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The BEH solution: ���
Masses for All Particles	


	

Standard Model solution:  Break the gauge symmetries	

By a single doublet charged under SU(2) and hypercharge:	

The Higgs Boson.	


Note:	


 order parameter (vacuum expectation value	


FluctuaLon	  of	  order	  parameter	  

Propagating Higgs particle	
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Should we believe in the ���
Higgs boson?	


The Higgs boson is a speculative particle explanation	

for elementary particle masses.	

	

Cons:	

1.  One particle carries all burdens of mass generation?	

2.  Fundamental scalar not known in nature.	

3.  Hasn’t been found yet.	

4.  Too simplistic -- dynamics for vev not built in.	

5.  Idea not stable to quantum corrections.	


Pros:  Still consistent with experimental facts!	


HISTORICAL SLIDE – 3 YEARS OLD
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mass = 134 x MHydrogen = MCesium	

	
New York Times	




Tiny	  bump	  was	  
seen	  at	  126	  GeV	  
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For	  example:	  	  
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Meanwhile,	  recently,	  our	  condensed	  maSer	  friends	  
claim	  to	  have	  seen	  the	  Higgs	  boson	  too!	  
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Figure 2 | Tunnelling versus optical spectroscopy. a,b, Experimental results on low-disorder NbN samples. a, Measured tunnelling conductance
normalized to the normal state conductance G/Gn (green triangles) alongside a fit to BCS (black line) with a Dynes broadening parameter, � . b, Real part
of the dynamical conductivity, �1, versus frequency (energy) at temperatures below and above Tc =9.5 K. The low-temperature curve is fitted (green line)
to Mattis–Bardeen theory using the energy gap value obtained in the corresponding tunnelling result, �t. c, Summary of the quasiparticle tunnelling gap, �t
(green symbols), measured by planar tunnelling junctions or scanning tunnelling microscopy (STM), versus ⌦ , the frequency at which �1(!) is minimal
(blue symbols), obtained from optical spectroscopy for several superconducting NbN and InO films spanning the di�erent degrees of disorder. Whereas
the quasiparticle gap, �t, remains fairly unchanged with increasing disorder, and basically falls on the BCS strong coupling limit ratio, ⌦ is significantly
suppressed. According to Mattis–Bardeen theory, for ideal superconductors �1 is minimal at a frequency ⌦ that corresponds to 2�. The discrepancy
between both spectroscopic probes increases towards the highly disordered limit, signalling the presence of additional modes superimposed on the
quasiparticle response. The solid red line corresponds to the analytical prediction of mH close to a QPT calculated by Podolsky and colleagues12.
d,e, Experimental results on highly disordered NbN samples. d, Measured tunnelling conductance normalized to the normal state conductance G/Gn
(green triangles) together with a fit to BCS (black line) with a Dynes broadening parameter, � . e, Real part of the dynamical conductivity, �1, versus
frequency (energy) at temperatures below and above Tc =4.2 K. The low-temperature curve is fitted (green line) to Mattis–Bardeen theory using the
energy gap value obtained in the corresponding tunnelling result. Unlike the case of the low-disorder sample, these two curves di�er. The excess spectral
weight, marked in yellow and defined as the di�erence between the curves, is attributed to the Higgs contribution, � H

1 (see text). The error bars for �1 in the
graphs are determined by the distortion of the Fabry–Perot oscillations due to parasitic radiation, standing waves and electronic noise.

towards low frequencies is not at all captured by BCS theory (green
curve). In fact, using �t extracted from corresponding tunnelling
experiments, as seen in Fig. 2d, yields a curve which is significantly
below �

exp
1 (!). With increasing disorder, both the discrepancy

between 2�t and ⌦ and the insu�ciency of Mattis–Bardeen
fits become progressively worse. This trend is demonstrated in
Fig. 2c, where we compare results from both techniques on a
large number of NbN and InO samples spanning the various
degrees of disorder (measured in terms of the normalized critical
temperature, T̃c =Tc/T clean

c ). For small disorder, T̃c ' 1, tunnelling
and THz spectroscopy yield the same value for the superconducting
energy gap. On increasing disorder (decreasing T̃c) the discrepancy
becomes more and more pronounced. For the most-disordered
samples, we find about one order of magnitude di�erence between
corresponding values. We assign these di�erences to an absorption
process stemming from the Higgs mode that becomes progressively
prominent as the systemapproaches the quantumcritical point. This
explains the discrepancy in the sense that ⌦ in the strong-disorder
limit no longer equals 2� as a consequence of the additional
conductivity �H

1 (!) of the emergent Higgs mode. The previously
prominent spectral feature marking the gap frequency is now
hidden in the shoulder at higher frequencies. Although a distinct
experimental determination of⌦ becomes progressively di�cult as
it is pushed to low frequencies, we note the resemblance between
⌦ and the theoretical prediction ofmH in the vicinity of the critical
point12, as seen in Fig. 2c.

