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Elementary Particle Physics: Spontaneous Broken

Symmetry (Nobel Lecture)**

Yoichiro Nambu*®!

| will begin with a short story about my background. | studied
physics at the University of Tokyo. | was attracted to particle
physics because of the three famous names, Nishina, Tomona-
ga and Yukawa, who were the founders of particle physics in
Japan. But these people were at different institutions than
mine. On the other hand, condensed matter physics was
pretty good at Tokyo. | got into particle physics only when |
came back to Tokyo after the war. In hindsight, though, | must
say that my early exposure to condensed matter physics has
been quite beneficial to me.

Particle physics is an outgrowth of nuclear physics which
began in the early 1930s with the discovery of the neutron by
Chadwick, the invention of the cyclotron by Lawrence, and the
“invention” of meson theory by Yukawa. The appearance of
an ever increasing array of new particles in the subsequent
decades, and the advances in quantum-field theory gradually
led to our understanding of the basic laws of nature, culminat-
ing in the present standard model.

When we faced those new particles, our first attempts were
to make sense out of them by finding some regularities in
their properties. They invoked the symmetry principle to classi-
fy them. A symmetry in physics leads to a conservation law.
Some conservation laws are exact, like energy and electric
charge, but these attempts were based on approximate simi-
larities of masses and interactions.

Nevertheless, seeing similarities is a natural and very useful
trait of the human mind, The near equality of proton and neu-
tron masses and their interactions led to the concept of isospin
SU(2) symmetry.” On the other hand, one could also go in the
opposite direction, and elevate a symmetry to a more elabo-
rate gauged symmetry. Then symmetry will determine the dy-
namics as well, a most attractive possibility. Thus the beautiful
properties of electromagnetism was extended to the SU(2)
non-Abelian gauge field.™ But strong interactions are short
range. Giving a mass to a gauge field destroys gauge invari-
ance.

Spontaneous symmetry breaking (SSB), which is the main
subject of my talk, is a phenomenon where symmetry, in the
basic laws of physics, appears to be broken. In fact, it is a very
familiar one in our daily life, although the name SSB is not.”
For example, consider a elastic straight rod standing vertically.
It has a rotational symmetry; it looks the same from any hori-
zontal direction. But if one applies increasing pressure to
squeeze it, it will bend in some direction, and the symmetry is
lost. The bending can occur in principle in any direction since
all directions are equivalent. But you do not see it unless you
repeat the experiment many times. This is SSB.
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The SSB in quantum mechanics occurs typically in a uniform
medium consisting of a large number of elements. It is a dy-
namical effect. The symmetry allows some freedom of action
to each of them but the interaction among them forces them,
figuratively speaking, to line up like a crowd of people looking
into the same direction. It is not easy to change the direction
of the whole ensemble—even if it is allowed by symmetry,
hence it does not take energy—because the action is not a
local operator. So the symmetry appears to be lost. It is still
possible to recover the lost symmetry by a global operation,
but it would amount to a kind of phase transition. Some exam-
ples are given in Table 1.

Table 1. Physical systems of broken symmetry.

Physical system Broken symmetry

Ferromagnets Rotational invariance (with respect to spin)

Crystals Translational and rotational invariance (modulo dis-
crete values)

Superconductors  Local gauge invariance (particle number)

SSB in a medium has the following characteristic properties:

1. The ground state has a huge degeneracy. A symmetry oper-
ation takes one ground state to another.

2. Only one of the ground states and a set of excited states
(arising from the chosen ground state) are realized in a
given situation.

