The secret of universe is the following:

Weak and Electromagnetic interaction is one SU(2) XU (1) gauge theory.
Strong interaction is a SU(3) gauge theory.
This 1s usually called the standard model of particle physics.

What are the doublets of electroweak SU (2)?
What is the triplet gauge bosons of electroweak SU(2)?

What are the triplets of strong SU(3)?



In search of the interaction Lagrangian £L; for weak interaction.
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Emulsion photograph showing the classic pion-
muon- electron (pi-mu-e) decay chain of a
charged cosmic ray pion. The pion enters the
picture at top left; it soon decays to a muon,
which travels down the picture, & a neutrino,
which is neutral & so leaves no track. At the
bottom of the picture, the muon decays to an
electron - the faint track heading to the right - &
another neutrino. The muon's track, which is
about 0.6 mm long, becomes denser as the
muon slows down before decaying. The picture
was taken in 1948 by Cecil Powell, the English
physicist who pioneered the use of photo-
graphic emulsions to record particle tracks.
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Pion-muon-electron (pi-mu-e) Decay Chain is a photograph by C. Powell, P. Fowler & D. Perkins
which was uploaded on May 2nd, 2013.
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Title
Pion-muon-electron (pi-mu-e) Decay Chain

Artist
C. Powell, P. Fowler & D. Perkins

Medium
Photograph - Photograph

Description

Emulsion photograph showing the classic
pion-muon- electron (pi-mu-e) decay chain of
a charged cosmic ray pion. The pion enters
the picture at top left; it soon decays to a
muon, which travels down the picture, & a
neutrino, which is neutral & so leaves no
track. At the bottom of the picture, the muon



Pion discovery
Nobel Prize 1950
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Positron energy spectrum in anti-muon decay
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Figure 10.1 Experimental spectrum of positrons in u* — ¢* + v, + v,. The solid line is
the theoretically predicted spectrum based on equation (10.35), corrected for electro-
magnetic effects. (Source: M. Bardon et-al., Phys. Rev. Lett. 14, 449 (1965).)
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This Fermi theory describes Weak decays very well!

But it can’t be the final theory.

It’s non-renormalizable (filled with uncontrollable infinities)!
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The reason is there are too many particles at one vertex.
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This 1s part of the interaction Lagrangian £; for weak interaction.

g91E FHHYFEAAE F A &L vertices.
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We should expect a similar term for 753 and W 3.
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W3 is charge neutral.
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This is exactly a non-abelian SU(2) gauge theory for doublet (Vee).
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Non-abelian SU(2) gauge theory:
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Interaction of a doublet and the gauge boson.
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http://www-d0.fnal.gov/public/pubs/w_mass/neutrondecay.eps
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Weak interaction is a SU(2) (called weak SU(2)) gauge theory.

What are the doublets of electroweak SU (2)?

Quarks and Leptons respectively form three pairs of doublets.

(a)- () (;
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What is the triplet of electroweak SU(2) gauge bosons?
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W% bosons are the mediation particles of weak interaction.
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w J=1
Ehrarge—d—i—c
Mass m = 80.377 £+ 0.012 GeV
mz — my, = 10.811 + 0.012 GeV
My — my,— = —0.029 & 0.028 GeV
Full width ' = 2.085 + 0.042 GeV
(N +) =15.70 + 0.35
(NKi) = 2.20 +0.19
(N,,) =0.92 +0.14
(Ncha,ged> =19.39 £ 0.08

W™ modes are charge conjugates of the modes below.

w+ DECAY MODES Fraction (I';/T)

Confidence level

p
(MeVfc)

(v [b] (10.86+ 0.09) %

W BOSON
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The WBOSON is a
messenger particle which
communicates the weak
force. Unlike the photon
and gluon bosons, it has a
mass. Like the Z boson, it is
one of the most short-lived
particles known, with a
mere 10725 second lifetime.
It can be negatively charged
(W=) or positively charged
(W+). Luckily you can have
both, as the toy is
double-sided.
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EVENT 2958. 1279.

The first observation of W boson at PP collider, UA1, CERN 1983
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The Nobel Prize in Physics 1984

“for their decisive contributions to the large project, which led to the discovery of
the field particles W and Z, communicators of weak interaction”

Carlo Rubbia Simon van der Meer

D 1/2 of the prize D 1/2 of the prize

Italy the Netherlands Rubbia
CERN CERN

Genevaz, Switzerland Genevaz, Switzerland
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What is the charge neutral W3 boson?

