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well into account the radiation correction to the
f-decay constant found by Derman 3) and Kino-
shita and Sirlin 4) we obtain for the muan life
time

Tu 22 A2 32, Ag 3 M2
ey R A g e B

s
where 7,0 {5 the muon 1ife time calculated by
means of universal theory of four fermion inter-
action with a constant taken from g-decay without
any corrections, .\J Is the cut off momentum due

to the strong interactions, Ag ~ M, E ls the en-
ergy of g-transition. Accor to experimental
data 7, /7,0 = 0.988 & 0.004,

Substituting the numbers into (1) we obtain
Y"/ r“° = 1.003 and the disagreement between
the theory and experiment will be In our case
1.5 & 0.4%. When discussing this result one should
take into consideration that in (1) only the terms
~ ¢2 In 2 were correctly taken Into account but
the terms ~ ¢ were dlscarded.

It seems to us that the conclusion that in the
theory of weak interaction with Intermediate W-
meson - and p-constants must be with good ac-
curacy the same (taking into account the correc-
tions due to the electromagnetic and weak inter-
actions), is in favour of the weak Interaction the-
ory with W-meson unlike the four-fermion theory.

More detalled paper will be published else-
where.

The author {s indebled to B. V. Geshkenbeln,
L Yu. Kobsarev, L. B.Okun, A. M. Perelomov,
1. Ya. Pomeranchuk, V.8, Popov, A.P.Rudik and
M. V. Terentyev for valuable discussions,
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BROKEN SYMMETRIES, MASSLESS PARTICLES AND GAUGE FIELDS

P. W.HIGGS
Tait Institute of Mathematical Physics, University of Edinburgh, Scotland

Recelved 27 July 1964

Recently a number of geople have discusaed
the Goldstone theorem 1, 2): that any solution of a
Lorentz-invariant theory which viclates an inter-
nal symmetry operation of that theory must con-
tain a massless scalar particle. Kleln and Lee 3)
showed that this theorem does not necessarily ap-
ply In non-relativistic theories and implied that
thelr considerations would apply equally well to
Lorentz-invariant field theories. Gilbert %), how-

132

ever, gave a proof that the fallure of the Goldstone
theorem In the nonrelativistic case is of a type
which cannot exist when Lorentz invariance is im-
posed on & theory. The purpose of this note is to
show that Gilbert's argument falls for an impor-
tant class of fleld theories, that in which the con-
served currents are coupled to gauge flelds.
Following the procedure used by Gilbert ‘), let
us congider a theory of two hermitian scalar ficlds
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BROKEN SYMMETRIES AND THE MASESES OF GAUGE BOSONS

Peter W, Higes

Fast Institate of Mathematical Pr

{ite

In & recent note' It was shown that the Gold

that Lorentz-covariant field
thearies in which spontaneous breakdown of
symmetry under an internal Lie group occurs

stone theorem,

contain zero-mass particles,
aserved oy
| group are coupled to gauge lelds. The
0 of the present note is to report that

15 tf and only if
rents associated with the in-

the ¢

lere

pur

aM a consequ e of this coupling, the spin-one
quanta of son
th

ticles (which w

of the gauge flelds acquire mass,

longitudinal degrees of freedom of these par-

id be absent Uf their mass were

zuro} go over into the Goldstone bosons when the
coupling tends to zero, This phepomenon 1% 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 Ferml gas become loagitudi-

nal plasmon modes of finite mass when the gas
is charged.

I'he simplest theory which exhibits this be
havior Is 4 gauge-invariant version of a model
used by Goldstone® himself: Two real® scalar
fields 4,, ¢, and a real vector field /1‘ interact
through the Lagrangian density

2 N
2 2
L==4ve, ) -3ve,)
2 y
Vig Py (n
2
wherre
v ¢ A @,
A8 BRI | u'2
V2T PyreA e,
F 2 - A
[ ' FURY

¢ 15 a dimensionless coupling constant, and the
metric I1s taken 48 —+++, L i Invariant under

simultaneous gauge transformations of the first
Kind on v, ¢ fe@y and of the second kind on A
Let us suppose that V(%) <0, V(e 0: "then

spootanecus breakdown of U(l) symmetry occurs.
Consider the equations [derived from (1) by
treating Ag,, A¢y, and A, as small quantities |

governing the propagation of small oscillations

508
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about the *“vacuum" solution v, (x 0, @l = g c
At (A - A 0 (2a)
I“ Ay ]' 1 |.‘;_ N )
TV (0T Ay =0 (2b)
p F¥ ze 10" (a0 )mep A L (2¢)
i 0 1 0

Equation {(2b) describes waves whose quanta have
(bare) mass 20,{V"" (g, """ Eqgs. (2a) and (2¢)
may be transformed, by the introduction of new
v .‘.’l.lh]"q

