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How “big” is the proton?

Simulating nature
Atoms and what is inside!

electron

proton, carries 99.95% of 
hydrogen’s energy

hydrogen

 Atoms are the basic building blocks of every day matter! YOU are made out 
of atoms, and so is everything else you see! The lightest of all atoms is the 
hydrogen atom. The hydrogen atoms
is made of a single electron orbiting a 
single proton, similarly to how planets 
orbit the sun. The electron is an extremely light
particle (approximately 10-30 kg 
= 0.000000000000000000000000000001 kg) 
but it is responsible for the electric currents that
 power your TV as well as the source of lightning in hot 
summer days. The proton is the nucleus of the hydrogen atom, and it 
is about 2,000 times heavier than the electron. The electron has a negative 
charge, while the proton has a positive charge, so they have opposite charge. 
This is why they are attracted and why they can come together to form 
electrically neutral matter!  

 Atoms are tiny, so it is hard to imagine anything smaller than them, but 
sure enough, the proton and the neutron are much smaller than atoms. 
The proton has a radius of approximately 0.000000000000001 meters (one 
femtometer) ! This is an astonishingly small number, that does not make sense 
in our everyday world, but we can try to put it in perspective:

The neutron, as its name suggest, is the 
electrically neutral partner of the proton. It has 
approximately the same mass and behaves in 
very similar ways as the proton, except it has 
zero charge! So electrons never see it!

the proton has a radius of 
10-15 m = 1fm

10-15= 0.000000000000001

If we zoom out of the proton 
by about 100,000 times, we can 

then see the hydrogen atom The hydrogen atom is tiny! 
It has a radius of approximately 10-10 m

10-10= 0.0000000001

To put this into perspective, we zoom 
out of the hydrogen atom by a factor of a 
million (100,000,000) to get to a grain of 

sand!

But the problem now is that a million is too big 
of a number to understand. So, finally we zoom out 

of the grain of sand again by a factor of a
million to get Mt. Rainier! 

So we conclude that a hydrogen atom is to a grain of sand as a grain of sand is 
to Mt. Rainier! But...remember that the proton is 100,000 times smaller than 
the hydrogen atom! And here at Jefferson Lab we are able to see inside of the 
proton to see what it is made out of!

u
u d

Peering inside the proton?
 For over half a century now it has been known that the proton is itself composed 

of other particles, known as quarks and gluons. One can in fact think of the proton 
as three-quarks (two up quarks and one down quark) that are tied together by tons 
of gluons! 

u
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Three quarks and a whole lot of gluons. 
Approximately 95% of the proton’s and your 

mass is due to the gluons!

LQCD =  ̄f (i ⇥D�mf) f �
1

4
tr (GG)

 The mathematical theory that describes the interactions between quark and 
gluons is known as “quantum chromodynamics” (referred to as “QCD”), and it can 
be written down in a very simple  way:

 Inside this equation we see the basic interactions between quarks and gluons:

 Not only does this simple equation describe the interactions between quarks and 
gluons, but it encodes how all nuclei are formed, how they interact with each other; 
it explains how nuclear fusion can happen in the sun, and how fission happens in 
nuclear reactors. This connection has been historically obscured because it falls in a 
class of theories that cannot be solved with the “pen and paper” mathematical tools 
we have developed through the ages. However, we can solve it by programming it 
into a computer and letting the computer do the work!

quark 

gluons 
different ways gluons can 

meet at one point in space to 
“talk” to each other!

Simulating Nature

In go the fundamental 
equations of the universe!

The fastest supercomputer in 
Virginia is right here at JLab!

Out comes the emerges of 
natural phenomena

What is being studied at JLab?
  With the upcoming GlueX experiment at JLab in 

mind, the theory group has been leading worldwide 
efforts to calculate the masses of exotic mesons. u

ū
the force pulling quarks 

together can be thought of as a 
string with a tension and 

different vibrational excitation.
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FIG. 11: Isoscalar (green/black) and isovector (blue) meson spectrum on the m� = 391MeV, 243 � 128 lattice. The vertical
height of each box indicates the statistical uncertainty on the mass determination. States outlined in orange are the lowest-lying
states having dominant overlap with operators featuring a chromomagnetic construction – their interpretation as the lightest
hybrid meson supermultiplet will be discussed later.

extrapolation might be the complex resonance pole posi-
tion, but we do not obtain this in our simple calculations
using only “single-hadron” operators.

