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EHM  =  Emergence of Hadron Mass
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EHM  =  Emergence of Hadron Mass

• Why is its mass emergent?

• What is a hadron made of?
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In philosophy, systems theory, science, and art, emergence occurs 
when an entity is observed to have properties its parts do not have on 
their own, properties or behaviors which emerge only when the parts 
interact in a wider whole.

In particle physics, a hadron /ˈhædrɒn/ (Greek: ἁδρός, hadrós; "stout, 
thick") is a subatomic composite particle made of two or 
more quarks held together by the strong force in a similar way 
as molecules are held together by the electromagnetic force.

EHM  =  Emergence of Hadron Mass

• Why is its mass emergent?

• What is a hadron made of?
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Massive hadrons are made of (almost) massless quarks!

10 MeV

1000 MeV

Can we have an intuitive and simple answer? 
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Yes!Can we have an intuitive and simple answer? 

m → m*Electrons in solid: Bound-states of quasi-quarks
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EHM Trilogy

• How are quasi-quarks bounded?

• How do quasi-quarks look like?

• How is the spectrum produced?
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2.1 Basic concepts in QCD 11
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Quark propagator: Gluon propagator:

Ghost propagator:

Ghost-gluon vertex:

Quark-gluon vertex:

Figure 2.1: DSEs for quark, gluon and ghost propagators and the ghost-gluon and
quark-gluon vertices. White blobs denote dressed propagators, filled blobs represent
1PI Green functions.

implemented in the functional description through equations for the 1PI vertices, the
requirement of gauge invariance of the generating functional leads to Ward-Takahashi
(WTIs) and Slavnov-Taylor identities (STIs) which interrelate the Green functions of
a gauge theory. Although the gauge-fixed action of QCD is no longer invariant with
respect to local gauge transformations, it still satisfies global gauge symmetry and
BRST symmetry [26, 27]. The latter is formally equivalent to a gauge transformation
by a ghost field and can be used to derive the STIs. Moreover it can be shown that
requiring BRST invariance of a gauge theory generates both the ghosts and the gauge
fixing while ensuring gauge independence of physical observables [28].

G. Eichmann, arXiv:0909.0703

8

DSE: Non-perturbative QCD Solver

⟨ δS[ϕ(x)]
δϕ(x) ⟩ = 0

Principle of Least Action

Dyson-Schwinger Equations
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22 Mesons
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Figure 3.1: The quark DSE (3.2) in pictorial form.

The dressed quark-gluon vertex consists of 12 tensor structures and can be written as

�µ(l, k, µ) =
4X
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where the f
(j)
i (l2, l ·k, k

2
, µ

2) are Lorentz-invariant dressing functions. A possible rep-
resentation of the Dirac basis elements is given by

⌧i(l, k) = {1, /k, l/, [ l/, /k]} . (3.6)

The four longitudinal basis elements ⇠ k
µ do not survive in the quark-DSE integral

because of the transversality of the gluon propagator. Likewise, only the transverse
projections of the remaining ones provide a non-vanishing contribution. In accordance
with the notation of the quark propagator’s dressing functions, the two covariants i�

µ

and l
µ are referred to as the vector and scalar components, respectively.

Using the STIs in Landau gauge, Z1F = Z2/Z̃3 and Zg Z̃3 Z
1/2
3 = 1, where Z̃3, Z3

and Zg are ghost, gluon and charge renormalization constants, the quark self-energy
integral of Eq. (3.3) becomes
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where we defined the coe�cients ↵
(j)
i as combinations of the gluon dressing function

and the vertex dressings:

↵
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They are independent of the renormalization point, as can be inferred from Zg Z̃3 Z
1/2
3 =

1 and the renormalization-scale dependence of the quantities g ⇠ 1/Zg, Z ⇠ 1/Z3 and
fi ⇠ Z2/Z̃3.

