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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-covaria. nt 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
used by Goldstone' himself: Two real' scalar
fields y„y, and a real vector field A interact
through the Lagrangian density

2 2
L =-&(&v ) -@'7v )1 2

2 2 ~ JL(,V—V(rp + y ) -P'1 2 P,v

where

V p =~ p -eA
1 jL(, 1 p, 2'

p2 +eA {p1'

F =8 A -BA
PV P, V V

e is a dimensionless coupling constant, and the
metric is taken as -+++. I. is invariant under
simultaneous gauge transformations of the first
kind on y, + iy, and of the second kind on A
Let us suppose that V'(cpa') = 0, V"(&p,') ) 0; then
spontaneous breakdown of U(1) symmetry occurs.
Consider the equations [derived from (1) by
treating ~y„ay„and A & as small quantities]
governing the propagation of small oscillations

about the "vacuum" solution y, (x) =0, y, (x) = y, :
s "(s (np )-ep A )=0,1 0 (2a)

(&'-4e,'V"(y,')f(&y, ) = 0, (2b)

s r"'=eq (s"(c,p, ) ep A-t.
V 0 1 0 p,

(2c)

Pv 2 2
8 B =0, 8 t" +e y 8 =0.

v 0 (4)

Equation (4) describes vector waves whose quanta
have (bare) mass ey, . In the absence of the gauge
field coupling (e =0) the situation is quite differ-
ent: Equations (2a) and (2c) describe zero-mass
scalar and vector bosons, respectively. In pass-
ing, we note that the right-hand side of (2c) is
just the linear approximation to the conserved
current: It is linear in the vector potential,
gauge invariance being maintained by the pres-
ence of the gradient term. '
When one considers theoretical models in

which spontaneous breakdown of symmetry under
a semisimple group occurs, one encounters a
variety of possible situations corresponding to
the various distinct irreducible representations
to which the scalar fields may belong; the gauge
field always belongs to the adjoint representa-
tion. ' The model of the most immediate inter-
est is that in which the scalar fields form an
octet under SU(3): Here one finds the possibil-
ity of two nonvanishing vacuum expectation val-
ues, which may be chosen to be the two Y=0,
I3=0 members of the octet. There are two
massive scalar bosons with just these quantum
numbers; the remaining six components of the
scalar octet combine with the corresponding
components of the gauge-field octet to describe

Equation (2b) describes waves whose quanta have
(bare) mass 2po(V"(yo'))'"; Eqs. (2a) and (2c)
may be transformed, by the introduction of new
var iables

fl =A -(ey ) '8 (n, (p ),
p. 0 p, 1'

G =8 B -BB =F
IL(.V p. V V p, LL(V

into the form
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massive vector bosons. There are two I= ~
vector doublets, degenerate in mass between
F=+1 but with an electromagnetic mass split-
ting between I, =+&, and the I, =+1 components
of a V =0, I=1 triplet whose mass is entirely
electromagnetic. The two Y =0, I=O gauge
fields remain massless: This is associated
with the residual unbroken symmetry under the
Abelian group generated by Y and I,. It may be
expected that when a. further mechanism (pre-
sumably related to the weak interactions) is in-
troduced in order to break Y conservation, one
of these gauge fields will acquire mass, leaving
the photon as the only massless vector particle.
A detailed discussion of these questions will be
presented elsewhere.
It is worth noting that an essential feature of

the type of theory which has been described in
this note is the prediction of incomplete multi-
plets of scalar and vector bosons. It is to be
expected that this feature will appear also in
theories in which the symmetry-breaking scalar
fields are not elementary dynamic variables but
bilinear combinations of Fermi fields. '

P. W. Higgs, to be published.
J. Goldstone, Nuovo Cimento 19, 154 (1961);J. Goldstone, A. Salam, and S. %einberg, Phys. Rev.

127, 965 (1962).
P. W. Anderson, Phys. Rev. 130, 439 (1963).

