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In the nineteenth 
century, Descartes was 

revered for his 
mechanistic physiology 
and theory that animal 

bodies are machines 
(that is, are constituted 

by material mechanisms, 
governed by the laws of 

matter alone). 



Strong Interactions in the 

Standard Model of Particle Physics

ü Chromodynamics = non-Abelian, relativistic gauge field theory

ü Problems

ςQuantise the theory

ςSolve for the spectrum of supported states

ςElucidate their internal structure, i.e. expose & explain how the states 
are built from the gluon & quark fields used to express the Lagrangian

ü Special features of chromodynamics

ς˕ ɹẗ5 ˕ involves gluon-quark interactions, a normal part of theories 
since Maxwell, i.e. matter-field interactions

ςG˃ ˄
a G˃ ˄

a involves gluon self-interactions = field-field interactions 

Χ Essentially New Feature
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Gluon fields here
(Force field)

Quark fields here (material)



Strong Interactions in the 

Standard Model of Particle Physics

ü Extract fromspectrum of 
nucleon states 
(resonances) with mass 
less-than 2GeV

ü Experiment (PDG) 
compared with theory 
(AO, J, BG)

ü Theory results are 
outcome of massive 
computational effort, 
analysing 22,348
independentdata points, 
representing complete 
array of partial waves

ü Partly Emergent Χ !h ϧ W 
computations use 
meson-baryon degrees-
of-freedom
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bŀǘǳǊŜΩǎ ǎŎŀƭŜ ŦƻǊ ǾƛǎƛōƭŜΣ ǎǘǊƻƴƎƭȅ-interacting matter 
= 1 GeV = 1.783×10ҍнтkg Ғ нллл × me



Strong Interactions in the 

Standard Model of Particle Physics
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bŀǘǳǊŜΩǎ ǎŎŀƭŜ ŦƻǊ ǾƛǎƛōƭŜΣ ǎǘǊƻƴƎƭȅ-interacting matter 
= 1 GeV = 1.783×10ҍнтkg Ғ нллл × me

ü Extract fromspectrum of 
nucleon states 
(resonances) with mass 
less-than 2GeV

ü Experiment (PDG) 
compared with theory 
(AO, J, BG)

ü Theory results are 
outcome of massive 
computational effort, 
analysing 22,348
independentdata points, 
representing complete 
array of partial waves

ü Partly Emergent Χ !h ϧ W 
computations using 
meson-baryon degrees-
of-freedom

Why?
How?



Strong Interactions in the 

Standard Model of Particle Physics

üOnly apparent scale in chromodynamics is mass of the quark field

ü In connection with everyday matter, that mass is 1/250th of the 
natural (empirical) scale for strong interactions,

viz. more-than two orders-of-magnitude smaller

ü Reductionist:
ςQuark mass is said to be generated by Higgs boson.

ü Plainly, however, that mass is very far removed from the natural 
scale for strongly-interacting matter

ü Nuclear physics mass-scale ς1 GeV ςis an emergent feature of the 
Standard Model
ςNo amount of staring at LQCDcan reveal that scale

ü Contrast with quantum electrodynamics, e.g. spectrum of hydrogen 
levels measured in units of me, which appears in LQED
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Nuclear Models & EFTsüModels and EFTs for nuclear 
physics typically assume and accept 
the existence of the natural mass 
scale, mpҒ1 GeV

ü Assume and accept, too, the reality 
of effectively pointlikenuclear 
constituents (proton, neutron, etc.) 
and force carriers (pion and, 
perhaps, other meson-like entities)
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üLǎǎǳŜ ґ ŜƭǳŎƛŘŀǘŜ ǘƘŜƛǊ ƛƴǘŜǊƴŀƭ ǎǘǊǳŎǘǳǊŜ
Instead, develop systematically improvable techniques that can reliably 
describe & predict the number & nature of (atomic) nuclei

ü Reductionism built on an emergent plateau

ü Basic reductionist question here: 

ςCan the plateau upon which the nuclear model/EFT paradigm is built be 
constructed from chromodynamics?  

üLŦ άȅŜǎέΣ ǘƘŜƴ ŀƭƭ ǇŀǊŀƳŜǘŜǊǎ ǳǎŜŘ ŀƴŘ ŦƛǘǘŜŘ ƛƴ ƴǳŎƭŜŀǊ ǘƘŜƻǊƛŜǎ 
will be confronted with ab initiopredictions



Nuclear Models & EFTs

ü{ǳǇǇƻǎŜ ǘƘŜ ŀƴǎǿŜǊ ƛǎ άȅŜǎέ ƻǊΣ ŀǘ ƭŜŀǎǘΣ ǘƘŀǘ ǘƘŜ ŎƻƴƧŜŎǘǳǊŜ ƛǎ 
plausible

üWhy?

