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In this Feynman diagram, an electron (e-)
and positron (e+) destroy each other, producing
a virtual photon (γ) which becomes a quark-
antiquark pair ( ). Then one radiates a gluon
(g)

Feynman diagram
A Feynman diagram is a diagram that shows what
happens when elementary particles collide.[1]

Feynman diagrams are used in quantum mechanics. A
Feynman diagram has lines in different shapes—straight,
dotted, and squiggly—which meet up at points. The
points in Feynman diagrams represent a meeting
between three particles at the same point in space at the
same time. The lines in a Feynman diagram represent the
probability amplitude for a particle to go from one place
to another.

In Feynman diagrams, the particles are allowed to go
both forward and backward in time. When a particle is
going backward in time, it is called an antiparticle. The
meeting points for the lines can also be interpreted
forward or backwards in time, so that if a particle disappears into a meeting point, that means that the
particle was either created or destroyed, depending on the direction in time that the particle came in
from.

All the lines and points have an amplitude. When you multiply the probability amplitude for the lines,
the amplitude for the particles to go from wherever they start to wherever they meet, and to the next
meeting point, and so on, and also multiply by the amplitude for each meeting point, you get a number
that tells you the total amplitude for the particles to do what the diagram says they do. If you add up
all these probability amplitudes over all the possible meeting points, and over all the starting and
ending points with an appropriate weight, you get the total probability amplitude for a collision in a
particle accelerator, which tells you the total probability of these particles to bounce off one another in
any particular direction.

Feynman diagrams are named after Richard Feynman, who won the Nobel Prize in Physics. His
diagrams are very simple in the case of quantum electrodynamics (QED), where there are only two
kinds of particles: electrons (little particles inside atoms) and photons (particles of light). In QED, the
only thing that can happen is that an electron (or its antiparticle) can emit (or absorb) a photon, so
there is only one building block for any collision. The probability amplitude for the emission is very
simple—it has no real part, and the imaginary part is the charge of the electron.

1. Martinus Veltman. 1994. Diagrammatica: the path to Feynman diagrams. Cambridge Lecture
Notes in Physics. ISBN 0-521-45692-4.
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Agrees with experiment:  GHzΔνQED = 203.39169(41)

 GHzΔνEXP = 203.394 ± .002
Bound state review:
Adkins, Cassidy, and Pérez-Ríos (2022)

NRQED expands in powers of   around the Schrödinger atom
p
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Positronium hyperfine splitting:
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Schrödinger equation 
from ladder diagrams

No mesons from Feynman diagrams

No confinement!   Is  ?αs > 1

QCD ladders dominate when  and exchanged momenta .αs ≪ 1 p = 𝒪(αsm)

V (r) = V 0r � 4
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V′￼ ≃ 0.18 GeV2, αs(m2
c ) ≃ 0.39
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I. INTRODUCTION

Quarkonium spectroscopy has celebrated a great re-
surgence in the past few years thanks to a wealth of new
information, primarily from electron-positron colliders,
but also from hadronic interactions. Transitions between
quarkonium states shed light on aspects of quantum
chromodynamics !QCD", the theory of the strong inter-
actions, in both the perturbative and nonperturbative re-
gimes. In the present paper we review the new informa-
tion on these states and their transitions and indicate
theoretical implications, updating earlier discussions
such as those by Kwong et al. !1987, 1988"; Kwong and
Rosner !1988"; Godfrey and Rosner !2001a, 2001b,
2002"; Barnes and Godfrey !2004"; Brambilla et al.
!2004"; Eichten et al. !2004" !which may be consulted for
explicit formulas".

We deal with states composed of a heavy quark Q=c
or b and the corresponding antiquark Q̄. We discuss QQ̄
transitions primarily to other QQ̄ states, with some ref-
erence to processes involving QQ̄ annihilation, and
largely bypass decays to open flavor #treated, for ex-
ample, by Barnes and Godfrey !2004"; Brambilla et al.
!2004"; Eichten et al. !2004, 2006"; Barnes et al. !2005"$.

A brief overview of the data on the charmonium and
bottomonium systems is provided in Sec. II. We then
review theoretical underpinnings in Sec. III discussing
quarks and potential models, lattice gauge theory ap-
proaches, perturbative QCD and decays involving glu-
ons, and hadronic transitions of the form QQ̄→ !QQ̄"!
+ !light hadrons". Section IV is devoted to charmonium.
Section V treats the bb̄ levels and includes a brief men-
tion of interpolation to the bc̄ system. Section VI pro-
vides a summary.

II. OVERVIEW OF QUARKONIUM LEVELS

Since the discovery of the J /% more than 30 years ago,
information on quarkonium levels has grown to the
point that more is known about the cc̄ and bb̄ systems
than about their namesake positronium, the bound state
of an electron and a positron. The present status of char-
monium !cc̄" levels is shown in Fig. 1, while that of bot-
tomonium !bb̄" levels is shown in Fig. 2. The best-

established states are summarized in Tables I and II.
The levels are labeled by S, P, D, corresponding to

relative orbital angular momentum L=0,1 ,2 between
quark and antiquark. !No candidates for L&3 states
have been seen yet." The spin of the quark and anti-
quark can couple to either S=0 !spin-singlet" or S=1
!spin-triplet" states. The parity of a quark-antiquark
state with orbital angular momentum L is P= !−1"L+1;
the charge-conjugation eigenvalue is C= !−1"L+S. Values
of JPC are shown at the bottom of each figure. States are
often denoted by 2S+1#L$J, with #L$=S ,P ,D , . . . . Thus
L=0 states can be 1S0 or 3S1; L=1 states can be 1P1 or
3P0,1,2; L=2 states can be 1D2 or 3D1,2,3, and so on. The
radial quantum number is denoted by n.

III. THEORETICAL UNDERPINNINGS

A. Quarks and potential models

An approximate picture of quarkonium states may be
obtained by describing them as bound by an interquark
force whose short-distance behavior is approximately
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 Atomic spectrumbb̄ :

q

q̄

 Gives:  V(r) = − CF
α
r

“Cornell” potential:

Confinement scale V´ appears in the  
non-relativistic, Schrödinger (no-loop) framework
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4Lattice QCD confirmed the Cornell potential

even a pure Coulomb potential, σ = 0, implies a non-vanishing σeff at finite t ! r.
Of course, the symmetry of the Wilson loop under interchange of r and t also implies
that no plateau in V (r, t) can be found, unless t " r. For smeared Wilson loops, one
would still expect a similar 1/t2 approach (with a different coefficient) of σeff towards
the asymptotic limit, while effective masses, V (r, t), will approach V (r) exponentially
fast at any r.

