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QCD at the heart of matter

» Protons and neutrons are the building blocks of atomic nuclei

* Nucleons provide ~99% of the mass of the visible universe

*  ~99% of nucleon mass arises from the dynamics and
interactions between its constituents (quarks and gluons)

‘ Quantum Chromodynamics (QCD)
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The proton: QCD at work!

What we know about the content of the proton:

* 2 up quarks (g, = 2/3 e) + 1 down quark (q; = -1/3 e)
« Any number of quark-antiquark pairs (sea)
« Any number of gluons

1p) = |uud) + |uudqq) + |uudg) + . ..

QCD
Fundamental questions: quarks
Proton
 Origin of proton mass?
— Only a small fraction comes from the actual quark masses
— Most of it comes from the motion of quarks and gluons
- . . Spin of all Spin of Angular Moment Angular Moment
« Origin of proton spin? Qe Guos | oleauats | ofGons

Yo = O + ¢



Electron scattering: the ideal tool to study nucleon structure

Electrons are structureless and interact only electromagnetically via the exchange of virtual photons

Resolution of the probe (in the one-photon exchange approximation): Q? = -(k-k’)?

»1956: Elastic scattering ep—e’p’ (Hofstadter, Nobel Prize 1961) Low

e(k) e’ (k%) _ o :
 The proton is not a point-like object
v* (t=Q%) » Measurement of charge distributions of the proton:

Electromagnetic form factors F,(t), F,(t)

/v\ ,
P p

»1967: Deep inelastic scattering (DIS) ep—e’X
(Friedman, Kendall, Taylor, Nobel Prize 1990)

e’(k’) %:}i%

e(k)

« Discovery of the quarks (or “partons”) %
y*(Q°)  « Measurement of the momentum and spin distributions of the AN g High
e partons: Parton Distribution Functions (PDF) g(x), Aq(x) Q2



Elastic scattering: the origins

Hydrogen g/ Scattered

Electron Target Electron
Beam E @ /('

\ Recoil

Proton
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x nucleon anomalous magnetic moment

Gp(Q?) = Fi(Q?) — 7rF5(Q);
Gu(Q?) =
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Cross seclian

Rosenbluth’s formulas for

elastic cross section:

* F,, F,: Dirac and Pauli FFs

*  Gg, Gy electric and
magnetic FF (Sachs FFs)

F1(Q%) + rF3(Q%);
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Elastic scattering: today
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Nucleon charge densities from elastic scattering

) R C. Carlson, M. Vanderhaeghen PRL 100, 032004 (2008)
Gp(k™) = / d're pE(T) H. Atac, et al., Nature Communication 12, 1759 (2022)
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Deep Inelastic Scattering: the origins
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The parton model

Parton model (Feynman, 1969)

* Proton composed of point-like partons, from which the electrons scattered incoherently

* Inan infinite momentum frame of reference, time dilation slows down the motion of
constituents

« Partons are assumed not to interact with one another while the virtual photon is
exchanged (impulse approximation)

In this theory, electrons scatter off “free” constituents and the scattering reflects the

properties and motion of the constituents

The assumption of near-vanishing parton-parton interaction during electron scattering at

high Q2 was later shown to be a property of QCD known as asymptotic freedom

In the infinite momentum frame, parton momentum: xP
Energy-momentum conservation in the virtual photon-quark elastic
scattering process:

negligible
(xP + q)? = x>M? + 2xP - q + Q?
, =mg =0 —f> Ihn the |nf|[1|te momentum frgn;ebthehfractloE £(x): probability that the struck parton i
o — Q° _ of the proton’s momentum carried by the struc carries a fraction x of the proton’s momentum
X = 2P - q = XBjorken  quark is equal to the Bjorken scaling variable xg

Callan-Gross relation:  2xF;(x) = Fo(x) P
Verified experimentally, it reflects the fact that partons inside the proton are spin-1/2 particles filx)=—==3 }{1 ~xlp

2xF1(x) = Fp(x) = ¥; efxf(x)
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Deep Inelastic Scattering: today
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Deep Inelastic Scattering: today

F, (x)= t[g (u,(x)+i,(x))+ é(dﬂ (x)+ c?p(x)) + é(sp(x) +5, (x))j|
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DIS: Successes...

