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1. Light and photons 

“The wave theory of light, which operates with continuous functions has 
proved itself splendidly . . .  

One should keep in mind, however, that optical observations apply to 
time averages only . . . the energy of light [is] localized at points in 
space . . . and can be absorbed or generated only as a whole.” 

The photoelectric 
effect (Hertz,1887) 

(Einstein, 1905)

Density of photons 
is proportional to 
the square of the  
wave amplitude.
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This set the stage for many great discoveries of the 
twentieth century:  all matter (like photons) is described in 
terms of particles that are created or absorbed at 
infinitesimal points.  At longer scales, these particles 
combine into “emergent” systems (like light waves).   

We can sum it up with a picture worth a thousand words:

From SU(3) color through the Higgs into SU(2)L ⇥ U(1).

Every observed final state is the result of a quantum-mechanical set of stories, and so
far the stories supplied by the Standard Model, built on an unbroken SU(3) color gauge
theory (very much like the original Yang-Mills Lagrangian) and a spontaneously-broken
SU(2)L ⇥ U(1), account for all observations at accelerators.
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Emergent “degrees of freedom” are a universal 
feature of classical and quantum laws of nature

From hydrogen gas 
to galaxies and stars

From electrons and metals 
to superconductors

From molecules  
to phases of matter

From atomic magnetic moments 
 to (anti)ferromagnetism

From chemistry 
to life itself

At scales we can see:
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From protons and neutrons 
to nuclei

From quarks  
to protons, neutrons 
and other baryons

At each step, the compound system has features qualitatively different 
than those of its constituents, yet following from them.

And at the micro scales:
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BARYONS:  
  THREE QUARKS 

MESONS:  
QUARK/ANTIQUARK

Don’t usually see them but 
they’re all over the place

Supply the forces 
that hold nuclei 

and atoms together

Yet everything we can “see” is made up of the  
matter and force particles that are players in the game of the

The fermions carry 
“spin 1/2”  

The basic quantum of angular 
momentum and force particles “spin 1”. 

Their spin directions can change, 
but never, ever slow down. 
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The strongly interacting 
fermions & their gluon (QCD):

The charged fermions  
 & their photon (QED):

All the fermions  
experience the weak force:

FORCES
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- Right after the Big Bang, all particles mixed freely.   Decays were 
balanced by production, but as the universe expanded and cooled, 
high energy collisions ceased. 

- Heavy particles decayed and were not replaced, and 
are now found only in short-lived virtual states, from 
which they can only emerge with sufficient energy 
before decaying once again.

- Yet other components of the universe appear to be 
“hidden” from us by not sharing E&M: dark matter.

- Stable quarks and gluons retreated to the tiny 
volumes of protons and neutrons, surrounded at great 
relative distances by electrons and photons.   

Where have they been? The three unseen realms  
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  Experiments and theory at Jefferson Laboratory seeks out 
matter in each of these realms.

JLab is using the players: quarks, gluons, electrons and photons. . . 

Quantum field theory provides the rules.

Quantum field theory systematizes the “duality” between  
fundamental and emergent, and we use each 

to explore the other.

Electrons are accelerated  
around the loops

Nucleons await them 
in the experimental halls.
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The Rules: Equations that govern the visible universe.   
For DT a small time:

(Schroedinger equation)
Rules act on any list of fermions and bosons

that we represent as 

Photon or weak boson

Quark or lepton
R

ules for three particles

R
ules for four particles

Gluon

R
ules for three particles

R
ules for four particles

The list of particles 
is a possible  
configuration 
of the field(s) 

associated with  
those particles

(“Amplitude” for a new list of particles at time T + DT)
=

(DT) x [rule for changing the list ] x (Lists of particles at time T)

Anti-quark or anti-lepton

2.  The Game of Quantum Fields
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Here are the rules for the electromagnetic, strong and weak forces. They are
each proportional to a “charge”:  electric: e, strong: gs, or weak: gW.   

charge e

Rules for three particles

Rules for four particles
charge gs charge gs charge gW

charge (gs)2 charge (gW)2

Yang-Mills theories (1954) 
for the strong and weak  
interactions - charged 

vector particles.

The Beautiful Theories of the Standard Model
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All time directions are allowed!  (Dirac, 1928)

Rules for three particles

Rules for four particles

R
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So, these:

Implies these: 
(pair production and 

antiparticles)
and these too: 

(pair annihilation)

R
ules for three particles

R
ules for four particles
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There is a kind of restlessness in nature:  every single particle is 
constantly trying to unwind a whole new world out of itself,  

and at the same time to ravel it back up,   
always through simple steps that increase or decrease the 

number of particles by one or two. 

And it keeps going on and on. 

or
or

Pair creation - particle 
and antiparticle 

(same mass opposite 
charge(s))

Radiation

Here’s how it works: the stories:
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But, sadly, for an isolated electron, all of these states have energy 
greater than the electron's energy, by some amount, say DE.   

These are called ``virtual states", and they live only for a time of 
about 

  
T  =  h/DE 

 before they are wound back in, like 

And no matter how hard it tries, each particle in isolation returns 
always to itself, only to start all over again.

Pair annihilationPair creation
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But starting with two particles in a state, together they have 
enough energy to produce new states by spending short 

amounts of time in a series of virtual states.  “Scattering”. 

The higher their energy, the more states they can bring about.   
This is how things happen . . .  for example, X-rays are made 

by adding another virtual state.  

Initial state

Final state
Virtual states

Initial state Final state

Virtual state
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The PROBABILITY for any process to happen is proportional to the 
SQUARE OF THE AMPLITUDE, just as the density of photons
in a wave is proportional to the square of the Electric field.

For each process given by a picture, there are rules to calculate a wave
height, or “amplitude” (Feynman).   The amplitude is just a number, found
like this:

From pictures to predictions

=    e2    ––––––––    x   ( factors of particle energy )
DTV

h

V

DTA   =     ––––––––
EV - Einitial

initial final

h
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For example, the amplitude that corresponds to the creation of a 
muon-antimuon pair from an electron-positron pair in

a head-on collision, the probability is given by

= e4/8p when the muon is in the same direction as the electron
= e4/16p  when the muon is produced at right angles to the electron

Simple!

But it gets more complicated quickly with more virtual states.
Because e is small, however, this prediction is pretty accurate.

e

e

µµ

µ++ +

−− 2
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This is quantum field theory.

There is no limit to how short a time virtual states 
might live — no limit to the energy they might have.

So the closer you look at an interaction, the more you will 
find.  Look inside a radius R, and find not only 

                                                                       but also . . .

2R
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2R

We can actually calculate how all these diagrams depend
on R.   This is called the “running coupling” and is
usually given as a function of the de Broglie wavelength
that corresponds to radius R:  a(p=h/l) [ a=e2/4p ].
For QED this technique is not such a big effect, but it is
very important for the strong interactions.



What do we see?  “States” Collections of 
particles that don’t change in time  
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Individual electrons are really collections of

these states and more, but its still.


“just an electron with some friends”.

 [rule for changing the list ] x (Sum of lists of particles)
= (Same sum of lists of particles)

Pair annihilationPair creation
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But quarks are very, very different.  Why?   States with 
two extra gluons add up to infinity for R about 1 Fermi.


There has to be a nearby source to absorb them.

Quarks cannot appear alone; this is called “confinement”.

0 1

2
Each increases with R.  

R R

R
+ . . .

For R about 1 fm, they are all equal!

Asymptotic Freedom:  Smaller (Larger) R 
gives weaker (stronger) forces

This is not something proven, but  
demonstrated by 

“numerical lattice simulations” 
which provide beautiful 
agreement in hadronic 

mass differences

3.  What makes QCD different



�28

This means that the “states” of QCD are really different. 
They are the protons, neutrons and other hadrons, 

mostly made of three quarks (baryons). and quark-antiquark (mesons). 

Our world, of course, is mostly protons, neutrons and the nuclei 
they can make.   In our pictures, they are represented like:

Taken all together, the proton has spin-1/2, the same as an electron or a single quark. 
It has a definite mass and charge +1.   It is extraordinarily stable, and is the ultimate 
decay product for heavier solutions to the QCD Schrodinger equation.