4.7.2 The quenched potential
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Figure 4.2: The quenched Wilson action SU(3) potential, normalised to V (r0) = 0.

In Figure 4.2, we display the quenched potential, obtained at three different β values
in units of r0 ≈ 0.5 fm from the data of Refs. [173, 29]. The lattice spacings, determined
from r0, correspond to a ≈ 0.094 fm, 0.069 fm and 0.051 fm, respectively. The curve
represents the Cornell parametrisation with e = 0.295. At small distances the data
points lie somewhat above the curve, indicating a weakening of the effective coupling
and, therefore, asymptotic freedom. We will discuss this observation later. All data
points for r > 4a collapse onto a universal curve, indicating that for β ≥ 6.0 the scaling
region is effectively reached for the static potential. Moreover, continuum rotational
symmetry is restored: in addition to on-axis separations, many off-axis distances of the
sources have been realised and the corresponding data points are well parameterised by
the Cornell fit for r > 0.6 r0. Prior to comparison between the potential at various β,
the additive self-energy contribution, associated with the static sources, that diverges
in the continuum limit has been removed. This is achieved by the parametrisation-
independent normalisation of the data to V (r0) = 0.

42

Gunnar S. Bali, Phys.Rept. 343 (2001) 1

V (r) = V 0r � 4
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Cornell

The quenched Wilson 
action SU(3) potential.

How does the confinement scale  arise in QCD?V′￼

Need a bound state approach not based 
on free propagators (Feynman diagrams).

From a boundary condition?

It is essential not to change the action (ie., the theory)

Ensures the non-trivial Poincaré invariance of bound states 
E.g.: Atoms in motion 

Start from scratch: Canonical quantization
Lose explicit Poincaré invariance
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5Positronium in motion

⟶

P = 0 P >> M

The Coulomb potential  grows with P, whereas 

excitation energies decrease with P:

−
α
r

Boost

∼ 1/αme ∼ 1/αE

QED:   Fock state contributes to EB at leading  for . 

            It subtracts the large Coulomb energy, ensuring  

|e−e+γ⟩ 𝒪(meα2) P > 0

E = M2 + P2

M. Järvinen, Phys. Rev. D71 (2005) 085006  [hep-ph/0411208]

Lorentz contraction of equal-time states:

P2 + (2m + EB)2 − P2 + 4m2 ≃
2m EB

P
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6Temporal gauge: A0(t, x) = 0

 −
1
4 ∫ dt dxFμνFμν =

1
2 ∫ dt dx[(∂tA + ∇A0)2 − (∇ × AT)2] + 𝒪(A3, A4)  ,   are missing∂2

t A0 ∇2 AL

 and   do not propagateA0 AL

 gauge gives an instantaneous potential: Constraint at all x at an instant of timeA0(t, x) = 0

Binding without propagating gauge bosons
time →

AL AT
+

|e+e−⟩ |e+e−γ⟩

Only gauge theory has truly instantaneous interactions

In Feynman gauge all four  components propagate:Aμ  𝒮GF = −
1
2 ∫ dt dx (∂μAμ)2 = −

1
2 ∫ dt dx (∂tA0 + ∇ ⋅ A)2



7Canonical quantization in  gaugeA0(t, x) = 0

3

For color singlet states we may then consider solutions of Gauss’ law for its colored components (such as |qRq̄R→) in
which Ea

L(t,x ↑ ↓) ↔= 0. It turns out that space translation and rotation symmetry require the qq̄ potential to have
the form (1.3) for any quark mass. The confinement scale V

→ is thus introduced via a boundary condition on the
instantaneous gauge field Ea

L.

It is possible to consider QCD bound states at O
(
ω

0
s

)
, keeping only the V

→
r confining potential in (1.3). The O

(
ω

0
s

)

states have features in common with physical hadrons, including linear Regge trajectories [8]. Unlike in QED boost
invariance is ensured is ensured at O

(
ω

0
s

)
, without O (ωs) transverse gluon contributions, see Appendix A.

II. TEMPORAL GAUGE

Temporal gauge, A
0(t,x) = 0, is reviewed in [3–7]. Here I only recall some of its features in QED. The action

SQED =

∫
d
4
x
[
↗ 1

4FµωF
µω + ε̄(i/ϑ ↗ m ↗ e /A)ε

]
Fµω = ϑµAω ↗ ϑωAµ (2.1)

determines the electric field E
i = F

i0 = ↗ϑ0A
i to be conjugate to Ai (i = 1, 2, 3), and iε

† to be conjugate to ε. This
gives the non-vanishing canonical commutation relations,

[
E

i(t,x), Aj(t,y)
]
= i ϖ

ij
ϖ(x↗ y)

{
ε

†
ε(t,x), εϑ(t,y)

}
= ϖεϑ ϖ(x↗ y) (2.2)

The temporal gauge condition A
0 = 0 does not completely fix the gauge. It allows time independent gauge transfor-

mations, which are generated by Gauss’ operator G(t,x),

G(t,x) ↘ ϖSQED

ϖA0(t,x)
= → ·E(t,x)↗ eε

†
ε(t,x) (2.3)

The gauge invariance of physical states is ensured by requiring them to be invariant under the gauge transformations
generated by G(t,x),

G(t,x) |phys→ =
[
→ ·E(t,x)↗ eε

†
ε(t,x)

]
|phys→ = 0 G(t,x) |0→ = 0 (2.4)

If this condition holds at t = 0 it is valid at all times since G(t,x) commutes with the Hamiltonian, [G(t,x), H(t)] = 0.

To illustrate, consider a free electron state created by b
†
p,ϖ at t = 0,

∣∣e↑;p, ϱ
〉
0
↘ b

†
p,ϖ |0→ =

∫
dxε

†(t = 0,x)u(p, ϱ)eip·x |0→ (2.5)

This state is unphysical in temporal gauge since G(x) |e↑;p, ϱ→0 ↔= 0. A fully gauge fixed, physical electron state at
t = 0 includes a longitudinal photon field AL,

∣∣e↑;p, ϱ
〉
↘

∫
dxε

†(x)u(p, ϱ)eip·x
W [AL;x] |0→ (2.6)

W [AL;x] = exp
[
i

∫
dyAL(y) ·→yA(y,x)

]

The derivative→y of the c-numbered functionA(y,x) is included for convenience. The field ordering in the exponential
W [AL;x] is irrelevant since

[
A

j(t,x), Ak(t,y)
]
= 0.