In the present note the model is discussed mainly in
classical terms; nothing is proved about the quantized
theory. It should be understood, therefore, that the
conclusions which are presented concerning the masses
of particles are conjectures based on the quantization
of linearized classical field equations. However, es-
sentially the same conclusions have been reached in-
dependently by F. Englert and R. Brout, Phys. Rev.
Letters 13, 321 (1964): These authors discuss the
same model quantum mechanically in lowest order
perturbation theory about the self-consistent vacuum.
~In the theory of superconductivity such a term arises

from collective excitations of the Fermi gas.
6See, for example, S. L. Glashow and M. Gell-Mann,

Ann. Phys. {N.Y.) 15, 437 {1961).
These are just the parameters which, if the scalar

octet interacts with baryons and mesons, lead to the
Gell-Mann-Okubo and electromagnetic mass splittings:
See S. Coleman and S. L. Glashow, Phys. Rev. 134,
B671 (1964).
Tentative proposals that incomplete SU(3) octets of

scalar particles exist have been made by a number of
people. Such a role, as an isolated Y = ~1, I =~ state,
was proposed for the K meson (725 MeV) by Y. Nambu
and J. J. Sakurai, Phys. Rev. Letters 11, 42 (1963).
More recently the possibility that the 0 meson (385
MeV) may be the Y=I=O member of an incomplete
octet has been considered by L. M. Brown, Phys. Rev.
Letters 13, 42 (1964).
In the theory of superconductivity the scalar fields

are associated with fermion pairs; the doubly charged
excitation responsible for the quantization of mag-
netic flux is then the surviving member of a U(1) doub-
let.

SPLITTING OF THE 70-PLET OF SU(6)
Mirza A. Baqi Bdg

The Rockefeller Institute, New York, New York

and

Virendra Singh*
Institute for Advanced Study, Princeton, New Jersey

(Received 18 September 1964)

1. In a previous note, ' hereafter called I, we
proposed an expression for the mass operator
responsible for lifting the degeneracies of spin-
unitary spin supermultiplets [Eq. (31)-Ij. The
purpose of the present note is to apply this ex-
pression to the 70-dimensional representation of
SU(6).
The importance of the 70-dimensional represen-

tation has already been underlined by Pais. '
Since

35@56 = 56' 707001134,
it follows that 70 is the natural candidate for ac-
commodating the higher meson-baryon reso-

nances. Furthermore, since the SU(3) CgISU(2)
content is

70= (1, 2)+(8, 2)+(10, 2)+ (8, 4), (2)

we may assume that partial occupancy of the 70
representation has already been established
through the so-called y octet' (32) . Recent ex-
periments appear to indicate that some (';)
states may also be at hand. ' With six masses at
one's disposal, our formulas can predict the
masses of all the other occupants of 70 and also
provide a consistency check on the input. Our
discussion of the 70 representation thus appears
to be of immediate physical interest.
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The	  remarked	  scalar	  boson	  	  
is	  now	  called	  Higgs	  boson	  !!!	



The	  discovery	  of	  the	  Higgs	  boson	  at	  the	  LHC	

Photo	  is	  from	  hKp://people.physics.tamu.edu	

8 ATLAS Collaboration / Physics Letters B 716 (2012) 1–29

Fig. 4. The distributions of the invariant mass of diphoton candidates after all selec-
tions for the combined 7 TeV and 8 TeV data sample. The inclusive sample is shown
in (a) and a weighted version of the same sample in (c); the weights are explained
in the text. The result of a fit to the data of the sum of a signal component fixed to
mH = 126.5 GeV and a background component described by a fourth-order Bern-
stein polynomial is superimposed. The residuals of the data and weighted data with
respect to the respective fitted background component are displayed in (b) and (d).

a window containing Si , of a background-only fit to the data. The
values Si/Bi have only a mild dependence on mH .

The statistical interpretation of the excess of events near mγ γ =
126.5 GeV in Fig. 4 is presented in Section 9.

6. H → W W (∗) → eνµν channel

The signature for this channel is two opposite-charge leptons
with large transverse momentum and a large momentum imbal-
ance in the event due to the escaping neutrinos. The dominant
backgrounds are non-resonant W W , tt̄ , and W t production, all of
which have real W pairs in the final state. Other important back-
grounds include Drell–Yan events (pp → Z/γ (∗) → ℓℓ) with Emiss

T
that may arise from mismeasurement, W + jets events in which
a jet produces an object reconstructed as the second electron or
muon, and W γ events in which the photon undergoes a con-
version. Boson pair production (W γ ∗/W Z (∗) and Z Z (∗)) can also
produce opposite-charge lepton pairs with additional leptons that
are not detected.

