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Hadron Structure

Hadron structure involves
studying quarks and gluons at The strong interaction

Quantum field theory

3ol sub-fm and multi-GeV scales. Quantum chromocynaics
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Hadron Structure

@ The goal of hadron
structure research is to e e
understand both the origin ST

Quantum chromodynamics

and nature of the
fundamental properties of
hadrons.

@ Characterising any
physical system requires
an answer to the following
two questions:

o What are the relevant
degrees of freedom of
the system?

e How do they occupy the
available phase space?

@ Unlike in most other fields,
answering the first
question is far from trivial
due to the nature of QCD.
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@ QCD is the quantum field theory of the strong interaction
and is based on exact SU(3) colour symmetry.

blue anti-

green
quark

quark
Green anti-

blue gluon

green
quark

blue anti-
quark

@ Colour interactions between quarks are mediated by

gluons and are characterised by three distinct features:
e confinement

e asymptotic freedom

@ dynamic chiral symmetry breaking
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ClaSSICal and Quantum Flelds Hadron Structure

Introduction

The strong interaction

Quantum field theory

Quantum chromodynamics

Our classical picture of interaction in a field is based on the Pritieanty
concept of there being a potential. When a particle encounters oo
the potential it experiences a force. adron emtoaranhy
QCD is a relativistic quantum field theory, meaning that we R
have to move beyond thinking in terms of potentials. peepy airescions

The element of the field that is quantised (the quanta) is an
excitation of the field which represents a force carrier (or in the
Standard Model, the gauge boson).

Interactions between two particles is then described by
exchange of these field quanta, which are themselves particles.



Feynman Diagrams

@ Now we have a quantum picture of an
interaction we need a way of
calculating the associated probabilities
(eg transition amplitudes).

@ In order to calculate the amplitude for a
quantum state A changing to B we have
to integrate over all possible paths.

@ Feynman proposed an approach based
on:

e Feynman diagrams which give a
graphical representation of these
complicated path integrals, and

e Feynman rules which relate the
features on the diagrams to an
expression in the integral.
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time

@ Making use of perturbation theory, Feynman diagrams
represent a contribution at a given order to the overall
transition amplitude.

AV AYAV AV

R

Jfermions

photon, Ws, Z

usually gluons

usually Higgs boson

@ They are space-time diagrams in which:

e The initial state is (usually) on the left and final state on the

right.

e Each point or vertex represents an interaction.

e The total number of vertices corresponds to the perturbative

order.

e Fermions are represented by solid lines and move forward

in time; anti-fermions move backwards in time.

e Bosons are represented by wavy or curly lines.
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Q E D Hadron Structure

Introduction

The strong interaction

@ The simplest quantum field theory is
Quantum Electrodynamics (QED) _
which describes the electromagnetic o
interaction in terms of exchange of e seaterng
virtual photops. _ . o o rtonmony

@ Each vertex is associated with the Forn factors
coupling strength of the y R
electromagnetic interaction +/«. A

@ As more and more complicated

diagrams are added they enter at

higher orders (eg o2, a?). e e
@ Since o =1/137 <« 1 the

perturbative series converges and

higher order diagrams to do not

contribute significantly to transition

amplitudes.



Q @ Hadron Structure

Introduction
© &
o @ D)

The strong interaction

Quantum field theory

0 Q Quantum chromodynamics
—

Electron scattering

@ The concept of the vacuum plays a crucial role in quantum

Kinematics
Elastic scattering
field theory. o
@ The Feynman diagram above shows an example of a e
fermion loop — a virtual electron-positron pair produced A
(excited) from the vacuum.

@ the presence of virtual e™ e~ pairs leads to the notion of
charge screening and running of the coupling constant.

a(@%)

large Q% «—— —— small Q*
(small 7) (large 7)



Key Differences between QED and QCD

@ Unlike the photon which has Q = 0 the gluon carries
colour charge.

@ Gluons are therefore self-interacting.
@ This leads to colour charge anti-screening.

