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Quantum Chromodynamics

There is no doubt that QCD is the right theory for hadron physics

However, many fundamental questions...
How does the nucleon mass emerge from the light quarks
dynamically?
Why quarks and gluons are confined inside the nucleon?
How do the fundamental nuclear forces arise from QCD?

We don’t have a comprehensive picture of the nucleon structure as
we don’t have a QCD nucleon wave function

THE 3D VIEW OF THE PROTON (from TMDs and GPDs) ALLOWS NEW
INSIGHTs TO QCD



Transverse structure of the Nucleon
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Confined parton motion in a hadron

Scattering with a large momentum transfer
Momentum scale of the hard probe Q@ » !/p ~Agcp~1 fm klﬁ

Combined motion ~ 1/p is too week to be sensitive to the hard K< -
probe

Collinear factorization — integrated into PDFs

Scattering with multiple momentum scales observed

Two-scale observables (such as SIDIS, low pr Drell-Yan)
Q > qr~"'/r~Agcp~1fm

“Hard” scale Q localizes the probe to see the quark or gluon d.o.f.
“Soft” scale g7 could be sensitive to the confined motion

TMD factorization: the confined motion is encoded into TMDs



The orbital motion:

Orbital motion of quarks and gluons must be significant inside the
nucleons!

This is in contrast to the naive non-relativistic quark model, which was the
motivation to introduce the color quantum number!

Orbital motion shall generate direct orbital Angular Momentum
which must contribute to the spin of the proton

Orbital motion can also give rise to a range of interesting physical
effects (Single Spin Asymmetries)



Structure of proton

Transverse Momentum Dependent parton distribution (TMDs)

S k.
pg = xP
fx) fQxky)

Sivers function: an asymmetric parton distribution in a transversely polarized nucleon (k.
correlated with the spin of the nucleon)

- 1 - -
fq/hT(xr kJ_'S) = fq/h(x’ kJ_) - Mf1J’1-"q(xt kJ_)S ’ (ﬁ X kJ.)

Boer-Mulders function: an asymmetric parton distribution in an unpolarised nucleon (k;
correlated with the spin of the quark)

. 1 Lo o
fq/hT(x: ky,s) = fq/h(xr ki) — Mhllﬂ(x, ki)s - (P X kJ_)



New ways to look at partons

We not only need to know that partons have longitudinal
momentum, but must have transverse degrees of freedom as well

Partons in transverse coordinate space
Generalized parton distributions (GPDs)
Partons in transverse momentum space

Transverse-momentum distributions (TMDs)

Both? Wigner distributions!



Unified view of the Nucleon

Wigner distributions (Belitsky, Ji, Yuan)

Wy (x, k1, br)

Wigner distributions
o i '
A\/ Q% (X. Ji, D. Mueller, A. Radyushkin)
N4
- = q = q
fy (%, k1) fy (x,br) FT.br <A Hy (x,0, ? .f 0 Hp.(x' &t) _
TMD PDFs: SIDIS  Impact Parameter Ds t=-A GPDs: Exclusive
N R U
fi (x) F(t) | Ano(t) + 44, ,(t)
PDFs: DIS and SIDIS FFs: Elastic Scattering GFFs: Lattice

T +:H:i £
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Factorization in QCD - SIDIS

Parton model — LO QCD

Parton distribution function in a hadron

parton-to-hadron fragmentation function

QCD interaction and leading power regions:

Collinearregions:k | P and k || h

Soft regions: k* — 0



Factorization in QCD - SIDIS
h

Perturbative definition —in terms of TMD factorization:

TMD Fragmentation

Soft Factor

TMD Distribution \
Low Ppr — TMD factorization:

'TP
U(Q; PhT' X, Z) H(Q)@(pf(x kJ_)®Df—>h (Z pJ_)®S(ksJ_) + o hT]

High P, — Collinear factorization:

O-(Qr PhT'xi Z) H(Q PhT' as)®¢f(x)®Df—>h(Z) + o

Ppr Integrated — Collinear factorization:

