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Mass budget

• chiral limit mass: absence of Higgs coupling(Emergent Hadronic Mass)
• HB current mass:  Higgs-boson effects
• EHM+HB feed back: interference between Emergent Hadronic Mass and HB current mass

ü A very large fraction of the measured proton mass emerges as a consequence of the trace 
anomaly…by glue and the interactions between them; 

Absence of Higgs(in the chiral limit) 

ü Sum of hadron’s valence-quark current masses……..0.01 mp

Restoring Higgs boson couplings

5% for proton
Interference………………quark condensatesJ
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Mass budget
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• Pion and Kaon masses are ZERO(NG 
mode associated with DCSB)

• Considering vector and axial-vector 
mesons mass budget is interesting and 
useful.

• More details of strong interaction 
encountered.
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Higgs Modulating EHM
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The running coupling alters at mG so that 
modes with k2<m2 are screened from 
interactions and theory enters a practically 
conformal domain.

• Gluon/Quarks progressivley become more 
sorphisticated as experience grew with formulating 
and solving the quark gap equation and as 
computational methods and power improved for 
lattcie-regularised QCD.

PI running coupling of QCD

𝑉𝑎𝑙𝑒𝑛𝑐𝑒 𝑃𝑖𝑐𝑡𝑢𝑟𝑒 𝑎𝑡 𝐻𝑎𝑑𝑟𝑜𝑛𝑖𝑐 𝑆𝑐𝑎𝑙𝑒!
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PHYSICAL REVIEW VOLUME 125, NUMBER ANUARY 1, 1962

JUL&AN ScawxNGER
Harvard Urtiversity, Cambridge, 3dassachlsetts, and Urtiversity of Catiforrtia, los Angeles, California

(Received July 20, 1961)

It is argued that the gauge invariance of a vector field does not necessarily imply zero mass for an associ-
ated particle if the current vector coupling is sufficiently strong. This situation may permit a deeper under-
standing of nucleonic charge conservation as a manifestation of a gauge invariance, ~vithout the obvious
confIict ~ith experience that a massless particle entails.

&~OES the requirement of gauge invariance for a.
vector Geld coupled to a dynamical current imply

the existence of a corresponding particle with zero
mass? Although the answer to this question is invari-
ably given in the affirmative, ' the author has become
convinced that there is no such necessary implication,
once the assumption of weak coupling is removed. Thus
the path to an understanding of nucleonic (baryonic)
charge conservation as an aspect of a gauge invariance,
in strict analogy with electric charge, ' may be open for
the Grst time.
One potential source of error should be recognized at

the outset. A gauge-invariant system is not the con-
tinuous limit of one that fails to admit such an arbitrary
function transformation group. The discontinuous
change of invariance properties produces a correspond-
ing discontinuity of the dynamical degrees of freedom
and of the operator commutation relations. No reliable
conclusions about the mass spectrum of a gauge-
invariant system can be drawn from the properties of
an apparently neighboring system, with a smaller in-
variance group. Indeed, if one considers a vector Geld
coupled to a divergenceless current, where gauge
invariance is destroyed by a so-called mass term with
parameter mt, it is easily shown' that the mass spectrum
must extend below mp. The lowest mass value will
therefore become arbitrarily small as mo approaches
zero. Nevertheless, if m, o is exactly zero the commutation
relations, or equivalent properties, upon which this
conclusion is based become entirely different and the
argument fails.
If invariance under arbitrary gauge transformations

is asserted, one should distinguish sharply between
numerical gauge .functions and operator gauge func-
tions, for the various operator gauges are not on the
same quantum footing. In each coordinate frame there
is a unique operator gauge, characterized by three-
dimensional transversality (radiation gauge), for which
one has the standard operator construction in a vector
space of positive norm, with a physical probability
interpretation. When the theory is formulated with the
aid of vacuum expectation values of time-ordered
operator products, the Green's functions, the freedom
of formal gauge transformation can be restored. ' The
' For example, J. Schwinger, Phys. Rev. 75, 651 (1949).' T. D. Lee and C. N. Yang, Phys. Rev. 98, 1501 (1955).' K. Johnson, Nuclear Phys. 25, 435 (1961).' J. Schwinger, Phys. Rev. 115, '121 (1959).