The fermion contribution to G(t = 0, z) (2.4) gives, when operating on the state (2.6),

↗e ε
†
ε(z)

∣∣e↑;p, ϱ
〉
= ↗e ε

†(z)u(p, ϱ)eip·z
W [AL; z] |0→ (2.7)

This should be cancelled by the → ·E term in Gauss operator (2.3). Since

[→z ·E(z), W [AL;x]] = W [AL;x] i
2→z ·

∫
dy ϖ(z ↗ y)→yA(y,x) = ↗W [AL;x]→2

zA(z,x) (2.8)

we require

→2
zA(z,x) = ↗e ϖ(z ↗ x) i.e., A(z,x) =

e

4ς|z ↗ x| (2.9)

The electric field  is conjugate to .E = − ∂tA −A

3
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Canonical commutators:

Time-independent gauge transformations preserve A0 = 0
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The fermion contribution to G(t = 0, z) (2.4) gives, when operating on the state (2.6),

↗e ε
†
ε(z)

∣∣e↑;p, ϱ
〉
= ↗e ε

†(z)u(p, ϱ)eip·z
W [AL; z] |0→ (2.7)

This should be cancelled by the → ·E term in Gauss operator (2.3). Since

[→z ·E(z), W [AL;x]] = W [AL;x] i
2→z ·

∫
dy ϖ(z ↗ y)→yA(y,x) = ↗W [AL;x]→2

zA(z,x) (2.8)

we require

→2
zA(z,x) = ↗e ϖ(z ↗ x) i.e., A(z,x) =

e

4ς|z ↗ x| (2.9)

Physical states must be fully gauge fixed: G(t, x) |phys⟩ = 0

Gauss’ operator  generates 
time-independent gauge transformations

G(t, x)

A free electron state  is unphysical in temporal gauge. b†(p, λ) |0⟩

 and its conjugate field vanishA0
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3
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s

)
, keeping only the V

→
r confining potential in (1.3). The O

(
ω

0
s

)
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ω

0
s

)
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4
x
[
↗ 1

4FµωF
µω + ε̄(i/ϑ ↗ m ↗ e /A)ε

]
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W [AL;x] is irrelevant since

[
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j(t,x), Ak(t,y)
]
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The fermion contribution to G(t = 0, z) (2.4) gives, when operating on the state (2.6),
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= ↗e ε
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W [AL; z] |0→ (2.7)

This should be cancelled by the → ·E term in Gauss operator (2.3). Since
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dy ϖ(z ↗ y)→yA(y,x) = ↗W [AL;x]→2
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we require
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4

Hence A(y,x) is the (classical) Coulomb potential and →→yA(y,x) is the electric field at y of an electron at x. Let
us consider the energy of the electron state (2.6). The Hamiltonian in temporal gauge is, with ω ↑ ω

0ε,

H =

∫
dz

[
1
2 (E

2
L +E2

T ) +
1
4F

ij
F

ij + ε
†(→iω ·

→
→+ mω

0 → eω ·A)ε
]

(2.10)

The commutator of 1
2E

2
L(z) with W [AL;x] is,

[
E

j
L(z), W [AL;x]

]
= W [AL;x]

i
2
e

4ϑ
↓z,j

1

|z → x|
[
E

j
L(z),

[
E

j
L(z), W [AL;x]

]]
= W [AL;x]

i
4
e
2

(4ϑ)2

(
→z

1

|z → x|

)2

1
2

∫
dz

[
E2

L(z), W [AL;x]
]
= W [AL;x]

→e
2

2(4ϑ)2

∫
dz

1

|z → x|→
2
z

1

|z → x| = W [AL;x]
e
2

2 · 4ϑ
1

|x→ x| ↔
e
2

0
(2.11)

The energy of an electron’s Coulomb field is thus infinite. Being independent of the electron’s position it is an
irrelevant constant. The electron kinetic energy operator in the Hamiltonian (2.10) contributes Ep =

√
p2 + m2,

∫
dz ε

†(→iω ·
→
→+ mω

0)ε
∣∣e↑;p, ϖ

〉
=

∫
dxε

†(x)W [AL;x](iω ·
↓
→

x
+ ω

0
m)u(p, ϖ)eip·x |0↗

=

∫
dxε

†(x)W [AL;x](ω · p+ ω
0
m)u(p, ϖ)eip·x |0↗ = Ep

∣∣e↑;p, ϖ
〉

(2.12)

The derivative
↓
→

x
acts coherently on ε

†(x)W [AL;x] since for physical states any shift in the position of the electron

implies a shift in W [AL;x]. In other words, the state ε
†
W [AL](x) |0↗ is described by a single coordinate x.

III. POSITRONIUM IN TEMPORAL GAUGE

An e
+
e
↑ state in the rest frame may be defined as,

∣∣e+
e
↑

, t = 0
〉
=

∫
dx1dx2 ε̄ω(x1)!ωε(x1 → x2)W [AL;x1,x2]εε(x2) |0↗ (3.1)

W [AL;x1,x2] ↑ exp
[

ie

4ϑ

∫
dyA(y) ·→y

( 1

|y → x1|
→ 1

|y → x2|

)]

The electron is created at x1 by ε̄(x1) and the positron at x2 by ε(x2). Their distribution in space is governed by the
c-numbered wave function !(x1→x2), which in the rest frame depends only on the separation x1→x2. W [A;x1,x2] is
the product of the electron (2.6) and positron gauge functionals. Gauss condition G(z) |e+

e
↑↗ = 0 is verified similarly

as for the single electron state in (2.7) – (2.9).

