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A Fascinating Program

• QCD: q-g-g vertices from lattice; 2-flavor dense matter

• EMC effect

• Baryon form factors

• Meson structure versus quark mass and in-medium 

• Mesic atoms; exotic states (tetra-quarks and penta-quarks)

• Holographic QCD

• Neutron stars: strangeness; dark matter; quarkyonic matter…
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Distribution Amplitudes for Pseudoscalar Mesons

• Study of Serna et al., using Bethe-Salpeter ladder 
approximation with flavor dependent dressing functions
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Ξ Hypernuclei

Vital importance for neutron star EoS

arXiv:2103.08793, Yoshimoto et al.
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Wang: Study of the EMC effect in the deuteron

Wang et al., Phys Rev Lett 125 (2020) 262002

Microscopic model of Melnitchouk et al., 
shows little of  valence EMC effect in D
arises from nucleons in SRC

Even more 
emphatic in 
off-shell models of 
Kulagin-Petti and 
CTEQ-JLab

pF = 300 MeV/c
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Baryon form factors in-medium

• Also computed other octet baryons
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My focus: Hadron Structure Free and In-Medium??

I. Why even ask this question?

− Should not: “standard model of nuclear physics” and EFT 

− Should:   EMC effect; Coulomb sum-rule; chiral restoration; 
percolation; transition to quark matter at high density; 
very large scalar and vector mean-fields in nuclei

2. Relevance to JLab at 12GeV, J-PARC, FAIR and the EIC(s)
and

Neutron Stars
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QCD

• Discovered:  early 1970s

• Constituent quark and bag models:  mid-70s

• Plus chiral symmetry:  cloudy bag model late 70s and early-80s

• Quarks in individual nucleons occupy a large fraction of the
volume of a nucleus – possible percolation; multi-quark 
fluctuations…

• Then two major experimental surprises strongly suggested 
a change in structure for bound nucleons
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The European Muon Collaboration (EMC) Effect
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• Observation stunned and electrified the 
HEP and Nuclear communities 38 years ago

• What is it that alters the quark momentum in the nucleus? 

Classic Illustration:  The EMC effect

J. Ashman et al., Z. 
Phys. C57, 211 (1993)

J. Gomez et al., Phys. 
Rev. D49, 4348 (1994)

The EMC Effect: Nuclear PDFs
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Coulomb Sum-Rule
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Theoretical agreement with this interpretation: Noble, Celenza et al., 
Mulders, Ericson et al., Brown and Rho………
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• New measurements and careful 
treatment of Coulomb distortion
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New Insight into the question:
What is the atomic nucleus?

There are two very different extremes….

These results potentially offer:



Page 15

Quark Structure matters/doesn’t matter

• Nuclear femtography: the science of mapping the 
quark and gluon structure of atomic nuclei is just 
beginning, with new experimental facilities

OR

• “Considering quarks is in contrast to our modern 
understanding of nuclear physics… the basic 
degrees of freedom of QCD (quarks and gluons) 
have to be considered only at higher energies. The 
energies relevant for nuclear physics are only a few 
MeV”
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What do we know?
• Since 1970s: Dispersion relations      intermediate range 

NN attraction is a strong Lorentz scalar

• In relativistic treatments (RHF, RBHF, QHD…) this 
leads to mean scalar field on a nucleon ~300 to 500 MeV!!
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Just one example of very large scalar mean-fields

Brockmann and Machleidt, Phys Rev C52 (1990) 1965
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What do we know?
• Since 1970s: Dispersion relations      intermediate range 

NN attraction is a strong Lorentz scalar

• In relativistic treatments (RHF, RBHF, QHD…) this 
leads to mean scalar field on a nucleon ~300 to 500 MeV!!