@ That means that the strong coupling constant ag runs in
the opposite direction to a.

@ In other words the strong interaction becomes weaker at
high energy (asymptotic freedom).

@ Perturbation theory for QCD only works at high energy; at
lower energies non-perturbative techniques are needed.
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QCD: running of as

@ Each vertex (interaction) between colour charges is
associated with the strong coupling constant, as(Q).

@ Q here is the four-momentum transfer between the two
colour charges, which can be thought of as the inverse of

distance between them.

@ Note that the strength of the force does not change — just

the effective colour charge.

0(Q)
vl < "

0.1

Sep 203
v Tdecays (N3LO)

& Lattice QCD (NNLO)

a DIS jets (NLO)

o Heavy Quarkonia (NLO)

o e% jets & shapes (res. NNLO)
® Z pole fit (N3LO)

v pp—> jets (NLO)

= QCD ag(M) = 0.1185 + 0.0006

10 Q[GeV]

100 1000

Hadron Structure
Introduction

The strong interaction
Quantum field theory

Quantum chromodynamics

Electron scattering
Kinematics
Elastic scattering
DIS

Hadron femtography
Form factors
Inclusive meson structure
Deeply virtual reactions



Quark mass

electron

<2207

40

5., De
electron
neutrino

Where does the other ~ 928 MeV /c? come from? |

strange

muon

Dy

muon
neutrino

tau
neutrino

gluon

photon
Z boson

°

W boson

@ Rest mass of the up

quark
2.3 MeV/c?

@ Rest mass of the

down quark
4.8 MeV /c?

@ Rest mass of the

proton (uud)

938.3 MeV/c?
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H ad rO n S | n QC D Hadron Structure

Introduction

The strong interaction
Quantum field theory

:
@ The QCD Lagrangian e

density has the form:

Electron scattering

Kinematics
Elastic scattering
Lacp = ¥i(iV0p —m) *
- Hadron femtography

- gG}al, 'l[][")/'u 7-an] Form factors

1 Inclusive meson structure

Deeply virtual reactions

—- G2, G

4 pr ~a

@ A full description of
hadrons in QCD has to
account for both the
valence quarks and the
vacuum (gluons and sea
quarks) — and the
interactions between them.
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Quantum field theory

Much of what we have learned of QCD and hadrons has been
at very high energies, in the so-called asymptotic regime.

Electron scattering
Kinematics

However to understand the constituents of the atomic nucleus Elastc scaterng
. DIS
we need to look at lower energies, where the relevant degrees
of freedom are different. e e ooreEny

Form factors
Inclusive meson structure

C.D. Roberts arxiv:nucl-th 12035341
“The struggle with QCD defines the difference between nuclear

and particle physics: nuclear physicists try to solve this theory,

whereas particle physicists escape to a place where

perturbation theory, the last refuge of a scoundrel, is all that is

necessary.”




Asymptotic freedom

@ The QCD Lagrangian
density has the form:

Ui (W“_au —m);
—9GiY" T

1 v
72 Gfuz GI‘;

Loco =

@ The coupling between the
quarks and gluons at high
energies (small distance
scales) becomes weak,
meaning perturbation
theory can be used to
solve QCD.

as(E)

0.4

0.3

0.2

0.1

10°
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Asym ptotlc fre edo m Hadron Structure

Introduction

The strong interaction
Quantum field theory

@ The QCD Lagrangian
density has the form: ErrmeE

EQCD = ’lZ,‘ (iv“@u — m) wj 04l ‘ Iﬁ:pil: a'c;risitiorlo:’m pis
- _'eecoguoncou
_gGa wi,yu Ta,L/)l L1 } 4:::‘:7 H:drol: Ie‘mlography
oaf N e
L ma g 3 Deeply virtual reactions
4GWG Sod|
=
@ The relevant degrees of il
. . . B §
freedom in this asymptotic
regime are bare (or — :
current) quarks with P(GeV]
masses close to their low quark mass
(Higgs-generated) rest
mass.



