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Bottom-up Effective Field Theories (EFTs) have taken an increasingly
central place since the early 1980s, esp. in areas where we have little
information about new physics or the non-perturbative structure of
well-known interactions.
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This has especially been the case in Beyond the Standard Model (BSM)
particle physics for the last 10-15 years, with the development of new
techniques for classifying and analyzing higher-order operators in EFT
expansions.

▶ Part of a broader turn to experimental and theoretical
model-independent research strategies in BSM particle physics
(Bechtle et al., 2022).
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Today: Look at the early historical development of bottom-up EFTs and
model-independent research strategies.
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Bottom-up EFT: Systematic field-theoretic expansion in some ratio(s)
of scales governed by a set of principles (e.g., symmetries), which
typically takes the form of a local polynomial expansion in field variables
and their derivatives.

▶ To be contrasted with “top-down EFTs” for which there is an
explicit derivational relation to some high-energy (effective) theory.
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Warning: The history of bottom-up EFTs is quite complicated and
involves a variety of traditions, including:

1) A more phenomenological tradition going back to Fermi’s theory of
β-decays in 1934 and which gained a new theoretical texture in the early
1950s when it was realized that Fermi-type models are not renormalizable
(in the power-counting sense);

2) A more mathematical tradition going back to Wilson’s operator
product expansion in 1969 and which quickly found phenomenological
applications with the short-distance behavior of hadrons when combined
with Renormalization Group (RG) methods in the 1970s;

3) A mixed tradition going back to Weinberg’s, Schwinger’s, and many
others’ works on phenomenological Lagrangians in the late 1960s.
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Focus: I will look more specifically at the phenomenological Lagrangian
tradition through the lens of Steven Weinberg’s works on low-energy
pion-nucleon physics and examine what led him to formulate a first
prototype of bottom-up EFT in 1966-67.

Claims:

▶ Despite a very rudimentary power-counting scheme, Weinberg’s
mature concept of a bottom-up EFT as a systematic local
field-theoretic expansion in some scale is already pretty much in
place at that time;

▶ Understanding the distinctive features of this prototype requires
going much before his first works on current algebra.
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Outline:

1. Some key elements in Weinberg’s trajectory before 1966

2. Weinberg’s first prototype of bottom-up EFT in 1966-67

3. Conclusion: Model independence in 1967?



9/41

Weinberg’s trajectory before 1966 Weinberg’s first prototype of bottom-up EFT Conclusion References

1. Some key elements in Weinberg’s trajectory before 1966
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Weinberg’s trajectory before 1966 Weinberg’s first prototype of bottom-up EFT Conclusion References

The story begins at Princeton, where Weinberg did his PhD under the
supervision of Sam Treiman between 1954-57 on the application of
renormalization theory to the effects of strong and electromagnetic
interactions in weak decays.
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Central issue: Weak decay processes appear to be much more
complicated than original expected in the 1930s (e.g., n → p + e− + ν̄e)
and may involve, in particular, higher-order electromagnetic and strong
interactions (e.g., N → N ′′ + π → N ′′′ + e + ν + π → N ′ + e + ν).

Question: Any principle to identify “primary” interaction terms and
reduce the set of possible “decay mechanisms”?

If we take QFT seriously, the principle of renormalizability leads us to
select interaction terms that:

(i) Generate a limited number of different types of UV divergences;

(ii) Cancel each others’ UV-divergent contributions.

▶ Weinberg’s approach had important limitations (e.g., restriction to
first order contributions in the weak interaction coupling constants).
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Still, this early work sets the tone for the sequel: Weinberg was very
much concerned from the get-go with finding systematic principles to
organize (low-energy) particle phenomena.

CERN (1979)

From the beginning it seemed to me to be a
wonderful thing that very few quantum field
theories are renormalizable. Limitations of
this sort are, after all, what we most want; not
mathematical methods which can make sense
out of an infinite variety of physically irrele-
vant theories, but methods which carry con-
straints, because these constraints may point
the way toward the one true theory. (Wein-
berg, 1980, p. 517)
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Once his dissertation defended, Weinberg moved to Columbia in 1957
and Berkeley in 1959, where he became assistant professor in 1961.