The analysis of the 8 TeV data presented here is focused on the
mass range 110 < mH < 200 GeV. It follows the procedure used
for the 7 TeV data, described in Ref. [106], except that more strin-
gent criteria are applied to reduce the W + jets background and
some selections have been modified to mitigate the impact of the
higher instantaneous luminosity at the LHC in 2012. In particular,
the higher luminosity results in a larger Drell–Yan background to
the same-flavour final states, due to the deterioration of the miss-
ing transverse momentum resolution. For this reason, and the fact
that the eµ final state provides more than 85% of the sensitivity of

the search, the same-flavour final states have not been used in the
analysis described here.

6.1. Event selection

For the 8 TeV H → W W (∗) → eνµν search, the data are se-
lected using inclusive single-muon and single-electron triggers.
Both triggers require an isolated lepton with pT > 24 GeV. Qual-
ity criteria are applied to suppress non-collision backgrounds such
as cosmic-ray muons, beam-related backgrounds, and noise in the
calorimeters. The primary vertex selection follows that described
in Section 4. Candidates for the H → W W (∗) → eνµν search are
pre-selected by requiring exactly two opposite-charge leptons of
different flavours, with pT thresholds of 25 GeV for the leading
lepton and 15 GeV for the sub-leading lepton. Events are classified
into two exclusive lepton channels depending on the flavour of the
leading lepton, where eµ (µe) refers to events with a leading elec-
tron (muon). The dilepton invariant mass is required to be greater
than 10 GeV.

The lepton selection and isolation have more stringent require-
ments than those used for the H → Z Z (∗) → 4ℓ analysis (see
Section 4), to reduce the larger background from non-prompt lep-
tons in the ℓνℓν final state. Electron candidates are selected using
a combination of tracking and calorimetric information [85]; the
criteria are optimised for background rejection, at the expense of
some reduced efficiency. Muon candidates are restricted to those
with matching MS and ID tracks [84], and therefore are recon-
structed over |η| < 2.5. The isolation criteria require the scalar
sums of the pT of charged particles and of calorimeter topolog-
ical clusters within %R = 0.3 of the lepton direction (excluding
the lepton itself) each to be less than 0.12–0.20 times the lep-
ton pT. The exact value differs between the criteria for tracks and
calorimeter clusters, for both electrons and muons, and depends on
the lepton pT. Jet selections follow those described in Section 5.3,
except that the JVF is required to be greater than 0.5.

Since two neutrinos are present in the signal final state, events
are required to have large Emiss

T . Emiss
T is the negative vector sum

of the transverse momenta of the reconstructed objects, including
muons, electrons, photons, jets, and clusters of calorimeter cells
not associated with these objects. The quantity Emiss

T,rel used in this
analysis is required to be greater than 25 GeV and is defined as:
Emiss

T,rel = Emiss
T sin %φmin, where %φmin is min(%φ, π

2 ), and Emiss
T is

the magnitude of the vector Emiss
T . Here, %φ is the angle between

Emiss
T and the transverse momentum of the nearest lepton or jet

with pT > 25 GeV. Compared to Emiss
T , Emiss

T,rel has increased rejec-

tion power for events in which the Emiss
T is generated by a neutrino

in a jet or the mismeasurement of an object, since in those events
the Emiss

T tends to point in the direction of the object. After the lep-
ton isolation and Emiss

T,rel requirements that define the pre-selected
sample, the multijet background is negligible and the Drell–Yan
background is much reduced. The Drell–Yan contribution becomes
very small after the topological selections, described below, are ap-
plied.