3. SSBis in general lost at sufficiently high temperatures.

In relativistic quantum-field theory, this phenomenon be-
comes also possible for the entire space-time, for the
“vacuum” is not void, but has many intrinsic degrees of free-
dom. In this context, it may play an important role in cosmolo-
gy. As the universe expands and cools down, it may undergo
one or more SSB phase transitions from states of higher sym-
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I was born in 1921 in Tokyo and grew
up in the countryside city of Fukui. |
studied physics at the Imperial Universi-
ty of Tokyo from 1940 to 1942, graduat-
ing at the level of MS. Then | was draft-
ed into an army radar laboratory. After
the end of the war, in 1946, | returned
to the University of Tokyo as a research
associate. | received a doctorate in 1952.
In 1950 | became professor at the newly
created Osaka City University, a position
which | held until 1956. From 1952 to
1954 | stayed at the Institute for Advanced Study in Princeton (USA),
as a member, and from 1954 to 1956 at the University of Chicago as
a research associate. | was made Associate Professor at the Universi-
ty of Chicago in 1956, Professor in 1958, and Distinguished Service
Professor in 1971. From 1973 to 1976 | served as chairman of the
Department of Physics. In 1976 | became the Henry Judson Distin-
guished Professor, and after retirement in 1991, became Emeritus. |
married Chieko Hida in 1945, and have a son, Jun-ichi. | am a citizen
of the United States of America since 1970. | hold honorary degrees
from Osaka City University (1980), Northwestern University (1985),
and Osaka University (1997). | am a member of the United States Na-
tional Academy of Sciences and the American Academy of Arts and
Sciences since 1971, and an honorary member of Japan Academy
since 1984. A partial list of the prizes | received in the past are:
Dannie Heineman Prize American Physical Society (1970); Order of
Culture Government of Japan (1978); United States National Medal of
Science (1982); Max Planck Medal German Physical Society (1985);
Dirac Medal International Centre for Theoretical Physics, Trieste
(1986); Sakurai Prize American Physical Society (1994); Wolf Prize
Government of Israel (1995); Gian Carlo Wick Medal World Federa-
tion of Scientists, Lausanne (1996); Bogoliubov Prize Joint Institute
for Nuclear Research, Dubna (2003); Benjamin Franklin Medal Frank-
lin Inst., Philadelphia (2005); Pomeranchuk Prize Inst. Theoretical and
Experimental Physics, Moskow (2007). My interests in physics have
been mainly on the theoretical side. The University of Tokyo was re-
nowned for condensed-matter physics, but | was more attracted to
nuclear and particle physics in which Nishina, Tomonaga, and
Yukawa were making great contributions. As a student | attended
seminars held by Nishina and Tomonaga at their laboratory and
they spurred my interest in cosmic ray and particle physics. | started
my research career at the time when Tomonaga was developing his
theory of renormalization, for which he would receive the Nobel
Prize. | was able to approach his group and start working on his
theory and other topics in particle physics. At his recommendation |
obtained the position at Osaka City University and later was invited
to the Institute for Advanced Study. | owe my move to Chicago to
M. L. Goldberger. My work on spontaneous symmetry breaking
(SSB), for which | am receiving the Nobel Prize, started around 1959.
It is a result of my experience in both condensed matter and particle
physics. The BCS theory of superconductivity in 1957 led me to the
idea of SSB as a general phenomenon in physics. My work on its
specific application to particle physics as a mechanism for genera-
tion of the nucleon mass and the pion was first published in 1960.
Since then | have pursued the subject in various areas.
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metries to lower ones, which change the governing laws of
physics.

| will now recall the chain of events which led me to the
idea of SSB and its application to particle physics. One day in
1956, R. Schrieffer gave us a seminar on what would come to
be called the BCS theory™ of superconductivity. | was im-
pressed by the boldness of their ansatz for the state vector,
but at the same time | became worried about the fact that it
did not appear to respect gauge invariance. Soon thereafter
Bogoliubov®® and Valatin™ independently introduced the con-
cept of quasiparticles as fermionic excitations in the BCS
medium. The quasiparticles did not carry a definite charge as
they were a superposition of electron and hole, with their pro-
portion depending on the momentum. How can one then
trust the BCS theory for discussing the electromagnetic prop-
erties like the Meissner effect? It actually took two years for
me to resolve the problem to my satisfaction. There were a
number of people who also addressed the same problem, but
| wanted to understand it in my own way. Essentially it is the
presence of a massless collective mode, now known by the
generic name of Nambu-Goldstone (NG) boson, that saves
charge conservation or gauge invariance.