A central trend during those years: Renormalizability will not be
sufficient as a heuristic guide to reduce the number of potentially
relevant theories; we will also need symmetries.

▶ A concern especially spurred by the discovery of parity violation in
weak decays and the subsequent works of Marshak & Sudarshan,
Feynman & Gell-Mann, and Sakurai on V-A interactions in 1957-58.
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At the same time, Weinberg became more and more concerned about
how to get back asymmetric and diverse particle phenomena from a
highly constrained and symmetric theory.

To make the matter even more confusing: Clear that many
symmetries governing (low-energy) phenomena were not going to be
exact.

▶ Do “approximate symmetries” reflect some “approximate order” in
the world? And why using exact symmetries if you directly have to
break them by hand?
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Crucial input: Clear examples from Nambu and Jona-Lasinio (1961a,b)
and Goldstone (1961) where one could account for qualitative differences
between particles without breaking the symmetries of a theory.

Sterling Hall, University of Wisconsin

I think that week with Jeffrey Goldstone
in Madison was really the first time I be-
gan to think about these things seriously.
[...] I fell in love with symmetry break-
ing. (Weinberg, Interview with Crease
and Mann, November 28, 1984)

▶ Spontaneous symmetry breaking didn’t really account for
approximate symmetries. But it still cleared the path in the search
for symmetries without losing the tie to particle phenomenology.
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... especially in the realm of the strong interaction:

[...] I would say that the greatest triumph of the Goldstone
theorem is that it gives a ‘raison d’être’ for the pion as an almost
massless particle. From this point of view, it is not important
whether the Goldstone theorem has been rigorously proved; the
important thing is that it tells us how the strong interactions
could keep the pion mass so small. (Weinberg, October 1967,
14th Solvay Conference on Physics)
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Still, most physicists were largely convinced in the early 1960s that
relativistic QFT models were ineffective in this context (i.e., perturbative
renormalization methods unreliable for large couplings).

The S-matrix approach was in vogue at Berkeley. Yet Weinberg had
some reservations about it (esp. with respect to electromagnetic and
gravitational interactions).

Weinberg’s new program (1963-65): Systematic derivation of
multi-particle scattering amplitudes from a set of first principles (incl.
Lorentz invariance, quantum theory, causality condition).

▶ In particular: Show that it is possible to recover most features of
photons and gravitons without assuming anything about their
dynamics (Weinberg, 1964a,b,c, 1965).
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Key aspects of this program:

1) Driven by unificatory and explanatory aspirations (e.g., “I only wanted
to develop [a] formalism that I thought was inescapable” in Weinberg,
Interview with Lightman, May 5, 1988);

2) Model-independent research strategy (e.g., he doesn’t start with a
particular Lagrangian or Hamiltonian);

3) Field theory friendly (e.g., fields required to encode the transformation
properties of particle states);

4) New conception of a Lagrangian or Hamiltonian field-theoretic model
as the most general local functional of field variables and their derivatives
compatible with a set of principles (e.g., Lorentz invariance);

5) Systematic scheme for deriving arbitrary soft particle amplitudes.
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Having dealt with photons and gravitons, Weinberg tried to see whether
the same could be done with soft pions in 1965-66.

q1 → 0

q2 → 0

qn−1 → 0

qn → 0

At the time, the general method for dealing with one or two soft pions
involved a mixture of the partially conserved axial current (PCAC) and
current algebra hypotheses (cf., Nambu and Lurié, 1962; Adler, 1965).
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1) PCAC hypothesis (1960): The divergence of the axial vector current
component of weak interactions ∂µA

µ
a accounts sufficiently well for the

creation and annihilation of approximately massless pions πa.