Consider now the action of the Hamiltonian (2.10) on |e+
e
↑

, t = 0↗. The 1
2E

2
L(x) term gives,

[
E

j
L(x), W [AL;x1,x2]

]
= W [AL;x1,x2]

i
2
e

4ϑ
↓x,j

( 1

|x→ x1|
→ 1

|x→ x2|

)

[
E

j
L(x),

[
E

j
L(x), W [AL;x1,x2]

]]
= W [AL;x1,x2]

i
4
e
2

(4ϑ)2

[
→x

( 1

|x→ x1|
→ 1

|x→ x2|

)]2

1
2

∫
dx

[
E2

L(x), W [AL;x1,x2]
]
= W [AL;x1,x2]

→e
2

2(4ϑ)2

∫
d
3x

( 1

|x→ x1|
→ 1

|x→ x2|

)
→2

x

( 1

|x→ x1|
→ 1

|x→ x2|

)

= → ϱ

|x1 → x2|
W [AL;x1,x2] ↑ V (|x1 → x2|)W [AL;x1,x2] (3.2)

where ϱ = e
2
/4ϑ. The Coulomb potential V (x) = →ϱ/|x| equals the integral over the energy density of the instan-

taneous field, with the electron and positron self-energies ↔ e
2
/0 (2.11) subtracted. The F

ij
F

ij term in (2.10) does

4

Hence A(y,x) is the (classical) Coulomb potential and →→yA(y,x) is the electric field at y of an electron at x. Let
us consider the energy of the electron state (2.6). The Hamiltonian in temporal gauge is, with ω ↑ ω

0ε,

H =

∫
dz

[
1
2 (E

2
L +E2

T ) +
1
4F

ij
F

ij + ε
†(→iω ·

→
→+ mω

0 → eω ·A)ε
]

(2.10)

The commutator of 1
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dz
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dz
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|z → x|→
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|z → x| = W [AL;x]
e
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2 · 4ϑ
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|x→ x| ↔
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(2.11)

The energy of an electron’s Coulomb field is thus infinite. Being independent of the electron’s position it is an
irrelevant constant. The electron kinetic energy operator in the Hamiltonian (2.10) contributes Ep =

√
p2 + m2,

∫
dz ε

†(→iω ·
→
→+ mω

0)ε
∣∣e↑;p, ϖ

〉
=

∫
dxε

†(x)W [AL;x](iω ·
↓
→

x
+ ω

0
m)u(p, ϖ)eip·x |0↗

=

∫
dxε

†(x)W [AL;x](ω · p+ ω
0
m)u(p, ϖ)eip·x |0↗ = Ep
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〉

(2.12)

The derivative
↓
→

x
acts coherently on ε

†(x)W [AL;x] since for physical states any shift in the position of the electron

implies a shift in W [AL;x]. In other words, the state ε
†
W [AL](x) |0↗ is described by a single coordinate x.

III. POSITRONIUM IN TEMPORAL GAUGE

An e
+
e
↑ state in the rest frame may be defined as,

∣∣e+
e
↑

, t = 0
〉
=

∫
dx1dx2 ε̄ω(x1)!ωε(x1 → x2)W [AL;x1,x2]εε(x2) |0↗ (3.1)

W [AL;x1,x2] ↑ exp
[

ie

4ϑ

∫
dyA(y) ·→y

( 1

|y → x1|
→ 1

|y → x2|

)]

The electron is created at x1 by ε̄(x1) and the positron at x2 by ε(x2). Their distribution in space is governed by the
c-numbered wave function !(x1→x2), which in the rest frame depends only on the separation x1→x2. W [A;x1,x2] is
the product of the electron (2.6) and positron gauge functionals. Gauss condition G(z) |e+

e
↑↗ = 0 is verified similarly

as for the single electron state in (2.7) – (2.9).

Consider now the action of the Hamiltonian (2.10) on |e+
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↑

, t = 0↗. The 1
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L(x) term gives,
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where ϱ = e
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/4ϑ. The Coulomb potential V (x) = →ϱ/|x| equals the integral over the energy density of the instan-
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2
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|x→ x1|
→ 1

|x→ x2|

)]2

1
2

∫
dx

[
E2

L(x), W [AL;x1,x2]
]
= W [AL;x1,x2]

→e
2

2(4ϑ)2

∫
d
3x

( 1

|x→ x1|
→ 1

|x→ x2|

)
→2

x

( 1

|x→ x1|
→ 1

|x→ x2|

)

= → ϱ

|x1 → x2|
W [AL;x1,x2] ↑ V (|x1 → x2|)W [AL;x1,x2] (3.2)

where ϱ = e
2
/4ϑ. The Coulomb potential V (x) = →ϱ/|x| equals the integral over the energy density of the instan-

taneous field, with the electron and positron self-energies ↔ e
2
/0 (2.11) subtracted. The F

ij
F

ij term in (2.10) does

The Coulomb potential is locally built  
from the gauge field energy density:

gives the NR Schrödinger equation for  Φ(x1 − x2) HQED |e+e−⟩ = (2m + EB) |e+e−⟩

The interaction term  of H contributes at higher order in ∫ dx ψ†(−e α ⋅ A)ψ] α

and structure of Positronium in motion.

Physical e– and e+, distributed by a 
c-numbered wave function Φ(x1 − x2)
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5

not contribute, as there are no transversely polarized photons in |e+
e
→→ (3.1). The kinetic energy of the fermions is

given by H0 =
∫

dxω
†(x)(↑iω ·→+ mε

0)ω(x). As in (2.12), and in the non-relativistic limit,

[
H0, ω̄(x1)

]
= ω̄(x1)

√
↑

↑
→2

1
+ m2 ↓ ω̄(x1)

(
m ↑

↑
→2

1

2m

)

[H0, ω(x2)] =

√
↑

↓
→2

2
+ m2 ω(x2) ↓

(
m ↑

↓
→2

2

2m

)
ω(x2) (3.3)

Partial integrations in →1 and →2 do not a!ect W [A;x1,x2] since any shift (derivative) of the fermion position
implies the same shift in the gauge functional. Hence

H0

∣∣e+
e
→〉

=

∫
dx1dx2 ω̄(x1)

[(
2m ↑

↓
→2

1

2m
↑

↓
→2

2

2m

)
”(x1 ↑ x2)

]
W [A;x1,x2]ω(x2) |0→ (3.4)

The interaction term Hint = ω
†(↑eω ·A)ω in the Hamiltonian (2.10) contributes at higher order in ϑ for atoms at

rest. The Hamiltonian eigenstate condition for Positronium is then

H
∣∣e+

e
→〉

=

∫
dx1dx2 ω̄(x1)

[(
2m ↑

↓
→2

1

m
↑ ϑ

|x1 ↑ x2|

)
”(x1 ↑ x2)

]
W [A]ω(x2) |0→ = (2m + Eb)

∣∣e+
e
→〉

(3.5)

where Eb is the binding energy. This implies the Schrödinger equation for the rest frame Positronium wave function,

(
↑ →2

m
↑ ϑ

|x|

)
”(x) = Eb ”(x) (3.6)

IV. QCD MESON (WITHOUT CONFINEMENT)

Let us now consider a |qq̄→ meson state in QCD, using the same bound state method as for Positronium in Sect. III.
Denoting by a, b (A, B) the color indices in the adjoint (fundamental) representation of SU(3) the QCD action is,