Charge neutral weak interaction was observed only in 1973.
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Could the charge neutral W3 be photon?
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A MODEL OF LEPTONS*

Steven Weinbergf
Laboratory for Nuclear Science and Physics Department,
Massachusetts Institute of Technology, Cambridge, Massachusetts
(Received 17 October 1967)

Leptons interact only with photons, and with
the intermediate bosons that presumably me-
diate weak interactions. What could be more
natural than to unite' these spin-one bosons
into a multiplet of gauge fields ? Standing in

the way of this synthesis are The obvious dil-
ferences in the masses of the photon and inter-
mediate meson, and in their couplings. We
might hope to understand these differences

by imagining that the symmetries relating the
weak and electromagnetic interactions are ex-
act symmetries of the Lagrangian but are bro-
ken by the vacuum. However, this raises the

specter of unwanted massless Goldstone bosons.?

This note will describe a model in which the
symmetry between the electromagnetic and
weak interactions is spontaneously broken,

but in which the Goldstone bosons are avoided
by introducing the photon and the intermediate-
boson fields as gauge fields.® The model may
be renormalizable.

and on a right-handed singlet
R= [‘%(1—)’5)18.

The largest group that leaves in'
matic terms —'I-.y."auL—R' yH B,k
ian consists of the electronic isc
on L, plus the numbers Ny, Ng
right-handed electron-type lepto
as we know, two of these symm¢
tirely unbroken: the charge @ ='
and the electron number N=Np -
gauge field corresponding to an
metry will have zero mass,* anc
massless particle coupled to N,
form our gauge group out of the
spin T and the electronic hyperc
+3NL.

Therefore, we shall construct
ian out of L and R, plus gauge fi

B,, coupled to T and Y, plus a s



ANNALS OF PHYSICS: 2, 407-434 (1957)

A Theory of the Fundamental Interactions
JULIAN SCHWINGER

Harvard University, Cambridge, Massachusetis

“The axiomatic basis of theoretical physics cannot be extracted from ex-
perience but must be freely invented.”

A. Einstein.

This note is an account of some developments in an effort to find a description
of the present stock of elementary particles within the framework of the theory
of quantized fields’.

The theory of fields suggests that the spin values of %4 for F(ermi)-D(irac)
fields, and of 0 and 1 for B(ose)-E(instein) fields are not only exceptional in their
simplicity but are likely to be unique in the possibility of constructing a con-

Schwinger first suggested the existence of an “isotopic’” triplet of vector fields
whose universal couplings would generate both the weak interactions and
electromagnetism — the two oppositely charged fields mediate weak interac-
tions and the neutral field is light 2). A certain ambiguity beclouds the self-
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PARTIAL-SYMMETRIES OF WEAK INTERACTIONS

SHELDON L. GLASHOW !
Institute for Theoretical Physics, University of Copénhagen, Copenhagen, Denmark

Received 9 September 1960

Abstract: \Weak and electromagnetic interactions of the leptons are examined under the hypoth-
esis that the weak interactions are mediated by vector bosons. With only an isotopic triplet
of leptons coupled to a triplet of vector bosons (two charged decay-intermediaries and the
photon) the theory posscsses no partial-symmetries. Such symmetries may be established if
additional vector bosons or additional leptons are introduced. Since the latter possibility
yields a theory disagreeing with experiment, the simplest partially-symmetric model repro-
ducing the observed electromagnetic and weak interactions of leptons requires the existence
of at least four vector-boson fields (including the photon). Corresponding partially-conserved
quantities suggest leptonic analogues to the conserved quantities associated with strong inter-
actions: strangeness and isobaric spin.

1. Introduction

At first sight there may be little or no similarity between electromagnetic
effects and the phenomena associated with weak interactions. Yet certain
remarkable parallels emerge with the supposition that the weak interactions
are mediated by unstable bosons. Both interactions are universal, for only a
single coupling constant suffices to describe-a wide class of phenomena: both
interactions are generated by vectorial Yukawa couplings of spin-one fields .
Schwinger first suggested the existence of an “isotopic’’ triplet of vector fields
whose universal couplings would generate both the weak interactions and
electromagnetism — the two oppositely charged fields mediate weak interac-
tions and the neutral field is light 2). A certain ambiguity beclouds the self-
interactions among the three vector bosons; these can equivalently be inter-
preted as weak or electromagnetic couplings. The more recent accumulation of
experimental evidence supporting the Al = } rule characterizing the non-
leptonic decay modes of strange particles indicates a need for at least one
additional neutral intermediary 3).

The mass of the charged intermediaries must be greater than the K-meson
mass, but the photon mass is zero — surely thisis the principal stumbling block
in any pursuit of the analogy between hypothctical vector mesons and photons.
It is a stumbling block we must overlook. To say that the decay intermediaries



4, Partially-Symmetric Synthesis

In order to achieve a partially-symmetric theory of weak and electro-
magnetic interactions, we must go beyond the hypothesis of only a triplet of
vector bosons and introduce an additional ncutral vector boson Zg. It will
have the same behaviour under CP as Zg and it is coupled to its own neutral
lepton current J,° = yBy,Sy. The three partial symmetries of section 3 are
undisturbed by this new interaction provided that

