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Growing Relevance of Accelerators Worldwide

From: Dr. Robert W. Hamm
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The Structure of the Proton 

Naïve Quark Model:proton = uud (valence quarks)

QCD: proton = uud + uu + dd + ss + é

The proton sea has a non-trivial structure: u Í d

Ç The proton is far more than just its up + up + down (valence) quark structure

& gluons are abundant

Ç Gluon       photon: Radiates and recombines:

gluon dynamics Non-trivial sea structure



Results Published in 2017/2018 in Nature

5

Å Precision measurement of the weak charge of the 

proton, Qweak collaboration, 

Published: Nature 557, 207ï211 (2018)

Å The pressure distribution inside the proton, Burkert, 

Elouadrhiri, Girod, 

Published: Nature 557 (2018) no.7705, 396-399

Å A per-cent-level determination of the nucleon axial 

coupling for quantum chromodynamics, Berkowitz 

et. al., Published: Nature 558, 91-94 (2018)  

Å Ultrafast Nucleons in Asymmetric Nuclei, M. Duer et. 

al., CLAS Collaboration, 

Published:  Nature 560 (2018) no.7720, 617-621

Å A glimpse of gluons through deeply virtual compton

scattering on the proton, Dufurne et. al., Published: 

Nature Communications 8, 1408 (2017)



JLab: 21st Century Science Questions

Å What is the role of gluonic excitations in the 

spectroscopy of light mesons? Can these 

excitations elucidate the origin of quark 

confinement?

Å Where is the missing spin in the nucleon? 

Is there a significant contribution from 

valence quark orbital angular momentum?

Å Can we reveal a novel landscape of nucleon 

substructure through measurements of new 

multidimensional distribution functions?

Å What is the relation between short-range N-N 

correlations, the partonic structure of nuclei, 

and the nature of the nuclear force?

Å Can we discover evidence for physics beyond 

the standard model of particle physics?

excited gluon field
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Detector Requirements: Complementarity

Hall D Hall B Hall C Hall A

excellent 

hermeticity

luminosity 

1035

energy reach custom 

installations

polarized photons hermeticity precision

Eg~8.5-9 GeV 11 GeV beamline

108 photons/s target flexibility

good momentum/angle resolution excellent momentum resolution

high multiplicity reconstruction luminosity up to 1038

particle ID

SBS

SOLID

SOLID

MOLLER
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Simultaneous 4-Hall Beam Delivery since Jan 18, 2018

Now operating total 900 kW CW beam power to 4 Halls

INITIATED FOUR HALL OPERATION
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QCD

Large Distance

Low Energy

Small Distance

High Energy

Perturbative QCD Strong QCD

High Energy Scattering

Gluon Jets

Observed

Hadron Spectrum

no signature 

of gluons???
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Hadron Spectroscopy in the 21st Century

Searching for the rules that 

govern hadron construction
M. R. Shepherd, J. J. Dudek,  R. E. 

Mitchell

States with Exotic 

Quantum Numbers

Excited GlueHeavy quarks: 

XYZ states in the 

charmonium sector
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MESON SPECTROSCOPY: THE FUTURE

Quarks
Excited 

Gluon Field
Hybrid MesonÄ
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HALL D STRATEGY: COHERENT BREMSSTRAHLUNG

electrons in

photons out

spectrometer

diamond

crystal

ÅUse 8-9 GeV polarized photons 

(12 GeV electron beam)

ÅUse hermetic detector

with large acceptance 

ÅPerform amplitude analysis

This technique provides requisite 

energy, flux and polarization

(gain of 10,000 versus existing 

photo-production data)
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Gluonic Excitations and the mechanism for confinement

QCD predicts a rich spectrum of as yet to be discovered gluonic excitations -

whose experimental verification is crucial for our understanding of QCD in the 

confinement regime.

With the upgraded CEBAF, a linearly polarized photon beam, and 

the GlueX detector, Jefferson Lab will be uniquely poised to:

- discover these states 

- map out their spectrum 

- measure their properties

g

beam

States with Exotic 

Quantum NumbersDudek et al.