▶ In practice: Use ∂µA
µ
a = fππa in the soft pion limit to compute

matrix elements (fπ pion decay constant).

2) Current algebra hypothesis (1964): The physical currents involved
in the electromagnetic and weak decays of strongly interacting particles
satisfy definite algebraic relations reflecting the symmetry properties of
these particles (e.g., SU(3) for mesons and baryons).

▶ In practice: Take the currents Aµ
a (x), V

µ
b (x), etc. as primary

variables and use their algebraic relations to obtain constraints on
scattering amplitudes and derive empirical relations between key
quantities.
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Generalization of the following simple case (Weinberg, 1966a,b):

1) Start with the soft-pion matrix element for N + π → N + π:

Mab =

∫
d4xd4ye iqxe−iky ⟨N|T{πa(x)πb(y)}|N⟩;

2) Replace πa by 1
fπ
∂µA

µ
a (PCAC);

3) Bring out the derivatives to obtain terms such as ∂µ∂νT{Aµ
aA

ν
b} and

[Aµ
a ,A

ν
b ] and use current algebra commutators;

4) Keep only the leading order terms in the soft momentum limit
(q, k → 0) and obtain a simplified relation between Mab and a sum of
matrix elements such as ⟨N|Aµ

a |N⟩ and ⟨N|V µ
a |N⟩.
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Several issues:

1) Very arduous for processes involving an arbitrary number of soft pions;

2) In general, we need a particular Lagrangian model to compute
[∂µA

µ
a ,A

ν
b ];

3) Method not very fruitful beyond the soft-pion limit since current
algebra hides the underlying dynamical details of soft-particle processes.
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Weinberg moved to Harvard in 1966 as Loeb Lecturer, and became
visiting professor at MIT in 1967 and full professor in 1969.

▶ First prototype of bottom-up EFT in 1966-1967 behind his seminal
1979 article on phenomenological Lagrangians.

VOLUME 18, NUMBER $ P H Y S I C A I. R K V I K W I.K T Y K R S 30 JANUARY 1967

S. Furuichi and K. Watanabe, Progr. Yheoret. Phys.
(Kyoto) 35, 174 (1966).

~ R. Amdt, R. Bryan, and M. H. MacGregor, Univer-
sity of California Radiation Laboratory Report No.

UCRL-14687-T (unpublished); Phys. Rev. 152, 1490
(1966).

~~J. Hamilton, P. Menotti, G. Oades, and L. L. J.
Vick, Phys. Rev. 128, 1881 (1962).

DYNAMICAL APPROACH TO CURRENT ALGEBRA

Steven Weinberg*
Department of Physics, University of California, Berkeley, California

(Received 12 December 1966)

An effective Lagrangian for soft-pion interactions is constructed such that lowest or-
der perturbation theory precisely reproduces the results of current algebra.

In the last year we have seen the development
of a "current-algebra method" for calculating
soft-pion matrix elements by direct use of par-
tially conserved axial-vector current (PCAC)
and current commutation relations. '&' However,
despite its successes, this method suffers from
some serious deficiencies:

(I) The algebraic effort required goes up rap-
idly with the number of soft pions. ' This is
of more than academic importance, because
we would like to be able to add up the emission
rates for arbitrary numbers of soft pions, as
we already can do for photons and gravitons.

(2) A related problem is that the current-al-
gebra method yields matrix elements which,
although symmetric in the soft-pion labels,
are not explicitly so.

(3) In manipulating time-ordered products
of currents, we lose sight of the dynamics un-

derlying the results obtained. This is good,
in that we are freed from dependence on spe-
cific dynamical assumptions, but also bad,
in that we are offered no clue on how to go be-
yond the soft-pion limit.

This note will present a new technique for
doing soft-pion calculations, which is guaran-
teed to give the same results as the current-
algebra method, but which also is (I) vastly
easier, (2) manifestly in accord with Bose sta-
tistics, (3) naturally suggestive of dynamical
models which can carry us far beyond the re-
sults of current algebra.