[0, S] = 0. (4.1)
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The reader may wonder what has been gained by the introduction of another
neutral vector meson. Neither Z,; nor Z; interacts with the electrical current so
that neither interaction may be identified with electromagnetism. (To have
chosen J,° to be the electrical current would have violated (4.1) and lost
partial-symmetry.) However, both the n ]
so thaf linear combinations of the two fields may correspond to ‘“‘particles.”
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Two Splendid Results: I. Weinberg Angle
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0y, :Weinberg Angle
Z = cos @y, W3 —sinf,, B

@O - &

A= (g'W? + gB)
gZ _|_gIZ
1
Z = (gW* —g'B)
vg©+g'”
Sin QW — g




Two Splendid Results: II. Interaction vertices of leptons and neutral gauge bosons
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Weak Interaction through Z particle

Virtual
photon
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Garmamelle CERN 1973

64



J=1

('h:\rgp —

Mass m = 91.1876 & 0.0021 GeV [

Full width I = 2.4952 + 0.0023 GeV
[(¢07) = 83.984 + 0.086 MeV (]

[ (invisible) = 499.0 + 1.5 MeV €l

[ (hadrons) = 1744.4 + 2.0 MeV
M(w*p~)/T(eTe”) =1.0009 + 0.0028
r(rt77)/r(ete”) = 1.0019 + 0.0032 ]

Z BOSON

0000000000000
LIGHT HEAVY
ZBOSON

SPARTICLLEZ '0

Jor maximum mass.

The ZBOSON is a very
massive carrier particle for
the weak force. Unlike its
siblings the W-/W+
particles, the Z is neutrally
charged. Living only 10725
second, the Z quickly decays
into other particles.
Discovered in 1983, the Z
has allowed physicists to
further study electroweak
theory.
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Weak and Electromagnetic interaction is one SU(2) XU (1) gauge theory.
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Gauge Bosons are massless, by gauge symmetry.
Gauge Bosons mass term 1s not gauge invariant, hence will ruin renormalization.

my, W, W= myZ,Z*
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PARTIAL-SYMMETRIES OF WEAK INTERACTIONS

SHELDON L. GLASHOW!
Institute for Theoretical Physics, University of Copenhagen, Copenhagen, Denmark

Received 9 September 1960

Abstract: \Weak and electromagnetic interactions of the leptons are examined under the hypoth-
esis that the weak interactions are mediated by vector bosons. With only an isotopic triplet
of leptons coupled to a triplet of vector bosons (two charged decay-intermediaries and the
photon) the theory possesses no partial-symmetries. Such symmetries may be established if
additional vector bosons or additional leptons are introduced. Since the latter possibility
yields a theory disagreeing with experiment, the simplest partially-symmetric model repro-
ducing the observed electromagnetic and weak interactions of leptons requires the existence
of at least four vector-boson fields (including the photon). Corresponding partially-conserved
quantities suggest leptonic analogues to the conserved quantities associated with strong inter-
actions: strangeness and isobaric spin.

Wi

The mass of the charged intermediaries must be greater than the K-meson
mass, but the photon mass is zero — surely thisis the principal stumbling block

in any pursuit of the analogy between hypothetical vector mesons and photons.
It is a stumbling block we must overlook. [[o say that the decay intermediaries

“The purpose of the note 1s to ..... make less fanciful the unification
of electromagnetism and weak interaction.”
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is well known. We recently introduced the notion of “partial-symmetry"’ —
— invariance of only part of the Lagrange function under a group of infinitesi-

mal transformations ¢). The part of the Lagrange function bilinear in the field
variables which produces masses of the elementary particles need not be in-
variant under a partial-symmetry. Corresponding ‘‘partial-conservation

laws’’ become conservation laws only with the neglect of appropriate masses
or mass differences. This is the only sort of symmetry which could relate the
massive decay intermediaries to the massless photon.
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A MODEL OF LEPTONS*

Steven Weinbergf
Laboratory for Nuclear Science and Physics

Massachusetts Institute of Technology, Cambridg
(Received 17 October 1967)

Leptons interact only with photons, and with
the intermediate bosons that presumably me-
diate weak interactions. What could be more
natural than to unite' these spin-one bosons
into a multiplet of gauge fields ? Standing in
the way of this synthesis are the obvious dif-
ferences in the masses of the photon and inter-
mediate meson, and in their couplings. We
might hope to understand these differences
by imagining that the symmetries relating the
weak and electromagnetic interactions are ex-

act symmetries of the Lagrangian but are bro-
3 However, this raises the

HZEWHE TH > &6 7T I8 ENHEILFEE | Steven Weinberg
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Dynamical Model of Elementary Particles Based on an Analogy
with Superconductivity. IT*

Y. NamBUu anDp G. Jona-Lasiniof
Enrico Fermi Institute for Nuclear Studies and Department of Physics, University of Chicago, Chicago, Illinois

(Received May 10, 1961)

Continuing the program developed in a previous paper, a “superconductive” solution describing the
proton-neutron doublet is obtained from a nonlinear spinor field Lagrangian. We find the pions of finite mass
as nucleon-antinucleon bound states by introducing a small bare mass into the Lagrangian which otherwise
possesses a certain type of the s invariance. In addition, heavier mesons and two-nucleon bound states are
obtained in the same approximation. On the basis of numerical mass relations, it is suggested that the bare
nucleon field is similar to the electron-neutrino field, and further speculations are made concerning the

complete description of the baryons and leptons.