DIRC-based Cherenkov will allow access to decay channels with charged kaons

12 GeV electrons

Excited Glue
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J/ɊPHOTOPRODUCTION NEAR THRESHOLD

GlueXCollaboration, A.Aliet al άCƛǊǎǘ aŜŀǎǳǊŜƳŜƴǘ ƻŦ ƴŜŀǊ-threshold J/̞ exclusive 
photoproductionƻŦŦ ǘƘŜ ǇǊƻǘƻƴέ ŀǊ·ƛǾΥмфлрΦмлумм όaŀȅ нлмфύ 

ÅProbes gluonic field in the nucleon: measured cross section is larger than expected

ÅAlready cited by: Y.Hatta et al arXiv:1906.00894 ïcalculation involving the ñtrace 
anomalyò related to the gluonic contribution to the proton mass 

ÅLimits on the LHCb pentaquark BR to J/ɣp of about 2% at 90%CL

ÅAlready cited by: M.Voloshin arXiv:1905.13156 : Interpretation of the XYZ states



FY19 HALLS C & B ïNATURE OF CHARMED PENTAQUARK

15

5-quark 

bound state
What is the exact nature of the charmed 

pentaquark states discovered by the LHCb

collaboration at CERN?

P
c
Þ J y p

Hadronic 

molecule

gpÞ J/y p

Hall C
Hall B

high 

impact
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Proton Viewed in High Energy Electron Scattering: 
1 Longitudinal Dimension
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MEASURING HIGH-X STRUCTURE FUNCTIONS

REQUIRES:

Å High beam polarization

Å High electron current

Å High target polarization

Å Large solid angle spectrometers

12 GeV will access the regime (x > 0.3), 
where valence quarks dominate

x Ÿ1 predictionsF2
n/F2

p d/u A1
n A1

p

SU(6) 2/3 1/2 0 5/9

Diquark Model/Feynman 1/4 0 1 1

Quark Model/Isgur 1/4 0 1 1

Perturbative QCD 3/7 1/5 1 1

QCD Counting Rules 3/7 1/5 1 1

Projected JLab 12 GeV d/u Extraction

Marathon 3H/3He completed!
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MEASURING HIGH-X STRUCTURE FUNCTIONS

REQUIRES:

ÅHigh beam polarization

ÅHigh electron current

ÅHigh target polarization

ÅLarge solid angle spectrometers

12 GeV will access the regime (x > 0.3), 
where valence quarks dominate

Hall B: A1
p

(and A1
d)

Hall C: A1
n

(from A1
3He)
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MEASURING HIGH-X STRUCTURE FUNCTIONS

REQUIRES:

ÅHigh beam polarization

ÅHigh electron current

ÅHigh target polarization

ÅLarge solid angle spectrometers

12 GeV will access the regime (x > 0.3),   
where valence quarks dominate

Combine Hall B A1
p and Hall C A1

n

Ą extract Du/u and Dd/d

(constrained by knowledge of A1
n
Ą

requires polarized 3He performance!)

Du/u

Dd/d



HALL A TRITIUM (and Argon) RUNNING COMPLETED 
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Phys. Rev. C 98 (2018) no.1, 014617

Phys.Rev. C99 (2019) no.5, 054608Short Range Correlation (e.eôp) publication

submitted, arXiv:1902.06358v1

MARATHON 

preliminary results 

presented at April 

2019 APS in Denver

First tritium target used 

for electron scattering in 

three decades!

https://arxiv.org/abs/1902.06358v1
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Proton Viewed in High Energy Electron Scattering: 
1 Longitudinal Dimension
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Structure mapped in terms of

bT = transverse position

kT = transverse momentum

Valence Quarks: JLab 12 GeV

Sea Quarks and Gluons: EIC

Direction of longitudinal

momentum normal to

plane of slide

Goal:

Unprecedented

21st Century Imaging 

of Hadronic Matter

Nuclei!

Proton Tomography: 2 New Dimensions Transverse to 
Longitudinal Momentum



Nuclear Femtography ïSubatomic Matter is Unique

Interactions and structure are mixed up 

in nuclear matter: Nuclear matter is made 

of quarks that are bound by gluons that also 

bind themselves.  Unlike with the more 

familiar atomic and molecular matter, the 

interactions and structures are inextricably 

mixed up, and the observed properties of 

nucleons and nuclei, such as mass & spin, 

emerge out of this complex system.  

Ç Localized mass and charge centers ïvast ñopenò space:

Molecule:

ñWaterò

Crystal:

Rare-Earth metal 

Nanomaterial:

Carbon-based

Ç Not so in proton structure!



Nuclear Femtography - Imaging

In other sciences, imaging the physical systems under study

has been key

to gaining new 

understanding.  