First, let us recall the structure of the for-
mulas provided by the current-algebra meth-
od. The S-matrix element for emission and

absorption of any number of soft pions in a re-
action n —P is given as a sum matrix of ele-
ments between states I3 and n of a time-ordered
product of a number of vector and axial-vec-

tor currents times a factor (G/2m&)(g~/g~)
for each soft pion. ' Thes.e currents are to be
taken at small momenta; hence their matrix
element is evaluated by hooking them on to the
external lines of the process o. —P (as in the
case of inner bremstrahlung), and we pick up
an extra factor (g~/g~)~ ' for each axial cur-
rent attached to the nth external line.

The key point in the above is that the soft-
pion matrix element is of the lowest possible
order in G, except for higher order terms in
the factors g&/g~ and in the matrix element

Rp~ for the process without soft pions. Hence
we will necessarily get precisely the results
of current algebra if we evaluate the soft-pion
matrix elements to lowest order in G and then
insert the correct values of gy/g~ and Mp~.
To reiterate in more detail, the procedure to
be followed is listed below:

(a) Choose any Lagrangian which satisfies
PCAC and the proper current commutation re-
lations.

(b) Evaluate the desired soft-pion matrix el-
ement to lowest order in G.

(c) Write the result in the form dictated by
current algebra, i.e. , "trees" of soft pions
attached to vector and axial-vector vertices
on the external lines of a, "core" process n —P.
We will construct below a Lagrangian which
directly yields soft-pion matrix elements of
this form, so that this step does not require
any further effort.

(d) Supply higher order corrections by mul-
tiplying with factors g&/g& for each soft pion
and g&/g& for each axial-vector vertex onVn
the nth external line, and by using the exact
value of the matrix element hf~z for the pro-
cess without soft pions. In the simplest cas-
es, like m+X-m+N or 27t+N near threshold,

188

▶ Basic idea: Use a Lagrangian field theory to re-derive systematically
the results of PCAC & current algebra for N soft pions.
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2. Weinberg’s first prototype of bottom-up EFT in 1966-67
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Starting point: Any model satisfying PCAC & current algebra gives the
same results for the emission and absorption of an arbitrary number of
soft pions (if we appropriately adjust its free parameters).

However, some models are better than others. In particular, models
involving only gradient couplings (e.g., N̄∂µπγ

µN) yield amplitudes with
soft pions coming out only of external lines at lowest order.

p1

pn

+ +

q → 0

q → 0

q → 0

Mµ
ab

qµ
pnqMµ

ab
qµ
p1q

Mµ
ab

qµ
(p−q)2−m2 (negligible for p off-shell)
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Weinberg started with the (linear) σ-model in 1967:

Lσ = −N̄(γµ∂µ +mN)N − 1

2
(∂µπ⃗.∂

µπ⃗ +m2
ππ⃗

2)− 1

2
(∂µσ∂

µσ +m2
σσ

2)

− g1(π⃗
2 + σ2)σ − g2(π⃗

2 + σ2)2

− g3N̄(σ + i τ⃗ .π⃗γ5)N

(N: nucleon field; π⃗: pion field; σ: scalar field; mN,π,σ: their respective
mass; gi : some couplings.)

Issue: This model is not well-suited to re-derive easily the soft-pion
amplitudes obtained with PCAC & current algebra.
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Weinberg proposes to transform Lσ by redefining the nucleon field N
through the following non-linear chiral transformation:

N =
1

1 + (g1π⃗′)2
(1 + ig1γ5τ⃗ .π⃗′)N ′,

with π⃗′ a new pion field variable defined such that each pion-nucleon
interaction involves at least one derivative term ∂µπ⃗′:

π⃗′ =
2π⃗

1− 2g1σ +
[
(1− 2g1σ)2 + 4g2

1 π⃗
2
]1/2
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If we take mσ → ∞ and introduce appropriate coefficients, we obtain
(using π and N for simplicity):

Leff = −N̄(γµ∂µ +mN)N − 1/2
[
1 + ( gV π⃗fπ

)2
]2 ∂µπ⃗.∂µπ⃗ − 1/2

1 + ( gV π⃗fπ
)2
m2

ππ⃗
2

− 1

1 + ( gV π⃗fπ
)2
N̄

[
gA
fπ

iγµγ5τ⃗ .∂µπ⃗ +
g2
V

f 2π
iγµτ⃗ .