I. INTRODUCTION

N Part I of this paper' we have proposed a model of
strong interactions based on an analogy with the
BCS-Bogoliubov theory of superconductivity. It is
characterized by a nonlinear spinor field possessing vs
invariance, and simulates some important features of

the meson-nucleon system. '1'he basic principle under-
lying the model is the idea that field theory may admit,
as a result of dynamical instability, extraordinary
(nontrivial) solutions that have less symmetries than
are built into the Lagrangian.? In fact we have obtained

as an extraordinary solution a massive fermion and a
massless pseudoscalar boson as idealized proton and
pion, together with other heavy mesons.

theory will depend on its ability to account for
violation of the symmetry as well.

Finally, we face the problem of the baryon ve
the lepton, the electromagnetism, and the v
processes. Here our theory creates a particular incen
for speculation concerning the baryon-lepton prob
since the ordinary and extraordinary solutions
mediately remind us of these two families of partic

We do not profess to have any clear-cut answer
these problems. In the present paper we shall a
content ourselves with a rather modest task. We
first discuss a generalization of our model which
corporates the isospin for the nucleon and guarar
the existence of the pion. This can be done by

. | e e Nt -— kel A ~1
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Spontaneous broken symmetry. The world of this pencil is completely symmetrical. All directions are exactly
equal. But this symmetry is lost when the pencil falls over. Now only one direction holds. The symmetry that
existed before is hidden behind the fallen pencil.
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Dynamical Model of Elementary Particles Based on an Analogy
with Superconductivity. I*

Y. NauMBu AnND G. Jona-LasiNiof
Enrico Fermi Institute for Nuclear Studies and the Department of Physics, The University of Chicago, Chicago, Ili

(Received October 27, 1960)

It is suggested that the nucleon mass arises largely as a self-energy of some primary fermion field through
the same mechanism as the appearance of energy gap in the theory of superconductivity. The idea can be put
into a mathematical formulation utilizing a generalized Hartree-Fock approximation which regards real
which allows a ys-gauge group. An interesting consequence of the symmetry is that there arise automatically
pseudoscalar zero-mass bound states of nucleon-antinucleon pair which may be regarded as an idealized pion.
Tn addition, massive bound States ol nucleon NnuMmDber zero and Lwo are predicied 1n a simple approximation.

The theory contains two parameters which can be explicitly related to observed nucleon mass and the
pion-nucleon coupling constant. Some paradoxical aspects of the theory in connection with the s trans-
formation are discussed in detail.
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Plasmons, Gauge Invariance, and Mass

P. W. ANDERSON
Bell Telephone Laboratories, Murray Hill, New Jersey
(Received 8 November 1962)

Schwinger has pointed out that the Yang-Mills vector boson implied by associating a generalized gauge
transformation with a conservation law (of baryonic charge, for instance) does not necessarily have zero
mass, if a certain criterion on the vacuum fluctuations of the generalized current is satisfied. We show that
the theory of plasma oscillations is a simple nonrelativistic example exhibiting all of the features of Schwin-
ger’s idea. It is also shown that Schwinger’s criterion that the vector field m>£0 implies that the matter
spectrum before including the Yang-Mills interaction contains m=0, but that the example of supercon-
ductivity illustrates that the physical spectrum need not. Some comments on the relationship between these
ideas and the zero-mass difficulty in theories with broken symmetries are given.



A total of 6 people came to the similar idea!

BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS*
F. Englert and R. Brout

Faculté des Sciences, uxelles, Belgium
(Received 26 June 1964)

It is of interest to inquire whether gauge
vector mesons acquire mass through interac-
tion'; by a gauge vector meson we mean a
Yang-Mills field? associated with the extension
of a Lie group from global to local symmetry.
The importance of this problem resides in the
possibility that strong-interaction physics orig-
inates from massive gauge fields related to a
system of conserved currents.® In this note,
we shall show that in certain cases vector
mesons do indeed acquire mass when the vac-
uum is degenerate with respect to a compact
Lie group.

those vector mesons which are coupled to cur-
rents that “rotate” the original vacuum are the
ones which acquire mass [see Eq. (6)].