We now explore the evolution of the observed additional excess
weight associated with the Higgs conductivity, �H

1 (!), as defined
in equation (2), and compare these measured results with recent
numerical simulations detailed in ref. 25 and sketched in Fig. 1b.
Figure 3a shows the measured �H

1 (!) for three disordered NbN
films with di�erent critical temperatures Tc =6.7, 5 and 4.2 K and
the theoretical calculation for corresponding values of disorder
p=0.075, 0.1 and 0.125. We note that one cannot expect a perfect
quantitative agreement since the theory assumes that 2� is much
larger than the Higgs mode energy, whereas experimentally they
are of the same order of magnitude. Nevertheless, the overall
behaviour—and even quantitative trends—is shared by theory
and experiment: There is a pronounced peak of �H(!), which
shifts towards smaller frequencies and becomes sharper with
increasing disorder.

The appearance of the Higgs mode must go along with a
redistribution of the spectral weight, as this quantity is strictly
conserved; it measures the total charge carrier density N in the
system26. In accordance with the bosonic model of the SIT sketched
above, the strength of the �-peak—that is, the superfluid density
⇢s—dwindles to zero in the vicinity of the quantum critical point.
Figure 3b shows ⇢s for disordered NbN films extracted from the
imaginary part of the conductivity, using equation (3), and N in
the normal state obtained from Hall measurements. While ⇢s is
reduced by about two orders or magnitude with increasing disorder,
N is much less a�ected. According to the Ferrell–Tinkham–Glover
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The Higgs mode in disordered superconductors
close to a quantum phase transition
Daniel Sherman1,2†, Uwe S. Pracht2, Boris Gorshunov2,3,4, Shachaf Poran1, John Jesudasan5,
Madhavi Chand5, Pratap Raychaudhuri5, Mason Swanson6, Nandini Trivedi6, Assa Auerbach7,
Marc Sche�er2, Aviad Frydman1* and Martin Dressel2

The concept of mass generation by means of the Higgs mechanism was strongly inspired by earlier works on the
Meissner–Ochsenfeld e�ect in superconductors. In quantum field theory, the excitations of longitudinal components of the
Higgs field manifest as massive Higgs bosons. The analogous Higgs mode in superconductors has not yet been observed
owing to its rapid decay into particle–hole pairs. According to recent theories, however, the Higgs mode should decrease
below the superconducting pairing gap 2� and become visible in two-dimensional systems close to the superconductor–
insulator transition. For experimental verification, we measured the complex terahertz transmission and tunnelling density of
states of various thin films of superconducting NbN and InO close to criticality. Comparing both techniques reveals a growing
discrepancy between the finite 2� and the threshold energy for electromagnetic absorption, which vanishes critically towards
the superconductor–insulator transition. We identify the excess absorption below 2� as strong evidence of the Higgs mode
in two-dimensional quantum critical superconductors.

The Higgs mechanism, which has great implications for recent
developments in particle physics1, originates in Anderson’s
pioneering work on symmetry breaking with gauge fields

in superconductors2. A superconductor spontaneously breaks
continuous U(1) symmetry and acquires the well-known Mexican
hat potential with a degenerate circle of minima described by the
order parameter =Aei' (see Fig. 1a). Excitations from the ground
state can be classified as transverse Nambu–Goldstone (phase)
modes and massive longitudinal Higgs (amplitude) modes (see blue
and red lines in Fig. 1a). In particle physics, the latter manifest
themselves as the Higgs boson, which was recently discovered at
CERN (ref. 3). Indications of a Higgs mode in correlated many-
body systems have been found in one-dimensional charge-density-
wave systems4, quantum antiferromagnets5 and two-dimensional
superfluid to Mott transitions in cold atoms6. An amplitude
mode, also named the Higgs mode, was theoretically predicted
for superconductors7 and recently reported to be measured by
pump–probe spectroscopy8. This amplitudemode describes pairing
fluctuations, which are qualitatively distinct from the purely bosonic
mode expected from the O(2) field theory. The Higgs-amplitude
mode analogous to the high-energy Higgs boson has not yet
been observed in superconductors. A partial reason is that in
homogeneous, Bardeen–Cooper–Schrie�er (BCS) superconductors
the Higgs mode is short-lived and decays to particle–hole
(Bogoliubov) pairs9,10. Nevertheless, collective modes were recently
predicted to be significant in strongly disordered superconductors11
and, in particular, it was shown12–14 that the Higgs mode softens
but remains su�ciently sharp near a quantum critical point (QCP)
in two dimensions as it is found to be a critical energy scale
of the quantum phase transition. Hence, the Higgs mass can
be reduced below twice the pairing gap, 2�, making this mode

experimentally visible. Such a critical point has been suggested to be
relevant for the superconductor–insulator transition (SIT) in two-
dimensional films.