+ + + many more . . .

valence quarks

gluon

sea quarks

= |  proton >

u
u
d
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 [rule for changing the list ] x (Sum of lists of particles)
= (Same sum of lists of particles)

The other “classic” states:  

| neutron >   =  

| meson >   =  

u

�27

This means that the “states” of QCD are really different. 
They are the protons, neutrons and other hadrons, 

mostly made of three quarks (baryons). and quark-antiquark (mesons). 

Our world, of course, is mostly protons, neutrons and the nuclei 
they can make.   In our pictures, they are represented like:

Taken all together, the proton has spin-1/2, the same as an electron or a single quark. 
It has a definite mass and charge +1.   It is extraordinarily stable, and is the ultimate 
decay product for heavier solutions to the QCD Schrodinger equation.

+ + + many more . . .

valence quarks

gluon

sea quarks

= |  proton >

u
u
d

q
q
_

+ +

d
d

and other quark choices



!30

6/21/19, 9(44 PMUSQCD: US Lattice Quantum Chromodynamics

Page 1 of 2https://www.usqcd.org/hadron.html

USQCD home Physics program Software Hardware USQCD Collaboration

Links and resources

Lattice QCD calculations of the meson spectrum suggest the presence of many exotics.

Contributions of quark spin (blue points)and quark angular
momentum (red points)to the spin of the proton, compared
with experimental results from HERMES.

The mass of the H dibaryon compared with the mass
of two Lambdas, showing the H as a weakly bound or
near-threshold resonance.

 

Physics: structure and interactions of hadrons

The structure of hadrons such as protons and neutrons, their excitations, and the interactions between them are all essential
manifestations of strong-interaction physics. Lattice QCD calculations are key to providing an ab initio understanding of these
phenomena, and to revealing possible new physics beyond them.

The calculation of the low-lying spectrum of bound states is a stringent test of high-precision lattice calculations. The experimental
investigation of the excited states of QCD has undergone a resurgence, including the observation of new states in the Charmonium
system at Belle and at BaBar, the search for the so-called missing baryon resonances of the quark model using CLAS at
JLab@6GeV, and the flagship search for so-called exotic mesons at GlueX at the upgraded JLab@12GeV. Calculations by USQCD
are playing a vital role both in describing existing data, and in predicting the outcomes of future experiments.

A striking example is the
spectrum of meson
states, shown in the
figure. The isovector and
isoscalar masses are
denoted by the grey and
black/green bars
respectively in a
calculation with quarks
having a pion mass of
396 MeV, with the
light/strange quark
content of the isoscalars
indicated by the fraction
of black/green in the
plots. These results
suggest the presence of many exotics in a region accessible to the future GlueX experiment at JLab.

One of the great challenges posed by QCD is understanding how protons and neutrons are made from quarks and glue. Thus a
cornerstone of our effort is achieving a quantitative, predictive understanding of the structure of nucleons and other hadrons using
lattice QCD. Our lattice calculations are directly relevant to experiments at JLab, RHICspin, SLAC, and FNAL, and will have significant
impact on future experiments at the JLab 12 GeV upgrade and a planned electron-ion collider.

The figure at the right shows how our calculations are advancing our knowledge
of the origin of spin in the proton. The blue and the red points show the
contribution of quark spin and quark angular momentum respectively, for both the
u and the d quarks to the spin 1/2 of the proton, with decreasing pion mass. The
bands show the dependence expected from chiral perturbation theory as the pion
mass approaches its physical value. The spins carried by the up and down
quarks agree with the black crosses denoting the experimental HERMES results.

The strong interactions between baryons, such as the proton and neutron, are
key to our existence. Together with the electroweak interactions, they conspire to
produce the spectrum of nuclei and the complicated chains of nuclear reactions
that allow for the production of the elements forming the periodic table at the
earliest times of our universe and in the stellar environments that follow. Decades
of experimental effort have provided a precise set of measurements of the
nucleon-nucleon scattering cross sections over a wide range of energies, which
have given rise to the modern theory of nuclear forces. Lattice QCD calculations
are needed to determine three-body interactions and to complete the connection
between nuclear physics, and the underlying theory of the strong interactions.

An example of recent progress at understanding the interactions between baryons is
that of the Hi-dibaryon, a theoretically predicted two-baryon bound state with two
strange quarks. We calculated the mass of the H-dibaryon, and compared its mass
with that of two free Lambda baryons, each composed of one up, one down and one

“On the lattice”:   very roughly — the computer starts with list of just three quarks, 
or a quark and an antiquark fixed at some position.  The state can be given “extra” 
properties, like spin and left-right symmetry (parity). 

Fun part: “uncertainty principles” in QFT mean that states of all energies  
will emerge.  

It then solves the Schoedinger equation (rules for how the list changes in time)  
and looks for the lowest energy state that is produced.

For example, from the USQCD Collaboration collaboration web site):
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What a proton looks like at JLAB, and why you need high energy to see inside:

To a good approximation, an electron arrives in a virtual state 
with a single extra photon.   Only that photon interacts directly 
with quarks in the proton.  How much can you get from that?

At rest, a proton looks like this, with partonsgoing every which way.

e−

e−

But from the electron’s point of view,they all line up (almost)
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Quite a lot!   When that photon is absorbed by a quark

1. The proton may remain “whole”, but start moving: elastic scattering. 

2. It may produce an “excited” heavier proton: quasi elastic scattering. 

3.  It may break up the proton: inelastic scattering, and produce other 
      particles, anticipated or not in QCD. 

4.  If it transfers a lot of energy: “deeply inelastic”. 

We’ll see a little of what we can learn from each of these.

It may also be accompanied not by a photon, but by a short-lived, heavy  
particle like the Z-boson (a brief detour).  
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4. JLab and Dark World

Electron-proton elastic scattering through Z exchange is 
exquisitely sensitive to the parameters of the Standard Model, through  

spin-dependent parity violation. 
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The determinations of '(
*  described above can be 

used to test the SM prediction of sinB F(, the 
fundamental electroweak parameter 
characterizing the mixing of the EM and weak 
interactions in the SM. Neglecting small quantum 
corrections, the SM predicts19,20  sinB F(	in terms 
of the electroweak boson masses: sinB F( 	= 1 −
(w( wW⁄ )B 	≈ 	¼, and so '(

* = 1 − 4 sinB F(	 
is nearly zero.  This “accidental” SM suppression 
of '(

*  makes it an ideal observable to search for 
new PV interactions of natural size21. Using the 
latest input2 to calculate quantum corrections 
which relate1 sinB F( (' = 0)	to '(

* , as 
described in Methods, we obtain: 
sinB F( (' = 0)[z{{{{{ = 	0.2383	 ± 	0.0011	 in the 
modified-minimal-subtraction (w|{{{{) scheme2,19. 
Subtracting 0.00012 in order to plot it at the 'weak 
energy scale ('=0.158 GeV), our sinB F(  result 
is shown along with other determinations2,20 in 
Fig. 3. It is consistent with the SM expectation 
and the purely leptonic E158 result22 obtained in 
Møller (?⃗?) scattering, which has different 
sensitivities to new physics than our semi-
leptonic (?⃗A) result.  
  
Although the measurements at the Z0-pole are 
more precise than our result, there exist a variety 
of beyond-the-Standard-Model (BSM) scenarios 
that can have significant influence on low-energy 
precision measurements while having little effect 
on collider measurements at the Z0-mass energy 
scale26. A specific example is the dark-photon 
model of ref. 27, which allows large effects for 
few-hundred-MeV dark Z mediators at low ', but 
no effects at the Z0 pole. 
 
In order to explore this experiment’s sensitivity 
to new BSM contact interactions, we follow the 
convention28 where a “new physics” term }B ~B⁄  
is added to the SM term }V�

7- (2ÄB)⁄  in the 
Lagrangian for the neutral-current interaction of 
axial-vector electrons with vector quarks‡. Here 

                                                
‡ This convention28 differs from an earlier one1 by a 

factor of 4 (2 in ~). 