SQCD =

∫
d
4
x
[
↑ 1

4F
a
µωF

µω
a + ω̄(i/ϖ ↑ m ↑ g /AaT

a)ω
]

F
a
µω = ϖµA

a
ω ↑ ϖωA

a
µ ↑ gfabcA

b
µA

c
ω (4.1)

The electric field E
i
a = F

i0
a = ↑ϖtA

i
a is conjugate to A

a
i = ↑A

i
a, and the commutation relations are

[
E

i
a(t,x), A

j
b(t,y)

]
= iϱabϱ

ij
ϱ(x↑ y)

{
ω
A †
ε (t,x), ωB

ϑ (t,y)
}
= ϱ

AB
ϱεϑ ϱ(x↑ y) (4.2)

The Hamiltonian is in temporal gauge

HQCD =

∫
dx

[
E

i
aϖtA

a
i + iω

†
AϖtωA ↑ LQCD

]
=

∫
dx

[
1
2E

2
a +

1
4 (F

ij
a )2 + ω

†(↑iω ·
↓
→+ mε

0 ↑ gω ·AaT
a)ω

]
(4.3)

In analogy to Positronium (3.1) I define color singlet qq̄ mesons at rest as

|qq̄; t = 0→ ↔
∫

dx1dx2 ω̄A(x1)”(x1 ↑ x2)WAB [AL;x1,x2]ωB(x2) |0→

W [AL;x1,x2] ↔ exp
[

ig

4ς

∫ x1

x2

dy T
aAa

L(y) ·→y

( 1

|y ↑ x1|
↑ 1

|y ↑ x2|

)]
(4.4)

Here “color singlet” refers to global SU(3) transformations U ↗= U(x): ω(x) ↘ Uω(x), T
aAa

L(y) ↘ U T
aAa

L(y)U
†.

The color matrices in W [AL;x1,x2] are ordered along the field lines connecting x2 to x1.

Gauss’ operator

Ga(x) ↔
ϱSQCD

ϱA0
a(x)

= → ·Ea(x) + gfabcA
b ·Ec(x)↑ gω

†
T

a
ω(x) (4.5)
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ij
a )2 + ω

†(↑iω ·
↓
→+ mε

0 ↑ gω ·AaT
a)ω
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(4.3)

In analogy to Positronium (3.1) I define color singlet qq̄ mesons at rest as

|qq̄; t = 0→ ↔
∫

dx1dx2 ω̄A(x1)”(x1 ↑ x2)WAB [AL;x1,x2]ωB(x2) |0→

W [AL;x1,x2] ↔ exp
[

ig

4ς

∫ x1

x2

dy T
aAa

L(y) ·→y

( 1

|y ↑ x1|
↑ 1

|y ↑ x2|

)]
(4.4)

Here “color singlet” refers to global SU(3) transformations U ↗= U(x): ω(x) ↘ Uω(x), T
aAa

L(y) ↘ U T
aAa

L(y)U
†.

The color matrices in W [AL;x1,x2] are ordered along the field lines connecting x2 to x1.

Gauss’ operator

Ga(x) ↔
ϱSQCD

ϱA0
a(x)

= → ·Ea(x) + gfabcA
b ·Ec(x)↑ gω

†
T

a
ω(x) (4.5)

Gauss’ constraint  :Ga(t, x) |qq̄⟩ = 0

6

generates gauge transformations UG that preserve the temporal gauge condition A
0
a(t,x) = 0. With ωt!b(y) = 0,

UG(t) = 1 + i

∫
dyGb(t,y)!b(y) +O

(
!2

)
(4.6)

The space components of the gauge field transform as

εA
k
a(t,x) = UG(t)A

k
a(t,x)U

†
G(t)→ A

k
a(t,x) = i

∫
dy

[
Gb(t,y), A

k
a(t,x)

]
!b(y)

= →i

∫
dy

[
E

j
b (t,y), A

k
a(t,x)

]
ω
y
j!b(y) + i

∫
dy

[
gfbcdA

j
cE

j
d(t,y), A

k
a(t,x)

]
!b(y)

= ω
x
k!a(x) + gfabcA

k
b (t,x)!c(x) +O

(
!2

)
(4.7)

Longitudinal gauge fieldsAL,a(t,x), which satisfy→↑AL,a = 0, get a transverse component in the UG transformation,

→↑ εAL,a = →gfabc AL,b ↑→!c ↓= 0 (4.8)

The |qq̄↔ state (4.4) was gauge fixed beyond A
0 = 0 by requiring that W [AL;x1,x2] depends only on the longitudinal

(instantaneous) gluon field. Consequently I consider only the “transverse Gauss’ operator” GT,a(x), which generates
gauge transformations UT that maintain the longitudinal nature of AL,

UT = 1 + i

∫
dyGT,b(y)!b(y) +O

(
!2

)
GT,a ↗ → ·Ea + gfabcAT,b ·ET,c → gϑ

†
T

a
ϑ (4.9)

εAL,a(x) = i

∫
dy [GT,b(y),AL,a(x)]!(y) = →!a(x)

The condition GT,a(x) |qq̄↔ = 0 implies that the meson state |qq̄↔ (4.4) is invariant under the gauge transformations
generated by GT,a(x). The longitudinal electric field Ea

L(x) is sourced by the propagating constituents of the |qq̄↔
state, namely quarks and transverse gluons,

→ ·Ea
L(x) |qq̄↔ =

[
→ g fabcA

b
T ·Ec

T (x) + g ϑ
†
T

a
ϑ(x)

]
|qq̄↔ (4.10)

The gauge functional W [AL;x1,x2] of (4.4) ensures that GT,a |qq̄↔ = 0,

[→x ·Ea
L(x), W [AL;x1,x2]] = W [AL;x1,x2]

i
2
g

4ϖ
T

a→2
x

( 1

|x→ x1|
→ 1

|x→ x2|

)

= gT
a
W [AL;x1,x2]ε(x→ x1)→ ε(x→ x2)W [AL;x1,x2]gT

a (4.11)

g
[
ϑ

†(x)T a
ϑ(x), ϑ̄ω(x1)ϑε(x2)

]
= ϑ̄ω(x1)gT

a
[
ε(x→ x1)→ ε(x→ x2)

]
ϑε(x2) (4.12)

In the first line of (4.11) T
a should be understood to appear at y = x within the exponential W [AL] (4.4). The only

non-vanishing contributions are at the position x = x1 (x2) of the q (q̄). The same holds for (4.12), ensuring that
the transverse Gauss’ condition (4.10) is satisfied.