Measurements of F, in e-p at 0.3 TeV (HERA)
— extraction quark and gluon PDFs
— pQCD fits for p-p and p-p at 0.2, 1.96, and 7 TeV
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...and open questions
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Deep Inelastic Scattering: the QCD perspective

chzfaf :ﬁ rizatLon: atdhigr;]htvirttl;]ality / Illustration of the associated
O s @arEiget o, s N non-local diagonal matrix
photon mter?ﬁls Wlthla single quark \ element accessed in DIS
of the nucleon.
The complex, non-perturbative quark- _?.//' !\?
gluon structure of the nucleon is a)
encoded in the structure functions o % Ag(r) )\ o
(PDFs). N N(p) N(p)
. . . IR p+ — jl‘:.l“p"'y'_ T D A (o

The PDFs are QCD operators depending on spacetime coordinates. ~ 2(7) = 7— [ du ¢ (Plg(0)y ¥a(w)lp)| .
They are obtained as one-dimensional Fourier transforms in the e

+ _
lightlike coordinate y~ (at zero values of the other coordinates) as: Agq(z) = % f dy e V" (pS 10 (0)y 51, (v)|2S))

y+=7, =0

¥, - quark field of flavor g; p: initial and final nucleon momentum (it is the same for DIS by virtue of the optical theorem)
X: momentum fraction of the struck quark; Sj is the longitudinal nucleon spin projection

_ o _ _ _ _ at = (a® + a3)/V2
Light-front frame: the initial and final nucleons are collinear along the z-axis and the light-front components are: (ol a?) ;
a, =@,a°)=a

Non-local: the space-time coordinates of the initial and final quark are different
Diagonal: the momenta of the initial and final nucleon are the same



Elastic scattering: the QCD perspective

C'.

Elastic scattering: the struck Illustration of the
quark remains in the nucleon. . . associated local non-
The nucle(_nn has changed its_ \ NONZ0) diagonal matrix
momentum in the process but it ¥ Gp(t), Ga(t) element accessed in

remains a nucleon g/}\\ N(p) = A2 N(p+A) elastic lepton-nucleon

~— scattering.
N X N

The long-distance “soft” physics is factorized in the Form Factors (FF) F,9(t), F,9(t), G,4(t) and Gpi(t), where t = (py — p'\)? = — 0>
In the light-front frame, the squared momentum transfer t is the conjugate variable of the impact parameter (= transverse position)
— the FFs reflect, via a Fourier transform, the spatial distributions of quarks in the plane transverse to the nucleon direction.

— — ¥ — f &
J AP o fy _ q N L o N q A -+ TV N |
The FFs are related to the following vector P07 %g(0)lp) = FL(O)N(p )y N(p) + F5 () N(p )io 2mpy Np).
and axial-vector QCD local operators in (pf|tgq(0j 7t v5a(0)|p) = G4 (1) ﬂ-"{;f} v s N (p)

space-time coordinates:

Local: the space-time coordinates of the initial and final quark are the same

Non-diagonal: the momenta of the initial and final nucleon are different Ga, Gp: weak interaction;

accessed in neutrino scattering



Electron-proton scattering: beyond the one-dimensional picture

THIS IS TRUTH




Electron-proton scattering: beyond the one-dimensional picture

Form factors:
transverse quark
distribution in
coordinate space

Elastic scattering

fix)

: ¢
1

Parton distributions:
longitudinal
guark distribution
In momentum space

DIS




Electron-proton scattering: beyond the one-dimensional picture

GPDs: H, E, H, E
Fully correlated quark
distributions in both coordinate
and momentum space