• This is not small – up to half the nucleon mass
- death of “wrong energy scale” arguments

• Largely cancelled by large vector mean field BUT these 
have totally different dynamics: ω0 just shifts energies, 
σ seriously modifies internal hadron dynamics

• Latter cannot be accurately captured by EFT with N and π
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Suggests a different approach : QMC Model

• Start with quark model (MIT bag/NJL...) for all hadrons

• Introduce a relativistic Lagrangian 
with σ, ω and ρ mesons coupling 
to non-strange quarks

• Hence, initially only 4 parameters
(mσ , gσ,ω,ρ

q)
− determine by fitting to:

ρ0 , E/A and symmetry energy
− same in dense matter & finite nuclei

• Must solve self-consistently for the internal structure  of 
baryons in-medium

(Guichon, Saito, Tsushima et al., Rodionov et al., Stone
- see Saito et al., Prog. Part. Nucl .Phys. 58 (2007) 1 and 
Guichon et al., Prog. Part. Nucl. Phys. 100 (2018) 262-297 for reviews)
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Self-consistent solution for confined quarks in 
a hadron in nuclear matter

Source of σ
changes:

and hence mean scalar field changes…

and hence quark wave function changes….

SELF-CONSISTENCY

THIS PROVIDES A NATURAL SATURATION MECHANISM
(VERY EFFICIENT BECAUSE QUARKS ARE LIGHT)

source is suppressed as mean scalar field increases 
(i.e. as density increases)

( )σ σσ σ= − +
   2

* ( ) ( ) ( )
2
dM R M g R g R



Page 21

Quark-Meson Coupling Model (QMC): 
Role of the Scalar Polarizability of the Nucleon

The response  of the nucleon internal structure to the 
scalar field is of great interest… and importance

( )σ σσ σ= − +
   2

* ( ) ( ) ( )
2
dM R M g R g R

Non-linear dependence through the scalar polarizability
d ~ 0.22 R in original QMC (MIT bag)

Indeed, in nuclear matter at mean-field level,
this is the ONLY place the response of the 
internal structure of the nucleon enters.  

( )σ σσ σ= − +
   2

* ( ) ( ) ( )
2
dM R M g R g Rr
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Summary : Scalar Polarizability

• Consequence of polarizability in atomic physics is
many-body forces:

− same is true in nuclear physics

• Three-body forces generated with NO new parameters

V = V12 + V23 + V13 + V123

Scalar Polarizability ≡ Many-Body Forces
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Application to nuclear structure
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Derivation of Density Dependent Effective Force

• Start with classical theory of MIT-bag nucleons with structure 
modified in medium to give Meff (σ).

• Quantise nucleon motion (non-relativistic), 
expand in powers of derivatives

• Derive equivalent, local energy functional:

First structure calculations: Phys Rev Lett 116 (2016) 092501
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Latest development: QMC pi3
• Correct to all order in nuclear density; add σ3 term; calculate pairing
• Now just 5 parameters – cf. 15+ in typical Skyrme calculations 
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Giant Monopole Resonances 

Kay Martinez et al., Phys Rev C100 (2019) 024333
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Deformation Good: e.g. Gd (Z=64) isotopes

Kay Martinez et al., Phys Rev C100 (2019) 024333
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Superheavy Nuclei Z ≥ 100
For QMCπ-III binding energies reproduced at better than 0.1% 

To be published – model details in Martinez et al.,
Phys Rev C102, 034304 (2020)
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Modified Electromagnetic Form Factors In-Medium
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Response Function

RPA correlations repulsive
Significant reduction in Response
Function from the modification of  bound-nucleon  

Cloët, Bentz & Thomas, PRL 116 (2016) 032701      
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Comparison with Unmodified Nucleon & Data

Data: Morgenstern & Meziani
Calculations: Cloët, Bentz & Thomas (PRL 116 (2016) 032701)
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Experimental Test at Mainz & JLab*

e
e'

p
4He

L

T

σT / σL ~ GE/GM : Compare ratio in 4He and in free space

S. Dieterich et al. , Phys. Lett. B500 (2001) 47; and JLab report 2002

Capacity to measure polarization in coincidence: 
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QMC
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Jefferson Lab & Mainz

QMC medium effect  predicted more than 
a decade years before the experiment 
(D.H. Lu et al., Phys. Lett. B 417 (1998) 217)

Polarized
4He(e,e’p) 
measuring 
recoil p 
polarization
(T/L : GE/GM)

Strauch et al., EPJ Web of Conf. 36 (2012) 00016
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Nuclear DIS Structure Functions :
The EMC Effect

The QMC approach is ideal as one MUST start 
with a theory that quantitatively describes 
nuclear structure and allows calculation of 
structure functions