Solution of a coupled DSE system. Both gluon propagator and quark-gluon vertex
satisfy their own DSEs. Progress on a consistent solution of this system of DSEs has

Gluon propagator

Quark-gluon vertex

Quark gap equation

1. How do quasi-quarks look like?
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Gluon mass function: O.	Oliveira	et.	al.,	J.Phys.	G38,	045003	(2011)

Binosi,	Mezrag,	Papavassiliou,	Roberts	and	Rodriguez-QuinteroRunning coupling:

1. The dressed gluon can be well 
parameterized by a mass scale 

2. The effective running coupling 
saturates in the infrared limit.

m2
g(k2) =

M4
g

M2
g + k2

1. Quasi-quark: Dynamically massive gluon

DSE & LQCD

The interaction can be decomposed: 
gluon	running	mass	+	effec/ve	running	
coupling

g2Dμν(k) = 𝒢(k2)(δμν −
kμkν

k2 )
𝒢(k2) ≈

4παRL(k2)
k2 + m2

g(k2)

See, e.g., PRC 84. 042202 (2011)
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q Lorentz symmetry + : Transverse WGTIs

q Gauge symmetry: Longitudinal WGTI

11

See, e.g., PLB722, 384 (2013)

✦ The WGTIs express the curls and divergences of the vertices.

✦ The WGTIs of the vertices can be decoupled and (partially) solved.

Spacetime

q Chiral symmetry

q Poincaré symmetry

q Gauge symmetry
Fields

“Symmetry dictates interaction.”

1. Quasi-quarks: DCSB feedback
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See, e.g., PLB722, 384 (2013)

1. The appearance of the vertex is dramatically modified by the dynamics. 

2. There is a dynamic chiral symmetry breaking (DCSB) feedback:

γμΔA + iσμνQνΔB + etc . ∼ ΓμS =
1

iγ ⋅ pA(p2) + B(p2)

Gap equation (EoM)

WGTIs

Γμ(P′ , P) = γμF1(Q2) +
iσμν

2Mf
QνF2(Q2)

The	Dirac	and	Pauli	terms:	for	an	on-shell	fermion,	the	vertex	can	be	decomposed	by	
two	form	factors:

which	express	charge	and	magne3za3on	densiOes.	A	so-called	anomalous	magne3c	
moment	is	proporOonal	to	the	Pauli	term.

1. Quasi-quarks: DCSB feedback
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✦ Now: 

1. The quark's effective mass runs 
with its momentum. 

2. The most constituent mass of a 
light quark comes from a cloud of 
gluons.

✦ Next: 

1. What is the infrared scale of quark 
mass function? 

2. How does the transition connect the 
non-perturbative and perturbative 
regions?

Hadron Physics from DSEs of QCD

 

7

7Monday, October 25, 2010

1. Quasi-quarks: Running mass function
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2. How are quasi-quarks bounded?

Bethe-Salpeter equation

Scattering Kernel
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+ + +

Lorentz covariance guarantees CPT-symmetry; T-symmetry is obtained for free.

✦ Discrete symmetries (C,P,T):

2

I. NEW KERNEL

At the first place, I tried all existed Bethe-Salpeter kernels. I found that none of them is perfect. Their significant
flaw is that in the timelike region where bound-states exist they have artificial singularities. Because of the singularities,
bound-states can be not properly described. After analyzing numerous schemes to remove the singularities, I eventually
realize that we have to consider the color-singlet vector and axial-vector WGTIs, simultaneously, to construct a
kinematic-singularity-free kernel.

Let us start the story at the very beginning. The color-singlet vector and axial-vector WGTIs read, respectively,

Pµ�5µ(k, P ) + 2im�5(k, P ) = S�1(k+)i�5 + i�5S
�1(k�), (1)

iPµ�µ(k, P ) = S�1(k+)� S�1(k�). (2)

As we known, the quark propagator depends on the quark-gluon vertex while the vertices depend on the quark–anti-
quark scattering kernel. Can we build a relation between the vertex and the kernel? In order to answer the question,
we insert the following equations into the WGTIs,

�H

↵�
(k, P ) = �H

↵�
+

Z

q

K(k±, q±)↵↵0,�0� [S(q+)�
H(q, P )S(q�)]↵0�0 , (3)

S�1(k) = S�1
0 (k) +

Z

q

Dµ⌫(k � q)�µS(q)�⌫(q, k), (4)

where the color structure is suppressed because it just contributes a factor to the integral. We obtain
Z

q

K↵↵0,�0�{S(q+)[S�1(q+)� S�1(q�)]S(q�)}↵0�0 =

Z

q

Dµ⌫(k � q)�µ[S(q+)�⌫(q+, k+)� S(q�)�⌫(q�, k�)],

Z

q

K↵↵0,�0�{S(q+)[S�1(q+)�5 + �5S
�1(q�)]S(q�)}↵0�0 =

Z

q

Dµ⌫(k � q)�µ[S(q+)�⌫(q+, k+)�5 � �5S(q�)�⌫(q�, k�)].