Structure mapped

in terms of

bT = transverse position

kT = transverse momentum
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Exploring the 3D Nucleon Structure

Å After decades of study of the partonic structure of the nucleon we finally 

have the experimental and theoretical tools to systematically move beyond 

a 1D momentum fraction (xBj) picture of the nucleon.

ÅHigh luminosity, large acceptance experiments with polarized 

beams and targets.

Å Theoretical description of the nucleon in terms of a 5D Wigner 

distribution that can be used to encode both 3D momentum and 

transverse spatial distributions.

Å Deep Exclusive Scattering (DES) cross sections give sensitivity to 

electron-quark scattering off quarks with longitudinal momentum fraction 

(Bjorken) x at a transverse location b.

Å Semi-Inclusive Deep Inelastic Scattering (SIDIS) cross sections depend 

on transverse momentum of hadron, PhṶ, but this arises from both intrinsic 

transverse momentum (kT) of a parton and transverse momentum (pT) 

created during the [partonĄ hadron] fragmentation process.
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3D IMAGING OF THE NUCLEON

Transverse Spatial Imaging Transverse Momentum Imaging

GPDs: Longitudinal 

momentum fraction x at 

transverse location b 

TMDs: Longitudinal 

momentum fraction x and 

transverse momentum k 

Q2

t

x+x x-x

Bjxx¸

Bjx~x

e
e

g*

P
X

h

}
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New Paradigm for Nucleon Structure

Major new 

capability 

with JLab12

É TMDs 

ïConfined motion in a nucleon 

(semi-inclusive DIS)

É GPDs 

ïSpatial imaging 

(exclusive DIS)

É Requires 

ī High luminosity

ī Polarized beams and targets 

ī Sophisticated detector systems

5D

3D
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3D Imaging With JLab @ 12 GeV

Generalized  Parton Distributions (GPDs) and 

Transverse Momentum Distributions (TMDs)

Å CEBAF Large Acceptance Spectrometer 

(CLAS12) in Hall B: general survey experiments, 

large acceptance and medium luminosity

Å SHMS, High Momentum Spectrometer (HMS) and 

Neutral-Particle Spectrometer (NPS) in Hall C: 

precision cross sections for L-T studies and ratios, 

small acceptance and high luminosity

Å Super Bigbite Spectrometer (SBS) in Hall A : 

dedicated large-x TMD study

medium acceptance and high luminosity

Å Future: Solenoidal Large Intensity Device (SoLID)    

in Hall A: large acceptance and high luminosity
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TOWARDS THE 3D STRUCTURE OF THE PROTON

DVCS

BH

p p

e e

Simplest process: e + p Ąeô + p + g(DVCS)

Hall A data for Compton form 

factor (over limited Q2 range) 

agree with hard-scattering

ÅPolarized beam, unpolarized target: H(ɝ,t)

ÅUnpolarized beam, long. polarized target: H(ɝ,t)
~

ÅUnpolarized beam, transv. polarized target: E(ɝ,t)

Hall B beam-spin asymmetry and cross 

section data show potential for imaging 

studies from analysis in x, Q2 and t

Im
C
õ

12 GeV projections: confirm formalism 12 GeV projections: transverse spatial maps



Deeply Virtual Compton Scattering @ 11 GeV

30

ALU

Accepted for Nature

CLAS12 (projected)

Hall A DVCS 
scaling check 
completed

Hall B DVCS on 
H 50% complete
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TOWARDS SPIN/FLAVOR SEPARATION

Ç Need good understanding of reaction mechanism

ïQCD factorization for mesons

ïCan be verified experimentally through L/T separated cross sections

Ç Nucleon structure described by 4 (helicity non-flip) GPDs:  

ïH, E (unpolarized),    ,        (polarized)H
~

E
~

Ç Quantum numbers in DVMP probe individual GPD components selectively

ïVector : ɟº/ɟ+/K* select H, E

ïPseudoscalar: ,́ɖ,K select the polarized GPDs,      andH
~

E
~

pointlike?