– there are no other examples.....
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First calculation based on calculated change in structure 
in-medium within QMC model – early 90s

More recently by Bentz, Cloët and Thomas using
NJL rather than MIT bag model 
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EMC Effect for Finite Nuclei

Cloët, Bentz &Thomas, Phys. Lett. B642 (2006) 210 
(nucl-th/0605061)

(There is also a spin dependent EMC effect - as large as unpolarized)
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Spin-EMC Effect is a crucial test

• Tensor correlations leading to high momentum 
components in nuclear wave function have been 
proposed as an alternate explanation of the EMC 
effect

• The tensor force scatters 3S1 pairs almost entirely into 
3D1 at high momentum (~84% at p > 400 MeV/c)

• Nucleons in SRC are depolarized – simple Clebsch-
Gordan coefficients - and cannot contribute to spin-
EMC effect

• That is, SRC idea gives essentially NO spin-EMC effect

AWT - Int J Mod Phys 27 (2018) 1840001 (Ernest Henley Memorial)
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Approved JLab Experiment

Other tests (e.g. Isovector EMC effect) 
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Linear relation of # in SRC vs Slope of EMC 
effect     SRC explain the EMC effect

From Doug Higinbotham

Entire EMC effect from 
the change in SF of 
nucleons in SRC

My comment
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Further: change in F2 is dramatic in SRC approach
• Does not look so bad but

nd
SRC is of order 0.03 
(p> 0.3 GeV: only ~80 MeV off-shell))

• Hence suppression of structure of 
correlated nucleons is greater than or of 
order 100% in the valence region

Such a dramatic 
change is not viable F S

R
C

2d
 / 

F2
d

Wang et al., Phys Rev Lett 125 (2000) 262002
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Neutron Stars
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NICER
2021

PSR J0030:  1.4  solar masses R ~13km
PSR J0740:  ~2.1 solar masses R~12.5 to 13.5km

Neutron Star Interior Composition Explorer
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Recent Study Motivated by GW170817

• Includes isovector scalar meson

Motta, Kalaitzis  et al., Ap J 878 (2019) 159 

Nicer
Constraint

12.5 – 13.5km

~13 km
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Species Fractions: in β-equilibrium

10%

1%

0.1%

nB

100%
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Tidal deformability

• Band deduced by LIGO-Virgo analysis of GW170817
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Outlook

• The study of Hadrons, Nuclei and Neutron 
Stars is crucial to understanding QCD

• It seems natural that the structure of bound systems 
will be modified in a strongly interacting medium

• Theoretical and experimental efforts to identify such 
changes are vitally important

• Amongst other benefits these efforts promise a much 
deeper and more satisfying understanding of nuclear structure
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Special Mentions……

Guichon Tsushima Stone

BentzCloët

Saito

Whittenbury SimenelMatevosyan

Krein

Martinez Motta KalaitzisAntic Wang
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Key papers on QMC

• Two major, recent papers:
1. Guichon, Matevosyan, Sandulescu, Thomas,

Nucl. Phys. A772 (2006) 1.
2. Guichon and Thomas, Phys. Rev. Lett. 93 (2004) 132502 

• Built on earlier work on QMC: e.g.         
3. Guichon, Phys. Lett. B200 (1988) 235
4.  Guichon, Saito, Rodionov, Thomas,

Nucl. Phys. A601 (1996) 349

• Major review of applications of QMC to many
nuclear systems:

5.    Saito, Tsushima, Thomas, 
Prog. Part. Nucl. Phys. 58 (2007) 1-167 (hep-ph/0506314)  
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References to: Covariant Version of QMC
• Basic Model: (Covariant, chiral, confining version of NJL)

•Bentz & Thomas, Nucl. Phys. A696 (2001) 138

• Bentz, Horikawa, Ishii, Thomas, Nucl. Phys. A720 (2003) 95

• Applications to DIS:

• Cloet, Bentz, Thomas, Phys. Rev. Lett. 95 (2005) 052302

• Cloet, Bentz, Thomas, Phys. Lett. B642 (2006) 210 

• Applications to neutron stars – including SQM:

• Lawley, Bentz, Thomas, Phys. Lett. B632 (2006) 495

• Lawley, Bentz, Thomas, J. Phys. G32 (2006) 667 
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