The desired quantum phase transition (QPT) from a super-
conductor to an insulator can be tuned by introducing disorder on
atomic length scales. It has been shown both experimentally15–19
and theoretically20–22 that, although being morphologically
homogeneous, with increasing disorder superconducting films
can progressively become electronically granular on length scales
comparable to the superconducting coherence length. Whereas
for modest disorder the superconducting state is hardly a�ected,
strong disorder near the QCP decomposes the homogeneous
state into individual superconducting islands. In this scenario, the
QPT takes place at the critical disorder when phase fluctuations
between di�erent islands destroy the global phase coherence
and the superfluid density ⇢s vanishes on a macroscopic length
scale23. Consequently, the loss of global phase coherence does not
necessarily cause the pairing gap � to close, as the decoupled
islands still remain superconducting. The value of the critical
temperature Tc in the vicinity of the QPT is thus not defined by
the opening of a gap in the quasiparticle density of states, but
rather by the presence of a global phase coherence. Indeed, finite
values of � in strongly disordered thin films were experimentally
observed in tunnelling spectroscopy experiments where Tc was
already vanishingly small on the superconducting side or even
zero on the insulating side of the QPT (refs 18,24). Near the QPT
one expects two critical energy scales: on the insulating side, a
charge gap !pair, which is the energy required to insert a Cooper
pair into the pair insulator23, and on the superconducting side, the
Higgs (amplitude) mass gap. Both energy scales should vanish at
the QPT.
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India. 6Department of Physics, The Ohio State University, Columbus, Ohio 43210, USA. 7Physics Department, Technion, 32000 Haifa, Israel. †Present
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Figure 2 | Tunnelling versus optical spectroscopy. a,b, Experimental results on low-disorder NbN samples. a, Measured tunnelling conductance
normalized to the normal state conductance G/Gn (green triangles) alongside a fit to BCS (black line) with a Dynes broadening parameter, � . b, Real part
of the dynamical conductivity, �1, versus frequency (energy) at temperatures below and above Tc =9.5 K. The low-temperature curve is fitted (green line)
to Mattis–Bardeen theory using the energy gap value obtained in the corresponding tunnelling result, �t. c, Summary of the quasiparticle tunnelling gap, �t
(green symbols), measured by planar tunnelling junctions or scanning tunnelling microscopy (STM), versus ⌦ , the frequency at which �1(!) is minimal
(blue symbols), obtained from optical spectroscopy for several superconducting NbN and InO films spanning the di�erent degrees of disorder. Whereas
the quasiparticle gap, �t, remains fairly unchanged with increasing disorder, and basically falls on the BCS strong coupling limit ratio, ⌦ is significantly
suppressed. According to Mattis–Bardeen theory, for ideal superconductors �1 is minimal at a frequency ⌦ that corresponds to 2�. The discrepancy
between both spectroscopic probes increases towards the highly disordered limit, signalling the presence of additional modes superimposed on the
quasiparticle response. The solid red line corresponds to the analytical prediction of mH close to a QPT calculated by Podolsky and colleagues12.
d,e, Experimental results on highly disordered NbN samples. d, Measured tunnelling conductance normalized to the normal state conductance G/Gn
(green triangles) together with a fit to BCS (black line) with a Dynes broadening parameter, � . e, Real part of the dynamical conductivity, �1, versus
frequency (energy) at temperatures below and above Tc =4.2 K. The low-temperature curve is fitted (green line) to Mattis–Bardeen theory using the
energy gap value obtained in the corresponding tunnelling result. Unlike the case of the low-disorder sample, these two curves di�er. The excess spectral
weight, marked in yellow and defined as the di�erence between the curves, is attributed to the Higgs contribution, � H

1 (see text). The error bars for �1 in the
graphs are determined by the distortion of the Fabry–Perot oscillations due to parasitic radiation, standing waves and electronic noise.

towards low frequencies is not at all captured by BCS theory (green
curve). In fact, using �t extracted from corresponding tunnelling
experiments, as seen in Fig. 2d, yields a curve which is significantly
below �

exp
1 (!). With increasing disorder, both the discrepancy

between 2�t and ⌦ and the insu�ciency of Mattis–Bardeen
fits become progressively worse. This trend is demonstrated in
Fig. 2c, where we compare results from both techniques on a
large number of NbN and InO samples spanning the various
degrees of disorder (measured in terms of the normalized critical
temperature, T̃c =Tc/T clean

c ). For small disorder, T̃c ' 1, tunnelling
and THz spectroscopy yield the same value for the superconducting
energy gap. On increasing disorder (decreasing T̃c) the discrepancy
becomes more and more pronounced. For the most-disordered
samples, we find about one order of magnitude di�erence between
corresponding values. We assign these di�erences to an absorption
process stemming from the Higgs mode that becomes progressively
prominent as the systemapproaches the quantumcritical point. This
explains the discrepancy in the sense that ⌦ in the strong-disorder
limit no longer equals 2� as a consequence of the additional
conductivity �H

1 (!) of the emergent Higgs mode. The previously
prominent spectral feature marking the gap frequency is now
hidden in the shoulder at higher frequencies. Although a distinct
experimental determination of⌦ becomes progressively di�cult as
it is pushed to low frequencies, we note the resemblance between
⌦ and the theoretical prediction ofmH in the vicinity of the critical
point12, as seen in Fig. 2c.