The contribution of the longitudinal electric field to the QCD Hamiltonian (4.3) is determined as in (3.2),

[
E

j
L,a(x), W [AL;x1,x2]

]
= W [AL;x1,x2]

i
2
g

4ϖ
T

a↘x,j

( 1

|x→ x1|
→ 1

|x→ x2|

)

[
E

j
L,a(x),

[
E

j
L,a(x), W [AL;x1,x2]

]]
= W [AL;x1,x2]

i
4
g
2

(4ϖ)2
T

a
T

a
[
→x

( 1

|x→ x1|
→ 1

|x→ x2|

)]2

1
2

∫
dx

[
E2

L,a(x), W [AL;x1,x2]
]
= W [AL;x1,x2]

→g
2
CF

2(4ϖ)2

∫
dx

( 1

|x→ x1|
→ 1

|x→ x2|

)
→2

( 1

|x→ x1|
→ 1

|x→ x2|

)

= →CF
ϱs

|x1 → x2|
W [AL;x1,x2] (4.13)

The potential is not confining:
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is satisfied.



11Boundary condition in Gauss constraint

We needed:   ∇2
x( 1

|x − x1 |
−

1
|x − x2 | ) = − 4π[δ(x − x1) − δ(x − x2)]

–    is invariant under rotations 
–   Linear in x, hence electric field  is isotropic (independent of x)

κ x ⋅ (x1 − x2)
∝ ∇x x ⋅ (x1 − x2) = x1 − x2

Gives potential: V(x1 − x2) = Λ2 |x1 − x2 | − CF
αs

|x1 − x2 |
Confinement scale  from a boundary condition.Λ2 ∝ κ

Did we miss 
something?

∇2
x( 1

|x − x1 |
−

1
|x − x2 |

+ κ x ⋅ (x1 − x2)) = − 4π[δ(x − x1) − δ(x − x2)]
Add a homogeneous  
term in :W[AL; x1, x2]

Wκ[AL; x1, x2] ≡ exp{i∫
x1

x2

dy TaAa
L(y) ⋅ [ g

4π
∇y( 1

|y − x1 |
−

1
|y − x2 | ) + κ (x1 − x2)]}

Globally color singlet :qq̄

q(x) → U q(x)

TaAa
L(y) → U TaAa

L(y) U†

U ≠ U(x)
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12Confining potential from κ x ⋅ (x1 − x2)

= −CF
αs

|x1 − x2 |
+ CFgκ (x1 − x2)2 +

1
2

CF κ2 (x1 − x2)2 ∫ dx

In the last term  Volume of space: Must be universal to be irrelevant.∫ dx ∝

Define  κ ≡
Λ2

CFg
1

|x1 − x2 | gives the energy density of the ground state:   EΛ =
Λ4

2CFg2

and potential energy  V(x1 − x2) = Λ2 |x1 − x2 | − CF
αs

|x1 − x2 |
 is the only free parameter, 

All states have the same  .
Λ

EΛ

1
2 ∫ dx[E2

L.a(x), Wκ[AL; x1, x2]] = Wκ[AL; x1, x2]
1
2 CF ∫ dx[ g

4π
∇x( 1

|x − x1 |
−

1
x − x2

) + κ (x1 − x2)]2

Contribution of  field to Hamiltonian:AL
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13Instantaneous potentials for other singlet states

:q(x1)q(x2)q(x3) Vqqq =
Λ2

2
(x1 − x2)2 + (x2 − x3)2 + (x3 − x1)2 −

2
3

αs( 1
|x1 − x2 |

+
1

|x2 − x3 |
+

1
|x3 − x1 | )

:g(x1)g(x2) Vgg =
Nc

CF
Λ2 |x1 − x2 | − Nc

αs

|x1 − x2 |

:q(x1)q̄(x2)g(xg) Vqq̄g =
Λ2

CF

1
4 (Nc−

2
Nc

)(x1 − x2)2 + Nc(xg−
1
2 x1−

1
2 x2)2 +

αs

2 [ 1
Nc

1
|x1 − x2 |

− Nc( 1
|x1 − xg |

+
1

|x2 − xg | )]

Consistency conditions:

Vqqq(x1, x2, x2) = Vqq̄(x1, x2)

Vqq̄g(x1, x2, x2) = Vqq̄(x1, x2)

Vqq̄g(x1, x1, xg) = Vgg(x1, xg)
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14Bound state equation for mesons

8

Choosing the x-coordinates such that x1 = (0, 0, ω), x2 = (0, 0,→ω) are on the z-axis with ω > 0,

I(ω) = 2ω

∫ →

↑→
dz

∫
d
2x↓

{
z → ω

[x2
↓ + (z → ω)2]3/2

→ z + ω

[x2
↓ + (z + ω)2]3/2

}
(5.4)

The x↓ integral gives
∫

d
2x↓

(x2
↓ + a2)3/2

= 2ε

∫ →

0

x↓dx↓

(x2
↓ + a2)3/2

= →2ε
/→

0

1

(x2
↓ + a2)1/2

=
2ε

| a | (5.5)

Hence

I(ω) = 4εω

∫ →

↑→
dz

(
z → ω

|z → ω| →
z + ω

|z + ω|

)
= 4εω

∫ ω

↑ω
dz (→2) = →16εω

2 = →4ε(x1 → x2)
2 (5.6)

Using this in (5.2) the energy of the longitudinal electric field in the |qq̄↑ bound state (4.4) with W ↓ Wε becomes
∫

dx 1
2

[
Ea

L(x)
]2 |qq̄↑ =

∫
dx1dx2 ϑ̄(x1)

[ →CFϖs

|x1 → x2|

+ CF gϱ(x1 → x2)
2 + 1

2CFϱ
2(x1 → x2)

2

∫
dx

]
!(x1 → x2)Wε[AL;x1,x2]ϑ(x2) |0↑ (5.7)

The O
(
ϱ

2
)
term contributes a constant field energy density, with total energy proportional to the volume of space.

This is irrelevant only if it is universal, i.e., the same for all Fock states of all bound states. In |qq̄↑ we must then
have ϱ ↔ 1/|x1 → x2|. We may define the universal field energy density E! in terms of a constant ” by

ϱ =
”2

CF g

1

|x1 → x2|
E! =

”4

2CF g2
(5.8)

Subtracting the (infinite) field energy E!