7 1
O-(Q’x' z) = H(Q' as)®¢f(x)®Df_>h(Z) + o [5]

1 1
Pur’ Q



Transverse-Momentum Dependent PDFs

Inclusive processes — collinear factorisation: one or less hadrons
detected

“More inclusive” processes — TIVID factorisation: two or more
hadrons in the initial or final state detected

Collinear factorisation: longitudinal momenta of the patrons are
intrinsic, transverse momenta can be created by perturbative
radiation effects (parton showers)

TMD factorisation: a unifying QCD-based framework with both
mechanisms of the transverse-momentum creation taken into
account: intrinsic (essentially non-perturbative) and perturbative
radiation



Wilson Lines

Parton Distribution Functions must be:

Gauge-invariant
Universal

Renormalizable

Wilson lines are crucial for everything! BUT introduce path-
dependence:

Path-dependence: the structure of the Wilson lines is process-dependent;
universality (and/or factorisation) may be broken

Factorisation scale is arbitrary: transition from one scale to another
(different experiments have different characteristic scales) by means of
evolution equations; Wilson lines complicate renormalizability



Ordinary PDFs

The Bj limit (Q?,v = oo with x = Q?/2MUv fixed) selects scattering on a single
parton in the target. op;s(¢N — £'X) determines the ordinary PDF

fan () = f dr=e= ™M /2N (P) G )y W r™, 01q(@INPY) |+ 1 jyso
r ~1/Q-0

The Wilson line W arises from scattering of the struck quark in the target. It does
not cancel between the amplitude and (amplitude)* since the photon vertices
are separated by ... In the light-cone gauge, A™ = 0, the Wilson link reduces
to unity and can be omitted

W([r~,0] = Pexp [% for_ dx‘A+(x‘)]




TMD PDFs

When we consider the TMD we take into account also the transverse motion of
the quark k; The field-theoretical expression is quite complicated due to the
structure of the gauge link, which now connects two space-time points with a
transverse separation

k 1 d dT‘f —iMxr~ /2+ik, 1|
fCI/N(x J_) 7T T (277,')28

(NP g™, r )y ™ Wir™,r1; 01q(0)IN(PIM)+~1/v0

The Wilson line W is no longer on the light-cone axis and may introduce a
process dependence

1
Parity and Time reversal invariance = ! : i+ 3 ) +
> A < >
(fqu)DY (fqu)SIDIS % " oo~

< < >

Most critical test to TMD approach to SSA = e <



Energy dependence of TMDs

Experiments operate in very different kinematic ranges

Typical hard scale Q is different: Q ~ 1-5 GeV in SIDIS, Q~4-90 GeV for DY,
0~3-10GeVinete~

Also center-of-mass energy is different

Such energy dependence (evolution) has to be taken into account
for any reliable QCD description/prediction

Both collinear PDFs and TMDs depend on the energy scale Q at
which they are measured, such dependences are governed by QCD
evolution equations

Collinear TMDs
PDFs F(z,Q) F(zk1;Q)



QCD evolution: meaning

Evolution = include important perturbative corrections

DGLAP evolution of collinear PDFs: what it does is to resum the so-called
single logarithms in the higher order perturbative calculations

TMD factorization works in the situation where there are two
observed momenta in the process, Q > qr: resums the so-called
double logarithms in the higher order perturbative corrections




Main difference between collinear and TMD evolution

Collinear PDFs (DGLAP): the evolution kernel is purely perturbative

df,(x, d
gling) Zf Z a<—b x fb(Z Q)

f(x, Q) — Reon(x, Qi Qf) — f(x, Qr)
TMDs: the evolution kernels are not. They contain non-
perturbative component, which makes the evolution much more
complicated

k| can run into non-perturbative region

F(x,ky, Q) = Romp(x, ki, Qi Qr) — F(x, ki, Qf)



TMD evolution

F(X, kJ_; Ql)

We have a TMD above measured at a scale Q. It is easier to deal in
the Fourier transformed space

F(x,b;Q;) = j d?k, e " 1P Fx, k5 Qp)