ü Example, magnetic moments of light nuclei
nuclear shell model ᵾ lattice-regularised QCD 

Vd = p + n ᵼ d˃Ғ ˃p + ˃ n

V
3H = pҧ (1s) + nҧnҨ (1s) 

ᵼ˃ό3Hύ Ғ p˃ + ˃ n - n˃ = ˃ p

V
3He = pҧpҨ (1s) + nҧ (1s) 

ᵼ˃ό3Heύ Ғ n˃ + ˃ p - p˃ = ˃ n
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2015 NSAC Long Range Plan, 
Nuclear Science
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Whence Mass?

üClassical chromdynamicsΧ non-Abelian local gauge theory 

üRŜƳƻǾŜ ǘƘŜ ŎǳǊǊŜƴǘ Ƴŀǎǎ Χ ƴƻ ŜƴŜǊƎȅ ǎŎŀƭŜ ƭŜŦǘ

üNo dynamics in a scale-invariant theoryΤ ƻƴƭȅ ƪƛƴŜƳŀǘƛŎǎ Χ ǘƘŜ 
theory looks the same at all length-scales Χ there can be no 
clumps of anything Χ hence bound-states are impossible.

ü hǳǊ ¦ƴƛǾŜǊǎŜ ŎŀƴΩǘ ŜȄƛǎǘ

üIƛƎƎǎ ōƻǎƻƴ ŘƻŜǎƴΩǘ ǎƻƭǾŜ ǘƘƛǎ ǇǊƻōƭŜƳΧ ƴƻǊƳŀƭ ƳŀǘǘŜǊ ƛǎ 
constituted from light-quarks & the mass of protons and 
neutrons, the kernels of all visible matter, are 100-times larger 
than anything the Higgs can produce

ü Where did it all begin? 
Χ ōŜŎƻƳŜǎ Χ Where did it all come from?
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Whence Mass?

ü Poincaréinvariance entails that the Energy-Momentum Tensor is 
divergence-free, i.e. it defines a conserved current:

ü Noethercurrent associated with a global scale transformation: 

xҦ e- x̀
is the dilation current: D˃=˄T˃ x˄˄

ü In a scale invariant theory, the dilation current is conserved

ü Consequently, in a scale invariant theory

the energy-momentum tensor must be traceless: T˃˃  0
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T˃ c˄an always
be made symmetric



Trace Anomaly
ü Classical chromodynamics is meaningless Χ must be quantised

ü Regularisation and renormalisation of (ultraviolet) divergences 
introduces a mass-scale 

Χ dimensional transmutation: mass-dimensionless quantities become 
dependent on a mass-scale, y

ü Ҧh hόʸύƛƴ v/5Ωǎ (massless) Lagrangiandensity, L(m=0)
Under a scale transformation  y  Ҧ eˋy Σ then Ҧhˋ h̡όʰύ

LҦ ̀  h̡όʰύdLκŘʰ
ᵼҜ˃D˃= ɻ L/ʵ =̀ h ό̡ʰύdL/Ř Ґh ό̡ʰύ¼G˃ G˄˃ =˄ T́ =́: ɸ0

ü Straightforward, nonperturbativederivation, without need for 
ŘƛŀƎǊŀƳƳŀǘƛŎ ŀƴŀƭȅǎƛǎ Χ 

quantisation of renormalisablefour-dimensional theory 
forces nonzero value for trace of energy-momentum tensor
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Trace 
anomaly

QCD ̡ function
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Trace Anomaly
üYƴƻǿƛƴƎ ǘƘŀǘ ŀ ǘǊŀŎŜ ŀƴƻƳŀƭȅ ŜȄƛǎǘǎ ŘƻŜǎ ƴƻǘ ŘŜƭƛǾŜǊ ŀ ƎǊŜŀǘ ŘŜŀƭ Χ 

indicates only that a mass-scale exists

ü Can one compute and/or understand the magnitude of that scale?