We now explore the evolution of the observed additional excess
weight associated with the Higgs conductivity, �H

1 (!), as defined
in equation (2), and compare these measured results with recent
numerical simulations detailed in ref. 25 and sketched in Fig. 1b.
Figure 3a shows the measured �H

1 (!) for three disordered NbN
films with di�erent critical temperatures Tc =6.7, 5 and 4.2 K and
the theoretical calculation for corresponding values of disorder
p=0.075, 0.1 and 0.125. We note that one cannot expect a perfect
quantitative agreement since the theory assumes that 2� is much
larger than the Higgs mode energy, whereas experimentally they
are of the same order of magnitude. Nevertheless, the overall
behaviour—and even quantitative trends—is shared by theory
and experiment: There is a pronounced peak of �H(!), which
shifts towards smaller frequencies and becomes sharper with
increasing disorder.

The appearance of the Higgs mode must go along with a
redistribution of the spectral weight, as this quantity is strictly
conserved; it measures the total charge carrier density N in the
system26. In accordance with the bosonic model of the SIT sketched
above, the strength of the �-peak—that is, the superfluid density
⇢s—dwindles to zero in the vicinity of the quantum critical point.
Figure 3b shows ⇢s for disordered NbN films extracted from the
imaginary part of the conductivity, using equation (3), and N in
the normal state obtained from Hall measurements. While ⇢s is
reduced by about two orders or magnitude with increasing disorder,
N is much less a�ected. According to the Ferrell–Tinkham–Glover
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BCS	  theory	  à	  mH	  ~	  2Δ	  and	  very	  short	  lived	  and	  hidden	  
	  
Highly	  disordered	  SC	  (HDSC):	  	  
-‐  high	  resisLvity	  in	  normal	  state	  
-‐  ElasLc	  scaSering	  length	  reduces	  ~	  λF	  
-‐  e’s	  localize,	  cooper	  pairs	  not	  made	  of	  “free	  electrons”	  
-‐  LocalizaLon	  leads	  to	  insulator	  –	  cooper	  pairs	  in	  insulators	  
-‐  Tc	  can	  reduce	  near	  zero,	  Quantum	  CriLcal	  Point	  (QCP)	  

Higgs	  signal:	  
-‐  Higgs	  boson	  soaens	  below	  2Δ	  in	  HDSC	  (Podolsky	  et	  al.	  2011)	  
-‐  Excess	  conducLvity	  in	  sub-‐gap	  region	  
-‐  Tunneling	  and	  THz	  spectroscopy	  probes	  of	  HDSC	  
-‐  Thin	  films	  (2d)	  of	  NbN	  and	  InO	  near	  criLcality	  (insulator-‐SC	  transiLon)	  
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Figure 1 | Broken U(1)-symmetry phase and quantumMonte Carlo calculation of the Higgs conductivity. a, When symmetry is broken, the potential
acquires a Mexican hat shape, with a circle of potential minima along the brim (black solid circle). Transverse modes of the order parameter  =Aei' along
the brim (red line) are Nambu–Goldstone (phase) modes, and longitudinal modes (blue line) are Higgs (amplitude) modes associated with a finite energy.
In superconductivity, the potential corresponds to the free energy. b, The Higgs mode gives rise to low-frequency conductivity (in units of 4e2/h) that
grows as disorder p (fraction of disconnected superconducting islands) is increased and remains finite through the quantum phase transition (orange line).
At the quantum critical point, pc =0.337, the superfluid density, ⇢s, in the superconducting phase vanishes and the quasiparticle gap,�, remains finite,
whereas in the insulator !pair, which is the energy to insert a Cooper pair to the insulator, goes to zero. Results for specific disorder (blue, green and red
dashed lines) are compared to experiment (see Fig. 3). For details of the calculation see ref. 25.

Assuming the presence of a Higgs mode in the superconducting
thin film, what would be the most suited experimental quantity
to detect it? The Higgs mode is a finite-energy oscillation
of the order parameter magnitude | |. It can be probed
by the dynamical conductivity �̂ (!), which depends on
the current–current correlation function h[j(t), j(0)]i. At low
temperatures, the current is dominated by the Cooper pair current
j⇠(2e)Im{ ⇤r }'(2e)| |2r', where ' is the local phase field
and e the elementary charge. As a result, the conductivity depends
on a convolution of the amplitude and phase fluctuations.

How would the Higgs mode contribute to the dynamical
conductivity? Theoretically it is predicted to give rise to excess
conductivity at sub-gap frequencies12, which we will refer to as
Higgs conductivity, �̂H(!), in the remainder of the paper. In non-
disordered systems13 �H

1 (!) shows a hard gap at frequencies similar
to the superconducting gap, !⇠ 2�/h̄, that is associated with the
energy scale of the Higgs mode, mH. This gap becomes softer as
the system approaches the QPT, reaching zero at the critical point.
Recently, Swanson and collaborators25 studied the e�ect of disorder
on the dynamical conductivity across the superconductor–insulator
QPT, employing quantumMonte Carlo methods, and extracted the
excess low-frequency contribution (see Fig. 1b). The calculations
show that the presence of disorder suppresses mH such that �H

1 (!)
remains finite across the QPT. This excess conductivity adds to
the conductivity stemming from the superfluid condensate and the
quasiparticle dynamics, so that one can write

�̂ (!)=�1(!)+ i�2(!)=A⇢s�(!)+ �̂ qp(!)| {z }
�̂BCS(!)