Co nfl n e m e nt Hadron Structure

Introduction

@ The QCD Lagrangian T

denSity has the form: Quantum field theory

Electron scattering
Kinematics
Elastic scattering

Lacp = ¥i(iv"0, —m)

_ DIS
_ a, .~ Ta,.
gGN ¢’ v T’/ w] Hadron femtography
1 Form factors
o Ga GILV Inclusive meson structure
4 pr ~a Deeply virtual reactions

@ The coupling between the
quarks and gluons at low
energies (large distance
scales) becomes very 107 101 102
strong, leading to the E/GeV
phenomenon of colour
confinement.

@ Confinement is inherently
a non-perturbative feature
of QCD.

large ag



Dynamical chiral symmetry breaking

@ The QCD Lagrangian
density has the form:

Lacp = Ui(iv"0u — m)e;
—9Guiy" Tin;
162 g
_Zwa Gg

@ As the quarks inside
hadrons move apart, they
acquire mass from the
vacuum as a result of the
interaction between them
becoming very strong.

@ This means the relevant
degrees of freedom at low
energies become dressed
(or constituent) quarks.

M(p) [GeV]
°

o

o
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T T T
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p [GeV]
Large quark mass

(this is where the other
928 MeV /c? in the proton
comes from)



Lat“Ce Q C D Hadron Structure

Introduction
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Quantum chromodynamics

@ As noted, understanding the non-perturbative features of Elocron scatring
QCD is not possible with analytical methods. Instead, a e
numerical technique is what is needed: /attice QCD.

@ Wilson (1974) suggested the introduction of a 4D .:iﬂl!?i‘i’i;:.,:m
space-time lattice or grid, with quark fields at the grid Desply vl reacions

points and gluon fields linking them.

@ The integration over all possible paths between two states
is then performed by means of Monte Carlo integration.

@ The closer these path integrals are calculated to the real
world (by extrapolating to zero lattice spacing and physical
quark masses), the more accurate the predictions.
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Electron scattering
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Electron scattering
Particle four-momenta in
natural units (h = ¢ = 1):

Pe—k — (E,E)

P.=K = (E.K)
Py — (EN,pR/):(M,G)
Pu = (Enpl)

We can further define two Lorentz invariant quantities:
@ The energy transfer associated with the virtual photon:

,_Pn-q

lab oy
M—EE

@ The four-momentum transfer associated with the virtual
photon:

q:k_k/7 q:<V,C7)
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Hadron Structure

Introduction

We assume that electron

The strong interaction

scattering from a nucleon Quantum fed thoory
target at high energy proceeds "
via exchange of a virtual T
photon (v*), which transfers Eiastc scaterng

energy, momentum (and spin). -

Hadron femtography

Form factors
Inclusive meson structure

Deeply virtual reactions

Recalling that the dot product of a four-momentum is just the

invariant mass (virtuality), the squared four-momentum transfer
for fixed target experiments is then:

q2 =q-q=< 07 Qszpace'like = 7q2 .

It can be caluclated in the lab frame in terms of the kinematic
quantities

0

N

Q? = 4EE'sin

where @ is the electron scattering angle.



Q? and resolution scale

We associate Q2 with the resolution of the virtual photon
(electromagentic probe).

0
- @ g

/
N~

Q2 ~ MeV? Q2% >> GeV?

@ Higher Q> means a more virtual photon (larger mass)
@ Higher virtuality means a smaller wavelength:

@ Studying hadron structure at short distance scales
therefore requires large four-momentum transfer.
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Scattering experiments

There are three distinct types of lepton scattering experiments.

ELASTIC RESONANCE

4] SCATTERING  REGION

DEEP
Electron-nucleon WA INELASTIC
scattering SCALING

REGION

.4
PRODUCTION
=" THRESHOLD
'(

T

Q'rem,

@ Exclusive: detect all particles in the final state. The most
common exclusive reaction is elastic scattering.

@ Inclusive: detect only the scattered lepton. The most
common inclusive reaction is deep inelastic scattering.