üOne can certainly measureǘƘŜ ƳŀƎƴƛǘǳŘŜ Χ ŎƻƴǎƛŘŜǊ ǇǊƻǘƻƴΥ

üLƴ ǘƘŜ ŎƘƛǊŀƭ ƭƛƳƛǘ ǘƘŜ ŜƴǘƛǊŜǘȅ ƻŦ ǘƘŜ ǇǊƻǘƻƴΩǎ Ƴŀǎǎ ƛǎ ǇǊƻŘǳŎŜŘ ōȅ ǘƘŜ 
trace anomaly, ɸ0

Χ Lƴ v/5Σ ɸ0 measures the strength of gluon self-interactions 

Χ ǎƻΣ ŦǊƻƳ ƻƴŜ ǇŜǊǎǇŜŎǘƛǾŜΣ mp is completely generated by glue.
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Trace Anomaly

ü In the chiral limit

ᵼ

üDoes this meanthat the scale anomaly vanishes trivially in the 
pion state, i.e. gluons contribute nothing to the pion mass? 

üThat is a difficult way to ƻōǘŀƛƴ άȊŜǊƻέ

üEasier, perhaps, to imagine that άȊŜǊƻέ ƻǿŜǎ to cancellations 
between different operator-component contributions to the 
expectation value of ɸ0.  

üOf course, such precise cancellation should not be an accident.  

It could only arise naturally because of some symmetry and/or 
symmetry-breaking pattern.
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Trace Anomaly
ü In the chiral limit

ᵼ

üNo statement of the question 

ά²ƘŜƴŎŜ the proton's massΚέ 

is complete without the additional clause 

ά²ƘŜƴŎŜ the absenceof a pion massΚέ
üNatural nuclear-physics mass-scale must emerge simultaneously 

with the apparent preservation of scale invariance in related 
systems
ςExpectation value of ɸ0 in pion is always zero, irrespective of the size of 

the natural mass-scale for strong interactions = mp

ü Is there a reductive explanation?
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Whence ò1ó and yet ò0ó ?

üBoth statements are Poincaréinvariant

ü In connection with any bound-state, the only things that any two 
observers can certainly agree upon are the eigenvalues of the two 
Casimir operators of the Poincarégroup evaluated in that state:

ςM2Ҧ m2 &   W2Ҧ Ƴ2 j(j+1)

Χ   ǘƘŜ Ƴŀǎǎ ŀƴŘ ǘƻǘŀƭ ǎǇƛƴ

üNo decomposition of these quantities into separate contributions 
from constituents can ever be Poincaré-invariant or scale-invariant 

ςThis fact lies at the heart of the so-ŎŀƭƭŜŘ άǎǇƛƴ-ŎǊƛǎƛǎέΣ ǿƘƛŎƘ 
could therefore have been avoided
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Whence ò1ó and yet ò0ó ?

üEven using light-front quantisation, both the naturesof and 
contributionsfrom constituents changes with resolving scale, ʸ

In fact, the meaningof constituentchanges with y

üCan it be sensible to attempt an expression of these trace anomaly 
statements in a particular frame, e.gΦ ŀ ƘŀŘǊƻƴΩǎ ǊŜǎǘ-frame?

üDifficulty

Χ ŀ ƳŀǎǎƭŜǎǎ ǇŀǊǘƛŎƭŜ ŘƻŜǎƴΩǘ ƘŀǾŜ ŀ ǊŜǎǘ ŦǊŀƳŜ

üFor a unified, simultaneous description, seems that a Poincaré-
invariant analysis would be advantageous
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Whence?

ü/ƭŀǎǎƛŎŀƭ ŎƘǊƻƳƻŘȅƴŀƳƛŎǎ Χ ƴƻƴ-Abelian local gauge theory 

üLocal gauge invariance; but there is no confinement without a 
mass-scale
ςThree quarks can still be colour-singlet

ςColour rotations will keep them colour singlets

ςBut they need have no proximity to one another 
Χ ǇǊƻȄƛƳƛǘȅ ƛǎ ƳŜŀƴƛƴƎƭŜǎǎ ƛƴ ŀ ǎŎŀƭŜ-invariant theory

ü²ƘŜƴŎŜ Ƴŀǎǎ Χ ŜǉǳƛǾŀƭŜƴǘ ǘƻ ǿƘŜƴŎŜ ŀ Ƴŀǎǎ-ǎŎŀƭŜ Χ 
equivalent to whence a confinement scale

üUnderstanding the origin and absence of mass in QCD is quite 
likely inseparable from the task of understanding confinement. 

Existence alone of a scale anomaly answers neither question
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