+�̂H(!) (1)

where ⇢s is the superfluid density and A is a constant26.
To experimentally search for the contribution of the Higgs mode,

we have studied disordered superconducting films of NbN and
InO by means of THz spectroscopy. Since the superconducting
energy gaps are of the order of 0.1–1 THz, optical spectroscopy
in this regime is an alternative method to tunnelling spectroscopy
for the measurement of 2�. Most importantly, unlike tunnelling,
which measures the density of states of the quasiparticles, optical
spectroscopy probes a complex response function, �̂ exp, that
combines those from the superfluid condensate, the quasiparticle

dynamics and collective modes, see equation (1). One can
decompose the optically measured conductivity into the regular
BCS contribution and the contribution of the collective excitations.
The first contribution is modelled by the Mattis–Bardeen theory
for ordinary superconductors using our tunnelling spectroscopy
results as input to fix the absolute numbers. The di�erence
from the experimental data determines the Higgs mode, simply
by calculating

�H
1 (!)=� exp

1 (!)�� BCS
1 (!) (2)

We have measured the complex transmission coe�cient of
several thin-film samples with di�erent degrees of disorder using
Mach–Zehnder interferometry. Measurements were performed in
the frequency domain between 0.05 and 1.2 THz (corresponding to
1.7–40 cm�1 or 0.18–5meV) for temperatures above and well below
Tc. From this we directly obtain the real and imaginary parts, � exp

1
and � exp

2 , of the dynamical conductivity, in a individual manner
without Kramers–Kronig analysis. According to Mattis–Bardeen
theory, �1 is minimal at a frequency ⌦ that corresponds to twice
the superconducting energy gap, 2�. Furthermore, the superfluid
density is related to �2(!) as

⇢s = �2(!)m!
e2

(3)

where m is the electron mass and e is the elementary charge. This
robust approach is well established to study superconducting thin
films. For more details see Methods and, for example, refs 26–29.
Figure 2b,e shows the real part of the conductivity � exp

1 (!) for
modestly (Tc = 9.5 K) and strongly (Tc = 4.2 K) disordered NbN
in the normal state and well below Tc, together with the fits to
the Mattis–Bardeen prediction for the disordered regime30. In both
cases, � exp

1 (!) is featureless in the normal state, following a simple
Drude behaviour with a scattering rate well above the THz range,
whereas � exp

1 (!) is strongly suppressed in the superconducting state.
The ordered sample is fitted perfectly by theMattis–Bardeen theory.
The onset of the high-frequency upturn coincides with twice the
energy gap, �t, obtained by tunnelling spectroscopy performed on
a similar sample24, as seen in Fig. 2a. The situation is remarkably
di�erent for the strongly disordered sample. Here the decrease
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Figure 1 | Broken U(1)-symmetry phase and quantumMonte Carlo calculation of the Higgs conductivity. a, When symmetry is broken, the potential
acquires a Mexican hat shape, with a circle of potential minima along the brim (black solid circle). Transverse modes of the order parameter  =Aei' along
the brim (red line) are Nambu–Goldstone (phase) modes, and longitudinal modes (blue line) are Higgs (amplitude) modes associated with a finite energy.
In superconductivity, the potential corresponds to the free energy. b, The Higgs mode gives rise to low-frequency conductivity (in units of 4e2/h) that
grows as disorder p (fraction of disconnected superconducting islands) is increased and remains finite through the quantum phase transition (orange line).
At the quantum critical point, pc =0.337, the superfluid density, ⇢s, in the superconducting phase vanishes and the quasiparticle gap,�, remains finite,
whereas in the insulator !pair, which is the energy to insert a Cooper pair to the insulator, goes to zero. Results for specific disorder (blue, green and red
dashed lines) are compared to experiment (see Fig. 3). For details of the calculation see ref. 25.

Assuming the presence of a Higgs mode in the superconducting
thin film, what would be the most suited experimental quantity
to detect it? The Higgs mode is a finite-energy oscillation
of the order parameter magnitude | |. It can be probed
by the dynamical conductivity �̂ (!), which depends on
the current–current correlation function h[j(t), j(0)]i. At low
temperatures, the current is dominated by the Cooper pair current
j⇠(2e)Im{ ⇤r }'(2e)| |2r', where ' is the local phase field
and e the elementary charge. As a result, the conductivity depends
on a convolution of the amplitude and phase fluctuations.