@ Semi-inclusive: detect the scattered lepton and at least
one hadron in the final state (eg SIDIS).
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Flna|-State |nvar|ant mass Hadron Structure

Introduction
Kinematics can be used to characterise scattering types, e
specifically the invariant mass of the hadronic final state: Quantm chromodyramics
Electron scattering
W2 = (Pn+9)
DIS
= MP+q¢*+2Py-q
Hadron femtography
- M2 + 2Ml/ — 02 . Form factors

Inclusive meson structure

Deeply virtual reactions

The deep inelastic region is characterised by a multi-hadron
final state with W3 > M2.

P Pef
Pe o P b
e |

elastic inelastic




Whereas, by definition elastic scattering requires W = M:

02
YoM
which implies that the scattered energy and scattering angle in
the lab frame are related and only one independent variable is
needed: £

= —
2E .- .20 °
1+Vsln§
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Rutherford Scattering

Consider elastic electron scattering in the non-relativistic limit:

do o
dQ  16EZsin*9/2’
where

e2

47

a= Lorentz-Heaviside units (ep = p0 = 1).

This is just the Rutherford cross section for scattering in an
electrostatic field:

@ Born approximation
@ no recoil of target

@ scattering and target particle are spin 0
— no magnetic interaction

@ point-like beam and target particles
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Mott Scattering Hodron Srcture

Introduction

The strong interaction
Quantum field theory

The relativistic form for scattering of two fermions (spin-1/2)
including target recoil is the Mott cross section:

Quantum chromodynamics

Electron scattering
Kinematics

do_ a® (B[ a0, 20
a0 : 4E? Sin4 0/2 E 2 i 2 ’ Hadron femtography

Form factors
Inclusive meson structure

where 02 Deeply virtual reactions
4M2 -

T =

The only element that is missing in the above expressions is a
term for the extended structure (or form) of the target nucleon,
F(g?), such that:

do do 2
=== F (&°
do (dﬂ)m @)



Rosenbluth Formula

By introducing two new nucleon form factors, we arrive at the
Rosenbluth cross section

d(f) (do) <GZE—|—TGf/, > 29)
ol === —— M 427Gy tan” =
(dQ Rosenbluth dQ2 Mott (1 + T) M 2

where
o Gg(@?) is the electric form factor and
@ Gu(Q@?) is the magnetic form factor of the nucleon

These Sachs form factors represent the distribution of charge
and magnetic moment in the nucleon.

)
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Early data

@ SLAC 1956: scattering of
188 MeV electrons from a
proton target.

@ Clear deviation from the
Mott curve observed at
large scattering angle.

@ This was the first evidence
for the nucleon’s extended
structure.

@ Hofstadter was awarded
the Nobel prize for this
discovery.

CROSS SECTION IN CMZ/STERAD

T - :
\ ELECTRON SCATTERING
1072 FROM HYDROGEN —
\ (188 MEV LAB)
\ (c)
| \ POINT CHARGE,
107 \ POINT MOMENT |
\ (ANOMALOUS)
\ CURVE
N
WOTT CURVE N‘
—|
107 | R
EXPERIMENTAL CURV >;:>\]§
w | %
DmAc/ AN
CURVE N
o |
30 50 70 90 00 130 150

LABORATORY ANGLE OF SCATTERING (IN DEGREES)
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Hadron Structure

Rosenbluth separation

Introduction

The strong interaction
Quantum field theory
Quantum chromodynamics

0.016 T T

Electron scattering
Kinematics

Elastic scattering

DIS

Extract G and Gy by T R
measuring cross section S

1 and separating the R —
respective contributions.