(
π⃗ × ∂µπ⃗

)]
N

Phenomenological coefficients:

▶ For each soft pion: Multiply by f −1
π (PCAC) and gV (normalized

current algebra commutators [A0
a,A

µ
b ] = ϵabcV

µ
c );

▶ For each soft pion emitted through an axial vector current: Multiply
by gA/gV (normalized vertex ⟨N ′|Aµ

a |N⟩).
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In the simple N + π → N + π case:

p1

−→

q2 → 0

q1 → 0

p1

At tree level O(f−2
π )

and for O(qi)gA
fπ

+

gA
fπ

b

b

b

g2
V

f2
π

1

1+(
gV ~π

fπ
)2
N̄

[
gA
fπ

iγµγ5~τ .∂µ~π

]
N 1

1+(
gV ~π

fπ
)2
N̄

[
g2
V

f2
π
iγµ~τ.

(
~π × ∂µ~π

)]
N
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In more complicated cases (gV f −1
π → f −1

π ):258 Current Algebra 

1 . CHIRAL DYNAMICS 

To begin the more detailed part of this report, 

I will discuss the development of some new techniques 

for deriving results from chiral symmetry. The stan

dard technique, described in Dashen's report at the 

1966 Conference, is based on the use of current com

mutation relations and conservation or partial con

servation equations to derive Ward-like identities 

for current correlation functions. These identities 

generally involve unknown terns, so we either pass to 

a suitable soft-pion limit in which these terms drop 

out, or, if results are needed for hard pions, we 

may use the "smoothness" hypothesis to parametrize 

our ignorance. 

Since 1966 there have appeared a large number of 

papers in which current-algebra results are re-derived 

(or occasionally derived for the first time) from 

lowest-order Feynman perturbation theory. This may 

give an impression, either that perturbation theory 

has suddenly become generally applicable to the 

strong interactions, or that theorists have suddenly 

become soft headed. Both impressions are, I think, 

false. The "standard technique" of current algebra 

tells us that the matrix elements for soft-pion emis

sion or scattering in a process a + 3 is uniquely de

termined once we know the theory is chiral-invariant, 

and determined moreover to be of the form1) symbol

ized in Fig. 2. (For simplicity I have chosen the 

process N + N + N + N + 2 3 Ï Ï to illustrate my re

marks.) The important thing to note here is that 

this matrix element is of the lowest possible order 

in the "coupling constant" F"1(where F^ ~ 190 MeV 

is the pion-decay amplitude), except of course that 

we must use the true values for g^/gy and for the 

matrix element M ^ of the process sans soft pions. 

Hence, if we compute soft-pion matrix elements using 

any chiral-invariant Lagrangian in lowest order, and 

put in the true values of g^/gy and M^, then we 

must necessarily get the right answer2). 

These observations gave a new relevance to the 

questions of how chiral symmetry is realized, and of 

how chiral-invariant Lagrangians are to be construc

ted. There are many possible realizations3) of 

SU(2) x SU(2), but if we want the lowest-order ma

trix elements for soft-pion processes explicitly to 

F i g . 2 Symbolic representation of current-algebra results 

for emission of 23 soft pions in nucleon-nucleon scattering. 