We shall then examine a particular model
based on chirality invariance which may have a
more fundamental significance. Here we begin
with a chirality-invariant Lagrangian and intro-
duce both vector and pseudovector gauge fields,
thereby guaranteeing invariance under both local
phase and local y,-phase transformations. In
this model the gauge fields themselves may break
the y, invariance leading to a mass for the orig-
inal Fermi field. We shall show in this case
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BROKEN SYMMETRIES, MASSLESS PARTICLES AND GAUGE

P.W. HIGGS ) _
Tail Institute of Mathemalical Physics, University of Edinbuvgh, Scollan

Received 27 July 1964

tly a number of people have discussed
thelgeglt::stgne theorem ls%‘;: that any solution of a
Lorentz-invariant theory which violates an inter-
nal symmetry operation of that theory must con-
tain a massless scalar particle. Klein and Lee
showed that this theorem does not ngcessarily ap-
ply in non-relativistic theories and implied that

their considerations would apply eqvjxally well to
Lorentz-invariant field theories. Gilbert */, how-

Then there is a conserved current j “ such that
i/ %% jo(x), 01 ()] = 0500, @

We assume that the Lagrangian is such that sym-
metry is broken by the nonvanishing of the vacuum
expectation value of ¢y. Goldstone's theorem is
proved by showing that the Fourier transform of
K7 ut), ¢1(3)]) contains a term

2m{pa)e Ceo)ke 6(22), where %, is the momentum,
as a consequence of Lorentz- covariance, the con-
servation law and eq. (2).

Klein and Lee 3) avoided this result in the non-
relativistic case by showing that the most general
form of this Fourier transform is now, in Gilbert's
notation,

F.T. =k, pl(lez, nlz)+nup2(k2, nk) + Can“ 54(%) s

where 7, which may be taken as (1, 0, 0, 0), @
picks out a special Lorentz frame. The conver-
sation law then reduces eq. (3) to the less general
form

F.T. =k, 6(k%)py(nk) +[kznu -k, (nk)]og (2, nk)

+Cgn,, 64(k) . )

It turns out, on applying eq. (2), that all three
terms in eq. (4) can contribute to ( ©9). Thus the
Goldstone theorem fails if Pgq =0, which is pos-
sible only if the other terms exist. Gilbert's re-
mark that no special timelike vector #, is avail-
able in a Lorentz-covariant theory appears to rule
out this possibility in such a theory.

There is however a class of relativistic field
theories in which a vector n does indeed play a
part. This is the class of gauge theories, where

an auxiliary unit timelike vector n, must be in-

ever, gave a proof that the failure o-f the Goldstone
theorem in the nonrelativistic case is of a tyipeim-
which cannot exist when Lorentz invariance lfi ¥
posed on a theory. The purpose of this note is

for an impor-
show that Gilbert's argument fails 2
tant class of field theories, that in which the con

served currents are coupled to gauge ﬁeldf- D 18
Following the procedure used by Gilber f,tel
us consider a theory of two hermitian scalar

SRAAVWAL VA LUG SLUPLESL Sull Uleory, quantum elec-
trodynamics.) There seems to be no reason why
the vector 7y, should not appear in the Fourier
transform under consideration.

It is characteristic of gauge theories that the
conservation laws hold in the strong sense, as a
consequence of field equations of the form

M =2, v,

F_lu" = a,‘L Ay - n;r']“' . ()

Except in the case of abelian gauge theories, the
fields 4", Iy are not simply the gauge field
variables A, I, but contain additional terms
with combinations of the structure constants of
the group as coefficients. Now the structure of
the Fourier transform of i[A,' (), ©1()]) must
be given by eq. (3). Applying eq. (5) to this com-
mutator gives us as the Fourier transform of
i<Lju(")’ ©1()]) the single term

[2n;, - ey k)] p(k2, nk). We have thus exorcised
both Goldstone's zero-mass bosons and the
"spurion" state (at k, = 0) proposed by Klein
and Lee.

In a subsequent note it will be shown, by con-
sidering some classical field theories which dis-
play broken symmetries, that the introduction of
gauge fields may be expected to produce qualita-
tive changes in the nature of the particles de-
scribed by such theories after quantization.
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GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES*
G. S. Guralnik,T C. R. Hagen,i and T. W. B. Kibble

Department of Physics, Imperial College, T.ondon, England

(Received 12 October 1964)

In all of the fairly numerous attempts to date to
formulate a consistent field theory possessing a
broken symmetry, Goldstone’s remarkable the-
orem! has played an important role. This theo-
rem, briefly stated, asserts that if there exists
a conserved operator ¢; such that

(904, ()] =t A, ),

and if it is possible consistently to take )¢, Tk
x(0lAp10)# 0, then Aj(x) has a zero-mass par-
ticle in its spectrum. It has more recently been
observed that the assumed Lorentz invariance
essential to the proof? may allow one the hope of
avoiding such massless particles through the in-

We consider, as our example, a theory which

troduction of vector gauge fields and the conse-
quent breakdown of manifest covariance.® This,
of course, represents a departure from the as-
sumptions of the theorem, and a limitation on
its applicability which in no way reflects on the
general validity of the proof.