In the small b region, one can then compute the evolution to this
TMDs, which goes like

F(x,b;Qf):F(X;b}Qi)eXp{ ] 7“(/11“%”)}(3].0)

i

Qidu
fc/%) d a4



TMD evolution:

QCD evolution of TMDs in Fourier space (solution of equation)

Q
F(x,b; Q) = CQF(x,c/b") exp{ j = (Al & + B)} % eXp[_Snon—pert(b» Q)P

/b @ u
\

/ l Non-perturbative part
Evolution of Evolution of has to be fitted to
longitudinal/ transverse experimental data
collinear part part (Sudakov The key ingredient is

form factor) spin-independent

Polarized scattering data comes as ratio: e.g. AS n(pn=ds) - Fsm((ph ¢S)/FUU

Unpolarized data is very important to constrain/extract the key ingredient for
the non-perturbative part



Effect of QCD evolution
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TMD evolution

High-energy DIS: rise of the proton structure function at small-x.
As parton longitudinal momentum fractions x become small, the
transverse degrees of freedom becomes increasingly important.

The strong corrections at small-x come from multiple radiation of
gluons over long intervals in rapidity, and are present in all higher
orders of perturbation theory. TMD evolution provides an
appropriate framework to resum such corrections.



Accessing TMD PDFs and FFs

TMD factorization works in the domain where there are two observed momenta in the

process, such as SIDIS, DY, eTe™. Q > qr: Q is large to ensure the use of pQCD, qr is
much smaller such that it is sensitive to parton’s transverse momentum

SIDIS off polarized p, d, n targets

4 C

Y
h

N X

polarised Drell-Yan

H Xy

hadrons

HERMES

COMPASS atP=t'hX g (x) ® 67971 ® DI (z)
JLab

future: eN colliders?

COMPASS

RHIC o"PTHE~ G, (1) @ qp(xy) @ FII7HE(S)
FNAL
future: FAIR, JPark, NICA

BaBar om ol M APPoEd h n
Belle o€ ¢ 7hh~gTm9(8) ® Dyt (21) @ Dg*(2)
Bes Il



SIDIS Experiments

SIDIS Experiment must:
Have large acceptances on all the relevant variables x, 0%, z, Py, @

Use different targets (p, d, n) and identify hadrons to allow flavour
separation

Be ad different energies for to cover PDFs from the valence region
down to small-x

Large luminosity to allow multidimensional results needed by the
complexity of TMDs

The polarized lepton-nucleon collider will be a mandatory tool to
reach the level of ordinary PDF



Kinematic coverage
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SIDIS access to TMDs

Factorisation (Collins & Soper, Ji,

Ma, Yuan,

Qiu & Vogelsang, Collins & Metz...)

chiral odd

T odd

Parton polarization I

o(fp = £'hX)~q(x)®6V11RD[ (2)

e

Nucleon polarization
U T L
U fi fir
T | ht |hohiy | hiy
L 91t 9giL

= NOT directly accessible
= Their extractions require measurements of x-sections and asymmetries in a large

kinematic domain of x,Q?,z, Py

Parton polarization

—~

Hadron polarization

U T L
Dl DlJ-T
Hi | H, Hiz | Hir
Gir G1L




Measurements with the target transversely polarized:

2005
2006

2009

2010
2012
2012

2012

2013

2014

2014

2015

Obs

h h
ASiv,d' ACol,d

h h
ASiv,d' ACol,d

nt, k*KkQ  wt KE K

ASiv,d ’ACol,d

h h
ASiv,pr ACol,p

sind)RS sin¢>R5
AUT,d 'AUT,p

Agiv,pr AiClol,p
sin(¢,p—os) Asin(¢p—¢>s)
UT,d ' UTp

(¢p.05) A(qbp,qbs)
UT,d » 2 UT,p

A

A

sin¢>R5 sin¢>RS
AUT,d ’AUT,p
nt, K+ K9 Ani, K+ K
Siv,d ’“ Col,d

Interplay Af,iﬁg’“ vs A

A

h
Col,p

First 6LiD data

Full SLiD statistics
Full SLiD statistics
2007 NH, data
Full 6LiD
Full NHjstatistics
Exclusive p°
Exclusive p?, all asyms.
Full LiD and NH,
Full NH; statistics