0.014

(do/dQIMott

0.012

0.010

do/dQ) 2 [4
(do/dQ)ye 2 M (ta” 2) M



Physical Interpretation

Recall that

p(r) IF(@?) Example
pointlike constant Electron
exponential uole Proton
gauss E 8Lj

homogeneous
sphere oscillating —#
sphere with

diffuse oscillating “Ca

surface
r —»

q/—>

Hadron Structure
Introduction

The strong interaction
Quantum field theory
Quantum chromodynamics

Electron scattering
Kinematics

Elastic scattering

DIS

Hadron femtography
Form factors
Inclusive meson structure

Deeply virtual reactions



(0)

GE
GL(0)=279  Gj(0)=—1.91

«  Borkowski
G" ¥ Ssill
—M a Bosted
HFGD = Walker
1.0 i- e Andivahis
i e
L LIRS
0.8 t
06—
0_47 1 L 1

o
-
[=]
N
o

Q® [GeVv?]

Good agreement with a dipole fit up to several (GeV /c)*:

Go(Q?) = !

(1+ Q2/0.71)°
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Low Q?: charge density and radius

Extrapolation of low Q? form factor measurements to Q® = 0
allow for the extraction of the mean-square nucleon radius:

/dsrrzp(r)
612 [dG(QZ)}
@=0

aQ?
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Ll
0.89 0.9
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GE of the neutron

T T T T T T
01 W Jlab E93-038: [ MIT-Bates: *H(g.eT)
L Hig.e') ® JLab E93-026: *H(e.en)
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L ¥ Mainz A3: *He(e.e'n)
0061 A Sehiavilla & Sick: Gg
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0.02 -4
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Q° [(GeV/c)]

Charge radius:

Neutrons appear
to be negative at
the core,
positive around
the edges!

S

-0.01
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-0.04

L b (fm)
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@ Experiments

involving elastic
scattering become
increasingly difficult
at higher Q2.

This is mostly due to
a rapid decrease in
cross section.

The inclusive

W > 2 GeV data on
the plot exhibit a
very different Q?
evolution.

Exclusive vs inclusive cross section

/e MOTT
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T T -| Quantum field theory
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W=2 eV Electron scattering
- W=3 GeV
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Deep inelastic scattering

\ﬁ" T T T T —T ’*ei
@ SLAC, 1968: & ]

inelastic scattering N
cross section is |
roughly independent F
of Q2. i

@ Evidence for
scattering from
point-like structure
within the nucleon i
(partons). o3

/e MOTT

@ Nobel prize awarded -
to Friedman, Kendall
and Taylor. c
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Inclusive cross section Hadron Structure

Introduction

. . . The strong interaction
In inelastic scattering, the scattered electron energy (E’) and Quartum i heory
. . Quantum chromodynamics

angle () are independent, which means we need to ’

re-evaluate the cross section: o etering
Elastic scattering

do a? 1 0 2 0 ZE
= Fa(x, @®) cos?® = + — Fy(x, @?)sin® =

dEIdQ 4E2 sin4 6‘/2 v 2( ’ ) 2 M 1( ’ ) 2 H:;:':a';';l:graphy
Inclusive meson structure

where we have introduced a new variable: peepyslescions

Xy QP o @
2PN - q 2My

Note that the form factors for elastic scattering have been
replaced with inclusive structure functions, Fy and F.

Measuring the cross section over a range of energies and
angles allows for extraction of the structure functions as a
function of xg and Q2.



Parton momentum
We normally think of DIS in the infinite momentum frame:

i.e. we assume that |py| — oo along the beam direction.

In this frame, a parton will carry momentum xpy where

0 < x < 1 is the longitudinal momentum fraction carried by the
parton.

If DIS proceeds via (quasi-) elastic scattering from a parton:
W2 = (xPn+Q)° =xM?+q°+2xPy-q
= mg ~0.
Since x>M? < ¢?, the expression can be rearranged:

02
X“2pyq &

In other words, the fraction of the nucleon’s momentum carried
by the struck quark is Bjorken-x.
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of Q2 and v than .
the Bjorken limit gy 1

w

E i tall = f
xperimentally, %m’g—
observe scaling at % |
much lower values 10k

4
Point-like structure

inside the nucleon 10°?

Proton

The strong interaction
Quantum field theory
HI+ZEUS Quantum chromodynamics.
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Parton momentum distributions

It is now clear that DIS allows access to the distribution of
quark momentum within the nucleon. If we consider the flavour
dependence of the structure functions:

Fo(x) = x)_effi(x),

where g; is the electric charge of the ith quark and fi(x) is its
parton distribution function.