}V�
7- = +,- = 2}V

7}�
- is the SM axial-electron, 

vector-quark coupling, ÄB = √2 (2PQ)Å , and ~ 
represents the mass reach for new physics  (the 
mass of the hypothetical BSM particle being 
exchanged) with coupling }. Expressed in terms 
of '(

*  and its uncertainty ±∆'(
* , the 95% 

confidence level (CL) mass reach is 
 
É±
Ñ
= ÄÖ

L√Ü

áJà
â 	±	,.äã∆Jà

â 	:	Jà
â (åç)á

        (4) 

 
for which ~< }⁄  (~: }⁄ )	is 7.4 (8.4) TeV.  
  
 

 
  

Figure 3 | Variation of éèêg ië with energy scale !. 
The modified-minimal-subtraction (w|){{{{{{ scheme is 
shown as the solid curve19,2, together with 
experimental determinations from ref. 2 at the Z0-pole2 
(Tevatron, LEP1, SLC, LHC), atomic parity violation 
on Cesium (APV)14,15, Møller scattering (E158)22, 
deep inelastic ?⃗- H	

B  scattering (PVDIS)23, and from 
neutrino-nucleus scattering (NuTeV)24. It has been 
argued25, however, that the latter result contains 
significant unaccounted-for nuclear-physics effects. 
Our new result is plotted in red at the energy-scale of 
the 'weak experiment, '=0.158 GeV (slightly offset 
horizontally for clarity). Error bars (s.d.) include 
statistical and systematic uncertainties. 
 
For the extreme contact-interaction coupling29 
}B = 4í, the maximum mass reach for new semi-
leptonic physics determined by our '(

*   result is 
~< = 26.3 TeV. Using the coupling }B = 4íR 
typically assumed for leptoquarks30 (hypothetical 
BSM particles with both lepton and baryon 
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constrain the proton structure contributions for 
the short extrapolation from our datum to 'B=0 
in order to determine '(

* , the intercept of 
equation (3).  The average 'B of this experiment 
(0.0248 (GeV/c)2) is much smaller than for any 
other PVES experiment used in this fit, with 
correspondingly smaller contributions from 
proton structure. The dominating precision of the 
'weak measurement tightly constrains the fit near 
'B=0, where the connection to '(

*  can be made. 
 
The parameters of the global fit7,8,3 to the PVES 
data are the axial-electron, vector-quark weak 
coupling constants +,2  and +,4 , the strange 
charge radius ST and strange magnetic moment UT 
(which characterize the strength of the proton’s 
electric and magnetic strange-quark form 
factors), and the strength of the isovector axial 
form factor PV

W(XY,). The EM form factors PZ and 
P[ used in the fit were taken from ref. 9; 
uncertainties in this input were accounted for in 
the result for '(

*  and its uncertainty.  
 
The ?⃗A asymmetries shown in Fig. 2 were 
corrected1,3 for the energy-dependent piece of the 
\Z-box weak radiative correction10-13 and its 
uncertainty. No other electroweak radiative 
corrections need to be applied to determine '(

* . 
However, ordinary EM radiative corrections 
(bremsstrahlung) were accounted for in the 
asymmetries used in the fit, including our datum. 
These and all other details of the fitting 
procedure, as well as a description of the 
corrections that went into the asymmetry for this 
experiment, are described in Methods.  
 
The global fit is shown in Fig. 2 together with the 
?⃗A data expressed as 67* ('B, F = 0) 6C⁄ . In 
order to isolate the	'B	dependence for this figure, 
the F dimension was projected to 0° by 
subtracting [6calc('B, F) − 6calc('B, F = 0)] 
from the measured asymmetries 67*('B, F) as 
described in refs 8, 3.  The fit includes all relevant 
?⃗A, ?⃗- H	B , and ?⃗- He	

L 	 PVES data (see Methods). 
The PVES database provides a data-driven (as 

opposed to a more theoretical) constraint on the 
nucleon structure uncertainties in the 
extrapolation to 'B=0. We consider this the best 
method to provide our main result (denoted in 
Table 1 as “PVES fit”), which is '(

* = 0.0719 ±
0.0045.	We now discuss the sensitivity of this 
result to variations in the experimental and 
theoretical input used to determine it. 
 

 
  
Figure 2 The reduced asymmetry 
 %&$ %f = !#

$ + !gh(!g, i = f)⁄  vs !g. The global 
fit is illustrated using ?⃗A asymmetries from this 
experiment, from the commissioning phase of this 
experiment3 ('weak 2013), as well as from earlier 
experiments HAPPEX, SAMPLE, PVA4, and G0 (see 
Methods for references), projected to F = 0° and 
reduced by the factor 60('B) appropriate for each 
datum. The data shown here include the γZ-box 
radiative correction and uncertainty. Inner error bars 
(s.d.) include statistical and systematic uncertainties. 
Outer error bars on the data indicate the additional 
uncertainty estimated from the forward-angle 
projection. The solid line represents the global fit to 
the complete PVES database (see Methods), while the 
yellow band indicates the s.d. fit uncertainty. The 
arrowhead at 'B = 0 indicates the Standard Model 
(SM) prediction2 for '(

* = 0.0708(3),	which agrees 
well with the intercept of the fit ('(

* = 0.0719 ±
0.0045). The inset zooms in on the region around this 
experiment’s result at 〈'B〉 = 0.0248	 (GeV/c)2.  
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extended structure defined in terms of EM, 
strange and axial form factors, F is the (polar) 
scattering angle of the electron in the lab frame 
with respect to the beam axis, PQ	is the Fermi 
constant, and R	is the fine structure constant.  
 

 
 
Figure 1 | Parity-violating electron scattering from 
the proton. The incoming electron with helicity +1 
scatters away from the plane of the “Parity-Violating 
(PV) mirror” in this schematic. The image in the PV 
mirror shows the incoming electron with the opposite 
helicity −1, and instead of scattering into the plane of 
the PV mirror (as it would in a real mirror), it scatters 
out of the plane of the PV mirror. The dominant 
electromagnetic interaction, mediated by the photon 
(γ, blue wave), conserves parity. The weak interaction, 
mediated by the neutral Z0 boson (dashed red line), 
violates parity. The weak interaction is studied 
experimentally by exploiting PV through reversals of 
the incident-beam helicity, which mimic the PV mirror 
“reflection”.  
 
The 'weak experiment3,4 (see Extended Data Fig. 
1) employed a beam of longitudinally-polarized 
electrons accelerated to 1.16 GeV at the Thomas 
Jefferson National Accelerator Facility. Three 
sequential acceptance-defining lead collimators 
matched to an eight-sector azimuthally-
symmetric toroidal magnet selected electrons 
scattered from a liquid-hydrogen target at angles 
between 5.8° and 11.6°.  In each magnet octant, 
elastically-scattered electrons were directed to a 
quartz detector fronted by lead pre-radiators. 
Cherenkov light produced by the EM shower 
passing through the quartz was converted to a 
current by photomultiplier tubes at each end of 
the quartz bars. These currents were integrated 

for each one-ms-long helicity state of the beam. 
For calibration purposes, and to demonstrate 
understanding of the acceptance and 
backgrounds, drift chambers were periodically 
inserted to track individual particles during 
dedicated periods of low-current running.  
 
In order to achieve <10 ppb precision, this 
experiment pushed existing boundaries on many 
fronts: higher polarized-beam intensity (180 µA), 
faster beam-helicity reversal (960/s), better GeV-
scale beam polarimetry5 precision (±0.6%), 
higher liquid-hydrogen target6 luminosity (1.7 x 
1039/(cm2-s)) and cooling power (3 kW), and 
higher total detector rates (7 GHz). Following a 
brief commissioning period, the experiment was 
divided into two roughly six-month run periods, 
between which improvements were made 
primarily to polarimetry and helicity-correlated 
beam-monitoring and control instrumentation. 
Further details, including the backgrounds and 
corrections associated with each of the two halves 
of the experiment, are provided in Methods.  
 
The asymmetry-measurement results are 67*	= –
223.5 ± 15.0 (stat) ± 10.1 (syst) ppb in the first 
half, and –227.2 ± 8.3 (stat) ± 5.6 (syst) ppb in the 
second half of the experiment. They are in 
excellent agreement with each other, and 
consistent with our previously-published 
commissioning result3. Accounting for 
correlations in some systematic uncertainties 
between the two measurement periods, the 
combined result is 67*  = –226.5 ± 7.3 (stat) ± 5.8 
(syst) ppb. The total uncertainty achieved (9.3 
ppb) sets a new level of precision for parity-
violating electron scattering (PVES) from a 
nucleus. 
 