A„P(P)=B(m') g„.—(P.
~.+P.~,) (~P)+P.P

P'+(&P)'

Here B(m') is a real non-negative number. It obeys the
sum rule

1= dm' B(m')

which is a full expression of all the fundamental equal-
time commutation relations.
The Geld equations supply the analogous construction

for the vacuum expectation value of current products
(j„(x)j„(x')), in terms of the non-negative matrix

j"(P)=m'B( ')(P»P g"P'). —
The factor m' has the derisive consequence that m=0
is not contained in the current vector's spectrum of
vacuum fluctuations. The latter determines B(m') for
ns&0, but leaves unspeciGed a possible delta function
contribution at m=0,

B(m') =Bob(m')+Bi(m')
The non-negative constant 80 is then Gxed by the sum
rule,

1=Be+ dms Bi(m').
0

Green's functions of other gauges have more compli-
cated operator realizations, however, and will generally
lack the positiveness properties of the radiation gauge.
Let us consider the simplest Green's function associ-

ated with the field A „(x),which can be derived from the
unordered product

(A„(x)A„(x'))

(dP) .a'vt* "&dm-s st+(p)b(p'+m')A„, (p),
(2or)s

where the factor +st(p)8(p'+ m) enforces the spectral
restriction to states with mass m& 0 and positive energy.
The requirement of non-negativeness for the matrix
A„„(p) is satisfied by the structure associated with the
radiation gauge, in virtue of the gauge-dependent asym-
metry between space and time (the time axis is specified
by the unit vector rt„):

PHYSICAL REVIEW D VOLUME 26, NUMBER 6 15 SEPTEMBER 1982

Dynamical mass generation in continuum quantum chromodynamics

John M. Cornwall
Department of Physics, University of California, Los Angeles, California 90024

(Received 30 April 1982)

We study the formation of a mass gap, or effective gluon mass (and consequent dimen-
sionful parameters such as the string tension, glueball mass, (Trg„„2), correlation
lengths) in continuum QCD, using a special set of Schwinger-Dyson equations. These
equations are derived from a resummation of the Feynman graphs which represent cer-
tain gauge-invariant color-singlet Green s functions, and are themselves essentially gauge
invariant. This resummation is essential to the multiplicative renormalizability of QCD
in the light-cone gauge, which we adopt for technical reasons. We close the dynamical
equations by "solving" a Ward identity, a procedure which, while exact in the infrared re-
gime, is subject to ambiguities and corrections in the ultraviolet regime which are beyond
the scope of the present work. (These ambiguities are less prominent for QCD in three
dimensions, which we discuss also. ) As discussed in an earlier work, quark confinement
arises from a vortex condensate supported by the mass gap. Numerical calculations of
the mass gap are presented, suggesting an effective gluon mass of 500+200 MeV and a
0+ glueball mass of about twice this value.

I. INTRGDUCTION

The extraction of dimensionful quantities (e.g.,
the string tension) in continuum QCD is a truly
quantum-mechanical problem since the classical
Lagrangian has no fixed scale of mass. The
pioneering instanton/meron work of Callan,
Dashen, and Gross' emphasized classical solutions
which themselves have no fixed mass scale, and
then attempted to introduce the renormalization-
group mass through one-loop quantum corrections.
However, even this difficult calculation failed to
provide a definitive cutoff mechanism for infrared
singularities, and it appears that the proposed
phase transition to a baglike state takes one un-
comfortably close to the momentum scale at which
the square of the one-loop running charge

g (k)=[bin( —k /A )]
turns negative and unphysical. [Here

11'b=
48m

is the lowest-order coefficient in the P function
P= bg + . . ;C~—is the Casimir eigenvalue of
the adjoint representation if no quarks are present,
as we shall assume, and C„=N for SU(N.]
Other authors have attempted to account for the

presence of fluctuating color-magnetic fields in the
QCD vacuum, beginning with the famous one-loop
correction to the QCD Lagrangian for constant

fields. But this has a minimum only for unphysi-
cal values of g; moreover, the minimum is un-
stable. Even in three-dimensional (d =3) QCD
(or equivalently, d =4 QCD at very high tempera-
tures) which has a dimensionful parameter in the
Lagrangian (g -mass) perturbation theory is only
useful at large momenta, just as for d =4, and the
problem of infrared singularities remains un-
resolved.
It may well happen that continued work on