Consider the proton (uud):

Fap) _ g [u(x) + T(x)] +

- 1 -
5 [d(x) +d(x)] + 3 [s(x) + 5(x)]

Measuring the structure functions as a function of x will give
access to the contribution to the nucleon momentum from
valence and sea quarks of different flavours.
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Proton PDFs

In the proton, PDFs

have smeared peak

at x ~ 0.25 for the
valence quarks

(uud).

Probing partons
with very low
fractions of nucleon
momentum reveals
the quark/anti-
quark and gluon
sea.
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Spln dependent Structure functlons Hadron Structure

Introduction

The strong interaction

¢ ﬁ Quantum field theory
* Helicity — projection of a particle’s j="_ Quantum chromodynamics
spin onto its momentum vector: ‘p‘

Electron scattering
Kinematics

* Infinite momentum Breit Frame (where parton has equal Ps R
energy before and after absorbing photon — elastic scattering):

Hadron femtography

Form factors
h,=+ h,=- Inclusive meson structure
hy=+ — b=+ [ Deeply virtual reactions
- >
AN hq - AN hq =
v T

proton p—» proton

Py P, v Py

o ;
/ 1/2 «_Total spin of 0-3/ 2

. photon + proton

Cross-section

% The photon is absorbed by the parton in the scattering.
Conservation laws allow only two different configurations of

photon - nucleon - parton spin.



It is obvious that the spin-averaged structure functions relate to
the sum of helicity-dependent cross sections:

F1’2(X) X 012 —‘r0'3/2.

We can now introduce new spin dependent structure functions:

y
Gi(X) x 012 =032 =5 > eAfi(x),
i
where Afi(x) = f(x) — f*(x) are the flavour dependent
polarised partion distribution function.

Similarly, we can define the g» structure function in terms of the
correlation between beam helicity and transverse nucleon spin.
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Much has been learned from
DIS over the past few decades
but the picture is still
incomplete:

@ Valence quarks carry less
than 40% of the nucleon
momentum; sea quarks
carry around 20%.

@ Quark spin only accounts
for around 1/3 of the
nucleon spin.

Further investigating the role of both gluons and quark orbital

007

HERMES (Q° < 1 GeV?)
* HERMES (Q° > 1 GeV?)
# SMC (low X - low 02)
* SMC

E 143

¢ E 155

proton X iﬁ{

Ay a4 8
st r-ge A 009ﬁ

4 COMPASS

deuteron

angular momentum requires a new experimental and

theoretical framework.
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Parton imaging in higher dimensions

Wigner function:

é Jfull phase space parton

distribution oflhc) nucleon '

/ N

o fdzb “

Transverse °

singlet

e e Momentum
Generalised Parton 18 = DlStﬁbllUOnS
Distributions (GPDs) ¢ b ~ (TMDs)

‘P S\ =1
> fdx dek

f E Form Factors
1 k eg: G Gy

Parton Dlstr1but1on
Functions (PDFs)
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Jefferson Lab

e CEBAF at JLab is a 12 GeV, high power SRF
electron accelerator which delivers high

polarisation beams to four experimental halls
simultaneously.

* Researchers have been doing experiments
there since the late 1990s, although the 12 GeV
program has only been running since 2012.

,@égon La

ooy N

* Two STFC-funded UK NP groups involved
(Glasgow and York).
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Hadron Structure

