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AXIAL VECTOR CURRENT CONSERVATION IN WEAK INTERACTIONS™*
Yoichiro Nambu
Enrico Fermi Institute for Nuclear Studies and Department of Physics
University of Chicago, Chicago, Illinois
(Received February 23, 1960)
In analogy to the conserved vector current in- momenta. Such an attempt has some appes:
eraction in the beta decay suggested by Feynman view of the apparently modest renormaliza
d Gell-Mann, some speculations have been effect on the axial vector beta decay const
nade about a possible conserved axial vector (g4 /gV = 1.25), although the second appeali
current.’”® One can formally construct an axial point,’ namely, the possible forbidding of
vector nucleon current, which satisfies a con- has now lost its relevance.
tinuity equation, The expression (1), unfortunately, can be
anacily wmailad And avrAanisaAantalle PR LR
G Goldstone Theorem
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IL NUOVO CIMENTO Vor. XIX, N. 1

Field Theories with «Superconductor» Solutions.

J. GOLDSTONE
CERN - Geneva

(ricevuto I'S Settembre 1960)

Summary. - - The conditions for the existence of nou-perturbative type
# superconductor » solutions of field theories are examined. A non-covariant
canonical transformation method is used to find such solutions for a theory
of a fermion interacting with a pseudoscalar boson. A covariant renor-
malisable method using Feynman integrals is then given. A ¢ supercon-
ductor » solution is found whenever in the normal perturbative-type
solution the boson mass squared is negative and the coupling constants
satisfy certain inegualities, The symmetry properties of such solutions
are examined with the aid of a simple model of self-interacting boson
fields. The solutions have lower symmetry than the Lagrangian, and
contain mass zero bosons.

1. - Introduction.

This paper reports some work on the possible existence of field theories
with solutions analogous to the Bardeen model of a superconductor. This
possibility has been discussed by NaMBU (*) in a report which presents the
general ideas of the theory which will not be repeated here. The present work
merely considers models and has no direct physical applications but the nature
of these theories seems worthwhile exploring.

The models considered here all have a bogon field in them from the be-
ginning. It would be more desirable to construct bosons out of fermions and
this type of theory does contain that possibility (). The theories of thiz paper
have the dubious advantage of being renormalisable, which at least allows
one to find simple conditions in finite terms for the existence of ¢supercon-

(*} Y. NamBu: Enrico Fermi Institute for Nuclear Studies, Chicago, Report 60-21.

1° Gennaio 1961




With symmetry Spontaneously broken
symmetry

?




2008 = A A ZRA0] A
=01o] of ol

—_ -

P. Higgs
Nobel prize in 20117







70| X|(gauge) CHEIA
« 7= X OICHAS0[e| 0|52 St = HIH =2
Ot2 =X|7t giCH

M= A th7 Iz
e B e Bk
Voo v . v . voal
Paul  Nick Peter  Ben Jim  Bob Nick Mike

o A0V} LI2ICH|0 &re{=0d =L}
. 40}t = AO|X| B E
« O|X|CHEE > EZF0| gl= AlOIX|EE




Bz SINLEES
(01 Jc._*7('7|E4

: 2 (photon)

electric
o field
I:I
magnetic
field

""9000,,

_ 7|0|X|E=




1960 2CH=2| O|E=E|<}| A

1 o = S =
N BEAE BES RS £ 9l
— I:IA|_7|_?

2. Al0|X| E&0| &g

]0
N
A
1
£0
1o
-









SEARASE LA

LA
W

\




F_._
JO

F

1

HIEHB) S -

D%
S,

n decays to p electro
dan antmeu rmo rt l(m di t g)

182 ofal

247 &2




e
1z
A=)
>
ll
AR
=d
o
ol
L
<2
=Olg
N
_olh
n




PHYSICAL REVIEW ' VOLUME 125, NUMBER 1 JANUARY 1,

Gauge Invariance and Mass

JuLIAN SCHWINGER
Harvard University, Cambridge, M assachusetts, and University of California, Los Angeles, California

(Received July 20, 1961)

It is argued that|the gauge invariance of a vector field does not necessarily imply zero mass|for an associ-
ated particle if the current vector coupling is sufficiently strong. This situation may permit a deeper under-
standing of nucleonic charge conservation as a manifestation of a gauge invariance, without the obvious
conflict with experience that a massless particle entails.

AOIX|2Z0| & 20| gls 2= 8iCh.

PHYSICAL REVIEW VOLUME 130, NUMBER 1 1 APRIL

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 w0 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.
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VOLUME 12, NUMBER 10 PHYSICAL REVIEW LETTERS 9 MARCH 1964

DOES SPONTANEOUS BREAKDOWN OF SYMMETRY IMPLY ZERO-MASS PARTICLES?*

Abraham Klein and Benjamin W. Leet
Department of Physics, University of Pennsylvania, Philadelphia, Pennsylvania
(Received 8 January 1964)

There is relatively intense interest at present It is well known, however, that the theorem can-
in exploring more deeply and widely the sugges- not obtain if one removes the requirement of Lo-
tion' that the mathematical methods essential to rentz invariance. For in this case there is the
the understanding of material media which exhib- example of the theory of superconductivity, where

(2) The flaw in the argument will then be given
Xl =0 : . ’
gauge CHE-EO0| THE = SEAEHEQ| and will be seen to nullify as well the covariant

EMSH] FE = US. proof.