Exclusive Reactions: BMN +­*g Deep Virtual Meson 

Production (DVMP)



32 32

Factorization Tests in p+ and K+ Electroproduction

Hard Scattering

GPD

,́ K, 

etc.ű

s= G(sT+ esL+ ecos(2f)sTT+ [e(e+1)/2]1/2cos(f)sLT)

Å Experimental validation of factorization essential for 

reliable interpretation of results from the JLab GPD 

program at 12 GeV for meson electro-production

p(e,eôK+)ȿ

Q-6

Q-4

Q-8

Fit: 1/Qn

xB=0.25

p(e,eôp+)n

xB = 0.40

Q-4

Q-6

Q-8

Å One of the most stringent tests of 

factorization is the Q2 dependence 

of the pand K electro-production 

cross section

ïůL scales to leading order as Q-6

Å K and ptogether provide quasi model-independent study

p+: up to Q2 = 10

K+: up to Q2 = 6
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TOGETHER STRONGER: 3D MOMENTUM IMAGING

ÅCLAS12 in Hall B
General survey, medium lumi

ÅSHMS, HMS, NPS in Hall C
L-T studies, precise p+/p-/p0 ratios

ÅSBS in Hall A
High x, High Q2, 2-3D

ÅSOLID in Hall A 
High lumi and acceptance ï4D
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Features of 3D Distributions/TMDs

Ex. TMD PDF for a given 

combination of parton and 

nucleon spins

transversity pretzelosity

U

L

T

U L T

f 1

g1L

g1T
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T
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T
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quark polarization

Boer-Mulders

worm-gear

Sivers

helicity

worm-gear

Å transverse position and momentum of partons

are correlated with the spin orientations of the 

parent hadron and the spin of the parton itself

Å transverse position and momentum of partons

depend on their flavor

Å transverse position and momentum of partons

are correlated with their longitudinal momentum

Å spin and momentum of struck quarks are 

correlated with remnant

Å quark-gluon interaction play a crucial role in 

kinematical distributions of final state hadrons, 

both in semi-inclusive and exclusive processes 

s f
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PROBING THE FLAVOR-DEPENDENCE OF KT-DISTRIBUTIONS

B.Musch et al PRD83 (2011) 094507

Higher probability 

to find more sea 

& d-quarks  at 

large kT

There are indications from both theory (lattice, chiral constituent quark model) 

and experimental data of the kT dependence of quark flavor distribution.

Hall-C: Phys.Rev. C85 (2012) 015202

HERMES, PRD 87 (2013) 074029

COMPASS, EPJC 73 (2013) 2531

Measurements of hadronic

multiplicities provide a 

crucial input for studies of 

kT dependence of spin 

independent distributions

0               0.5              1.0              

P.Schweitzer et al. arXiv:1210.1267

0 1 2 3

(a
rb

it
ra

ry
 u

n
it
s
)

h
M

-3
10

-2
10

-1
10

1 0.20 < z < 0.30

+h

>=4.572<Q

<x>=0.28

COMPASS 2006(part)

]
2

 [(GeV/c)2

T
p

0 1 2 3

-3
10

-2
10

-1
10

1 0.30 < z < 0.60

PreliminaryCOMPASS Preliminary

h+ from D 

M
h

(a
rb

it
ra

ry
 u

n
it

s
)

0 1 2 3

(a
rb

it
ra

ry
 u

n
it
s
)

h
M

-3
10

-2
10

-1
10

1 0.20 < z < 0.30

+h

>=4.572<Q

<x>=0.28

COMPASS 2006(part)

]
2

 [(GeV/c)2

T
p

0 1 2 3

-3
10

-2
10

-1
10

1 0.30 < z < 0.60

Preliminary

0.30 < z < 0.6

<x> = 0.054 

<Q2>=4.57



36 36

MOMENTUM TOMOGRAPHY WITH TMDS @ 11 GEV

Sivers function for d-quarks extracted from model 

simulations with a transverse polarized 3He target.  

d-quark momentum tomography for Sivers

function. The d-quark momentum density 

shows a  distortion and shift in kx. A non-

zero ŭkx value requires a non-zero orbital 

angular momentum.

ŭkx

JLab/12 GeV Goal Ą Precision in 3D Momentum Imaging of the Nucleon!

12 GeV ~ Valence Quark 

Region (x > 0.1)
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LONGITUDINAL CROSS SECTION: R = sL/sT IN SIDIS

RDIS

RDIS (Q2 = 2 GeV2)

ÅRDIS is in the naïve parton model related to the partonôstransverse momentum:

R = 4(M2x2 + <kT
2>)/(Q2 + 2<kT

2>).