How would the Higgs mode contribute to the dynamical
conductivity? Theoretically it is predicted to give rise to excess
conductivity at sub-gap frequencies12, which we will refer to as
Higgs conductivity, �̂H(!), in the remainder of the paper. In non-
disordered systems13 �H

1 (!) shows a hard gap at frequencies similar
to the superconducting gap, !⇠ 2�/h̄, that is associated with the
energy scale of the Higgs mode, mH. This gap becomes softer as
the system approaches the QPT, reaching zero at the critical point.
Recently, Swanson and collaborators25 studied the e�ect of disorder
on the dynamical conductivity across the superconductor–insulator
QPT, employing quantumMonte Carlo methods, and extracted the
excess low-frequency contribution (see Fig. 1b). The calculations
show that the presence of disorder suppresses mH such that �H

1 (!)
remains finite across the QPT. This excess conductivity adds to
the conductivity stemming from the superfluid condensate and the
quasiparticle dynamics, so that one can write

�̂ (!)=�1(!)+ i�2(!)=A⇢s�(!)+ �̂ qp(!)| {z }
�̂BCS(!)

+�̂H(!) (1)

where ⇢s is the superfluid density and A is a constant26.
To experimentally search for the contribution of the Higgs mode,

we have studied disordered superconducting films of NbN and
InO by means of THz spectroscopy. Since the superconducting
energy gaps are of the order of 0.1–1 THz, optical spectroscopy
in this regime is an alternative method to tunnelling spectroscopy
for the measurement of 2�. Most importantly, unlike tunnelling,
which measures the density of states of the quasiparticles, optical
spectroscopy probes a complex response function, �̂ exp, that
combines those from the superfluid condensate, the quasiparticle

dynamics and collective modes, see equation (1). One can
decompose the optically measured conductivity into the regular
BCS contribution and the contribution of the collective excitations.
The first contribution is modelled by the Mattis–Bardeen theory
for ordinary superconductors using our tunnelling spectroscopy
results as input to fix the absolute numbers. The di�erence
from the experimental data determines the Higgs mode, simply
by calculating

�H
1 (!)=� exp

1 (!)�� BCS
1 (!) (2)

We have measured the complex transmission coe�cient of
several thin-film samples with di�erent degrees of disorder using
Mach–Zehnder interferometry. Measurements were performed in
the frequency domain between 0.05 and 1.2 THz (corresponding to
1.7–40 cm�1 or 0.18–5meV) for temperatures above and well below
Tc. From this we directly obtain the real and imaginary parts, � exp

1
and � exp

2 , of the dynamical conductivity, in a individual manner
without Kramers–Kronig analysis. According to Mattis–Bardeen
theory, �1 is minimal at a frequency ⌦ that corresponds to twice
the superconducting energy gap, 2�. Furthermore, the superfluid
density is related to �2(!) as

⇢s = �2(!)m!
e2

(3)

where m is the electron mass and e is the elementary charge. This
robust approach is well established to study superconducting thin
films. For more details see Methods and, for example, refs 26–29.
Figure 2b,e shows the real part of the conductivity � exp

1 (!) for
modestly (Tc = 9.5 K) and strongly (Tc = 4.2 K) disordered NbN
in the normal state and well below Tc, together with the fits to
the Mattis–Bardeen prediction for the disordered regime30. In both
cases, � exp

1 (!) is featureless in the normal state, following a simple
Drude behaviour with a scattering rate well above the THz range,
whereas � exp

1 (!) is strongly suppressed in the superconducting state.
The ordered sample is fitted perfectly by theMattis–Bardeen theory.
The onset of the high-frequency upturn coincides with twice the
energy gap, �t, obtained by tunnelling spectroscopy performed on
a similar sample24, as seen in Fig. 2a. The situation is remarkably
di�erent for the strongly disordered sample. Here the decrease

NATURE PHYSICS | VOL 11 | FEBRUARY 2015 | www.nature.com/naturephysics 189



8	  

	  phys.org	  



9	  



MisconcepLons	  among	  non-‐experts	  can	  be	  humorous	  
	  
However,	  disconnect	  remains	  with	  our	  condensed	  
maSer	  friend…	  
	  
They	  think	  we	  are	  naïve!	  

10	  



Nature,	  published	  26	  January	  2015	  
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Deep	  connecLon	  between	  
superconducLvity	  and	  the	  theory	  of	  
electroweak	  interacLons.	  
	  



Pre-‐history	  

13	  

1896:	  RadiaLon	  discovered	  Becquerel	  	  
	  
1911	  Onnes	  discovered	  superconducLvity	  -‐-‐	  	  	  Hg	  with	  Tc	  =	  4.2	  K	  
	  
1914:	  (A,Z)	  à	  (A,Z+1)	  +	  β-‐	  	  with	  β	  parLcles	  understood	  to	  be	  electrons	  well	  understood	  
	  
1930:	  Pauli	  introduces	  neutrino	  (A,Z)	  à	  (A,Z+1)	  +	  β-‐	  +	  ν	  to	  retain	  energy	  conservaLon	  
	  
1932:	  Chadwick	  discovers	  neutron.	  
	  