Full NH; statistics



Measurements with unpolarised targets:

Year

2013

2014

2016

2016

2016

Obs

dn"/(dN*dz dp?)

cos ¢p  ,C€0S 2¢pp,  ,Sin Pp
AUU,d ’AUU,d ’ALU,d

dn™/(dNH*dz)
dn"/(dN*dz dp?)

dn® /(dNH*dz)

Unpolarized multiplicities on d,
2004

2004, part

Unpolarized multiplicities on d,
2006

Unpolarized multiplicities on d,
2006

Unpolarized multiplicities on d,
2006



Multiplicity distributions

Unpolarized hadron multiplicity distributions are the basic material
for studying the mechanisms of P, generation and the
applicability of TMD factorization.

It is important to have differential distributions in kinematic
variables x, Q?, z besides Py

Not only low Py7. Tails at P, > 1GeV carries important
perturbative & non-perturbative information



Importance of unpolarized SIDIS

The cross-section dependence from p% results from:
intrinsic k, of the quarks &
p, generated in the quark fragmentation

A Gaussian ansatz for k; and p, leads to

(P 1) = 720K2) + (o) N e T A
The azimuthal modulations in the unpolarized cross-sections comes from:
Intrinsic k; of the quarks
The Boer-Mulders PDF
Difficult measurements were one has to correct for the apparatus acceptance

COMPASS and HERMES have
results on °LiD (~d) and d
No measurements on p since on NH; (~p) nuclear effects may be important

=COMPASS-Il, measurements on LH, in parallel with DVCS



Importance of unpolarized SIDIS
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Mean values
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TMD evolution works: multiplicity distribution in SIDIS

Comparison to COMPASS data Echevarria, Idilbi, Kang, Vitev
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TMD evolution works: Drell-Yan and W/Z production

Comparison with DY, W/Z pt distribution

— S 2500
% 10 E288 Vs=27.4 GeV 3 i 5 Ns=18 TeV
«E 11'\‘\\.\\'\. Q < [5,6] @ 1500 | Q ~ 80
i \ Q € [6,7] :
A e 5 1000 |-
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* e |QEe[8,9 500 |-
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-~ 0.08
(?D, p+p \s=7 TeV
= 006 * CMsZ = Works for SIDIS, DY, and W/Z in
g all the energy ranges
= 0.04 . = Make predictions for future JLab
’ Q ~ 90 12, COMPASS, Fermilab, RHIC
o0 g experiments
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The asymmetries

The asymmetries are:

bdnd
AW(Cbh,CbS) (X Z,p QZ) — Fl‘;v((L),}’.ll" s)
U(L),T r e BT FyurteFyuL

When we measure on 1D

Qfnax 2 (fmax PTmax 42 5o W(‘Ph bs)
d d d“p
ngnm ¢ fzmm z pr min U(L) T

Q%
szmax dQ? fzzgix dz f;;::ix d?pr(Fyur+eFuuL)
min

W(¢ bs)
U(L)hT V(x) =




Boer-Mulders in cos 2¢

1064 C. Adolph et al. / Nuclear Physics B 886 (2014) 1046-1077
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Boer-Mulders in cos 2¢
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Sivers asymmetry on p

charged pions (and kaons), HERMES and COMPASS
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Kinematic Coverage: SIDIS vs Drell-Yan

COMPASS preliminary
102— Proton 2010 data

10—

[ | | il i o I I [ B N R
10° 1072 10™ 1

The phase spaces of the two processes overlap at COMPASS
=» Consistent extraction of TMD DPFs in the same region



Sivers in DY range
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Sivers asymmetry on proton. Multidimensional

Extraction of TSAs with a Multi-D (x: Q%: z: pr) approach
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Sivers asymmetry on deuteron and proton for Gluons
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Transversity PDF

hi (x) = q"7(x) - q™H(x) q=uy, d,, Usea

A7q(X), quark with spin parallel to the

59(X), @ - @ nucleon spin in a transversely
polarised nucleon

61q(X)