merons, instantons, corrections to the Lagrangian,
etc., ultimately leads to a systematic and practical
picture of confinement in continuum QCD. But it
would clearly be valuable to have a picture which
allowed for a direct, intuitive grasp of the role of
the infrared cutoff and how it is used in calculat-
ing various dimensionful quantities. Moreover, it
must be shown that such a picture is systematically
derivable from first principles. We offer here the
first steps in such a derivation, which leads to the
conclusion that the gauge fields are effectively
described as massive. The gluon "mass" is not a
directly measurable quantity, but must be related
to other physical parameters by difficult calcula-
tions not yet done. Nevertheless the ideas behind
these calculations are easily grasped, and semi-
quantitative estimates of, e.g., the string tension
and glueball mass can be made.
We begin with a description of massive gluons at

the Lagrangian level, emphasizing that this can be
made locally gauge invariant. Although we speak

1982 The American Physical Society

• Schwinger
1962

• Cornwall
1982

• Binosi & Papavassiliou
Phys. Rept. 479 (2009)1-152
Pinch Technique: Theory and Applications

In QCD: Gluons become massive!
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Systematics---CJT effective potential

For Example

Ø2PI(1) : Rainbow-Ladder

H.J.Munczek and A. M. Nemirovsky,PRD28(1983)181
P.Maris and P.C.Tandy, PRC60(1999)055214
Si-xue Qin, et al., PRC84(2011)042202
J.M.Cornwall, PRD83(2011)076001

Ø2PI(1)+ 2PI(2a)

A. Bender, C. D. Roberts, L.Von Smmekal, 
PLB380(1996)7.

Ø3PI

R. Williams, C. S. Fischer, W. Heupel, PRD93 (2016) 
034026.

A long-standing way!!!
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Put Physics at Right Place: Minding the quark-gluon vertex

• Truncate quark-gluon vertex with DCSB-improvement 
ansatz;

• Performing the interaction from lattice QCD;
• Ward identity hold…guarantee proper current quark 

mass evolution;
• ACM generate quark mass and trigger DCSB.

LC, and C.D.Roberts,PRL103(2009)081601, PRC85(2012)052201;
D. Binosi, et al., PLB742(20015) 183
Sixue Qin, C.D.Roberts, arXiv: 2009.13637

7/15

DCSB improvement
Modulating spin-orbital splitting
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Quark Mass Generation_____Dynamical Chiral Symmetry Breaking

• DSEs meeting lQCD!
• Current quark mass 

evolution of MASS
• One parameter!

8/15

Rainbow-Ladder:  input strong 
interaction by hand

vs

Mass scale introduced by PI coupling

Trigger quark mass

DCSB enhance quark-gluon coupling
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Outline

𝜋
1.  Pion: boundsate+approximate Nambu-Goldstone boson 
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Maris, Roberts and Tandy, Phys. Lett. B420(1998) 267-273

Ø Pion’s Bethe-Salpeter amplitude Solution of the Bethe-Salpeter equation

Ø Dressed-quark propagator

Ø Axial-vector Ward-Takahashi identity entails(chiral limit)
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Symmetry constraints and Goldstone Boson------Model Independent!

𝑚! ∝ 𝑚

𝜋 • The symmetry-preserving improvement gurantee the Goldstone-boson character of 
PION;

• The symmetry-preserving improvement guarantee the cancelation of ATTRATIVE and 
REPULSIVE interaction in pseudoscalar and vector channels.
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Wave Function------Model dependent!
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Lei Chang, I. C. Cloët, J. J. Cobos-Martinez, C. D. Roberts, S. M. Schmidt, and P. C. Tandy
Phys. Rev. Lett. 110, 132001 (2013)
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Gluon distribution in Pion------DB prediction

11/15

Craig Roberts’s plot!
Zhouyou Fan and Huey-Wen Lin, arXiv:2104.06372.
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2.  Pion-Rho mass 
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Pion-rho mass splitting

𝜋

𝜌

𝛾1𝛾2 → 𝜎3𝜎4 → $+1 𝑓𝑜𝑟 𝑆 = 1
−3 𝑓𝑜𝑟 𝑆 = 0

Lei Chang, C.D.Roberts, 
PRC85(2012)052201(R)

• Scalar and tensor part of quark-
gluon vertex bring abundant 
types of interaction

• Nonperturbative Symmetry-Preserving truncation of scattering 
kernle ensure that the cancelation of ATTRATIVE and REPULSIVE 
interaction in pseudoscalar and vector channels.