ÅRDISĄ 0 at Q2
ĄÐis a consequence of scattering from free spin-½ constituents

Cornell 70ôs existing (H and D, p+ and p-)

JLab 12-GeV projected (H and D, p+ and p-)

ÅKnowledge on RSIDIS is non-existing

ÅRSIDIS may (will!) vary with z, and with pT

(JLab E12-06-104 will scan versus pT too)

ÅKnowledge on RSIDIS needed for any 

TMD-related asymmetry

ÅEven if one can relate RSIDIS to a flavor-

dependent average transverse 

momentum in a naïve parton model

(W. Melnitchouk et al, in progress), 

RSIDIS can not easily be integrated 

in a global TMD analysis as it is

sensitive to gluon and HT effects.
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The Incomplete Nucleon: Spin Puzzle

Å Proton has spin-1/2

Å Proton is a composite system consisting 

of spin-1/2 quarks and spin-1 gluons

This implies that the sum of angular momentum of quarks and gluons together must 

amount to 1/2. Can be due to:

Quark spin ~0.25 Quark orbital momentum

Gluon spin ~0.25 Gluon orbital momentum 

Classical: ~ r x p

Needs a cross-product or something three-dimensional!
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THE INCOMPLETE NUCLEON: SPIN PUZZLE

Longitudinal momentum fraction x 

and transverse momentum images

Longitudinal momentum fraction x 

and transverse spatial images

Up quark Sivers Function

12 GeV projections: valence quarks well mapped

Needs a cross-product or something three-dimensional!

Quark orbital momentum
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TOMOGRAPHY OF 4HE NUCLEUS @ 11 GEV

xB

Spin-0 4He Nucleus makes for 

much simpler extraction of GPDs 

Ą Tomography in terms of q and g

JLab DVCS Beam-Spin 

Asymmetry projections

Deep-Virtual Exclusive f

Production projections 

(R. Dupre and S. Scopetta,

EPJA 52 (2016) 159)
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PARTON DYNAMICS AND N-N CORRELATIONS

N-N Correlations: pairing due to tensor 

force and strong repulsive core

EMC effect: quark momentum 

in nucleus is altered

12 GeV science quest:

Åisospin dependence: 3H, 3He, 6,7Li, 9Be
10,11B, 40,48Ca

Åinitial spin dependence (7Li)

Åñtaggedò deep-inelastic scattering off 2H

with both slow and fast protons

E
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Hall C 9Be, 10,11B data in
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g1(A) ïñPolarized EMC Effectò

QMC
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ÅAfter 30 years, still no universally accepted model of the EMC-effect

ÅSpin degrees of freedom access specific nuclear orbitals and dynamical mechanisms

ÅPart of four-pronged EMC effect attack at 12-GeV: precision (while varying n/p ratio), 

extraction of F2
n, tagging, polarized

ÅCalculations indicate larger effect for polarized structure function ratio than for

unpolarized: scalar field modifies lower components of Dirac wave function

ÅSpin-dependent parton distribution functions for nuclei nearly unknown
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MØLLER PARITY-VIOLATING EXPERIMENT: NEW PHYSICS REACH
(EXAMPLE OF LARGE INSTALLATION EXPERIMENT WITH 11 GEV BEAM ENERGY)

Lee ~ 27 TeV

JLab Møller

LHC

New Contact Interactions

Known Higgs mass now 

fixes the SM curve Ą

Not ñjust another 

measurementò of sin2(Qw)

measured

ÅAFB(b) measures the 

product of e- and b-Z 

couplings

ÅALR(had) measures 

purely the e-Z couplings

ÅProposed APV(b) 

measures purely the

e-Z couplings at a 

different energy scale
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USE PRECISION JLAB DATA TO UNRAVEL THE C1Q & C2Q COUPLINGS

 

C1i ¹2gA

egV

i

 

C2i ¹2gV

egA

i

A

V

V

A

Vector quark couplings Axial-vector quark couplings

x (a [2C1uïC1d] +b[2C2uςC2d])

Nature 506, 67ï70 (06 February 2014)

The Jefferson Lab PVDIS Collaboration
See also News & Views, Nature 506, 43ï44 (06 February 2014)

2C2uïC2d = 0.145 +/- 0.068

With SoLID:     d(2C2u-C2d) = 0.003

SoLID

6 GeV

Composite model 

mass limits (g2 = 4p)

PVDIS is the only 

way to measure 

the small C2

6 GeV (+ SoLID@12 GeV)
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HEAVY PHOTON SEARCH

HPS (Hall B)

2015 Engineering Run

1.7 PAC days @ 1.05 GeV

2 GeV data taken in 2016, 

under analysis

Displaced decay 

vertex search

Search for a U(1) Heavy 

Gauge Boson following 

up on cosmological 

observations     

(PAMELA, AMS)

2019 Program: 

HPS (upgraded), 

APEX

APEX (Hall A)

Search for 50-500 

MeV Aô decaying 

promptly to e+e- pairs



46 46

WHY SHOULD YOU BE INTERESTED IN PIONS AND KAONS?