In this note we shall show, within the frame-
work of a simple soluble field theory, that it is
possible consistently to break a symmetry (in
the sense that ? 5t;1(01A 1 0)# 0) without requir-
ing that A(x) excite a zero-mass particle. While
this result might suggest a general procedure
for the elimination of unwanted massless bosons,
it will be seen that this has been accomplished
by giving up the global conservation law usually

was partially solved by Englert and Brout,® and
bears some resemblance to the classical theory
of Higgs.® Our starting point is the ordinary
electrodynamics of massless spin-zero particles,
characterized by the Lagrangian

e=-tF""(6 A -5 A )+iFM'F
TN m

+¢“8“¢+§-¢“¢u+ieocp“q<pAu,

where ¢ is a two-component Hermitian field,
and ¢ is the Pauli matrix o,. The broken-sym-
metry condition

ieq(0l@10) =n5(zl)

2

Anderson-Englert-Brout-Higgs-Guralink-Hagen-Kibble (AEBHGHK) Mechanism
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The History of the Guralnik, Hagen and Kibble
development of the Theory of Spontaneous
Symmetry Breaking and Gauge Particles

Gerald S. Guralnik’

Physics Department?.
Brown University, Providence — RI. 02912

Abstract

I discuss historical material about the beginning of the ideas of spontaneous symme-
try breaking and particularly the role of the Guralnik, Hagen Kibble paper in this
development. I do so adding a touch of some more modern ideas about the extended
solution-space of quantum field theory resulting from the intrinsic nonlinearity of non-
trivial interactions.

Shortly thereafter, as we were literally placing the manuscript in the envelope to be sent to
PRL. Kibble came into the office bearing two papers by Higgs and the one by Englert and
Brout. These had just arrived in the then very slow and unreliable (because of strikes and
the peculiarities of Imperial College) mail. We were very surprised and even amazed. We

had no idea that there was any competing interest in the problem, particularly outside of
the United States. Hagen and I quickly glanced at these papers and thought that, while

they aimed at the same point, they did not form a serious challenge to our work.




In any event, after seeing the competing EBH analyses, we unhesitatingly
thought that we should do the completely honest thing and reference them, as

they were clearly relevant with examples, even if not convincing to us. Our paper
was finished and typed in final form when we saw these other works and made
this decision. We only altered the manuscript by adding in several places references
to these just-revealed papers. Not a single thought or calculation was removed or
added, nor was any change made but to the referencing in our manuscript as the
result of Kibble’s having pointed out the existence of these new papers. In retro-

spect, I wish we had added the true statement — “after this paper was completed,
related work by EB and H was brought to our attention.”

We were naive enough to feel that these other articles offered no threat to our
insights or to the crediting of our contribution. Nearly 45 years later, it is clear that
we were very wrong. An unbiased reading of all the papers should make it clear that
GHK is the result of an entirely independent train of thought. Over the decades,
the awareness of the need to address what in 1964 were many worrisome points has
vanished because of the acceptance of the end results and the general increase in

our theoretical understanding. This, in turn, has affected the appreciation of the
extremely significant differences in “correctness” and “completeness” of our work
relative to the others. While we were too innocent in our slowness to publish and

in the way the referencing was included, we never thought that this would in any
way affect our claim, since so many knew of the evolution of our work and my
open discussion of it for nearly six months before we submitted it for publication.




We were sure that a clear claim had been staked for us, even without the first-
publication place holder. Over the short term this was correct, but, after decades,
colleagues died and many seemed to forget. A major loss in this regard and many
many other ways was Paul Matthews, who was aware of the detailed evolution of
our work. Initially, there seemed to be no problem getting recognition for what we

did on a more than equal basis to the EB and H papers. This seemed to change
around 1999, when our work began to be omitted from the references contained in
important talks and papers, even by authors who had previously referenced us.
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BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland
(Received 31 August 1964)

In a recent note! it was shown that the Gold-
stone theorem,? that Lorentz-covariant field
theories in which spontaneous breakdown of
symmetry under an internal Lie group occurs
contain zero-mass particles, fails if and only if
the conserved currents associated with the in-
ternal group are coupled to gauge fields. The
purpose of the present note is to report that,
as a consequence of this coupling, the spin-one
quanta of some of the gauge fields acquire mass;
the longitudinal degrees of freedom of these par-
ticles (which would be absent if their mass were
zero) go over into the Goldstone bosons when the
coupling tends to zero. This phenomenon is just
the relativistic analog of the plasmon phenome-
non to which Anderson® has drawn attention:
that the scalar zero-mass excitations of a super-
conducting neutral Fermi gas become longitudi-
nal plasmon modes of finite mass when the gas
is charged.