Equation (4) describes vector waves whose quanta
have (bare)
fleld coupling (v =0) the situation is quite differ-
ent: Equations (2a) and (2¢) describe zero-mass

mass e, In the absence of the gauge

scalar and vector bosons, respectively, In pass-
ing, we note that the right-hand skde of (2¢) ts
just the linear approximation to the conserved
current: It is linear in the vector potential,
gauge invariance belng

naintained by the pres-
ence of the gradient term.*

When one considers theoretical models in
which spontaneous breakdown of symmetry under
a semisimple group occurs,

0ne InCoOUNMars A
variety of possible situations corresponding to
the various distinct irreducible representations
to which the scalar fields may belong; the gauge
fleld always belongs to the adjoint representa-
tion.' The model of the most Immedi

1€ inter-
est is that in which the scalar fields form an
octet under SU(3): Here one finds the possibil-
ity of two ponvanishing vacuum expectation val-
ves, which may be chosen to be the two Y =0

N

I,=0 members of the octet,” There are twe

massive scalar bosons with just these quantum
numbers; the réemaining six components of the
scalar octet combine with the corresponding

components of the gauge-(ield octet 10 desceribe
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BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS*

F. Englert and R. Brout
Faculté des Sclences, Unlversitd Libre de Braxelles, Bruxelies, Belgium
(Recolved 26 June 1964)

It is of interest o inguire whether gauge
vector mesons acquire mass through Interac-
tion'; by a gauge vector meson we mean a
Yang-Mills fleld® assockated 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 flelds related to u
system of conserved currents.” In this note,
we shall show that in certain cases vector
mesons do indeed acquire mass when the vac-
wum is degenerate with respect to a compact
Lie group.

Theorles with degenerate vacoum (broken
symmetry) have been the subject of intensive
study since thelr Inception by Nambu.*™ A
characteristic feature of such theartes is the
possible existence of gero-mass bosons which
tend to restore the symmetry.”* We shall
show that it is precisely these singularities
which maintain the gauge invariance of the
theory, despite the fact that the vector meson
acquires mass,

We shall first treal the case where the orig-
inal flelds are a set of bosons YA which trans-
form a& a basis for a repregentation of 2 com-
pact Lie group, This example should be con-
sidered as a rather general phenomenological
model. As such, we ahall not study the par-
ticular mechanism by which the symmetry (s
broken but simply assume that such a mech-
anlsm exists, A calculation performed in low-
est order perturbation theory Indicates that

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 Lagrangtan and intro-
duce both vector and pseadovector gauge fields,
thereby guaranteeing Invariance under both local
phase and local y,-phase transformations. In
this model the gauge fields thomselves may break
the y, lnvariance leading to a mass for the orig-
inal Fermi field. We shall show In this case
that the pseudovector field acquires mass,

In the last paragraph we sketch a simple
argument which renders these results reason-
able.

(1) Lest the simplicity of the argument be
shrooded in a cloud of indices, we first con-
sider 3 ono-parameter Abellan group, repre-
senting, for example, the phase transtormation
of a charged boson; we then present the general-
ization to an arbitrary compact Lie group.

The interaction between the ¢ and the A
flelds is

H “teA %% e—2"p%A A,
nt K® H boK

where ¢ = (¢, + f¢,) /N2, We shall break the
symmetry by fixing (@) «0 in the vacuum, with
the phase chosen for convenience such that

(@) ={e*) = (o) V2.

We shall assume that the application of the
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Oxapaxmepu3zo8ambl nocieonue 9KCNepUMEHMANIbHbLE
OMKpbIMUsl, COENAHHble 8 UCCAeO008AHUSAX — B3AUMOOEUCMBUL
NPOMOHO8 NPU OUEHb BbICOKUX DHepeusx u omoodparHvle OJis
OeMOoHCmpayuu npeocKazamenbHol CUuibl meopuu U e€é NonvlmoK
BbIACHUMb  NPUPOOY HEKOMOPbLIX MeHee NOHAMHbIX — A6J1eHULL.
Onucanvl  cnedyrowue s6leHus. omkpvlmue 6o030ona Xueeca,
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Ilpoepamma uszyuenuss 6030na Xueeca HenoCpeoCmMeeHHO
C8A3aHA  CO  MHOSUMU  HEPEUEHHbIMU  PYHOAMEHMATbHLIMU
gonpocamu 6 (huzuxke uacmuy u KOCMONLO2UU; NpU 00CYAHCOeHUU
npoexmos 0y0yuux KoalatuoepHviX IKCNEePUMEHMO8 OOHUM U3
Memo008 CpaHeHUst AGNAemcs OYeHKa Uux nomexHyuala ons
OOCIMUICEHUSL NPOSPECCA 8 HAXONCOCHUU OMBEMO8 HA SMU BONPOCHL.
Ilpueeoén nepeuenv Haubonlee BANCHLIX  HAOAIOOAEMBIX 8
XU22COBCKOM CeKmope, KOmopbvle C813aHbl C OpyeUMU OMKDbIMbIMU
sonpocamu.
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