. The final
. x?/d.o.f. is 1.323] The errors are statistical and correspond to Ay? = 1
L

Ctv Cd“ CI/_t Cc_l
—0.229 = 0.002 1.591 = 0.009 0.054 = 0.107 —0.083 = 0.122
M, (GeV) K (GeV) n v
0.346 = 0.015 1.888 = 0.009 0.392 £ 0.040 0.783 = 0.001
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Same selection of data, considering all projections

3 cases for evolution: no evolution, collinear twist-3, TMD-like evolution

X =0.1 X =0.1
0.5 I | I .
ref. fit
ref. fit
041 Q*=1.2GeV; -~ T 7
3.5GeV) —
0.3 F 40 GeV~ . o .
%
q_'O
02 7 _ - |
<
0.1 - -0.4 -
0.0 ' i 0.5 | | |
0 0.5 1 1.5 2 0 0.5 1 1.5 2
K, (GeV) kK, (GeV)

y2ldof ~ 0.94
[ Eur. Phys. J., A39:89- 100, 2009 ] 91



Global fit of the HERMES, COMPASS and JLab experimental
data on polarized reactions to extract the Sivers functions.

->Hermes, Compass, Jlab data
->using CSS evolution

->relating the first moment of the Sivers function to the
twist-three Qiu-Sterman quark-gluon correlation function

2
{_/Q %(Aln Q—2+B>}
c/b, M H

- 92 0
X exp —b2 <gswers 4 2= In )}
{ L2 0
(ag +By) P

Tq,F(X, x,//l) — NC[ o 50 xaq(l — x)ﬁCIfq/A(x,,u)

lgla
qu,(SI%)IS(x’ b; Q) =

[ Echevarria et al. - Phys. Rev. D.89.074013 (2014) ] 92



Tyr(x,x, 1) = “collinear counterpart" of the Sivers function
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FIG. 11 (color online). Qiu-Sterman function T, #(x,x,Q) for u, d and s flavors at a scale Q% = 2.4 GeV?, as extracted by our
simultaneous fit of JLab, HERMES and COMPASS data.

[ Echevarria et al. - Phys. Rev. D.89.074013 (2014) ] 93



