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“Introduction: A reminiscence

Julian Schwinger’s ideas have strongly influenced my understanding of
phenomenological Lagrangians since 1966, when I made a visit to
Harvard. At that time, I was trying to construct a phenomenological
Lagrangian which would allow one to obtain the predictions of current algebra
for soft pion matrix elements with less work, and with more insight into possible
corrections. It was necessary to arrange that the pion couplings in the
Lagrangian would all be derivative interactions, to suppress the
incalculable graphs in which soft pions would be emitted from internal lines of a
hard-particle process.”



“The mathematical approach I followed at first was quite clumsy; I started with
the old σ model, in which the pion is in a chiral quartet with a 0+ isoscalar σ;
then performed a space-time dependent chiral rotation which transformed {π, σ}
everywhere into {0, σ′} with σ = (σ2 + π2)1/2; and then re-introduced the pion
field as the chiral rotation ‘angle’. The Lagrangian obtained in this way had a
complicated and unfamiliar non-linear structure, but it did have the desired
property of derivative coupling, because any space-time independent part of the
rotation ‘angle’ would correspond to a symmetry of the theory, and so would not
contribute to the Lagrangian.”





“Schwinger suggested to me that one might be able to construct a suitable
phenomenological Lagrangian directly, by introducing a pion field which from the
beginning would have the non-linear transformation property of chiral rotation
angles, and then just obeying the dictates of chiral symmetry for such a pion
field. Following this suggestion, I worked out a general theory of non-linear
realizations of chiral SU(2)×SU(2), which was soon after generalized to arbitrary
groups in elegant papers of Callan, Coleman, Wess, and Zumino, and has since
been applied by many authors. The importance of the approach suggested by
Schwinger has been not only that it saves the work involved in the transition from
an ordinary linear representation like {π, σ} to a non-linear realization, but
more important, that it makes clear that the interactions of other
hadrons with soft pions does not in any way depend on the chiral
transformation properties of whatever fields are associated with these
hadrons, but only on their isospin.”





“This article is intended as a review - I doubt that any of the material presented
here is entirely new. In particular, although I have not tried here to judge the
extent to which the ideas described below overlap those of source theory, I would
not be surprised to find that these are points which long ago appeared in
Schwinger’s work. In that case, I hope that he will take this paper as a little work
of translation into the Vulgate, offered as a birthday present to an old friend.”





One central idea of the paper is “... a ‘theorem, which as far as I know has never
been proven, but which I cannot imagine could be wrong. The ‘theorem says that
although individual quantum field theories have of course a good deal of content,
quantum field theory itself has no content beyond analyticity, unitarity, cluster
decomposition, and symmetry. This can be put more precisely in the context of
perturbation theory: if one writes down the most general possible Lagrangian,
including all terms consistent with assumed symmetry principles, and then
calculates matrix elements with this Lagrangian to any given order of
perturbation theory, the result will simply be the most general possible S-matrix
consistent with analyticity, perturbative unitarity, cluster decomposition and the
assumed symmetry principles.”



All this becomes of practical value in the calculation of matrix elements for pions
of low energy.

...

The real virtue of the phenomenological Lagrangian approach described in the
preceding section is not that it provides an alternative derivation of a known
result, but that it allows us in a systematic way to calculate corrections to this
result

...

What is noteworthy is that the coefficients of the logarithmic terms can be
calculated in detail so easily, by a one-loop calculation using a suitable
phenomenological Lagrangian.
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Some proofs are presented of Goldstone’s conjecture, that if there is continuous
symmetry transformation under which the Lagrangian is invariant, then either
the vacuum state is also invariant under the transformation, or there must exist
spinless particles of zero mass.





















“We explore possible realizations of chiral symmetry, based on isotopic multiplets
of fields whose transformation rules involve only isotopic-spin matrices and the
pion field.”

