
The	  posi1ons	  of	  the	  three	  
quarks	  composing	  the	  proton	  
are	  illustrated	  by	  the	  colored	  
spheres.	  The	  surface	  plot	  
illustrates	  the	  reduc1on	  of	  the	  
vacuum	  ac1on	  density	  in	  a	  plane	  
passing	  through	  the	  centers	  of	  
the	  quarks.	  The	  vector	  field	  
illustrates	  the	  gradient	  of	  this	  
reduc1on.	  The	  posi1ons	  in	  space	  
where	  the	  vacuum	  ac1on	  is	  
maximally	  expelled	  from	  the	  
interior	  of	  the	  proton	  are	  also	  
illustrated	  by	  the	  tube-‐like	  
structures,	  exposing	  the	  
presence	  of	  flux	  tubes.	  A	  key	  
point	  of	  interest	  is	  the	  distance	  
at	  which	  the	  flux-‐tube	  forma1on	  
occurs.	  The	  anima1on	  indicates	  
that	  the	  transi1on	  to	  flux-‐tube	  
forma1on	  occurs	  when	  the	  
distance	  of	  the	  quarks	  from	  the	  
center	  of	  the	  triangle	  is	  greater	  
than	  0.5	  fm.	  Again,	  the	  diameter	  
of	  the	  flux	  tubes	  remains	  
approximately	  constant	  as	  the	  
quarks	  move	  to	  large	  
separa1ons.	  	  



•  Three	  quarks	  indicated	  by	  red,	  green	  and	  blue	  spheres	  (lower	  leb)	  are	  localized	  by	  the	  
gluon	  field.	  

•  A	  quark-‐an1quark	  pair	  created	  from	  the	  gluon	  field	  is	  illustrated	  by	  the	  green-‐an1green	  
(magenta)	  quark	  pair	  on	  the	  right.	  These	  quark	  pairs	  give	  rise	  to	  a	  meson	  cloud	  around	  
the	  proton.	  	  

hEp://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/Nobel/index.html	  	  
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HOW does the rest of the proton mass arise? 
HOW does the rest of the proton spin (magnetic moment,…), arise? 

GeV 



Dyson-Schwinger and Lattice QCD 

Mass from nothing 

It is known that the dynamical chiral symmetry breaking; namely, the generation of mass from nothing, does 
take place in QCD. It arises primarily because a dense cloud of gluons comes to clothe a low- momentum 
quark.  The vast bulk of the constituent-mass of a light quark is contained in a cloud of gluons, which are 
dragged along by the quark as it propagates. In this way, a quark that appears to be absolutely massless at 
high energies acquires a large constituent mass at low energies. 



Low-lying Hadron Spectrum 
Dürr, Fodor, Lippert et al., BMW Collaboration 

Science 322, 1224  (2008) 
More than 99% of the mass of the visible universe is made up of protons and neutrons. Both particles are much 
heavier than their quark and gluon constituents, and the Standard Model of particle physics should explain this 
difference. We present a full ab initio calculation of the masses of protons, neutrons, and other light hadrons, using 
lattice quantum chromodynamics. Pion masses down to 190 mega–electron volts are used to extrapolate to the 
physical point, with lattice sizes of approximately four times the inverse pion mass. Three lattice spacings are used 
for a continuum extrapolation. Our results completely agree with experimental observations and represent a 
quantitative confirmation of this aspect of the Standard Model with fully controlled uncertainties 



Phys. Rev. Lett. 111, 252001 (2013)  
Isospin Splittings in the Light-Baryon Octet from Lattice QCD and QED 

In all cases, we find the coefficient of this term to be
consistent with zero.

These variations lead to 27 ¼ 128 different fits for each
of the isospin splittings and parameter combinations.
Correlating these with the 128 fits used to determine
!M2;ph and allowing various parameter combinations
but discarding fits with irrelevant parameters, we obtain
between 64 and 256 results for each observable. The
central value of a splitting is then the mean of these results,
weighted by the p-value. The systematic error is the stan-
dard deviation. Because we account for all correlations,
these fit qualities are meaningful. The whole procedure is
repeated for 2000 bootstrap samples, and the statistical
error is the standard deviation of the weighted mean over
these samples. We have also checked that the results are
changed only negligibly (far less than the calculated errors)
if they are weighted by 1 instead of by the p-value.