1933	  Meissner	  effect	  -‐-‐	  Superconductors	  expel	  magneLc	  fields	  (perfect	  diamagnet)	  
	  
1934	  Londons	  theory	  	  (J	  ~	  A)	  -‐-‐	  explained	  Meissner	  effect,	  derived	  penetraLon	  depth	  
	  
1933:	  Heisenberg,	  Majorana,	  Ivanenko	  posited	  nuclei	  are	  bound	  states	  of	  protons	  and	  
neutrons.	  
	  
1934:	  Fermi’s	  theory	  of	  β	  decay	  :	  “effecLve	  theory”	  of	  the	  electroweak	  interacLons	  



14	  

SuperconducLvity	  ::	  1950	  -‐	  1957	  
	  
Development	  of	  Ginzburg-‐Landau	  Theory	  



Landau	  theory	  of	  Phase	  TransiLons	  	  
applied	  to	  SuperconducLvity	  

Londons’	  theory	  success	  (explained	  Meissner)	  but	  had	  problems,	  including	  
surface	  interface	  energy,	  not	  allowing	  destrucLon	  of	  SC	  state	  by	  a	  current,	  etc.	  	  
	  
When	  you	  have	  a	  hammer	  (Landau	  theory	  of	  P.T.	  1937)	  everything	  looks	  like	  a	  
nail	  (superconducLvity).	  

SuperconducLvity	  is	  a	  P.T.	  with	  order	  parameter	  ns	  (Ginzburg-‐Landau	  1950).	  
	  
SuperconducLng	  state	  is	  macroscopic	  QM	  wavefuncLon	  ψ(r)	  with	  ns	  ~	  |ψ|2.	  
	  
Candidate	  for	  applicaLon	  of	  Landau’s	  general	  mean-‐field	  theory	  of	  phase	  transiLons	  
	  
1)  IdenLfy	  ψ	  as	  order	  parameter	  where	  ψ=0	  for	  T	  >	  Tc	  and	  ψ	  nonzero	  with	  T	  <	  Tc.	  

2)  Expand	  free	  energy	  difference	  between	  SC	  state	  and	  normal	  state	  and	  minimize.	  
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Ginzburg-‐Landau	  Theory	  (cont.)	  
Let	  B=0	  and	  ignore	  spaLal	  variaLons	  at	  the	  moment.	  Order	  parameter	  
is	  density	  of	  superconducLng	  carriers	  |ψ|2	  ~	  ns	  

Minimize	  the	  free-‐energy:	  

With	  finite	  temperature	  α	  à	  α	  (1-‐T/Tc)	  	  	  ::	  	  T	  >	  Tc	  changes	  α	  sign	  
16	  



=	  FSC	  -‐	  FN	  

=	  ψ	


W.	  PickeS	  17	  
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SuperconducLvity	  ::	  1957	  	  
	  
BCS	  Theory	  



	  abc.net.au	  

Brief	  BCS	  theory	  redux	  (1957)	  

19	  



simpliphy	  
stackexchange	  

Repulsive	  photon-‐mediated	  interacLons	  
dominate	  at	  short	  distances,	  but	  a*rac-ve	  
phonon-‐mediated	  interacLons	  dominate	  at	  
larger	  distances.	  

	  greiner.harvard.edu	  
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ParLcle	  Physics	  ::	  early	  mid	  1960s	  
	  
Nambu,	  then	  Glashow-‐Weinberg-‐Salam	  
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Quasi-Particles and Gauge Invariance in the Theory of Superconductivity*
YoicHmo NAMsU

The Enrico Fermi Institute for Nuclear Studies and the Department of Physics, The University of Chicago, Chicago, Illinois
(Received July 23, 1959)

Ideas and techniques known in quantum electrodynamics have
been applied to the Bardeen-Cooper-Schrieffer theory of super-
conductivity. In an approximation which corresponds to a
generalization of the Hartree-Pock 6elds, one can write down an
integral equation defining the self-energy of an electron in an
electron gas with phonon and Coulomb interaction. The form of
the equation implies the existence of a particular solution which
does not follow from perturbation theory, and which leads to the
energy gap equation and the quasi-particle picture analogous to
Bogoliubov's.
The gauge invariance, to the erst order in the external electro-

magnetic field, can be maintained in the quasi-particle picture by
taking into account a certain class of corrections to the charge-
current operator due to the phonon and Coulomb interaction. In
fact, generalized forms of the Ward identity are obtained between
certain vertex parts and the self-energy. The Meissner effect cal-
culation is thus rendered strictly gauge invariant, but essentially
keeping the BCS result unaltered for transverse 6elds.
It is shown also that the integral equation for vertex parts

allows homogeneous solutions which describe collective excitations
of quasi-particle pairs, and the nature and effects of such col-
lective states are discussed.