The Bogoliubov-Valatin (BV) quasiparticles are described by
the Equations (1a), (1b) and (1¢):®

Eppy = eptfps +AYT,

Ep*, = eyt + AP,

E:,/£§+A2

Here, v, and wfp‘f are the wavefunctions for an electron
and a hole of momentum p and spin + or —, ¢, is the kinetic
energy relative to the Fermi energy, and 2A is the energy
gap. In terms of spinlike matrices 7; the corresponding Hamil-
tonian and the charge-current are given by Equations (2a),
(2b) and (2¢):

(1)

Ho = e, W0, + AV 1, ¥ (2a)
00 =V 1, ¥ (2b)
Jo=¥"(p/m¥ (2¢)

The BV ground state is ¥ |0) = 0 for all p. The charge does
not commute with H, and the continuity equation does not
hold, which is the problem. But it has turned out that the
same interaction that led to the BCS-BV ground state also
leads to collective excitations f, which contributes to the
charge-current and restores the continuity equation. The cor-
rect expression is given by Equations (3a), (3b) and (3¢):

1
P=po+ -3 o f (3a)
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(vz - azLaZ) f~ — 2AW* T, W
t

(39)
where f represents the NG mode. Physically it corresponds to
excitations that tend to restore the lost symmetry. Its energy
goes to zero in the long wavelength limit, as it corresponds to
the global symmetry operation. It also happens that the above
NG mode mixes with the Coulomb interaction among the elec-
trons because of their common long-range nature, and turns
into the well-known oscillation equation for plasmons [Eq. (4)]:

o’ =e’n/m (4)

where e, n and m are, respectively, the charge, density, and
mass of the electron.

The formal similarity of the BV equation to the Dirac equa-
tion naturally led me to transport the BCS theory to particle
physics.”! The gap A goes over to the mass M, which breaks
chirality ~vs rather than the ordinary charge ~ 1. The axial cur-
rent is the analog of the electromagnetic vector current in the
BCS theory. If chirality is a broken symmetry, the matrix ele-
ments of the axial current between nucleon states of four-mo-
mentum p and p’ should have the form of Equation (5):

Cus(p'p) = (Vavs—2 Mysq,/a*)F(q°) (5)

where g,=p,/—p,.

So chiral symmetry is compatible with a finite nucleon mass
M provided that there exists a massless pseudoscalar NG
boson. In reality, there is a pseudoscalar pion, and the vector
and axial vector interactions that appear in weak decays of the
nucleons and the pion have the properties represented by
Equations (6a) and (6b):

Gv=9ga (6a)

gnz\/ngA/G (6b)

where g, and g, are vector and axial vector couplings of the
nucleon, g, is axial coupling for the pion, G is the pion-nucle-
on coupling, and M is the nucleon mass. The second relation is
known as the Goldberger-Treiman relation,"” and it implies
that the matrix element of the axial vector part of nucleon
decay is [Eq. (7)]:

rpAg(YpYS_Z MYSqu)/(qz_mnz) (7)

which differs from Equation (5) by the presence of pion mass.
In view of the smallness of m, compared to M, | made the hy-
pothesis that the axial current is an approximately conserved
quantity, the nucleon mass is generated by an SSB of chirality,
and the pion is the corresponding NG boson which should
become massless in the limit of exact conservation (proton
and neutron masses should also become equal.)

The model system"™ | worked out subsequently with Jona-
Lasinio is a concrete realization of the proposed SSB. It has the
form shown in Equation (8), which is similar to the BCS model:
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L=—yy" o + gl(vy)’—(vysy)’] (8)

which is invariant against the particle number and chiral trans-
formations [Eq. (9)]:

W — explia)y, § — P exp(—ia),

. o . 9)
P — exp(iysa)y, Y — P exp(—iysa)

After SSB, the “nucleon” acquires a mass M~2g{yp). Al-
though the model is non-renormalizable, it is easy to demon-
strate the SSB mechanism. The generated mass M is deter-
mined by the “gap equation” [Eq. (10)]:

2:;271 le : A?
g =Tt

(10)
where A is a cutoff. Bound states of nucleon-antinucleon
(“meson”) and nucleon-nucleon (“dibaryon”) pairs of spin 0
and 1 were also found. In particular, the masses of
0, (~ yysy) and 0, (~ ) mesons are found to be 0 and
2 M respectively. A more realistic two flavor model was also
considered by generalizing Equation (8) to give Equation (11):

(1)

with a similar gap equation. We get an isovector 0~ pion and
an isoscalar 0". The actual pion mass was generated by a
small explicit bare mass in the Lagrangian of the order of
5 MeV. This also induced a change of axial coupling constant
g, in the right direction.

Other examples of the BCS-type SSB are *He superfluidity
and nucleon pairing in nuclei." In general there exists simple
mass relations among the fermion and the bosons in BCS-type
theories."

The BCS theory also accounts for the generation of the
London mass for the electromagnetic field. This problem is
made simple in terms of the Higgs scalar field."" The relativis-
tic analog of the London relation—in momentum space—are
given by Equations (12a), (12b) and (12¢):

L= -9y o,y + gl(py)* —Zi(ystp) (Yysty))]

Ju(@) = K (@) A (12a)
K = (O — 9,9./9°)K(q*) (12b)
K(a*)~q*/(q* — m?) (12¢)

The third relation [Eq. (12c)] shows the massless NG boson
turning into a massive “plasmon”, a process corresponding to
Equation (4). This was successfully applied to weak gauge field
in the Weinberg-Salam (WS) theory™ of electroweak unifica-
tion. The fermion masses are also generated and break chiral
invariance. These so-called current masses for the up and
down quarks play the role of the bare mass in the NJL model.

In the current standard model of particle physics, the NJL
model may be regarded as an effective theory for the QCD
with respect to generation of the so-called constituent masses.
One is interested in the low-energy degrees of freedom on a
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scale smaller than some cut-off A~1 GeV. The short distance
dynamics above A as well as the confinement may be treated
as a perturbation. The problem has been extensively studied
by many people. The Lagrangian adopted by Hatsuda and Ku-
nihiro"® is given in Equation (13):
L= Locp + Ly + Lyur + 0L

(13)

Ly, is for the quarks, and contains “current mass” terms. Lgyr

refers to the Kabayashi-Maskawa-t'Hooft chiral anomaly
[Eq. (14)]:
Liwr = 9o (det[Eli“ - Vs)qj'] + hAC') (14)

Both contribute to the explicit breaking of chiral invariance.
(0L contains the effects of confinement and one gluon ex-
change). The WS theory resembles the Ginzburg-Landau"” de-
scription of superconductivity which is shown to follow from
the BCS theory by Gor'kov."® In the same way the NJL model
goes over to the model of Gell-Mann and Lévy." If this analo-
gy turns out real, the Higgs field might be an effective descrip-
tion of underlying dynamics. Finally | will end this lecture with
a comment on the mass hierarchy problem. Hierarchical struc-
ture is an outstanding feature of the universe. The masses of
known fundamental fermions also make a hierarchy stretching
11 orders of magnitude. Mass is not quantized in a simple reg-
ular manner like charge and spin. Mass is a dynamical quantity
since it receives contributions from interactions. But we do not
see yet a pattern like those in the hydrogen atom which led to
quantum mechanics, or the Regge trajectories which led to
the dual string picture.

The BCS mechanism seems relevant to the problem, as was
remarked earlier. It generates a mass gap for fermions, plus the
Goldstone and Higgs modes as low-lying bosons. The bosons
may act in turn as an agent for further SSB, leading to the pos-
sibility of hierarchical SSB or “tumbling”®. In fact we already
have examples of it:*"

1. The chain atoms-crystal-phonon-superconductivity. The
NG mode for crystal formation is the phonon which induces
the Cooper pairing of electrons to cause superconductivity.

2. The chain QCD-chiral SSB of quarks and baryons-m, o and
other mesons—nuclei formation and nucleon pairing-nucle-
ar collective modes. No further elaboration would be re-
quired.??
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