Form factors:
transverse quark
distribution in
coordinate space

Parton distributions:
longitudinal
guark distribution
In momentum space

'
'
'
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S 3 < e
Paes ' 3 3
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Accessible in
hard exclusive processes

THEOdx=Fy(0) os At high Q2 H(x,0,0) = q(x),
J E(x,&,0)dx = Fy(t) v The final state is fully known H(x,0,0) = Aq(x)

DIS

Elastic scattering




Generalized Parton Distributions (GPDs)

e’(k”) e Q2= - (k-k’)2
¢ v (ormeson) .,y = Q22Mv v=E,-E,
———————————————  x+&, X-& longitudinal momentum fractions
1= A= (p-p’)’
« & = —AT/2P* = Xg/(2-Xp)

e(k

-

« Handbag » factorization, valid in the Bjorken
regime (high Q2 and v, fixed xg), t<<Q?

N(p) N(p*)
GPDs: Fourier transforms of non-local, non-diagonal QCD operators
1 E T — &
P~ C wwPtu— T H E(r, g )
5 /dy TV p [y (07 g )lP)| D % Ry &
Y=y =
— _ A Niy Az Nip +
= HY(z,&,t) N(p )y"N(p) + EY(z,&,t) N(p )io™ 5 N(p) 2 -i___%.-ﬁ VP +A4)
21N

P — izPty=y 1.7, YomiFm D )

e [ AT W10 )

Fa| y+=§_=[}

= . el ’ - = - ’, A
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Generalized Parton Distributions (GPDs)

Q= - (k)

« Xg = Q%2Mv v=E.-E,,

* x+&, X-§ longitudinal momentum fractions
t=A%=(p-p’)’
_______________________________________________________ « & = —A"2P* = Xg/(2-Xg)

t Y (or meson)

e(k

- -
- -~
- ~

-

4 GPDs for each quark flavor
(leading order, leading twist, quark-helicity conservation)

conserve nucleon spin

N(p) flip nucleon spin
—> —> —> —>
—> «— | =
P — ixzPYy= .7 +./ + B — -
5= [ due (P [g(0)y () Ip)
LT + i =0
o y y__ ! & < <« <« -« -« —— -«— <
= Hi(x,6,t) N(p )y N(p) + E¥(z,&,t) N(p )-£J+V9 N(p)
2my
Pr . o, - —» —» | —>» <« | —> — | —>» <
5 ]dy_f-mp+y (p |ul"q(o)?"_'_?dﬁ’q(y)|p>
- yt=9,=0 H E a E
r T T — it ‘A_ T
= H* [Ir ‘57 t) N (p )1".+AJ"51N' {p} + EQ{I:' (S'. t) N (p )AF:Bg N (p)

2my Vector Tensor Axial-vector  Ps.scalar



Order, twist: examples for DVCS

Leading order, leading twist Next-to-leading order, leading twist Leading order, twist 3

Y
Y

L { Perturbative < Perturbative
Non-perturbative Non-perturbative
GPDs
p [of

» Twist appears as powers of iz in the DVCS amplitude

Je?

 Order appears as powers of o

» General definition of twist of an operator: difference between the operator’s dimension d and its spin s: t = d-s
» Leading twist: twist = 2



Physical interpretation of GPDs

x: Average momentum of

the parton ¢ determines the
Impact parameter b: transverse shift of the
Fourier-conjugate of GPD proton between initial and
variable t final state

| x+E
q 1+& b

Y

The ‘blobs’ represent the light-cone
wave functions of the incoming or [EE S T — ' S b

the outgoing proton

— GPDs correlate wave functions for different parton configurations and thus are
guantum-mechanical interference terms



Properties of GPDs

H(x00)=a(x) - S INERL)
- __ Forward limit: PDFs E(x,&,tx=F,(t) V&
H (x,0,0) = Ag(Xx) (not for E, E) -