“The cumbersome operator techniques and weak interaction orientation of current
algebra are replaced by a non-operator method based on strong interaction
phenomenology.”
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the GIM mechanism — brilliant prediction of the c quark Glashow, Illiopoulos
and Maiani — justifying the early guess by Shelly and BJ — critical for the
success of the standard model
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Bj’s relation

me

mµ
≈ 3α

π
ln 2



SU(3)× SU(3) transforming under the respective SU(3)s as
νe
e−

µ+


L


νµ
µ−

e+


L




νe
e−

µ+


L


νe
µ−

e+


L

〈φ〉 =


u 0 0

0 u 0

0 0 −2u

 breaks SU(3) → SU(2)× U(1)

Q =


1 0 0

0 0 0

0 0 −1

 , T3 =


1
2 0 0

0 −1
2 0

0 0 0

 sin2 θW =
TrT 2

3

TrQ2
=

1/2

2
=

1

4



Renormalizability and “Accidental” Symmetry





Anomalies — Bouchiat, Iliopoulos, Meyer — Gross Jackiw



SU(2)

doublets



U(1) = −1/2︷ ︸︸ ︷ νe
e−


L

 νµ
µ−


L

U(1) = −1/6︷ ︸︸ ︷ u

cos θ d+ sin θ s


L

 c

cos θ s− sin θ d


L︸ ︷︷ ︸

3 colors — spectroscopy and anomalies

SU(2)

singlets



U(1) = −1︷ ︸︸ ︷
e−R µ−

R

U(1) = 2/3︷ ︸︸ ︷
uR cR

U(1) = −1/3︷ ︸︸ ︷
dR sR︸ ︷︷ ︸

3 colors



Dimensional transmutation and asymptotic freedom







Pati-Salam SU(2)L × SU(2)R × SU(4)

lepton number as a 4th color Left↔Right symmetry

SU(2)L
{ SU(4)︷ ︸︸ ︷urL ugL ubL νL

drL dgL dbL e−L



SU(2)R
{ SU(4)︷ ︸︸ ︷urR ugR ubR νR

drR dgR dbR e−R





Pati-Salam SU(2)× SU(2)× SU(4) model with IR slavery

SU(2)R
{ SU(4)︷ ︸︸ ︷urR ugR ubR νR

drR dgR dbR e−R


Scalar field with same properties and a VEV

SU(2)R
{ SU(4)︷ ︸︸ ︷urR ugR ubR νR

drR dgR dbR e−R


Could also couple to a sterile ν to get rid of νR

SU(4) ≈ SO(6) SU(2)× SU(2) ≈ SO(4) 4 + 6 = 10



SO(10) :

~σ/2 , ~τ/2 , ~η/2 ,

~σ α1/2 , ~τ α2/2 , ~η α3/2 ,

~σ ~τ α3/2 , ~τ ~η α1/2 , ~η ~σ α2/2

with the SU(2)× SU(2)× SU(4)

embedded as follows:
SU(2)L : ~η (1 + α3)/4

SU(2)R : ~η (1− α3)/4

SU(4) : ~σ/2 , ~τ/2 , ~σ ~τ α3/2



ν

ur

ug

ub

e−

dr
dg
db
d̄b
d̄g
d̄r
e+

ūb

ūg

ūr

ν̄





(2L, 1, 4)



(1, 2R, 4̄)



SU(5)

24 = 52 − 1 3 + 2 = 5!!!! 5 = (3, 1)−1/3 + (1, 2)1/2

10 = 5× 5A

=
[
(3, 1)−1/3 + (1, 2)1/2

]
×

[
(3, 1)−1/3 + (1, 2)1/2

]
A

= (3, 1)−2/3 + (3, 2)1/6 + (1, 1)1

16 of SO(10) was 10+ 5+ 1.



〈24〉 ∝



3 0 0 0 0

0 3 0 0 0

0 0 −2 0 0

0 0 0 −2 0

0 0 0 0 −2



5 = (3, 1)−1/3 + (1, 2)1/2 ⇒ sin2 θ =
TrT 2

3

TrQ2
=

2× 1/4

3× 1/9 + 1 + 0
= 3/8 .

quarks and leptons masses with a 5 of scalars the masses had an SU(4) symmetry
⇒ the masses of the charge −1/3 quarks would be the same as that of the
corresponding charged leptons — we now know that this doesn’t work, but at the
time mµ = ms didn’t seem crazy at all



SO(10), SU(5), Proton decay and Huge scales

It was clear that this would cause the proton decay, p → e+π0



Unification
of couplings
HG, Quinn, Weinberg
• Continuum EFT
versus
Wilsonian
• Matching
versus
“integrating out”
• Subtraction
versus
renormalization

from the PDG









QCD and heavy quarks
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After “Phenomenological Lagrangians”
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