∫
dx in (5.7) defines the potential V (x), which with V

↔ = ”2 agrees with
the Cornell potential (1.3) for any quark mass,

∫
dx 1

2

[
Ea

L(x)
]2 |qq̄↑ =

∫
dx1dx2 ϑ̄(x1)

[
→ CF

ϖs

|x1 → x2|
+ ”2 |x1 → x2|

]
!(x1 → x2)Wε[AL;x1,x2]ϑ(x2) |0↑

V (x) = ”2|x|→ CF
ϖs

|x| (5.9)

The scale ” was introduced through a boundary condition on Gauss’ law, so it is independent of the coupling ϖs.
There are O (ϖs) interactions also from transverse gluon exchange, i.e., |qq̄ g↑ intermediate states (see Fig. 1). In
QED these contribute at leading order in ϖ to the binding energy of atoms in motion [9]. Here we may set ϖs = 0
and conclude that the O

(
ϖ

0
s

)
bound states must be boost covariant. I verify this in Appendix A.

Consider now a |qq̄↑ bound state with mass M and CM momentum P . Adding a plane wave factor to (4.4),

|qq̄;M,P ↑ ↗
∫

dx1dx2 ϑ̄(x1)e
iP ·(x1+x2)/2 !(P )(x1 → x2)Wε[AL;x1,x2]ϑ(x2) |0↑ (5.10)

The eigenstate condition HQCD |qq̄;P ↑ = EP |qq̄;P ↑ defines the Bound State Equation (BSE) for the wave function
!(P )(x). At O

(
ϖ

0
s

)
, i.e., keeping only the linear potential in (5.9) and neglecting the O (g) interactions in the

Hamiltonian (4.3),

i→ ·
{
ω,!(P )(x)

}
→ 1

2P ·
[
ω,!(P )(x)

]
+ m

[
ς

0
,!(P )(x)

]
=

[
EP → V (x)

]
!(P )(x) (5.11)

where V (x) = ”2|x|. The P -dependence of EP =


P 2 + M2 follows from the boost covariance of the state |qq̄;M,P ↑
(Appendix A), and can also be seen from (5.11) [8].

Introducing the kinetic energies of the quark and antiquark as,

↗
H
P
↗ (→ 1

2P + i

↗
→) ·ω+ ς

0
m

↘
H
P
↗ (→ 1

2P → i

↘
→) ·ω+ ς

0
m

↗
H

2

P
= (→ 1

2P + i

↗
→)2 + m

2
↘
H

2

P
= (→ 1

2P → i

↘
→)2 + m

2

↗
H

2

P
→

↘
H

2

P
= →2iP ·→ (5.12)

BSE:  HQCD |qq̄; M, P⟩ = EP |qq̄; M, P⟩

 : , with  in  𝒪(α0
s ) V(x) = Λ2 |x | g = 0 HQCD Lowest order in perturbative expansion

Perturbative expansion: BSE at 𝒪(αn
s )

8

Choosing the x-coordinates such that x1 = (0, 0, ω), x2 = (0, 0,→ω) are on the z-axis with ω > 0,

I(ω) = 2ω

∫ →

↑→
dz

∫
d
2x↓

{
z → ω

[x2
↓ + (z → ω)2]3/2

→ z + ω

[x2
↓ + (z + ω)2]3/2

}
(5.4)

The x↓ integral gives
∫

d
2x↓

(x2
↓ + a2)3/2

= 2ε

∫ →

0

x↓dx↓

(x2
↓ + a2)3/2

= →2ε
/→

0

1

(x2
↓ + a2)1/2

=
2ε

| a | (5.5)

Hence

I(ω) = 4εω

∫ →

↑→
dz

(
z → ω

|z → ω| →
z + ω

|z + ω|

)
= 4εω

∫ ω

↑ω
dz (→2) = →16εω

2 = →4ε(x1 → x2)
2 (5.6)

Using this in (5.2) the energy of the longitudinal electric field in the |qq̄↑ bound state (4.4) with W ↓ Wε becomes
∫

dx 1
2

[
Ea

L(x)
]2 |qq̄↑ =

∫
dx1dx2 ϑ̄(x1)

[ →CFϖs

|x1 → x2|

+ CF gϱ(x1 → x2)
2 + 1

2CFϱ
2(x1 → x2)

2

∫
dx

]
!(x1 → x2)Wε[AL;x1,x2]ϑ(x2) |0↑ (5.7)

The O
(
ϱ

2
)
term contributes a constant field energy density, with total energy proportional to the volume of space.

This is irrelevant only if it is universal, i.e., the same for all Fock states of all bound states. In |qq̄↑ we must then
have ϱ ↔ 1/|x1 → x2|. We may define the universal field energy density E! in terms of a constant ” by

ϱ =
”2

CF g

1

|x1 → x2|
E! =

”4

2CF g2
(5.8)

Subtracting the (infinite) field energy E!

∫
dx in (5.7) defines the potential V (x), which with V

↔ = ”2 agrees with
the Cornell potential (1.3) for any quark mass,

∫
dx 1

2

[
Ea

L(x)
]2 |qq̄↑ =

∫
dx1dx2 ϑ̄(x1)

[
→ CF

ϖs

|x1 → x2|
+ ”2 |x1 → x2|

]
!(x1 → x2)Wε[AL;x1,x2]ϑ(x2) |0↑

V (x) = ”2|x|→ CF
ϖs

|x| (5.9)

The scale ” was introduced through a boundary condition on Gauss’ law, so it is independent of the coupling ϖs.
There are O (ϖs) interactions also from transverse gluon exchange, i.e., |qq̄ g↑ intermediate states (see Fig. 1). In
QED these contribute at leading order in ϖ to the binding energy of atoms in motion [9]. Here we may set ϖs = 0
and conclude that the O

(
ϖ

0
s

)
bound states must be boost covariant. I verify this in Appendix A.

Consider now a |qq̄↑ bound state with mass M and CM momentum P . Adding a plane wave factor to (4.4),

|qq̄;M,P ↑ ↗
∫

dx1dx2 ϑ̄(x1)e
iP ·(x1+x2)/2 !(P )(x1 → x2)Wε[AL;x1,x2]ϑ(x2) |0↑ (5.10)

The eigenstate condition HQCD |qq̄;P ↑ = EP |qq̄;P ↑ defines the Bound State Equation (BSE) for the wave function
!(P )(x). At O

(
ϖ

0
s

)
, i.e., keeping only the linear potential in (5.9) and neglecting the O (g) interactions in the

Hamiltonian (4.3),

i→ ·
{
ω,!(P )(x)

}
→ 1

2P ·
[
ω,!(P )(x)

]
+ m

[
ς

0
,!(P )(x)

]
=

[
EP → V (x)

]
!(P )(x) (5.11)

where V (x) = ”2|x|. The P -dependence of EP =


P 2 + M2 follows from the boost covariance of the state |qq̄;M,P ↑
(Appendix A), and can also be seen from (5.11) [8].