The simplest theory which exhibits this be-
havior is a gauge-invariant version of a model

about the “vacuum” solution ¢,(x) =0, @,(x)=¢,:

K _
3 {Bu(Aqol)—egoOA“}—O, (2a)
{82-4¢,2 V" (9 Hag,) =0, (2b)
aVF“U=eg00{8“(Acp1)—e<p0Au}. (2¢)

Equation (2b) describes waves whose quanta have
(bare) mass 2¢,{V""(¢,2)}'?; Eqgs. (2a) and (2¢)
may be transformed, by the introduction of new
variables

= — —18
Bﬂ Au (egoo) p.(A(Pl)’
G =0 B~8B =F (3)
[1h% L v v ou [

into the form

. pe 2 2
o B =0 0 =0.
” , VG te ¢, B =0 (4)
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Spontaneous Symmetry Breakdown without Massless Bosons*
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We examine a simple relativistic theory of two scalar fields, first discussed by Goldstone, in which as a
result of spontaneous breakdown of U (1) symmetry one of the scalar bosons is massless, in conformity with
the Goldstone theorem. When the symmetry group of the Lagrangian is extended from global to local U (1)
transformations by the introduction of coupling with a vector gauge field, the Goldstone boson becomes the
longitudinal state of a massive vector boson whose transverse states are the quanta of the transverse gauge
field. A perturbative treatment of the model is developed in which the major features of these phenomena are
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The Nobel Prize in
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The Nobel Prize in Physics 2013 was awarded jointly to Francois Englert and
Peter W. Higgs "for the theoretical discovery of a mechanism that
contributes to our understanding of the origin of mass of subatomic
particles, and which recently was confirmed through the discovery of the
predicted fundamental particle, by the ATLAS and CMS experiments at

CERN's Large Hadron Collider"
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Plug this vacuum H = - (O)

V2 \v
: L. L y
into kinetic energy: (DMHT)(D“H) D, =0, — E‘gt -W, —ig'YB,
All the other terms vanish except for:
Clz + CzA i wt 61Z + C2A i w*
'o v e e |O)
2 7 g - V9 +g? | L,- JgTtg® |
V2 2 2 2
ﬂ] W+
1 gv ~ /gZ _|_g12 \/z
=5|\—=W vZ > 2
2\ 2 2 g-+g
vZ
2
Photon A feels nothing in vacuum.
_ 1 1
=my W WH*+mzZ,72¢*  m, = S0V mp=c (9% + g'2v

W, Z can feel the effects of non-trivial vacuum and both received a mass.

my, = Cos By, my,
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A MODEL OF LEPTONS*

Steven Weinbergt
Laboratory for Nuclear Science and Physics Department,
Massachusetts Institute of Technology, Cambridge, Massachusetts
(Received 17 October 1967)

Leptons interact only with photons, and with
the intermediate bosons that presumably me-
diate weak interactions. What could be more
natural than to unite' these spin-one bosons
into a multiplet of gauge fields? Standing in
the way of this synthesis are the obvious dif-
ferences in the masses of the photon and inter-
mediate meson, and in their couplings. We
might hope to understand these differences
by imagining that the symmetries relating the
weak and electromagnetic interactions are ex-
act symmetries of the Lagrangian but are bro-
ken by the vacuum. However, this raises the
specter of unwanted massless Goldstone bosons.?
This note will describe a model in which the
symmetry between the electromagnetic and
weak interactions is spontaneously broken,
but in which the Goldstone bosons are avoided
by introducing the photon and the intermediate-
boson fields as gauge fields.® The model may
be renormalizable.

We will restrict our attention to symmetry
groups that connect the observed electron-type
leptons only with each other, i.e., not with
muon-type leptons or other unobserved leptons
or hadrons. The symmetries then act on a left-
handed doublet

Lzlgaw,)l(u:) Wy

and on a right-handed singlet
R=[3(1-v)le. (2)

The largest group that leaves invariant the kine-
matic terms —Ly'*8,L-Ry*8, R of the Lagrang-
ian consists of the electronic isospin T acting
on L, plus the numbers Ny, Np of left- and
right-handed electron-type leptons. As far
as we know, two of these symmetries are en-
tirely unbroken: the charge @ =T3—NR—%NL,
and the electron number N=Np +Ny. But the
gauge field corresponding to an unbroken sym-
metry will have zero mass,* and there is no
massless particle coupled to N,* so we must
form our gauge group out of the electronic iso-
spin T and the electronic hyperchange Y= Ng
+ %NL.

Therefore, we shall construct our Lagrang-
ian out of L and R, plus gauge fields K“ and
By, coupled to T and Y, plus a spin-zero dou-
blet

@°
ke (rp‘) ©)

whose vacuum expectation value will break T
and Y and give the electron its mass. The on-
ly renorma_l_izable Lagrangian which is invar-
jant under T and Y gauge transformations is

- - ) 2 = U : m % e
L=-4(d A -0 A A XA )°-4(@ B -8 B )°-Ry" (8 -ig'B )R-Ly (2 igt-A -itg’
(u A, t8A, l,) .(“ 50 u) b} (‘1 ig “> Y (ur;u A“ tng“)L

2 f

e T~ S
_élauqa—tgA“-t(pn%g'Buw! -Ge(szR +R(p1L)—M1 @ <p+h(¢*w)2. (4)

We have chosen the phase of the R field to make G, real, and can also adjust the phase of the L and
Q fields to make the vacuum expectation value A =(¢° real. The “physical” ¢ fields are then ¢~

Wil Z 1SR ARER e hEfEE |
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same interaction.