The relationship between the measured 
asymmetries 67*	and the proton’s weak charge 
'(*  is expressed in equation (3), where the 
hadronic-structure-dependent B-term grows with 
momentum transfer 'B. Higher 'B data from 
previous PVES experiments (see references in 
Methods) were included in a global fit7,8,3 to 

In the future the “Moeller” experiment will push tests for non-standard 
forces through measurement of ee elastic scattering, kinematically  
distinguishable from ep.CHAPTER 1. INTRODUCTION AND MOTIVATION 6
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Z

e- e-

e- e-

+ Z

e- e-

e- e-

Figure 1.1: Feynman diagrams for Møller scattering at tree level.

3. One of the overarching questions that serves to define this subfield is: “What
are the unseen forces that were present at the dawn of the universe but disap-
peared from view as the universe evolved?”

4. To address this question and as part of the third principal recommendation,
significant funds were recommended for equipment and infrastructure for two
new parity-violating electron scattering projects (Møller scattering and parity-
violating deep inelastic scattering or PVDIS) that would use the upgraded
11 GeV beam at Jefferson Laboratory.

In the following, we introduce parity-violating electron scattering in general and
Møller scattering in particular, the Standard Model prediction for APV , and then
elaborate on the two bullets above.

1.2 APV in Møller Scattering

Polarized electron scattering off unpolarized targets provides a clean window to
study weak neutral current interactions. These experiments measure an asymmetry
defined by

APV =
σR − σL

σR + σL
, (1.1)
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Due to azimuthal defocusing in the magnets however, the Møller electrons pop-
ulate the full range of the azimuth at the detector plane. It can be seen in Fig. 2.2
that stiffer tracks from electron-proton scattering at smaller radii do not defocus
as much; gaps can be seen in the azimuthal distribution interspersed with areas
of high density. Another demonstration of this effect can be seen in Fig. B.5 in
App. B where the stiffer Møller tracks at smaller angle undergo smaller azimuthal
defocusing. The detector must thus have radial and azimuthal binning for detailed
understanding of the signal and background and for systematic checks.

x   (m)
−1 −0.5 0 0.5 1

y 
  (

m
)

−1

−0.5

0

0.5

1

Figure 2.2: Simulation of e+e → e+e (black dots) and e+p → e+p (red dots) final
state electrons at Z = 28.5 downstream of the target center. The Møller electrons
are bent by larger angles due to their lower average momenta and so appear at larger
radii. The simulation includes initial and final state radiation in the target.

As already mentioned, the detector response will be integrated over the duration
of each helicity window to measure the scattered flux. Nevertheless, event-mode
acquisition at much lower beam currents for systematic studies is also required.
The detector must collect all Møller scattered events in the nominal acceptance,
contribute negligible noise relative to the counting statistics of the signal, and be
radiation-hard. Because the tail of all radiative electron-proton elastic and inelastic
processes results in an important systematic correction, the detector must also be

Moeller proposal, 2008

Qweak 2019 (1905.08283)
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APEX Hall A

JLab and the Dark World, Cont’d

The electron may emit a new kind of particle: “dark photon”, 
a “portal” to dark matter in many theories, not detectable in 
previous direct-detection experiments.

Beam parameters:
     energy up to 11 GeV
     intensity up to 180 µA
     polarization 85%
     pol. flip systematic 10-9

     time structure 2(4) ns

Luminosity: 1039 cm-2/s

Detector systems: HRSs 

Polarized targets:
3He:           L ~1036 cm-2/s
 NH3/ND3:  L ~1035 cm-2/s

graphics/adobeillu sart/3 Dart/Halla/elec&hadarms.ai  jm  2 /0 0

Hall A Eletron and Hadron Arms

momentum up to 4.3 and 3.2 GeV/c

Hall A

June 21, 2018 Bogdan Wojtsekhowski 17

S.	Stepanyan,	HPS	Upgrade	ERR	June	
12,	2017,	Jefferson	Lab

5

Fixed	target	experiments:	kinematics	

J.D.	Bjorken,	R.	Essig,	P.	Schuster,	and	N.	Toro,	Phys.	Rev.	D80,	2009,	075018

HPS	configuration	for	2018	run	(#1)

S.	Stepanyan,	HPS	Upgrade	ERR	June	12,	
2017,	Jefferson	Lab

17

ECal

L0

SVT Hodoscope

HPS 
(Hall B)

Wojtsekhowski, 2018

Stepanyan, 2017
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JLab and the hidden world of the strong interactions. 

Through the looking glass into the micro world of the nucleon. 

The emergent structure that mediates between the  
point like quarks and the macro world.

1. DIS valence distributions and TMDs 

2. Excited nucleons and duality   

3. Elastic scattering and the nucleon radius 

4. Exotic States 

5. DVCS, GPDs and nucleon structure 

6. Nuclear structure and short-range correlations

A selection . . .

What’s going on 
in there?

5. Exploring QCD at JLab  



!36

• To make a long story short: Quantum Chromodynamics (QCD) reconciled the irrecon-
cilable. Here was the problem.

1. Quarks and gluons explain spectroscopy, but aren’t seen directly – confinement.

2. In highly (“deep”) inelastic, electron-proton scattering, the inclusive cross section
was found to well-approximated by lowest-order elastic scattering of point-like (spin-
1/2) particles (=“partons” = quarks here) a result called “scaling”:

d�e+p(Q, p · q)

dQ2
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Q2
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• If the “spin-1

2
is a quark, how can a confined quark scatter freely?
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1.   DIS and Transverse Momentum Distributions
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!!"#
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Photon exchange

∑
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The “Inclusive” probability 
(Cross section)  

was found to be . . .

proportional to 
the scattering probability 
for free charged quarks.

But the free quarks never 
showed up in experiments.  
HOW CAN A  
CONFINED PARTICLE 
SCATTER FREELY?   
ASYMPTOTIC FREEDOM.

IN WORDS:

Larger q, smaller the resolution. 
x is the fraction of proton’s momentum 
carried by the parton. 
DIS measures how partons share the 
nucleon’s momentum.   In the short time 
of the scattering, the quark is effectively 
fee.   Confinement is too late to affect 
the inclusive cross section.
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Basic example of a factorized cross section: 

Product of a “universal” F(x) with a “process dependent” 
partonic (quark or gluon) cross section 

that we can compute with perturbative rules. 
Photon scattering can also depends on the spin of the quark.

!!"#

$!%#

$!%&#

XP

Photon exchange

= F(x,spin)  

e(k,spin=t) e(k’,t’)

xp,s xp+q,s’

q=k−k’

2

Just a single “story” - all the rest “sums to unity” if we don’t ask what 
happens to the quark!

F(x) here is a “quark distribution” — just a function of x and spin

Important “corrections” can be computed in principle.



!39

3

In the Bjorken limit, structure function moments are
independent of Q2 (a phenomenon called scaling). At fi-
nite Q2, gluon radiative e↵ects, which give rise to scaling
violations, and higher twist e↵ects (i.e. interactions be-
tween the struck quark and remaining quarks) which give
rise to the Q2 dependence of the structure functions, be-
come important. The Q2 dependence of the moments can
be studied within the framework of pQCD, but at lower
Q2, pQCD loses its applicability and one must consider
finite Q2 e↵ects as well to study the hadronic structure
and revert to e↵ective theories or LQCD.

Current LQCD calculations have focused on non-
singlet u�d quantities using moments of the PDFs, which
are calculationally simpler because the complicated dis-
connected diagrams cancel. Experimentally, the inte-
grated non-singlet distribution can be determined from
2p�d, which is approximately p�n, where p, d and n de-
note proton, deuteron and neutron moments respectively.
From Eq. 4, the non-singlet structure function is

F p
2 � Fn

2 = x
1

3
(u� d+ ū� d̄) ⇡ 2F p

2 � F d
2 , (6)

where u and d are up and down quark distributions, re-
spectively. Similarly, the non-singlet Nachtmann mo-
ments can be determined as MNS

2 = Mp
2 � Mn

2 ⇠
2Mp

2 � Mp+n
2 , where Mp+n

2 is obtained from deuteron
data as described below. In the MS renormalization
scheme, the non-singlet moments of the PDFs, hxiu�d,
as calculated in LQCD, which describes the soft, non-
perturbative physics, in terms of the non-singlet N=2
moment of the F2 structure function can be written as

hxiu�d =
3

Cv
N

MNS
2 (7)

where Cv
N are Wilson coe�cients which represent the

hard, perturbatively calculable coe�cient functions.
Since PDFs describe non-perturbative behavior, they
cannot be directly calculated in perturbative QCD, but
they can be calculated using LQCD, or extracted from
global fits to a variety of data, for example [16–18].