(Solid lines are nucléons, dashed lines pions.) The coupling 

constants associated with various vertices are shown on the 

right. 

have the foim shown in Fig. 2 (as is necessary to 

enable us to insert true values for g^/gy and M ^ in 

the right places) then we must realize chiral sym

metry through non-linear transformations which carry 

the pion field into a function of itself. It has 

been shown by Brown4), by Bardeen and Lee 5), and by 

myself6) that these transformations are unique, up 

to possible re-definitions of the pion field TT. It 

proves convenient to define TT SO that its transforma

tion rule for an infinitesimal boost e is that given 

by Schwinger7), Wess and Zumino8), Lee and Nieh9), 

Chang and Gursey10), etc.: 

^ = y [ i - F ; 2 ? 2 ) S + F ; 1 ^ . (i.i) 

The rule for any other field is then 

6i|; = iF^t x ÏÏ] • h (1.2) 

where t is the isospin matrix for ty. 

[Recall that SU(2) x SU(2) is algebraically the 

same as SO(4), so infinitesimal chiral transformations 

can be described in terms of isospin "rotations" and 

chiral "boosts".] The rules for constructing chiral-

invariant Lagrangians are, simply, that they must 

conserve isotopic spin, and be constructed out of 
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Schwinger (1965)

A few months after this work, Julian
Schwinger remarked to me that it should be
possible to skip this complicated derivation,
forget all about the linear σ-model, and in-
stead infer the structure of the Lagrangian di-
rectly from the non-linear chiral transforma-
tion properties of the pion field [...]. It was a
good idea. I spent the summer of 1967 work-
ing out these transformation properties, and
what they imply for the structure of the La-
grangian. (Weinberg, 2016, p. 5)
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We explore possible realizations of chiral symmetry, based on isotopic multiplets of fields whose trans-
formation rules involve only isotopic-spin matrices and the pion Geld. The transformation rules are unique,
up to possible redefinitions of the pion field. Chiral-invariant Lagrangians can be constructed by forming
isotopic-spin-conserving functions of a covariant pion derivative, plus other fields and their covariant
derivatives. The resulting models are essentially equivalent to those that have been derived by treating
chirality as an ordinary linear symmetry brok. en by the vacuum, except that we do not have to commit
ourselves as to the grouping of hadrons into chiral multiplets; as a result, the unrenormalized value of gg/gv
need not be unity. We classify the possible choices of the chiral-symmetry-breaking term in the Lagrangian
according to their chiral transformation properties, and give the values of the pion-pion scattering lengths
for each choice. If the symmetry-breaking term has the simplest possible transformation properties, then the
scattering lengths are those previously derived from current algebra. An alternative method of constructing
chiral-invariant Lagrangians, using p mesons to form covariant derivatives, is also presented. In this formal-
ism, p dominance is automatic, and the current-algebra result from the p-meson coupling constant arises
from the independent assumption that p mesons couple universally to pions and other particles. Including
p mesons in the Lagrangian has no efkct on the ~-~ scattering lengths, because chiral invariance requires
that we also include direct pion self-couplings which cancel the p-exchange diagrams for pion energies near
threshold.

I. INTRODUCTION

~CURRENT algebra is useful because it allows us to~ obtain physical predictions from chiral sym-
metry. We have recently noted' that for soft-pion
processes the same predictions can also be derived
by a different method: Just use the lowest-order
graphs generated by any chiral-invariant Lagrangian.
The Lagrangian method has since been applied to pion
production, '

p decay, ' E interactions and decay, 4 and,
in various extended versions, to meson mass ratios
and decay amplitudes, ' and to the pion electromagnetic
mass diGerence. ' Opinions differ~ as to whether any

*This work is supported in part through funds provided by
the Atomic Energy Commission under Contract No. AT(30-1)-
2098.

't On leave from the University of California, Berkeley,
California.' S. Weinberg, Phys. Rev. Letters 18, 507 (196'7).

sL.-N. Chang, Phys. Rev. 162, 1497 (1967); Ph.D. thesis
(unpublished).