The !m corrections that we do not include in the sea
are NLO in isospin breaking and can safely be neglected.
The neglected Oð"Þ sea-quark contributions break flavor
SUð3Þ. Moreover, large-Nc counting indicates that they are
Oð1=NcÞ. Combining the two suppression factors yields an
estimate ðM" $MNÞ=ðNcMNÞ ’ 0:09. A smaller estimate
is obtained by supposing that these corrections are typical
quenching effects [18] that are SUð3Þ suppressed, or by
using [19] the NLO #PT results of Ref. [10]. However, in
the absence of direct quantitative evidence, it is safer to
assume that the EM contributions to the splittings carry an
Oð10%Þ QED quenching uncertainty.

Final results and discussion.—Combining the methods
described above, we obtain our final results for the total
octet baryon isospin splittings !MN , !M", and !M#

defined above. These results, together with those obtained
for the EM and !m contributions, are summarized in
Table I. We also plot them in Fig. 3, with the experimental
values for the full splittings. Our results are compatible
with experiment.

Concerning the separation into !m and EM contributions,
there exist very few determinations of these quantities up to
now. In the review [20], hadron EM splittings were esti-
mated using a variety of models and Cottingham’s formula

for the nucleon. These estimates are compatible with our
results within%1:5$. The EM nucleon splitting has recently
been reevaluated with Cottingham’s formula in Ref. [21],
yielding a result which is in better agreement with ours.
!MN has further been studied with sum rules in Ref. [22].
Besides the entirely quenched, pioneering work of

Ref. [23], ours is the only one in which the baryon octet
isosplittings are fully computed. The only other lattice
calculation of the full nucleon splitting is presented in
Ref. [24]. Like ours, it implements QED only for valence
quarks. While their !QCDMN agrees very well with ours,
agreement is less good for the EM contribution and total
splitting, which they find to be 0.38(7) and $2:1ð7Þ MeV,
respectively. That study was performed in rather small
volumes with a limited set of simulation parameters, mak-
ing an estimate of systematic errors difficult. The few other
lattice calculations consider only the !m contributions to
the baryon splittings, in Nf ¼ 2 [7,25] and Nf ¼ 2þ 1
[26,27] simulations. The results of Refs. [25–27] rely on
imprecise phenomenological input to fix mu=md or (mu $
md). The estimate for!QEDM

2
K of Ref. [28] is used directly

in Refs. [25,27] and that of Ref. [29], indirectly in
Ref. [26]. The most recent Nf ¼ 2 calculation [7] actually
determines !QEDM

2
K in quenched QED, as we do here

for Nf ¼ 2þ 1. !QCDMN is computed in Refs. [7,25,26],

while all three QCD splittings are obtained in Ref. [27].
The latter is also true in Ref. [30], where Nf ¼ 2þ 1
lattice results are combined with SUð3Þ #PT and phenome-
nology. Agreement with our results is typically good. In all
of these calculations, the range of parameters explored is
smaller than in ours, making it more difficult to control the
physical limit.
L. L. thanks Heiri Leutwyler for enlightening discus-

sions. We also thank Jérôme Charles and Marc Knecht

TABLE I. Isospin breaking mass differences in MeV for mem-
bers of the baryon octet. The first error is statistical, and the
second is systematic. As discussed in the text, we guesstimate
the QED quenching uncertainties on the EM contributions to
be Oð10%Þ. Propagating the uncertainty in !QEDM

2
K yields an

Oð4%Þ error on the !m contributions. The quenching uncertain-
ties on the total splittings can then be obtained by adding those of
the EM and !m contributions in quadrature. These guesstimates
are not included in the results.