Although there exist previous deuteron F2 measure-
ments in the nucleon resonance region, those presented
in this work are the most precise and accurate determi-
nations to date for several reasons. First, the moments
presented here are the first to utilize deuteron and pro-
ton F2 values extracted from precision Rosenbluth sepa-
rations of the structure functions, while previous moment
determinations [12] relied on models of the longitudinal
contribution. Second, the quasielastic (QE) contribution
was precisely determined and then subtracted utilizing
the same data set. This is important, because inelastic
and quasielastic are treated separately in theory. Third,
the deuteron data were corrected for nuclear e↵ects such
as Fermi motion, enabling a clean extraction of p+n. In
all, comparison of these new measurements to the pre-
vious F2 moments from [12] and [13] shows an order of
magnitude reduction in the uncertainties.

As noted above, inelastic and QE contributions were
separated first by removing the latter utilizing the shape
of the QE given in [19] with the magnitude determined
from the experimental data by scaling up the shape to
match the data while the inelastic shape given by a global
fit [20] to the available deuteron data. The elastic con-
tribution then was added back at x = 1. Figure 1 shows
the deuteron structure function F2 in the QE region be-
fore and after the QE subtraction. Systematic uncertain-
ties for this subtraction were determined by the following
procedure: First, the QE contribution was scaled up and
down until the chi-squared value between the data and
the fit (QE and inelastic) becomes +1 and -1, and then
the di↵erence of the fit from the data was used as the
systematic uncertainty.
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FIG. 1. (Color online) E06-009 data on deuteron F2 before
and after subtraction of the QE contribution. The band at
the bottom represents the estimated systematic uncertainty
from this procedure. The dot dashed curve is the QE model,
the short dashed curve is the total (QE+ inelastic) model and
the solid curve is the inelastic model.

JLAB E06-009 + SLAC NE11
SLAC DIS
CERN NMC
Model

F2
D

F2
p+n

FIG. 2. (Color online) Top curve: Data on F d
2 at Q2 = 4

GeV2 from SLAC, CERN, and Je↵erson Lab experiment E06-
009. Top curve is shifted up for comparison to bottom. Bot-
tom curve: Same as top data after Fermi correction.

Since the deuteron is a bound nucleus and not a pure

Unprecedented senstivity to large-x quark distributions. 
(ED6-009) Hall C 2019. 

Of special interest both to new-physics searches at  
high energy, and to nuclear structure. 

In effect, a beam of electrons is a machine for detecting quarks.
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And, the quark doesn’t have to be moving exactly in the same direction as  
the proton! 

Other measurements (single-inclusive DIS) are sensitive to this extra motion 
transverse momentum distributions or TMDs.   

These cross sections factorize too, into parton distributions, 
and “fragmentation functions” that depend on the  

“extra” transverse motion of the quarks and gluons 

Corrections here are even more important, but can still be computed in principle. 

With electron scattering we can measure the momentum fractions of quarks, 
their transverse momentum variations, and how their spin is connected 

to the spin of the proton and to their transverse momentum 

This gives a family of functions to measure — and together they demonstrate the 
full correlation of single quarks to the momentum and spin of the proton. 
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Transverse momentum dependent parton distributions (TMDs)

• TMD-correlator

Φq =
1

2

Z

dξ−

2π

d2ξ⃗T

(2π)2
e

ik·ξ ˙

P ; S
˛

˛ ψ̄
q(0) γ+ WTMD ψ

q(ξ)
˛

˛P ; S
¸

˛

˛

˛

ξ+=0

= f
q
1 (x, k⃗

2
T) +

(S⃗T × k⃗T)·P̂
M

f
⊥q
1T (x, k⃗

2
T)

– partonic nucleon structure beyond collinear approximation
→ 3-D structure in (x, k⃗T)-space; important/major part of TMD physics

– complementary to 3-D structure in (x, b⃗T )-space (→ GPDs)

– Sivers function f⊥
1T describes strength of spin-orbit correlation (Sivers, 1989)

– spin asymmetry on the level of parton density
→ spin asymmetry in observables (e.g., Sivers SSA observed by

HERMES, COMPASS, and JLab in semi-inclusive DIS)

– kT compensated by hadronic scale (M) → no suppression !

QFT expression for such distributions: itself a story.   
A quark disappears, and then reappears.  

All this is 
to pick out  
the wave 

corresponding to 
the scattered quark

The photon 
scatters the 
quark here. 

It disappears  
from the story. 

Start with 
a proton

The quark 
reappears here!And the  

proton here
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2. Electron-positron scattering to excited nucleons

FIG. 11. Proton νW p
2 = F p

2 structure function data in the resonance region as a function of ξ,

at Q2 = 0.45, 0.85, 1.70, and 3.30 GeV2 from Hall C at Jefferson Lab [7,58]. The arrows indicate
the elastic point, ξ = ξ(x = 1). The curves represent fits to deep inelastic structure function data

at the same ξ but higher (W 2, Q2) from NMC [59] at Q2 = 5 GeV2 (dashed) and Q2 = 10 GeV2

(solid).

Fig. 10 above, where the Nachtmann variable ξ has replaced the more ad hoc variable ω′ as
a means to relate high-(W 2, Q2) deep inelastic data to data at the lower (W 2, Q2) values of
the resonance region, as well as to include proton target mass corrections. Both the ξ and
ω′ variables depend on ratios of x to Q2 (or, correspondingly, W to Q2), thereby allowing
direct comparison of structure functions in the resonance and scaling regimes by plotting the
scaling and resonance data at the same ordinate point. For example, ξ = 0.6 can correspond
to a point in the ∆ resonance region around Q2 = 1.5 GeV2, or a point in the deep inelastic
region of W 2 = 14 GeV2 at Q2 = 20 GeV2.

The kinematics for the resonance data in Fig. 11 range from the single pion production
threshold to W 2 = 5 GeV2. The elastic peak position at ξ = ξ(x = 1) is indicated by the
vertical arrows, and the lower ξ values correspond to the higher-W 2 kinematics. Of the
three prominent enhancements, the lowest mass ∆ resonance falls at the highest ξ values.
The statistical uncertainties are included in the error bars on the data points, and the total
systematic uncertainty was estimated to be less than 4% [7]. The latter includes some
uncertainty associated with the choice of R used to extract F2 from the measured cross
sections (see Eq. (20)).

The resonance data are compared to a global fit curve to deep inelastic scattering (DIS)
data from Ref. [59], here shown for two fixed values of Q2 = 5 and 10 GeV2. The curves

31

For intermediate momentum transfer compare

!!"#

$!%#

$!%&#

XP

Photon exchange

= F(x,spin)  

e(k,spin=t) e(k’,t’)

xp,s xp+q,s’

q=k−k’

To the production of heavier, unstable versions of the proton. 
Not just one, but all the quarks are scattered together, and yet 
the two probabilities are closely related:

Quark-hadron duality:

Melnitchouk, Keppel, Ent (2005)
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3. Elastic Scattering and the Nucleon Radius

MENU 2013

Figure 1. Current experimental status on the Sachs FF’s ratio
in the proton (black curves are phenomenological fits, the
dotted line at Rp = 1 represents the dipole model), plot is from
[8]; the fit of the measurements by means of the polarization
transfer method (referred by the bottom half of the labels in
the plot) provides Rp(Q2) ≈ 1 − 0.13

!
Q2 − 0.29

"
in evident

disagreement with the Rosenbluth data (referred by the upper
half of the labels in the plot). The discrepancy has triggered
a renewed theoretical and experimental activity: currently the
most favorite candidate that could explain it is the two photon
exchange (TPE) [9] in the elementary process; in fact the
Rosenbluth method is more sensitive to the TPE, while in
the experiments that involve the interference term, the effects
mainly cancel out. Three experiments (Novosibirsk/VEPP-3,
JLab/CLAS and DESY/OLYMPUS) are currently trying to
measure the TPE effect by e−/e+ asymmetry; the preliminary
results from VEPP-3[10] seem to confirm the somehow
unexpected relevance of the TPE in elastic scattering and in the
Rosenbluth separation in particular.