« probes the relativistic nature of quark dynamics
* no contribution from the gluons — simple Q2 evolution
* Positivity: Soffer bound................. 2|hy|<qg+ Aq Soffer, PRL 74 (1995)

« first moments: tensor charge.......... oq = [dx [hﬂ (x) - hf(X)]

. 1 1
e SUM _ q
sum rule for transverse spin in PM... 5= 52h +lg +lg

. : : . Bakker, Leader, Trueman, PRD 70 (04
* Is chiral-odd: decouples from inclusive DIS 4



Collins asymmetry on proton

héertts

charged pions

COMPASS and HERMES results
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Collins asymmetry on proton. Multidimensional

Extraction of TSAs with a Multi-D (x: Q2: z: pT) approach
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Transversity from our data

Point-to-point extraction [Physical Review D 91, 014034 (2015)]
Only COMPASS measured TSA on deuteron

s 05—
i ) Loy ;
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Open points/squares — from dihadron O {'% = Qﬁ%@ﬁa S M
Closed points/squares — from Collins - % +
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ERRORS ON h% ARE A FACTOR 4 LARGER THAT THE ONES ON h¥



From Collins asymmetries to transversity

Following Physical Review D 91, 014034 (2015), in the valence region

1
| Gefit A = f 45) +5 el 5 = xfi 40)

S Gefit Al = x40 — (xfyt 4 = xf A7)

With a% and & constants



-0.05

1 full year (same as 2010).

New deuteron data
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F; -log,(x)

distribution functions

Momentum Fraction Times Parton Density

Fraction of Overall Proton Momentum Carried by Parton

Far Future perspective
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The CM Energy vs Luminosity Landscape

CEIC1 = Chinese version
of Electron-lon Collider

Lepton—Proton Scattering Facilities

-.?(; 1010 3 Tre (“A dilution-free mini-COMPASS”)
e 10°- m . = HERA and CERN
30 sl MESA Jlab 6+12 m EIC Projects MEICl - EIC@JIab
© 107 = (I | m Fixed Target
g = |
> a7l SLAC
5 0= eRHIC = EIC@BNL
£ ek
0 FCC—ep LHeC = ep/eA collider
1040 ' =RHIC LHeC I < @ CERN
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Hadron correlations

Interplay between
£ Collins and IFF
asymmetries

% bk K b

common hadron sample for Collins and 2h analysis

P
2010 : = o0
$ . ;219:7 & 2010 proton data = 10 § 0.10 2010 proton data h'h~
o Collins h* + & ® Ay, sind
0,05 © Collins E [ 2010 proton data 0.05 O Agyp,(0,, ) sind
3 % £ 150 ’ %
, g
5 @ |
0 1 (} % i 5 i 0
¥ LR 100 é ¢ed
58 ¢
0.0 ¢ ; # 0.05- ¢ %
50
_0‘10_\\\”\\\ Lol Ll -0'10_‘“"“| Lol ENEEEETT
107 10 1 0 1072 10" 1
X X




- __ COMPASS preliminary
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Unpolarised Azimuthal Modulation

Huge azimuthal ¢ modulation on unpolrised target measured by EMC in 1987

EMC, 1987

dold{,, (arbitrary units)
o ~

dotP=!X = 3 £ (x,0%) ® do’""1 @ DI(z,0%) where, in collinear PM dg?4-t'd = §2 4
1?2 = x[1 + (1 —y)?], i.e. no ¢, dependence. Taking into account the parton
transverse momentum in the kinematics leads to:

A o ﬂ — ﬁ ~ . . 2k, ﬁ
s = sx[l 2 J1 ycosc/)h] +0(Q) a=sx(1—-y) [1 Q\/rycosc,bh] +0(Q)
Resulting in the cos ¢;, and cos 2¢; modulations observed in the azimuthal
distributions




2h asymmetries inp'p — X
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