Introduction
Electromagnetic form factors: The strong interaction
Quantum field theory
exclusive structure of the nucleon ST
Electron scattering
Kinematics
Elastic scattering
. ACaM DI
* The electromagnetic form factors of the &PD S
nucleon are one of the most fundamental O8[ mmme D e e
N N DSE
parameterisations of the nucleon’s o Form factors
transverse structure, relating to the gl 04 (TENED IEEEm S
. . . . . = Deeply virtual reactions
distribution of electric charge and magnetic - ‘ ad
moment. 02— o _'// pOGD, A =150 MeV
y - pQCD, A = 300 Me\/ 1
/ —— OurFit i
* Measurements at high momentum are ! L Len L ! L
N 0.0 05 1.0 15 20 25 30 35
extremely challenging but offer the s
possibility of key insights into the strong I , :
interaction. w2 . 3
: .
I3 . 0 P
W '
L= L
* The most recent results of the neutron . » d quark x 0.75
electric form factor from JLab (over 10 years
ago) allowed for the first ever quark flavour L B . .
decomposition, and revealed differences in ¥ .
asf . ]
scaling between u and d quarks. i I
-
Cates et al an '“ - ]
DOL: 10.1103/PhysRevLett.106.252003 R




Electromagnetic form factors:
SBS experiments

o
tn
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JLab experiment
E12-17-008




Hadron Structure

Introduction

Electromagnetic form factors:

The strong interaction
Quantum field theory
Quantum chromodynamics

Electron scattering

Kinematics
» Measurement of the parity-violating asymmetry in polarised elastic electron-nucleon Elastic scattering

. . . DIS
scattering allows access to the strange quark contribution to the form factors.

Hadron femtography
» All previous parity-violating electron scattering measurements (at SLAC, Mainz and JLab)

Form factors
have run in integrating mode at low four-momentum transfer;

Inclusive meson structure
Deeply virtual reactions
* A new JLab experiment will be the first to make a coincidence measurement at

moderately high momentum transfer.
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The strong interaction
Quantum field theory

ta gged DIS Quantum chromodynamics

Electron scattering

Inclusive meson structure function

e Kinematics
, Elastic scattering
+ Tagged deep inelastic scattering allows access to meson & —Q' DIS
structure via the Sullivan process, which is a natural )
Iy Hadi femte hy
complement to the more traditional Drell-Yan process. =X :or:"‘a:;:g“” v
T
* Extraction of PDFs can help answer questions on the mass N - Deeply virtual reactions
budget of light hadrons and in particular on the difference in "‘t- N’

gluon content between the pion, kaon and proton.

2.0
Observed b.r:’ 1.5
Hadron Mass Generated a> '
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-- 3
-- Lu et al 000“0 | 0;2 | 0:4 | 0“6 | 0:8 | 1:0

Phys Lett B 830 (2022) X
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Inclusive meson structure functi The stong nercton

tagged D| S Quantum chromodynamics

Electron scattering

Kinematics

* Detecting recoil (and spectator)
nucleon provides an effective tag of
the pionic content of the nucleon,
while tagging the final state from
hyperon decay will allow for the first
ever measurement of DIS from a
kaon.

Elastic scattering
DIS

=™
2T smmpner
=

Hadron femtography
Form factors

Inclusive meson structure

Deeply virtual reactions

) far 5, )

* Requires detection of low energy :
hadrons in a high luminosity, fixed x
target arrangement using a new ]
mTPC device. T

JLab experiment 8
E12-14-010
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Gravitational structure of the nucleon:

The strong interaction

Quantum field theory
quark pressure and shear distributions TGRS
Electron scattering
Kinematics
Elasti e
* Recent advances in the understanding of deeply virtual e D,:S“C seetern
Compton scattering (DVCS) at JLab have allowed for the first

time a determination of the nucleon’s energy-momentum

Hadron femtography
tensor via its gravitational form factor.

Form factors

Inclusive meson structure

Deeply virtual reactions

From this, the radial pressure and shear forces on quarks can be
extracted.
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Burkert et al.
Nature 557 (2018)




A

Gravitational structure of the nucleon:

gluon mass distributions

» Similarly, access to the gluon gravitational form factors is
possible via J/Psi photoproduction.

» Early, tentative results from JLab suggest the nucleon’s

mass radius may be significantly smaller than its charge
radius.
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Electron-lon Collider at Brookhaven

electron

hadron beam

collision point

3Tsolenoidal magnet (internal diameter 3.2 m)
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