Electromagnetic and weak interactions are unified into Electroweak.
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and

w.s(wowm—h)/f'? ¢,-(w°-w°1)/i~/f. (3

—

We see immediately that the electron mass
is AG,. The charged spin-1 field is

The condition that ¢, have zero vacuum expec-
tation value to all orders of perturbation the-
ory tells us that A*=M */2h, and therefore the
field ¢, has mass M, while ¢, and ¢~ have masp
zero. But we can easily see that the Goldstone
bosons represented by ¢, and ¢~ have no phys-
ical coupling. The Lagrangian is gauge invar-
iant, so we can perform a combined isospin
and hypercharge gauge transformation which
eliminates ¢~ and ¢, everywhere® without chang-
ing anything else. We will see that G, is very
small, and in any case M, might be very large,
so the ¢, couplings will also be disregarded
in the following.

The effect of all this is just to replace ¢ ev-
erywhere by its vacuum expectation value

@ =) @

The first four terms in £ remain intact, while
the rest of the Lagrangian becomes

w Ez—lll ) - 2
A (Au +tA‘1 ) (8)
and has mass
3
My, =bg. ®
The neutral spin-1 fields of definite mass are
e 2= o4 3 'B
“ (8*+57) g M 4 “), (10)
A = N =U2(_orq 3 .
. (&*+g?)~*(-g » +gBu) (11)
Their masses are
M, =g +g™)", (12)

M, =0, (13)

bl 7 e )

A% (pgA 3 ’ | X
ax’(g i +gBu)’ AG Ze. 7) |

80 Au is to be jidentified as the photon field.
The interaction between leptons and spin-1
mesons is

i In igg’ U
z 1 w el
55-2 Y ( +75)v #+Hc *(g’+g")”’vr eAu

4

+,’(88 +g::)1/t [

3 I’_
e e-avge v vz . s

We see that the rationalized electric charge
is

e=gg' /(g +g")? (15)

and, assuming that W“ couples as usual to had-
rons and muons, the usual coupling constant
of weak interactions is given by

Gw/fz' =g’/BMW’ =1/2)2, (16)

Note that then the e-¢ coupling constant is
G =M /ax=2YM G_Y2=2.07X10"°,
e e e W

The coupling of ¢, to muons is stronger by a
factor M /Mg, but still very weak. Note al-
8o that (14) gives g and g’ larger than e, so
(18) tells us that My > 40 BeV, while (12) gives
Mz >Mur and M7 >80 BeV.

by this model have to do with the couplings

of the neutral intermediate meson Z# . 2
does not couple to hadrons then the best place
to look for effects of Z, is in electron-neutron
scattering. Applying a Fierz transformation
to the W-exchange terms, the total effective
e-v interaction is

G (3¢*-g")
w { M U
7l2=!7y“(1 +75)V1W')'27 e+32y ‘)‘5e }

If g>e then g>»g&’, and this is just the usual
e-v scattering matrix element times an extra
factor 3. If g>e then g<«g’, and the vector

interaction is multiplied by a factor -3 rath-
er than 3. Of course our model has too manv

taken very seriously, but it is worth keeping
4n mind that the standard calculation® of the
electron-neutrino cross section may well be
wrong.

Is this model renormalizable? We usually
do not expect non-Abelian gauge theories to
be renormalizable if the vector-meson mass
is not zero, but our Z and W, mesons get
their mass from the spontaneous breaking of
the symmetry, not from a mass term put in
at the beginning. Indeed, the model Lagrang-
ian we start from is probably renormalizable,
so the question is whether this renormalizabil-
ity is lost in the reordering of the perturbation
theory implied by our redefinition of the fields.
And if this model is renormalizable, then what
happens when we extend it to include the coup-
lings of K“ and By to the hadrons?

I am grateful to the Physics Department of
MIT for their hospitality, and to K. A. Johnson
for a valuable discussion.
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The secret of universe is the following:

Weak and Electromagnetic interaction is one SU(2) XU (1) gauge theory.

Gauge symmetry is broken by spontaneous symmetry breaking:

Strong interaction is a SU(3) gauge theory. SU2)xU(1) » U(1)gm
This 1s usually called the standard model of particle physics.

What are the doublets of electroweak SU (2)?
What is the triplet gauge bosons of electroweak SU(2)?

What are the triplets of strong SU(3)?
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Jigsaw falling into place




The Standard Model of Particle Physics
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