VOLUME 12, NUMBER 25 PHYSICAL REVIEW LETTERS 22 JUNE 1964

BROKEN SYMMETRIES AND MASSLESS PARTICLES*

Walter Gilbert
Jefferson Laboratory of Physics, Harvard University, Cambridge, Massachusetts
(Received 30 March 1964)

cast doubt upon the original theorem. In this they

O] O&ls| ME!
were mistaken. The theorem fails, trivially, in Goldstone theoremO| 0 | 9&

BICtT =%



VoLUME 13, NUMBER 16 PHYSICAL REVIEW LETTERS 19 OcTOBER 1964

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- about the “vacuum” solution ¢,(x) =0, @,(x)=¢,:
stone theorem,? that Lorentz-covariant field
theories in which spontaneous breakdown of a“{au(Aq/l)-e chA u}:O’ (2a)

symmetry under an internal Lie group occurs
contain zero-mass particles, fails if and only if
the conserved currents associated with the in- {9°-40e" V! (95") (8 9,) =0, (2b)
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;

=e<p0{8“(A<p1)—e(pOA u}. (2¢)

Lation (2b) describes wav#s whose quanta have

gauge CiE-G0| AHHEE o = J{K[H
Goldstone theoremO| MZI5HX| &1 CHAI
AO|X|EZE0| Zzk2 4SS 0|1EXMoZE U5
Ho=Z Aakz 7h= “SIA-HZE"0| &XL &t
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VOLUME 13, NUMBER 9 PHYSICAL REVIEW LETTERS 31 AucusTt 1964
BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS*

F. Englert and R. Brout
Faculté des Sciences, Université Libre de Bruxelles, Bruxelles, 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.

gauge CHEH0| AHHEH o = iX[H
HOIX[2ZE0| S A2 0|2HeE S

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



VoLUME 13, NUMBER 20 PHYSICAL REVIEW LETTERS

16 NovEMBER 1964
GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES*

G. S. Guralnik,T C. R. Hagen,{ and T. W. B. Kibble
Department of Physics, Imperial College, London, England
(Received 12 October 1964)

P, W. Higgs, Phys. Letters 12, 132 (1964)
‘B. Zumino, Phys. Letters 10, 224 (1964)

F. Englert and R. Brout, Phys. Rev. Letters 13
321 (1964).

fP. W. Higgs, to be published.
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VOLUME 19, NUMBER 21 PHYSICAL REVIEW LETTERS 20 NOVEMBER 1967

A MODEL OF LEPTONS*

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

AR BEDSO| 2
AP (2t of2io] EYo|2
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JP. W. Higgs, Phys. Letters 12, 132 (1964), Phys.
Rev. Letters 13, 508 (1964), and Phys. Rev. 145, 1156
(1966); F. Englert and R. Brout, Phys. Rev. Letters
13, 321 (1964); G. S. Guralnik, C. R. Hagen, and T. W.
B. Kibble, Phys. Rev. Letters 13, 585 (1964).
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Nr of citations/year

Citation history of the papers behind the Nobel prize
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——Broken Symmetry and the Mass of Gauge Vector Mesons, by F. Englert and R. Brout
180
—— Broken Symmetries, Massless Particles and Gauge Fields, by P. W. Higgs
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—— Broken Symmetries and the Masses of Gauge Bosons, by P. W. Higgs
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In 1972, Ben Lee, ..., then plastered my name over
everything connected with spontaneous symmetry
breaking, and other people were relegated to a foot
note.

“Ol2la7t tHEEO0| MK = a1t 2EHE 2= A

52 S0[7] ARSIHM L= Ho CHE ARE2 245 3

EE Aot ALt

o| —
—l T L

My Life as a Boson

Peter Higgs

School of Physics and Astronomy, University of Edinburgh, James Clerk Mazwell
Building, King’s Buildings Mayfield Road Edinburgh EH9 3JZ, Scotland

Based on a talk presented at Kings College London, Nov. 24th, 2010
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A Historical Profile of the Higgs Boson

John Ellis?, Mary K. Gaillard’ and Dimitri V. Nanopoulos®

However, the seminal papers on spontaneous breaking of gauge symmetries and elec-
troweak unification were largely ignored by the particle physics community until the renor-
malizability of spontaneously-broken gauge theories was demonstrated by 't Hooft and

Veltman [8]. These ideas then joined the mainstream very rapidly, thanks in particular to

a series of influential papers by B. W. Lee and collaborators [27,28|.

4 A Phenomenological Profile of the Higgs Boson

B. W. Lee also carries much of the responsibility for calling the Higgs boson the Higgs

boson, mentioning repeatedly ‘Higgs scalar fields’ in a review talk at the International
Conference on High-Energy Physics in 1972 [29]. However, in the early 1970s there were
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Status as of March 2011 90% confidence level
95% confidence level

Excluded by Excluded by Excluded by
LEP Experiments Tevatron Indirect Measurements
95% confidence level Experiments 95% confidence level

ATLAS &

100 114 120 140 157 173 180185 200 GeV/c* 206 446

CERN2| LHC7I57]

125.3 + 0.4 (stat) £ 0.5 (sys) GeV/c?
126.0 £ 0.4 (stat) £ 0.4 (sys) GeV/c?




Large Hadron Collider (LHC)
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21M17[0]| +EE ME2 O|=E=
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» HiggsE2Z->Higgsino = ¥E=% E("‘%
MZL & (Technicolor)

« SIAHE = ME2R HE0|2EE S0 YA}
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« Z=T0|Z (superstring theory)
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