Sixue Qin, C.D.Roberts, 
arXiv: 2009.13637
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Pion-rho mass splitting

𝜋

𝜌

𝛾1𝛾2 → 𝜎3𝜎4 → $+1 𝑓𝑜𝑟 𝑆 = 1
−3 𝑓𝑜𝑟 𝑆 = 0

Lei Chang, C.D.Roberts, 
PRC85(2012)052201(R)

• Scalar and tensor part of quark-
gluon vertex bring abundant 
types of interaction

Sixue Qin, C.D.Roberts, 
arXiv: 2009.13637

Chiral Quark Condensate at 1GeV
(0.241GeV)3 Roberts and Maris, arXiv: 97008029.
(0.236GeV)3 Maris and Tandy, arXiv: 9905056.
(0.251GeV)3 Qin, et al., arXiv: 1108.0603.
(0.271GeV)3 DB., herein

Mass splitting v.s Condensate
Interaction details does not matter!
M. Blank, A. Krassnigg and A. Maas
arXiv:1007.3901
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DB improved kernel enhance mass splitting 

𝜌

𝑎!
Sixue Qin, C.D.Roberts, arXiv: 2009.13637
R. Williams, C. S. Fischer, W. Heupel, PRD93(2016)034026
Lei Chang, C.D.Roberts, PRC85(2012)052201(R)

Produce the empirical 
value of ma1-mrho

• ACM does matter!
• Enhance the spin-orbital splitting!

Can Tang, Fei Gao, Yu-xin Liu, PRD100(2019)056001

Quarks carry charge

Rotation generate 
magnetic field

Affect magnetic 
moment

Spin-obital
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𝐾

𝜋

4. Pion/Kaon: 
Higgs Modulating EHM

up to strange…current mass evolution



Lei Chang (NKU) 14/15

Benefits

𝐾

𝜋
 

Red:  Chiral Limit_BRL 
Blue: Chiral Limit_RL 
Purple: Massive_BRL 
Black:   Massive_RL 

 
1, Rainbow-Ladder(RL) approximation need a large 
infrared interaction to present DCSB; 
2, Rainbow-Ladder(RL) approximation splitting flavor 
asymmetry too large 
3, Higgs Modulating quark-gluon vertex necessary 
 

• Ward identity hold…guarantee proper current quark mass evolution;

4. Pion/Kaon: 
Higgs Modulating EHM
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• Peak shifted to x=0.4,   20% to the 
left

• With increasing current mass of the 
heavier quark the distortion of this 
DA becomes more pronounced and 
its peak location moves toward 
x=0.

• The ratio is unity at 𝑄!=0, owing to 
current conservation

• pQCD predicts Unity on Λ"#$! /
𝑄!~0

• Between these limits, a peak value 

of roughly 1.5 at 𝑄!~6𝐺𝑒𝑉!(%!
"

%#"
≈

1.4)

• & ̅( $

&)* $ = 1.18 1 vs  & ̅( $

&)* $ = 1.38 7
• It may reasonably to anticipated that 

future refinements of lQCD setups, 
algorithms and analyses will move 
lattice and continuum DFs closer 
together

Higgs-boson modulation of EHM

PDA EMFF PDF
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𝐾

𝜋

𝜌

𝑎!

Thanks for your attention

• DCSB is illustrated and measured by chiral 
quark condenate which is almost truncation 
and model independent.

• Pion-rho mass splitting can be expressed by 
condensate.

• Rho-a1 mass splitting is due to the ACM 
which is a result of DCSB.

• The proper currrent quark mass evolution 
in the quark-gluon vertex guarantee 
correct description of pion-kaon 
difference.

• pion/rho              nucleon/delta
pion/kaon            nucleon/hyperon
rho/a1                  nucleon/N*(1535)

nucleon

Delta

hyperon

N*(1535)

NJU…see Jorge’s talk
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By machine (3PI)

R. Williams, C. S. Fischer, W. Heupel, PRD93(2016)034026.
Computers！！！