3 W. A. Bardeen, L, S. Brown, B. %. Lee, and H. T. Nieh,
Phys. Rev. Letters 18, 1170 (1967). Precisely the same calcula-
tion was done by S. Shei, but not published, because it appeared
that the matrix element was too small by a factor m, '/m„' to
account for the observed decay. Bardeen et al. treat the p~
vertex in what seems to me a dubious manner, and thereby escape
this difBculty.

4 B. Zumino (to be published); S. Iwao (to be published).
5 J. Schwinger, Phys. Letters 248, 473 (1967); S. Weinberg,

Phys. Rev. Letters 18, 507 (1967) &see footnote 7); S. Glashow,
H. Schnitzer, and S. Weinberg, Phys. Rev. Letters 19, 139 (1967)
LEq. (13) ffj; M. Levy (to be published); J. W. Wess and B.
Zumino, Phys. Rev. 163, 1727 (1967); S. Glashow and S. Wein-
berg (to be published). The decay amplitudes derived using
Lagrangian methods by Schwinger Pand then in a somewhat
more general form by Wess and Zuminog were subsequently
rederived using current algebra by H. Schnitzer and S. Weinberg,
Phys. Rev. 164, 1828 (1967).
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and J. E. Young, Phys. Rev. Letters 18, 759 (1967).' In particular, Schwinger has argued that as long as the origin
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fundamental signi6cance resides in the Lagrangians
that have been used, but there is no doubt that they
provide both a convenient method of calculation and
a valuable heuristic guide to theorems that can be
proved with current algebra.

There are two ways of constructing our chiral-
invariant Lagrangians, which mirror two diGerent views
of the meaning of chiral symmetry. The erst, coevee-
fiomal method' is to construct 2 to be manifestly chiral-
invariant, as if chirality were an ordinary linear sym-
metry like isospin. For example, in the o. model' the
~ and 0- fields form a four-vector coupled to nucleons
in the combination o+s~ ppyp, and the nucleon mass
arises from the nonvanishing vacuum expectation value
(0)p= trtIV/G. In a closely—related model" the Lagrang-
ian takes the same form, but with 0- replaced every-
where with $(rnsI/O)' —pp']'". Such models suffer from
a fundamental disadvantage: They hide the fact that
soft pions are emitted in clusters by derivative cou-

of symmetries remains obscure, the phenomenological Lagrangian
provides a suitable arena for their study. LJ. Schwinger, Phys.
Rev. 152, 1219 (1966);also Refs. 5 and 6, and private communica-
tion. g Others like myself remain uneasy at using a symmetry on
the phenomenological level, when it is not clear how any funda-
mental Lagrangian could give rise to the supposed symmetry of
phenomena. From this point of view, chirality is in good shape
because we have current algebra to underwrite it, but SU(6)
remains obscure. Time will tell.

e J. Schwinger, Ann. Phys. (N. Y.) 2, 407 (1957); M. Gell-
Mann and M. Levy, Nuovo Cimento 16, 705 (1960); F. Gursey,
ibid. 16, 230 (1960);in I'roceedings of the 1960 Rochester Conference
on IIigh-E~nergy Physics (Interscience Publishers, Inc. , New York,
{1960),p. 572; Ann. Phys. 12, 91 (1961);F. Giirsey and B.Zumino,
(unpublished); P. Chang and F. Giirsey, Phys. Rev. 164, 1752
(1967); H. S. Mani, Y. Tomozawa, and Y. P. Yao, Phys. Rev.
Letters 18, 1084 (1967); L. S. Brown, Phys. Rev. 163, 1802
(1967);and J. A. Cronin, Phys. Rev. 161, 1483 (1967);and Refs.
1—4.
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In a nutshell: Start with the most general chiral SU(2)xSU(2)
transformation rule for π⃗(x) with generators Ta,Xa:

[Ta, πb] = iϵabcπc

[Xa, πb] = −ifab(π⃗)

The axial vector transformation rule of π⃗(x) is uniquely determined by its
general properties (e.g., even parity) and the chiral commutators:

fab(π⃗) = δabf (π⃗
2) + πaπb

1 + 2f (π⃗2)f ′(π⃗2)

f (π⃗2)− 2π⃗2f ′(π⃗2)

We can find a similar general transformation rule for any other field N
([Xa,N] = vab(π⃗)tbN) such that any isospin-invariant function of N is
also chiral-invariant.