The background rate and composition depend significantly on
the jet multiplicity, as does the signal topology. Without accom-
panying jets, the signal originates almost entirely from the ggF
process and the background is dominated by W W events. In con-
trast, when produced in association with two or more jets, the
signal contains a much larger contribution from the VBF process
compared to the ggF process, and the background is dominated by
tt̄ production. Therefore, to maximise the sensitivity to SM Higgs
events, further selection criteria depending on the jet multiplicity
are applied to the pre-selected sample. The data are subdivided
into 0-jet, 1-jet and 2-jet search channels according to the number

ATLAS	  collabora5on	  
Phys.	  LeK.	  B	  (2012)	Detec5on	  of	  the	  standard	  model	  Higgs	  boson	  !!!	

Peak	  at	  
126	  GeV	

・	  Search	  for	  par5cle	  theories	  beyond	  the	  standard	  model	
・ Studies	  of	  Higgs	  modes	  in	  cond-‐mat	  and	  quant-‐gas	



Interac*ons	  between	  cond-‐mat	  and	  par*cle	  physics	
Cond-‐mat	  (Superconductor)	 Par;cle	  phys	

BCS	  (‘57)	  
&	  Bogoliubov	  (‘58)	  
&	  Anderson	  (‘58)	

Especially,	  the	  massless	  
Anderson-‐Bogoliubov	  (AB)	  mode	

Nambu	  (‘60,	  ‘61)	  
Goldstone	  (‘61,	  ‘62)	
Symmetry	  breaking	  and	  
the	  Nambu-‐Goldstone	  mode	

Communica*on	  between	  the	  two	  fields	  seems	  very	  produc*ve	  !!	

LiKlewood	  &	  Varma	  (‘81)	
Amplitude	  mode,	  which	  is	  indeed	  a	  Higgs	  mode	  

Higgs	  (‘64)	
The	  Higgs	  mechanism	  and	  
the	  associated	  Higgs	  mode	

Anderson	  (‘63)	
AB	  mode	  becomes	  massive	  due	  to	  
the	  coupling	  to	  the	  gauge	  field,	  
which	  is	  called	  plasmon	



Diversity	  of	  Higgs	  modes	  in	  cond-‐mat	  and	  quant-‐gas	

・	  S-‐wave	  superconductors	  (NbSe2,	  Nb1-‐xTixN)	

・	  P-‐wave	  superfluids	  (liquid	  3He)	
・	  Quantum	  magnets	  (TlCuCl3,	  KCuCl3)	

・	  CDW	  phases	  (TbTe3,	  La2-‐xSrxCuO4)	
・ Ultracold	  bosons	  in	  op5cal	  lapces	

Experimental	  observa5ons	  were	  made	  in	

Theore5cal	  predic5ons	  were	  made	  for	

・ Ultracold	  fermions	  with/without	  op5cal	  lapces	
・ Exciton-‐polariton	  BEC	

・	  Atoms	  in	  op5cal	  cavi5es	
	  and	  more	  !!!	



Diversity	  of	  Higgs	  modes	  in	  cond-‐mat	  and	  quant-‐gas	

Interes5ng	  ques5ons	  arise:	

・	  What	  kinds	  of	  proper5es	  are	  universal	  ?	
・	  Are	  there	  different	  types	  of	  Higgs	  mode?	  
　If	  yes,	  how	  can	  one	  categorize	  them?	
・	  Does	  spa5al	  dimension	  maKer?	 	  and	  more	  !!!	

・	  What	  are	  the	  condi5ons	  for	  Higgs	  modes	  to	  emerge?	

・	  S-‐wave	  superconductors	  (NbSe2,	  Nb1-‐xTixN)	

・	  P-‐wave	  superfluids	  (liquid	  3He)	

・	  CDW	  phases	  (TbTe3,	  La2-‐xSrxCuO4)	
・ Ultracold	  bosons	  in	  op5cal	  lapces	

Experimental	  observa5ons	  were	  made	  in	

・	  Quantum	  magnets	  (TlCuCl3,	  KCuCl3)	



Close	  connec*on	  with	  Nambu-‐Goldstone	  modes	

|�|
�

V

FIG. 1. The “Mexican Hat Potential” V(| |, �) for the condensate field  in the long wave-length limit as a
function of the amplitude | | and the phase �.

equations of motion below.