2. Quick glance on experimental status of FF’s
All measurements since the pioneering experiments at SLAC in the ’50 [2] till the end of the last
century have been performed using the Rosenbluth separation3. Those measurements support the dipole
description of the FF’s GD(Q2) =

#
1 + Q2/0.71

$−2 corresponding to a nucleon spatial distribution
of the form ! (r) ∼ !(0)/

!
1 + e(r−c)/a

"
. In addition, the proton Rp(Q2) ≡ "pG

p
E/G

p
M ≈ 1 ("p is

the magnetic moment) seems to be fairly constant with Q2, despite the large fluctuations and errors at
larger Q2.

This apparent consolidated situation has been mined by a new class of measurements of Rp

performed at JLab in the past decade[12] by means of the polarization transfer method at relatively
high 1 < Q2 < 8 GeV/c2 as shown in Fig. 1 and detailed in the relative caption.

A new framework has emerged where polarized experiments, thanks to the latest development in
polarizing beam, target and instrumentation, are considered the most reliable source of FF’s data; many
theoretical models are trying to explain the Rp(Q2) behavior and most of them reproduce reasonably
well the available data (Q2 < 8.0 GeV2) but diverge at larger Q2, in the unexplored region.

In terms of Dirac and Pauli FF’s, the pQCD4 predicts an asymptotic value of F2/F1 ∼ 1/Q2 while
the new measurements seems to indicate the presence of a logaritmic function of Q2 which modified
pQCD models associate to the quark orbital angular momentum and gluon polarization effects.

Also at low Q2 the situation has been recently broken up by a precise measurement of the proton
radius by "p Lamb shift [14] which is 7.9 sigmas off the average measurements by ep scattering and
hydrogen spectroscopy. The inconsistency could be related to the same effect that explain the high Q2

behavior of the Rosenbluth measurements [9].
In the neutron case, Rn has measured up to Q2 < 4 GeV2. In this case the most reliable

measurements have been done with the double polarization method, since the Rosenbluth separation
is affected by large nuclear structure correlations (no free neutron target). Again different models

3 There is a remarkable exception [11] that for the first time used the polarization transfer method, but at Q2 < 1.
4 Taking into account quark helicity conservation, the counting rules for gluon (1/Q2), helicity flip (1/Q2) and the mechanism of
strong interaction via two gluon exchange, F1 ∼ 1/Q4 while F2 ∼ 1/Q6. Two gluon exchange mechanism seems to be suppressed
according to recent measurement of Real Compton Scattering [13].
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•  Differential cross section vs. Q2, with 2.2 (1.1) GeV data (preliminary). 
•  Statistical uncertainty at this stage: ~0.18% for 2 GeV, ~0.3% for 1 GeV per point. 
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                Proton Radius from ep→ep  Scattering Experiments  

§  In the limit of first Born approximation the elastic ep scattering 
     (one photon exchange):  

§  Structureless proton: 

§  GE and GM were extracted using Rosenbluth  
      separation (or at extremely low Q2 the GM can be  
      ignored, like in the PRad experiment) 

§  The Taylor expansion at low Q2: 
derivative in Q2       0 limit: 

e-   e-   

p  p  

GE  ,GM 

Mainz low Q2 data set 
Phys. Rev. C 93, 065207, 2016 

Special interest  
in low Q2: radius!

pRad:
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                Proton Radius from ep→ep  Scattering Experiments  

§  In the limit of first Born approximation the elastic ep scattering 
     (one photon exchange):  

§  Structureless proton: 

§  GE and GM were extracted using Rosenbluth  
      separation (or at extremely low Q2 the GM can be  
      ignored, like in the PRad experiment) 

§  The Taylor expansion at low Q2: 
derivative in Q2       0 limit: 

e-   e-   

p  p  

GE  ,GM 

Mainz low Q2 data set 
Phys. Rev. C 93, 065207, 2016 

T. Gasparian 2018 ECTE. Cisbani, 2014



!44

4. Exotic States

Computer simulations provide other possible QCD states not 
found in the classic quark model:  glueballs, “multi-quarks”

| glue ball > =
+ +

GlueX: using “real” photons to produce exotic and mixed states. 
Here, early results on J/Psi (ccbar): 7

8 9 10 20, GeV            γE

1−10

1

10

p)
, n

b
ψ

 J
/

→
p γ(

σ

GlueX
SLAC
Cornell
Kharzeev et al. x 2.3

(4440)+
cJPAC P

incoherent sum of:
  2g exch. Brodsky et al
  3g exch. Brodsky et al

FIG. 3: GlueX results for the J/ total cross section vs beam energy, compared to the Cornell [15] and SLAC [16]
data, the theoretical predictions [11, 13], and the JPAC model [6] corresponding to B(P+

c
(4440) ! J/ p) = 1.6% for

the JP = 3/2� case as discussed in the text. All curves are fitted/scaled to the GlueX data only. For our data the
quadratic sums of statistical and systematic errors are shown; the overall normalization uncertainty is 27%.

LHCb P+
c

states, which allow to discriminate between di↵erent pentaquark models.
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5.  DVCS and Generalized Parton Distributions

Generalized Parton Distributions (GPDs)

GPDs are defined as correlation of off-forward matrix:

Bjorken variable

Momentum transfer squared

  
ξ = p+ − ′p +

p+ + ′p + = − Δ +

2P +

  t = Δ2
  
x = Q2

2 p ⋅q

Skewdness parameter

  
P = p + ′p

2
,   Δ = ′p − p

P´= p +Δp

k

q q –Δ
k+q

k +Δ

t  =Δ 2

γ * γ

Forward limit:  PDFs
 
H(x,ξ , t)

ξ=t=0
= f (x),    !H(x,ξ , t)

ξ=t=0
= Δf (x),     

First moments:  Form factors
Dirac and Pauli form factors F1 , F2

Second moments:  Angular momenta
Sum rule:  Jq =

1
2

dx x
−1

1

∫ Hq (x,  ξ ,  t = 0) + Eq (x,  ξ ,  t = 0)⎡⎣ ⎤⎦ ,    Jq =
1
2
Δq + Lq
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4π
 ∫ eixP+z− ′p ψ (−z / 2)γ +ψ (z / 2) p z+ =0,!z⊥=0 = 1

2P+ H(x,ξ , t)u( ′p )γ +u(p) + E(x,ξ , t)u( ′p ) iσ
+α Δα

2M
u(p)⎡

⎣⎢
⎤
⎦⎥

dz −

4π
 ∫ eixP+z− ′p ψ (−z / 2)γ +γ 5ψ (z / 2) p z+ =0,!z⊥=0 = 1

2P+
"H(x,ξ , t)u( ′p )γ +γ 5u(p) + "E(x,ξ , t)u( ′p )γ 5Δ

+

2M
u(p)⎡

⎣⎢
⎤
⎦⎥

Axial and Pseudoscalar form factors GA , GP
 

dx
−1

1

∫  H(x,ξ , t) = F1(t), dx
−1

1

∫  E(x,ξ , t) = F2 (t)

dx
−1

1

∫  !H(x,ξ , t) = gA(t), dx
−1

1

∫  !E(x,ξ , t) = gP (t)

∆ = q - q’

Single-quark distributions from DIS and SIDS tell a great story.   
But there is much more.   Two-photon processes, like  

Deeply Virtual Compton Scattering (DVCS)  

reveal correlations between positions and momenta within the proton 
within information on angular momenta and other extended structure: 

“tomography”. 
 By making one photon  

state very virtual 
the process factorizes 

into the story of the  
proton and the story of  

the scattering itself. 