— [A(Ex=G,) ve

: E(x,&,tix =G, (t) V& |

f_\

— Link with FFs

[ dx x"H(, ) = ag + 4,82 + agé*+..+ ané™  Polinomiality

DGLAP for g - ERBL prob.amp. DGLAP for ¢
d d b d b DGLAP region: scattering
from quarks (x>£>0) or anti-
X+ -X X+ -
: - : *% quarks (x<&<0)
1 14 1 . ERBL_reglon (-§<_x<§):_ |

scattering results in a qq pair

| >

3 1

DGLAP: Dokshitzer, Gribov, Lipatov, Altarelli, Parisi
ERBL: Efremov, Radyushkin, Brodsky, Lepage



What we can learn from GPDs

Nucleon tomography -~
lf,.f cloud / q“.ﬂm B
46 1A _— | =P 1 ] —
I J_ J_ III
(X bL) j J— H(XO A ) __b/!_——-r * |
longitud. - - ¢ }

f _x,__/-"”' /,/’ /

x<0.1 x~0J3 x~0.28

Aq(x,b,) = I A) € H (6047

M. Burkardt, PRD 62, 71503 (2000) Probability to find a quark of a given momentum fraction at a
given position in the transverse plane

Quark angular momentum (Ji’s sum rule)

%jllxdx(H (x,E,t=0)+E(x,&,t=0)=J = %AZ #@AL)  Nucleon spin: 72 =% AZ + AL + Jg
- J

X. Ji, Phy.Rev.Lett.78 (1997)

] 4
f xH(x, & t)dx = M, (t) + T £2d,(¢t) Gravitational form factor — shear forces and pressure
—1




Exclusive reactions giving access to GPDs
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Quark GPDs
X dependence

(TCS), DDVCS

Universality
of GPDs

Quark GPDs,
Transversity GPDs % Gluon GPDs J\
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Summary and sources

Electron scattering on nucleons is one of the main tools to study nucleon structure

Form factors, measured in elastic scattering, give us information on the transverse charge distribution of the partons
Structure functions, measured in deep inelastic scattering, give us information on the longitudinal momentum
distribution of the partons

Generalized parton distributions correlate information on transverse position and longitudinal momentum of the
partons

The can give access to: OAM of the quarks, tomography, distribution of forces

They can be measured in exclusive reactions, where the full final state in knows, at high virtuality of the exchanged

photon

» « Quarks and leptons: an introductory course on modern particle physics », F. Halzen, A. D. Martin

» Nobel Lecture, R. Hofstadter

> Nobel Lecture, H. Kendall

» Atrticles by: A. Radyuskin, X.D. Ji, D. Mueller, M. Diehl, M. Burkardt, M. Guidal and M. Vanderhaeghen,
J. Arrington, H. Atac, C. Mezrag, C. Lorcé, ...

» HUGS lectures of my predecessors and colleagues: C. M. Camacho, D. Sokhan



Back-up slides



Quarks’ spin discovery

+— —
\ |

The Callan-Gross relation . 15 ONOEVRA <4
» Bjorken scaling established that DIS must be described in terms of ¢ § < QPHGeVic) <1
parton-photon processes. * 12 < PUGeVie)y < 16
« But what are the properties of these point-like constituents?
* In 1969 Callan and Gross suggested that the two Bjorken’s scaling l
functions are related: 2xF,(Xx) = F5(X). - | |
« This reflects the assumption that the partons inside the proton are = S - $h - 44 1 iy ]
spin-1/2 particles (spin-0 would lead to 2xF,(x)/F,(x) = 0) - | { { | | '1‘ [
* (It can be derived by comparing the e—p and e— differential cross \
sections) ) |




Charge distribution

Form factor

point f(r) = §(r - r,)
3
- a —-ar
exponential f(r)= == ¢
8m
E|.2
Yukawa f(r)= e "
Amr
3
2 )’ 2.2
) a —(ar fz]
Gaussian f(r)= P e
m

Flq*) = 1

1 2
F(q®) =
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1

F(q®)=
1 + q°/a°

P?)= e &)

unity
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pole

Gaussian