We discuss the specific case of the 0�+ and 1�� sys-
tems in the next subsections.

E. The low-lying pseudoscalars: ⇥, �, ��

In lattice calculations of the type performed in this
paper, where isospin is exact and electromagnetism does
not feature, the ⌃ and ⇤ mesons are exactly stable and ⇤⇤

is rendered stable since its isospin conserving ⇤⌃⌃ decay
mode is kinematically closed. Because of this, many of
the caveats presented in Section III B do not apply. Fig-
ure 17 shows the quality of the principal correlators from
which we extract the meson masses, in the form of an
e�ective mass,

me� =
1

⇥t
log

⇧(t)

⇧(t+ ⇥t)
, (16)

for the lightest quark mass and largest volume consid-
ered. The e�ective masses clearly plateau and can be
described at later times by a constant fit which gives a
mass in agreement with the two exponential fits to the
principal correlator that we typically use.

Figure 18 indicates the detailed quark mass and vol-
ume dependence of the ⇤ and ⇤⇤ mesons. We have already
commented on the unexplained sensitivity of the ⇤⇤ mass

to the spatial volume atm� = 391MeV, and we note that
since only a 163 volume was used at m� = 524MeV, the
mass shown there may be an underestimate.
Figure 19 shows the octet-singlet basis mixing angle,

⌅ = � � 54.74⇥, which by definition must be zero at the
SU(3)F point4 . While we have no particularly well mo-
tivated form to describe the quark mass dependence, it
is notable that the trend is for the data to approach a
phenomenologically reasonable value ⇤ �10⇥ [1, 45–47].

F. The low-lying vector mesons: ⇤,⇧,⌅

Figure 20 shows the e�ective masses of  ,� and ⌥ prin-
cipal correlators on the m� = 391MeV, 243⇥128 lattice.
The splitting between the ⌥ and  is small but statisti-
cally significant, reflecting the small disconnected contri-
bution at large times in this channel. At the pion masses
presented in this paper, the  and � mesons are kine-
matically stable against decay into their lowest thresh-
old channels, ⌃⌃⌃ and KK. In Figure 21 we show the
quark mass and volume dependence of the low lying vec-
tor mesons along with the relevant threshold energies.

4 Here we are using a convention where |�⇥ = cos ⇥|8⇥ � sin ⇥|1⇥,
|��⇥ = sin ⇥|8⇥+cos ⇥|1⇥ with 8,1 having the sign conventions in
Eqn 5.
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The fundamental equation of the 
strong nuclear force (the so-called 

Lagrangian of QCD)

What you see are the energies of 
particle predicted from QCD that will 

wide experimental efforts at GlueX Exotics!
 With the goal to see the emergence of nuclei from the fundamental equations of 

quarks and gluon, the theory group has been at the cutting edge of studies of light 
nuclei. Most recently the group (along with collaborators at other institutions) have 
been able to determine the energies of nuclei such as deuterium, helium-3 and 
helium-4. 

Light nuclei were first formed in the 
first 3 minutes of the evolution of the 

universe...

...and continue to be formed in fusion 
reactions inside the sun!
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by Raúl Briceño

mesons are particles made 
of quarks and antiquarks 
pulled together by gluons

up antiquark

up quark

GlueX will be able to see inside rare mesons and learn more 
about the forces between quarks. It does this by reconstructing 
the initial meson from its decays. This is like reconstructing a 

car accident from the debris...

Physical Review D 88, 094505 (2013)

The results of a calculation by the 
Hadron Spectroscopy Collaboration

The results of a calculation by the 
NPLQCD Collaboration

Physical Review D 87, 034506 (2013)

Fun fact: the force pulling quarks 
and antiquarks together is 

approximately 35,000 lbs! That’s 
about 2.3 times the weight of an 

male African elephant!

Fun fact: The power density density of 
the core of the sun is approximately 276.5 

watts/m3. This is about the same as a 
compost heap! This slow burning process 

is essential for the formation of life!

a grain of sand