We can calculate the latter. 
We measure the former.

credit: S. Kumano
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The proton stories are encoded in expressions like:

Generalized Parton Distributions (GPDs)

GPDs are defined as correlation of off-forward matrix:
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q’
p+q−q’

q’

p

q

k

k−q

Step 1: The electron exchanges a photon with a quark

Step 2: The quark travels a distance then re−emits another photon

Step 3: the quark remains in the proton, which now has a changed momentum

Step 1: Electron exchanges virtual 
photon with a quark 

Step 2: Quark travels some distance,  
then re-emits another photon

Step 3: The photon escapes, but the 
quark remains in the proton, which 

now has a different total momentum

In all this, varying 
spin the spin 

of the election 
and/or the proton 
gives information 

on the spin of  
the quark.  These 

give a family 
of generalized 

parton distributions.
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The pressure distribution inside the proton
V. D. Burkert1*, L. Elouadrhiri1 & F. X. Girod1

The proton, one of the components of atomic nuclei, is composed 
of fundamental particles called quarks and gluons. Gluons are the 
carriers of the force that binds quarks together, and free quarks 
are never found in isolation—that is, they are confined within 
the composite particles in which they reside. The origin of quark 
confinement is one of the most important questions in modern 
particle and nuclear physics because confinement is at the core of 
what makes the proton a stable particle and thus provides stability to 
the Universe. The internal quark structure of the proton is revealed 
by deeply virtual Compton scattering1,2, a process in which electrons  
are scattered off quarks inside the protons, which  subsequently 
emit high-energy photons, which are detected in coincidence 
with the scattered electrons and recoil protons. Here we report a 
measurement of the pressure distribution experienced by the quarks 
in the proton. We find a strong repulsive pressure near the centre of 
the proton (up to 0.6 femtometres) and a binding pressure at greater 
distances. The average peak pressure near the centre is about 1035 
pascals, which exceeds the pressure estimated for the most densely 
packed known objects in the Universe, neutron stars3. This work 
opens up a new area of research on the fundamental gravitational 
properties of protons, neutrons and nuclei, which can provide access 
to their physical radii, the internal shear forces acting on the quarks 
and their pressure distributions.

The basic mechanical properties of the proton are encoded in the 
gravitational form factors (GFFs) of the energy–momentum tensor1,4,5. 
Graviton–proton scattering is the only known process that can be used 
to directly measure these form factors4,6, whereas generalized parton 
distributions2,7,8 enable indirect access to the basic mechanical prop-
erties of the proton2.

A direct determination of the quark pressure distribution in the pro-
ton (Fig. 1) requires measurements of the proton matrix element of the 
energy–momentum tensor9. This matrix element contains three scalar 
GFFs that depend on the four-momentum transfer t to the proton. 
One of these GFFs, d1(t), encodes the shear forces and pressure distri-
bution on the quarks in the proton, and the other two, M2(t) and J(t), 
encode the mass and angular momentum distributions. Experimental 
information on these form factors is essential to gain insight into the 
dynamics of the fundamental constituents of the proton. The frame-
work of generalized parton distributions (GPDs)2,7,8 has provided a way 
to obtain information on d1(t) from experiments. The most effective 
way to access GPDs experimentally is deeply virtual Compton scat-
tering (DVCS)1,2, where high-energy electrons (e) are scattered from 
the protons (p) in liquid hydrogen as e p → e′ p′ γ, and the scattered 
electron (e′), proton (p′) and photon (γ) are detected in coincidence. 
In this process, the quark structure is probed with high-energy virtual 
photons that are exchanged between the scattered electron and the 
proton, and the emitted (real) photon controls the momentum transfer 
t to the proton, while leaving the proton intact. Recently, methods have 
been developed to extract information about the GPDs and the related 
Compton form factors (CFFs) from DVCS data10–13.

To determine the pressure distribution in the proton from the experi-
mental data, we follow the steps that we briefly describe here. We note 
that the GPDs, CFFs and GFFs apply only to quarks, not to gluons.
(1) We begin with the sum rules that relate the Mellin moments of the 
GPDs to the GFFs1.

(2) We then define the complex CFF, H, which is directly related to the 
experimental observables describing the DVCS process, that is, the 
differential cross-section and the beam-spin asymmetry.
(3) The real and imaginary parts of H can be related through a disper-
sion relation14–16 at fixed t, where the term D(t), or D-term, appears as 
a subtraction term17.
(4) We derive d1(t) from the expansion of D(t) in the Gegenbauer  
polynomials of ξ, the momentum transfer to the struck quark.
(5) We apply fits to the data and extract D(t) and d1(t).
(6) Then, we determine the pressure distribution from the relation 
between d1(t) and the pressure p(r), where r is the radial distance from 
the proton’s centre, through the Bessel integral.

The sum rules that relate the second Mellin moments of the chiral- 
even GPDs to the GFFs are1:

∫ ξ ξ+ =x H x t E x t x J t[ ( , , ) ( , , )]d 2 ( )

∫ ξ ξ= +xH x t x M t d t( , , )d ( ) 4
5

( )2
2

1

1Thomas Jefferson National Accelerator Facility, Newport News, VA, USA. *e-mail: burkert@jlab.org
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Fig. 1 | Radial pressure distribution in the proton. The graph shows 
the pressure distribution r2p(r) that results from the interactions of the 
quarks in the proton versus the radial distance r from the centre of the 
proton. The thick black line corresponds to the pressure extracted from 
the D-term parameters fitted to published data22 measured at 6 GeV. The 
corresponding estimated uncertainties are displayed as the light-green 
shaded area shown. The blue area represents the uncertainties from all the 
data that were available before the 6-GeV experiment, and the red shaded 
area shows projected results from future experiments at 12 GeV that will 
be performed with the upgraded experimental apparatus30. Uncertainties 
represent one standard deviation.
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An unprecedented example:  the pressure distribution (a “gravitational 
form factor”).    At 6 GeV from CLAS, with 12 pending (in red):

Nature, 2019
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6. Nuclear Structure

would demonstrate the presence of 3-nucleon (3N) SRC
and confirm the previous observation of NN SRC.

Note that: (i) Refs. [5,6] argue that the c.m. motion of the
NN SRC may change the value of a2 (by up to 20% for
56Fe) but not the scaling at xB< 2. For 3N SRC there are
no estimates of the effects of c.m. motion. (ii) Final state
interactions (FSI) are dominated by the interaction of the
struck nucleon with the other nucleons in the SRC [7,8].
Hence the FSI can modify !j, while such modification of
aj!A" are small since the pp, pn, and nn cross sections at
Q2 > 1 GeV2 are similar in magnitudes.

In our previous work [6] we showed that the ratios
R!A;3He" # 3!A!Q2;xB"

A!3He!Q2;xB" scale for 1:5< xB< 2 and 1:4<

Q2 < 2:6 GeV2, confirming findings in Ref. [7]. Here we
repeat our previous measurement with higher statistics
which allows us to estimate the absolute per-nucleon prob-
abilities of NN SRC.

We also search for the even more elusive 3N SRC,
correlations which originate from both short-range NN
interactions and three-nucleon forces, using the ratio
R!A;3He" at 2< xB $ 3.

Two sets of measurements were performed at the
Thomas Jefferson National Accelerator Facility in 1999
and 2002. The 1999 measurements used 4.461 GeV elec-
trons incident on liquid 3He, 4He and solid 12C targets. The
2002 measurements used 4.471 GeVelectrons incident on a
solid 56Fe target and 4.703 GeV electrons incident on a
liquid 3He target.

Scattered electrons were detected in the CLAS spec-
trometer [9]. The lead-scintillator electromagnetic calo-
rimeter provided the electron trigger and was used to
identify electrons in the analysis. Vertex cuts were used
to eliminate the target walls. The estimated remaining
contribution from the two Al 15 "m target cell windows
is less than 0.1%. Software fiducial cuts were used to
exclude regions of nonuniform detector response. Kine-
matic corrections were applied to compensate for drift
chamber misalignments and magnetic field uncertainties.

We used the GEANT-based CLAS simulation, GSIM, to
determine the electron acceptance correction factors, tak-
ing into account ‘‘bad’’ or ‘‘dead’’ hardware channels in
various components of CLAS. The measured acceptance-
corrected, normalized inclusive electron yields on 3He,
4He, 12C, and 56Fe at 1< xB< 2 agree with Sargsian’s
radiated cross sections [10] that were tuned on SLAC data
[11] and describe reasonably well the Jefferson Lab Hall C
[12] data.