Alde et al (Fermilab E772) Phys. Rev. Lett. 64 2479 (1990)

Protons, neutrons, pions and kaons are the main building blocks of nuclear matter

1) The pion, or a meson cloud, explains light-quark asymmetry in the 

nucleon sea

2) Pions are the Yukawa particles of the nuclear force ïbut no evidence 

for excess of nuclear pions or anti-quarks 

3) Kaon exchange is similarly related to the LN interaction ïcorrelated 

with the Equation of State and astrophysical observations

4) Mass is enigma ïcannibalistic gluons vs massless Goldstone bosons
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PION FORM FACTOR AND STRUCTURE FUNCTION

monopole

Hard QCD obtained with˒ˉ
asy(x)

Hard QCD obtained with
the PDA appropriate to the 
scale of the experiment

Pion SF ï(1-x)1 or (1-x)2

dependence at large x?
Pion FF ïfirst quantitative access 

to hard scattering scaling regime?

Conformal 

QCD

RL

DSE

Implications if so: two 

longstanding puzzles 

could be solved

1. Magnitude of pion 

form factor in hard 

scaling regime

2. Power of pion parton

behavior  at large x

Also implications for nucleon 

and N* form factor interpretation    

(not shown here).

and kaon
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THE INCOMPLETE HADRON: MASS PUZZLE

Proton: Mass ~ 940 MeV
preliminary LQCD results on mass budget, 

or view as mass acquisition by DcSB

Kaon: Mass ~ 490 MeV
at a given scale,  less gluons than in pion

Pion: Mass ~ 140 MeV
mass enigma ïgluons vs Goldstone boson

ñMass without mass!ò

Bhagwat & Tandy/Roberts et al

{
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THE INCOMPLETE HADRON: MASS PUZZLE

ñé The vast majority of the nucleonôs mass is due to quantum fluctuations of quark-

antiquark pairs, the gluons, and the energy associated with quarks moving around at 

close to the speed of light. éò

Ç Proton mass:

GeV

MeV

Quark Energy Gluon Energy Quark Mass Trace Anomaly 

Relativistic motion Quantum fluctuation

ÇPreliminary Lattice QCD results:

Not unambiguous: Physical interpretation of the 

proton mass decomposition has to be done with 

care, as one seemingly treats gluons in the trace 

anomaly and in kinetic and potential energy as 

separate entities (C. Lorcé, Eur. Phys. J. C 78 

(2018) 120).
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MASS OF THE VISIBLE UNIVERSE

The strange quark is at the boundary -

both emergent-mass and Higgs-mass 

generation mechanisms are important.

Gluon mass-squared function

Emergent mass of 

the visible universe
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ñMass without mass!ò
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ORIGIN OF MASS OF QCDôS PSEUDOSCALAR
GOLDSTONE MODES

üThe mass of bound states increases as ãm with the constituent masses ïmp
2 ~ ãmq

ü In contrast, in quantum mechanical models, e.g., constituent quark models, the mass of 

bound states rises linearly with the mass of the constituents

ü E.g., with constituent quarks Q: in the nucleon mQ~ ӎmN ~ 310 MeV, in the pion            

mQ ~ ½mp~ 70 MeV, in the kaon (with one s quark) mQ ~ 200 MeV ïThis is not real.

ü In both DSE and LQCD, the mass function of quarks is the same, regardless what hadron 

the quarks reside in ïThis is real. It is the Dynamical Chiral Symmetry Breaking (DcSB) 

that makes the pion and kaon masses light.

Ç The pion is responsible for the long-range part of the 

nuclear force, acting as the basis for meson exchange 

forces and playing a critical role as an elementary field 

in nuclear structure Hamiltonians

Ç The pion is both the lightest bound quark system with a 

valence qq structure and a Nambu-Goldstone boson

Ç There are exact statements from QCD in terms of current 

quark masses due to PCAC 
(Phys. Rep. 87 (1982) 77; Phys. Rev. C 56 (1997) 3369; Phys. Lett. B420 (1998) 267) 

Ç Pseudoscalar masses are generated dynamically