Introducing the kinetic energies of the quark and antiquark as,

↗
H
P
↗ (→ 1

2P + i

↗
→) ·ω+ ς

0
m

↘
H
P
↗ (→ 1

2P → i

↘
→) ·ω+ ς

0
m

↗
H

2

P
= (→ 1

2P + i

↗
→)2 + m

2
↘
H

2

P
= (→ 1

2P → i

↘
→)2 + m

2

↗
H

2

P
→

↘
H

2

P
= →2iP ·→ (5.12)

Poincaré covariant

 : Radial & angular variables separate,  of states determinedP = 0 JPC

No quark model exotic states

Chiral symmetry for  : Parity doubletsm = 0

+ + …

|qq̄⟩ |qq̄ g⟩

𝒪(α0
s ) 𝒪(αs)

AL ALAT
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15 Example:  states at , P = 0−ηP = ηC = (−1)j 𝒪(α0
s )

��+(x) =
h 2

M � V
(i↵ ·

!
r+m�0) + 1

i
�5 F1(r)Yj�(x̂)

F 00
1 +

⇣2
r
+

V 0

M � V

⌘
F 0
1 +

h
1
4 (M � V )2 �m2 � j(j + 1)

r2

i
F1 = 0 Radial equation

Regularity of the wave function determines the bound state masses M

• • • • • • • • • •
• • • • • • • • • •
• • • • • • • • • •
• • • • • • • • • •
• • • • • • • • • •

5 10 15 20

1

2

3

4

5

6

j
m = 0

M2/V′￼

Linear Regge trajectories
with daughters:

Spectrum similar to
dual models
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16Breaking of chiral symmetry at m=0

Massless (M = 0)  state    for  : Poincaré invariant, can mix with vacuumJPC = 0++ σ m = P = 0

BSE:  i∇ ⋅ {α, Φσ(x)} + V′￼r Φσ(x) = 0 Φσ(x) = Nσ[J0(
1
4 V′￼r2) +

iα ⋅ x
r

J1(
1
4 V′￼r2)]

̂σ |0⟩ = ∫ dx1dx2 q̄(x1)Φσ(x1 − x2)Wκ[AL; x1, x2]q(x2) |0⟩  massless isospin doubletq = (u
d)

Generator of chiral transformations: Q5j = ∫ dxq†(x)γ5
1
2 τj q(x)

Massless  pion:   JPC = 0−+ i[Q5j, ̂σ] = ̂πj with  Φπj(x) = − iτjγ5 Φσ(x)

Define  condensate vacuum:  σ |σ⟩ = exp( ̂σ) |0⟩ Ground state is not chiral invariant.

Build states with  : Preserves  , but breaks chiral invariance: no parity doublets.|0⟩ → |σ⟩ JPC

Preliminary suggestion for . Requires further study.χSB
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THE STATE IS NOT ABOLISHED, IT WITHERS
AWAY: HOW QUANTUM FIELD THEORY

BECAME A THEORY OF SCATTERING

Alexander S. Blum†

Max Planck Institute for the History of Science, Boltzmannstraße 22, 14195
Berlin, Germany

12th November 2020

Learning quantum field theory (QFT) for the first time, after first learning quantum mechan-
ics (QM), one is (or maybe, rather, I was) struck by the change of emphasis: The notion of the
quantum state, which plays such an essential role in QM, from the stationary states of the
Bohr atom, over the Schrödinger equation to the interpretation debates over measurement
and collapse, seems to fade from view when doing QFT. Not that it’s gone - as any physi-
cist will be quick to tell you, QFT is simply a quantum theory, with all the general structure
of QM taken over unchanged. But the quantum state is hardly mentioned, when dealing
with Feynman diagrams, path integrals and all the other mainstays of an introductory QFT
course.

This was not always so: The QFT of the late 1920s and 1930s developed as a straightfor-
ward extension and generalization of QM; consequently, writing down Schrödinger equa-
tions and calculating the energies of stationary states were the prime concerns of the physi-
cists working with QFT at the time.1 But, as is well-known, this early QFT suffered from
crippling defects, most notably the divergence problem, i.e., that all calculations appeared
to give nonsensical, infinite results, once one went past the first approximation. The diver-
gence difficulties of QFT (or at least of quantum electrodynamics) were solved through the
renormalization techniques developed in the late 1940s. As was frequently stressed already
at the time, the success of the renormalization program meant that the conceptual founda-
tions of QM could be taken over to field theory with only slight modifications, as opposed
to what physicists had generally believed all through the 1930s and early 1940s. But even
though the foundations did not change (or change only just enough so that they could stay

This paper was originally published in Studies in the History and Philosophy of Modern Physics, Volume
60 (2017), pp. 46-80. Due to formatting mistakes that appeared only after proof-reading, parts of that paper
are garbled. An erratum was published in SHPMP that links to this version, which is the definitive version of
the paper.

†ablum@mpiwg-berlin.mpg.de
1One just needs to look at the first paper on the full theory of quantum electrodynamics

[Heisenberg and Pauli 1929].

1

Learning quantum field theory (QFT) for the first time, after first learning quantum 
mechanics (QM), one is (or maybe, rather, I was) struck by the change of 
emphasis: The notion of the quantum state, which plays such an essential role in 
QM, from the stationary states of the Bohr atom, over the Schrödinger equation to 
the interpretation debates over measurement and collapse, seems to fade from view 
when doing QFT. 

2011.0598
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18Summary

Feynman diagrams are questionable for bound states: Expand around free propagation.

We need a framework for QED & QCD bound states, based on the action. Poincaré symmetry!

Temporal gauge fixing gives an instantaneous interaction.

Physical states must satisfy Gauss’ law.  Physical electron has an  field.AL

Universal confinement scale  from a boundary condition on Gauss’ constraint .ΛQCD

Confining potentials for (globally) color singlet states (qq̄, qqq, gg, qq̄g…)

Poincaré covariant eigenstates of  . No  states that would be exotic in the quark model.HQCD JPC

Chiral symmetry breaking at  by building states on a “  condensate” vacuum.m = 0 σ