The invariance of the energy to the phase implies that there must exist a zero energy or mass-

less modes of fluctuations of density-current in the long wave-length limit, i.e. along the azimuthal

direction at the minimum of the potential in Fig. (1). This is the physical content of the Goldstone

theorem [7]. These are the sound modes derived for superfluid 4He and for the weakly interacting

Bose gas. Due to the long-range nature of the Coulomb interaction, density or longitudinal fluctu-

ations of the charge density in superconductors at long wave-lengths occur not at zero energy but

close to the plasmon energy as in the normal metallic state [8].

But what about the orthogonal degree of freedom exhibited in Fig. (1), i.e. the oscillations of

the amplitude of the order parameter | (r, t)| about its equilibrium value (3). This is the Higgs or

amplitude mode of the model. Its existence was first mentioned in a paper by Higgs [9] for the

same model but with Lorentz invariance, i.e. with a second order derivative in time only, because

he was interested in applications to particle physics. Lorentz-invariance implies particle-hole sym-

metry so that ⌧�1
GL = K1 = 0. Its occurrence in superconductivity was missed till 1981 [10], because

collective fluctuations of amplitude were studied primarily only near Tc, where ⌧�1
GL , 0 and then

there is no distinct Higgs mode [11], as explained below. In superfluid 4He, K1 , 0 and so no

Higgs mode can be found [11]. Particle-hole symmetry occurs for interacting Bosons in a periodic

lattice [12] along a line in their phase diagram and such a system was experimentally realized by

cold atom techniques and the observations interpreted in terms of the Higgs or amplitude modes.

3

NG	  mode	

Higgs	  mode	

Figure	  is	  from	  	  
Pekker	  &	  Varma	  (2014)	

H�
NG	

NG	  and	  Higgs	  modes	  are	  brothers,	  	  
whose	  parent	  is	  the	  Mexican	  hat.	  

Recent	  developments	  regarding	  NG	  modes:	
・	  Coun5ng	  rules	

・	  Transmission	  &	  scaKering	  proper5es	

・	  NG	  modes	  upon	  topological	  excita5ons	

etc.	
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less modes of fluctuations of density-current in the long wave-length limit, i.e. along the azimuthal

direction at the minimum of the potential in Fig. (1). This is the physical content of the Goldstone

theorem [7]. These are the sound modes derived for superfluid 4He and for the weakly interacting

Bose gas. Due to the long-range nature of the Coulomb interaction, density or longitudinal fluctu-

ations of the charge density in superconductors at long wave-lengths occur not at zero energy but

close to the plasmon energy as in the normal metallic state [8].

But what about the orthogonal degree of freedom exhibited in Fig. (1), i.e. the oscillations of

the amplitude of the order parameter | (r, t)| about its equilibrium value (3). This is the Higgs or

amplitude mode of the model. Its existence was first mentioned in a paper by Higgs [9] for the

same model but with Lorentz invariance, i.e. with a second order derivative in time only, because

he was interested in applications to particle physics. Lorentz-invariance implies particle-hole sym-

metry so that ⌧�1
GL = K1 = 0. Its occurrence in superconductivity was missed till 1981 [10], because

collective fluctuations of amplitude were studied primarily only near Tc, where ⌧�1
GL , 0 and then

there is no distinct Higgs mode [11], as explained below. In superfluid 4He, K1 , 0 and so no

Higgs mode can be found [11]. Particle-hole symmetry occurs for interacting Bosons in a periodic

lattice [12] along a line in their phase diagram and such a system was experimentally realized by

cold atom techniques and the observations interpreted in terms of the Higgs or amplitude modes.

3

NG	  mode	

Higgs	  mode	

Figure	  is	  from	  	  
Pekker	  &	  Varma	  (2014)	

NG	  and	  Higgs	  modes	  are	  brothers,	  	  
whose	  parent	  is	  the	  Mexican	  hat.	  

Recent	  developments	  regarding	  NG	  modes:	
・	  Coun5ng	  rules	

・	  Transmission	  &	  scaKering	  proper5es	

・	  NG	  modes	  upon	  topological	  excita5ons	

etc.	

New	  proper5es	  &	  
deeper	  understanding	  	  
of	  Higgs	  modes	



Let	  us	  start	  with	  bosons	  in	  op*cal	  laTces	  !!	