▶ Construct covariant derivatives Dµπa and DµN with the same axial
transformation rule as N .
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Upshot: Any arbitrary Lagrangian constructed out of Dµπa, DµN, and N
will remain chiral-invariant if it is isospin-invariant.

Leff =
1

2
Dµπ⃗.D

µπ⃗ +
[gA
fπ

N̄iγµγ5τ⃗N
]
.Dµπ⃗ + ...

=
1/2

[
1 + ( gV π⃗fπ

)2
]2 ∂µπ⃗.∂µπ⃗ +

1

1 + ( gV π⃗fπ
)2
N̄

[
gA
fπ

iγµγ5τ⃗ .∂µπ⃗

]
N + ...,

with a particular choice of pion field such that Dµπ⃗ = 1
1+(gV π⃗/fπ)2

∂µπ⃗.

▶ Any such Lagrangian is equivalent for any on-shell amplitude (just a
redefinition of the field variables).
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Bottom-up EFT in 1966-1967?

1) Defining feature: Leff embodies a set of symmetry principles (chiral
invariance);

2) Form: Covariant derivative expansion in the pion field to systematically
treat amplitudes with n soft pions on external lines at leading order;

3) Power-counting scheme: 1/f Nπ for N soft pions and external soft
momenta contribution in O(qn);

4) Application: Restricted to tree-level amplitudes in the soft pion limit.
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Why do we really need to introduce all the terms compatible with chiral
invariance?

▶ We can always redefine the pion field π
′
= π + δπ by means of a

non-linear chiral transformation.

In what sense does Leff constitute a “phenomenological” Lagrangian?

▶ Parameters fixed by hand + tree-level amplitudes + low-energy limit.

Underlying justification?

▶ Easily reproduce the results of PCAC & current algebra for the
emission and absorption of N soft pions.
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3. Conclusion: Model independence in 1967?
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Taking stock:

Weinberg’s concept of phenomenological Lagrangian in 1966-1967
constitutes a distinctive prototype of bottom-up EFT (covariant
derivative expansion).

However, no robust power-counting scheme to emancipate Leff from
PCAC & current algebra and go beyond tree level (i.e., Leff not used as a
dynamical model).
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Why introducing Leff in the first place?

Pragmatic answer: To derive more easily and systematically the results of
PCAC & current algebra.

Yet two decisive historical elements:

▶ From 1954 onwards: We need to rely on basic principles (e.g.,
symmetries) to select relevant interaction terms and reduce the set
of potentially relevant models.

▶ From 1963 onwards: We need to include all the possible interaction
terms compatible with these principles if we want to account
systematically for arbitrary processes.
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Postcript:

1967-1971: Systematic development and extension of phenomenological
Lagrangians + first attempts to evaluate loop contributions (e.g.,
Weinberg, 1970; Gerstein et al., 1971).

1971-1974: The “renaissance” of field theory somewhat put this
endeavor to a halt;

Mid-1970s: Non-renormalizable theories can be systematically
renormalized + renormalizability is not a pristine principle;

1979: First systematic power-counting scheme for chiral perturbation
theory (Weinberg, 1979).
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Model independence in 1968?

▶ The choice of a particular Lagrangian does not matter; any model
satisfying the relevant set of principles will do (e.g., chirality and
PCAC & current algebra compatible).

▶ The particular definition of fields does not really matter too; they
only need to have appropriate chiral transformation properties.

▶ Leff is restricted to low energies; we don’t need to know what is the
correct high-energy model.

Key missing element: Without a robust power-counting rule, Leff is not
yet tailored to systematically account for high-energy effects at low
energies.
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