X !MX !QEDMX !QCDMX

N $0:68ð39Þð36Þ 1.59(30)(35) $2:28ð25Þð7Þ
" $7:84ð87Þð72Þ 0.08(12)(34) $7:67ð79Þð105Þ
# $7:16ð76Þð47Þ $1:29ð15Þð8Þ $5:87ð76Þð43Þ

FIG. 3 (color online). Results for the isospin mass splittings of
the octet baryons (total) and the individual contributions to these
splittings from the mass difference mu $md (QCD) and from
EM (QED). The bands denote the size of these results. The error
bars are the statistical and total uncertainties (statistical and
systematic combined in quadrature). For comparison, the experi-
mental values for the total splittings are also displayed.
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How do the proton’s various constituents contribute to its overall spin? As illustrated by the  diagram, the 
quarks, antiquarks, and gluons are all believed to have their own intrinsic spins, and these must contribute. But 
so also must the relative orbital motions of the quarks and gluons inside the proton. The first measurements of 
the proton’s spin substructure have been made recently, employing the technique of deep inelastic scattering 
with spin-polarized beams bombarding spin-polarized targets. By combining these measurements with 
constraints from other data, one can infer the fraction of the proton’s spin carried by the intrinsic spin of quarks 
(and antiquarks) of different flavors. The results of experiments performed at CERN, SLAC, and DESY, 
summarized in the graph, point to an unexpected outcome: all the quarks and antiquarks together account for 
no more than one-third of the total spin. More direct probes of the spin alignment of different flavors of 
quarks, separation of the contributions from quarks and antiquarks, and extraction of information on the gluon 
spin contributions are goals of ongoing and planned second-generation experiments. 

http://physicsworld.com/cws/article/news/2014/jul/11/gluons-get-in-on-proton-spin 
http://www.scientificamerican.com/article/proton-spin-mystery-gains-a-new-clue1/  

The spin structure of the nucleon 
Rev. Mod. Phys. 85, 655 (2013) 



Where is the glue? Search for exotic particle 
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FIG. 1. A compilation of recent lattice QCD computations for both the isoscalar and isovector light mesons from Ref. [1],
including `¯̀

�
|`¯̀i ⌘ (|uūi+ |dd̄i)/

p
2
�
and ss̄ mixing angles (indicated in degrees). The dynamical computation is carried out

with two flavors of quarks, light (`) and strange (s). The s quark mass parameter is tuned to match physical ss̄ masses, while
the light quark mass parameters are heavier, giving a pion mass of 396 MeV. The black brackets with upward ellipses represent
regions of the spectrum where present techniques make it di�cult to extract additional states. The dotted boxes indicate states
that are interpreted as the lightest hybrid multiplet – the extraction of clear 0�+ states in this region is di�cult in practice.

FIG. 2. Spectrum of gluonic excitations in hybrid mesons (gray) and hybrid baryons (red, green, and orange) for three light
quark masses. The mass scale is m�m⇢ for mesons and m�mN for baryons to approximately subtract the e↵ect of di↵ering
numbers of quarks. The left calculation is performed with perfect SU(3)-flavor symmetry, and hybrid members of the flavor
octets (8F ), decuplet (10F ), and singlet (1F ) are shown. The middle and right calculations are performed with a physical ss̄
mass and two di↵erent values of m⇡.

•  Non-quark model mesons include exotic mesons, which have 
quantum numbers not possible for mesons in the quark model; 

•  glueballs or gluonium, which have no valence quarks at all; 
•  tetraquarks, which have two valence quark-antiquark pairs; 
•  hybrid mesons, which contain a valence quark-antiquark pair and 

one or more gluons. 

http://www.symmetrymagazine.org/article/september-2006/the-rise-and-fall-of-the-pentaquark  

Phys. Rev. D 84, 074023 (2011) 

http://www.gluex.org  



The Structure 

hadron spectroscopy 
 
The origin of confinement 
The origin of mass, spin 
Quantum numbers and symmetries 

nuclear spectroscopy 
 
The origin of nuclear force 
The origin of binding, spin 
Quantum numbers and symmetries 

s=1/2 J=2 

proton nucleus 