Now we have two equations in hand to constrain the kernel. Plainly, two unknowns can be solved by the two equations.
That is to say, the kernel has two structures to be exposed by the WGTIs. In previous works, the vector and axial-
vector WGTIs were considered separately and the vertices in di↵erent channels were solved with di↵erent forms of the
kernel. If one enforces the vertices to share the same kernel, the WGTIs then can not be compatible with each other.
Here, we assume that all vertices share the same kernel which has two unknown structures to be determined by the
WGTIs. The “two” is perfect because there is neither incomplete nor overdetermined constraints for the kernel.
Explicitly, the kernel has the following structure,

K↵↵0,�0�(q±, k±)[S(q+) � S(q�)]↵0�0 = �Dµ⌫(k � q)�µS(q+) � S(q�)�⌫(q�, k�)

+Dµ⌫(k � q)�µS(q+) � K+
⌫
(q±, k±)

+Dµ⌫(k � q)�µS(q+) �5 � �5 K�
⌫
(q±, k±), (5)

where � denotes the inserted vertex. In the above expression, the first term in the right hand side is a one-
gluon exchange form with the dressed quark-gluon vertex, which is a straightforward improvement of the ladder
approximation. Obviously, this single term violates the WGTIs. The K± terms rescue the symmetries and can be
determined by the WGTIs. The �5 in the last term indicates that K± act on the vertex in two di↵erent ways.
Namely, K± have a sort of “chiral” relation as the vector and axial-vector WGTIs do. It should be pointed out that
the appearance of �5 is crucial because the kernel degenerates to the traditional one if �5 are simply removed.

For simplicity, suppressing the momentum dependences (Dµ⌫ = Dµ⌫(k � q), S+ ⌘ S(q+), S� ⌘ S(q�), �+
⌫

⌘
�⌫(q+, k+), and ��
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Assuming that the above identities are fulfilled with any gluon propagator model, one has to require their integral
kernels to be identical, i.e.,
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✦ Continuous symmetries:

The color-singlet WGTIs for vector and axial-vector currents conserve.

2. Binding: Symmetries of the kernel

+  … =

See, e.g., CPL 38, 071201 (2021)
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Pion exists if, and only if, the quark mass is 
dynamically generated.

Two-body problem solved, almost completely, 
once solution of one-body problem is known.

γμ

γν

γμ

σlν

σlμ

σlν

K’

2. A deep connection between one-body and two-body problem:

1. A minimal kernel involves the Dirac terms and the Pauli terms: 

2. Binding: Twofold role of the pion

Goldstone's theorem: If a generic continuous 
symmetry is spontaneously broken, then new 
massless scalar particles appear in the 
spectrum of possible excitations.

Bound state of quark and anti-quark, but 
abnormally light:
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3. How is the spectrum produced?
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✦ Structure of wave function, e.g. 𝞺 meson:

3. Spectrum: Partial-wave structure

See, e.g., PRC 85, 035202 (2012)
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✦ Total angular momentum J is a good 
quantum number, but S and L are not. 
The partial waves mix together.

✦ Missing some partial waves could 
remarkably affect the mass, especially 
of radial excitation states.
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3. Spectrum:  Spin-orbit interaction
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✦ Impact of the Pauli term (AM):
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✦ Light-flavor meson spectrum:

✦ With increasing the AM strength, the 
a1−ρ mass-splitting rises very rapidly. 
From a quark model perspective, the 
DCSB-enhanced kernel increases 
spin-orbit repulsion.

✦ The spin-orbit boosted quark-core 
mass of the f0 is greater than the 
empirical value, and matches an 
estimate the result obtained using 
chiral perturbation theory.

✦ The magnitude and ordering of radial 
excitation states can be fixed with the 
DCSB-enhanced kernel.

See, e.g., CPL 38, 071201 (2021)
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(Almost) massless quarks become massive quasi-quarks which bond into hadrons.

The quasi-quark picture is intuitive and simple and can fit into a general framework.

Summary