We constructed the ratios of inclusive cross sections as a
function of Q2 and xB, with corrections for the CLAS
acceptance and for the elementary electron-nucleon cross
sections:

r!A;3He" # A!2!ep % !en"
3!Z!ep % N!en"

3Y!A"
AY!3He"R

A
rad; (2)

where Z and N are the number of protons and neutrons in
nucleus A, !eN is the electron-nucleon cross section, Y is
the normalized yield in a given (Q2; xB) bin, and RArad is the
ratio of the radiative correction factors for 3He and nucleus
A [see Ref. [8] ]. In our Q2 range, the elementary cross
section correction factor A!2!ep% !en"

3!Z!ep% N!en" is 1:14 & 0:02 for C

and 4He and 1:18& 0:02 for 56Fe. Note that the 3He yield
in Eq. (2) is also corrected for the beam energy difference
by the difference in the Mott cross sections. The corrected
3He cross sections at the two energies agree within $ 3:5%
[8].

We calculated the radiative correction factors for the
reaction A!e; e0" at xB< 2 using Sargsian’s upgraded
code of Ref. [13] and the formalism of Mo and Tsai [14].
These factors change 10%–15% with xB for 1< xB< 2.
However, their ratios, RArad, for 3He to the other nuclei are
almost constant (within 2%–3%) for xB> 1:4. We applied
RArad in Eq. (2) event by event for 0:8< xB< 2. Since there
are no theoretical cross section calculations at xB> 2, we
applied the value ofRArad averaged over 1:4< xB< 2 to the
entire 2< xB<3range. Since the xB dependence of RArad
for 4He and 12C are very small, this should not affect the
ratio r of Eq. (2). For 56Fe, due to the observed small slope
of RArad with xB, r!A;3He" can increase up to 4% at xB #
2:55. This was included in the systematic errors.

Figure 1 shows the resulting ratios integrated over 1:4<
Q2 < 2:6 GeV2. These cross section ratios (a) scale ini-
tially for 1:5< xB< 2, which indicates that NN SRCs
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FIG. 1. Weighted cross section ratios [see Eq. (2)] of (a) 4He,
(b) 12C, and (c) 56Fe to 3He as a function of xB for Q2 >
1:4 GeV2. The horizontal dashed lines indicate the NN (1:5<
xB< 2) and 3N (xB> 2:25) scaling regions.
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would demonstrate the presence of 3-nucleon (3N) SRC
and confirm the previous observation of NN SRC.

Note that: (i) Refs. [5,6] argue that the c.m. motion of the
NN SRC may change the value of a2 (by up to 20% for
56Fe) but not the scaling at xB< 2. For 3N SRC there are
no estimates of the effects of c.m. motion. (ii) Final state
interactions (FSI) are dominated by the interaction of the
struck nucleon with the other nucleons in the SRC [7,8].
Hence the FSI can modify !j, while such modification of
aj!A" are small since the pp, pn, and nn cross sections at
Q2 > 1 GeV2 are similar in magnitudes.

In our previous work [6] we showed that the ratios
R!A;3He" # 3!A!Q2;xB"

A!3He!Q2;xB" scale for 1:5< xB< 2 and 1:4<

Q2 < 2:6 GeV2, confirming findings in Ref. [7]. Here we
repeat our previous measurement with higher statistics
which allows us to estimate the absolute per-nucleon prob-
abilities of NN SRC.

We also search for the even more elusive 3N SRC,
correlations which originate from both short-range NN
interactions and three-nucleon forces, using the ratio
R!A;3He" at 2< xB $ 3.

Two sets of measurements were performed at the
Thomas Jefferson National Accelerator Facility in 1999
and 2002. The 1999 measurements used 4.461 GeV elec-
trons incident on liquid 3He, 4He and solid 12C targets. The
2002 measurements used 4.471 GeVelectrons incident on a
solid 56Fe target and 4.703 GeV electrons incident on a
liquid 3He target.

Scattered electrons were detected in the CLAS spec-
trometer [9]. The lead-scintillator electromagnetic calo-
rimeter provided the electron trigger and was used to
identify electrons in the analysis. Vertex cuts were used
to eliminate the target walls. The estimated remaining
contribution from the two Al 15 "m target cell windows
is less than 0.1%. Software fiducial cuts were used to
exclude regions of nonuniform detector response. Kine-
matic corrections were applied to compensate for drift
chamber misalignments and magnetic field uncertainties.

We used the GEANT-based CLAS simulation, GSIM, to
determine the electron acceptance correction factors, tak-
ing into account ‘‘bad’’ or ‘‘dead’’ hardware channels in
various components of CLAS. The measured acceptance-
corrected, normalized inclusive electron yields on 3He,
4He, 12C, and 56Fe at 1< xB< 2 agree with Sargsian’s
radiated cross sections [10] that were tuned on SLAC data
[11] and describe reasonably well the Jefferson Lab Hall C
[12] data.

We constructed the ratios of inclusive cross sections as a
function of Q2 and xB, with corrections for the CLAS
acceptance and for the elementary electron-nucleon cross
sections:

r!A;3He" # A!2!ep % !en"
3!Z!ep % N!en"

3Y!A"
AY!3He"R

A
rad; (2)

where Z and N are the number of protons and neutrons in
nucleus A, !eN is the electron-nucleon cross section, Y is
the normalized yield in a given (Q2; xB) bin, and RArad is the
ratio of the radiative correction factors for 3He and nucleus
A [see Ref. [8] ]. In our Q2 range, the elementary cross
section correction factor A!2!ep% !en"

3!Z!ep% N!en" is 1:14 & 0:02 for C

and 4He and 1:18& 0:02 for 56Fe. Note that the 3He yield
in Eq. (2) is also corrected for the beam energy difference
by the difference in the Mott cross sections. The corrected
3He cross sections at the two energies agree within $ 3:5%
[8].

We calculated the radiative correction factors for the
reaction A!e; e0" at xB< 2 using Sargsian’s upgraded
code of Ref. [13] and the formalism of Mo and Tsai [14].
These factors change 10%–15% with xB for 1< xB< 2.
However, their ratios, RArad, for 3He to the other nuclei are
almost constant (within 2%–3%) for xB> 1:4. We applied
RArad in Eq. (2) event by event for 0:8< xB< 2. Since there
are no theoretical cross section calculations at xB> 2, we
applied the value ofRArad averaged over 1:4< xB< 2 to the
entire 2< xB<3range. Since the xB dependence of RArad
for 4He and 12C are very small, this should not affect the
ratio r of Eq. (2). For 56Fe, due to the observed small slope
of RArad with xB, r!A;3He" can increase up to 4% at xB #
2:55. This was included in the systematic errors.

Figure 1 shows the resulting ratios integrated over 1:4<
Q2 < 2:6 GeV2. These cross section ratios (a) scale ini-
tially for 1:5< xB< 2, which indicates that NN SRCs

a)

r(
4 H

e/
3 H

e)

b)

r(
12

C
/3 H

e)

xB

r(
56

Fe
/3 H

e)

c)

1

1.5

2

2.5

3

1

2

3

4

2

4

6

1 1.25 1.5 1.75 2 2.25 2.5 2.75

FIG. 1. Weighted cross section ratios [see Eq. (2)] of (a) 4He,
(b) 12C, and (c) 56Fe to 3He as a function of xB for Q2 >
1:4 GeV2. The horizontal dashed lines indicate the NN (1:5<
xB< 2) and 3N (xB> 2:25) scaling regions.
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)

Seeing two and three 
nucleons inside He, C 

and Fe scatter together.

“This close, but no closer.”   The stability of nuclei depends on  
repulsive forces at short distances.  To understand them, detect 
pairs and triplets lurking right at the edge.

From CLAS (PRL 2006):   
short-range correlations (6 GeV

Like so much else, the very 
structure of our world 

is implicit in what we find here. . . 
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Each of these areas and much more will be explored  
in the 12 GeV era at JLab. 

And, I should add at the future Electron-Ion Collider. 

It should be exciting 

Good luck!