1. INTRODUCTION which is given by the expression
NUMBER of papers have appeared on various
aspects of the Bardeen-Cooper-SchrieGer' theory

of superconductivity. On the whole, the BCS theory,
which leads to the existence of an energy gap, presents
us with a remarkably good understanding of the general
features of superconducivity. A mathematical for-
mulation based on the BCS theory has been developed
in a very elegant way by Bogoliubov, ' who introduced
coherent mixtures of particles and holes to describe a
superconductor. Such "quasi-particles" are not eigen-
states of charge and particle number, and reveal a very
bold departure, inherent in the BCS theory, from the
conventional approach to many-fermion problems.
This, however, creates at the same time certain theo-
retical difhculties which are matters of principle. Thus
the derivation of the Meissner effect in the original BCS
theory is not gauge-invariant, as is obvious from the
viewpoint of the quasi-particle picture, and poses a
serious problem as to the correctness of the results
obtained in such a theory.
This question of gauge invariance has been taken up

by many people. ' In the Meissner effect one deals with
a linear relation between the Fourier components of the
external vector potential 3 and the induced current J,

f'(q) =2&"(c)~'(v),
with

j(ol j,(q) In)(nl j;(—q) IO)Jt;, (q) =——(0I p I o&5;;++I

m

oI jt(-~) I )( I j.(v) lo)i
z. i (& &)

p and j are the charge-current density, and IO) refers
to the superconductive ground state. In the BCSmodel,
the second term vanishes in the limit q~0, leaving
the first term alone to give a nongauge invariant result.
It has been pointed out, however, that there is a sig-
nificant difference between the transversal and longi-
tudinal current operators in their matrix elements.
Namely, there exist collective excited states of quasi-
particle pairs, as was first derived by Bogoliubov, which
can be excited only by the longitudinal current.
As a result, the second term does not vanish for a

longitudinal current, but cancels the first term (the
longitudinal sum rule) to produce no physical effect;
whereas for a transversal Geld, the original result will
remain essentially correct.
If such collective states are essential to the gauge-

invariant character of the theory, then one might argue
that the former is a necessary consequence of the
latter. But this point has not been c1.ear so far.
Another way to understand the BCS theory and its

problems is to recognize it as a generalized Hartree-Pock
approximation. ' We will develop this point a little
further here since it is the starting point of what follows
later as the main part of the paper.

*This work was supported by the U. S. Atomic Energy Com-.
mission.' Bardeen, Cooper, and SchrieA'er, . Phys. Rev. 106, 162 (1957);
108, 1175 (1957).

2
¹ N. Bogoliubov, I.Exptl. Theoret. Phys. U.S.S.R. 34, 58, 73

(1958) I translation: Soviet Phys. 34, 41, 51 (1958)g; Bogoliubov,
To!machev, and Shirkov, A Nezo method in the Theory of Super
condzsct&ity (Academy of Sciences of U.S.S.R., Moscow, 1958).
See also J. G. Valatin, Nuovo cimento 7, 843 (1958).' M. J. Buckingam, Nuovo cimento 5, 1763 (1957).J. Bardeen,
Nuovo cimento 5, 1765 (1957).M. R. Schafroth, Phys. Rev. 111,
72 (1958}.P. W. Anderson, Phys. Rev. 110, 827 (1958);112, 1900
(1958). G. Rickayzen, Phys. Rev. 111, 817 (1958); Phys. Rev.
Letters 2, 91 (1959).D. Pines and R. Schrieffer, Nuovo ciment
10, 496 (1958); Phys. Rev. Letters 2, 407 (1958). G. Wentzel
Phys. Rev. 111, 1488 (1958); Phys. Rev. Letters 2, 33 (1959)J.M. Blatt and T. Matsubara, Progr. Theoret. Phys. (Kyoto) 20
781 (1958). Blatt, Matsubara, and May, Progr. Theoret. Phys
(Kyoto) 21, 745 (1959).K. Yosida, ibid. 731.

o 4 Recently ¹ ¹ Bogoliubov, Uspekhi Fiz, Nauk 67, 549 (1959)
[translation: Soviet Phys.—Uspekhi 67, 236 (1959)g, has also
reformulated his theory as a Hartree-Fock approximation, and
discussed the gauge invariance collective excitations from this
viewpoint. The author is indebted to Prof. Bogoliubov for sending
him a preprint.

648

-‐	  First	  to	  understand	  strict	  gauge	  invariance	  despite	  Meissner	  effect	  
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Dynamical Model of Elementary Particles Based on an Analogy
with Superconductivity. P
Y. NAMBU AND G. JONA-LASINIoj'

The Enrico terms Institute for Nuclear StuCkes and the Department of Physics, The University of Chicago, Chicago, Illinois
(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
nucleons as quasi-particle excitations. We consider a simplified model of nonlinear four-fermion interaction
which allows a p5-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.
In addition, massive bound states of nucleon number zero and two are predicted in 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 p5 trans-
formation are discussed in detail.

I. INTRODUCTION
" 'N this paper we are going to develop a dynamical
- theory of elementary particles in which nucleons and

mesons are derived in a unified way from a fundamental
spinor field. In basic physical ideas, it has thus the
characteristic features of a compound-particle model,
but unlike most of the existing theories, dynamical
treatment of the interaction makes up an essential part
of the theory. Strange particles are not yet considered.
The scheme is motivated by the observation of an

interesting analogy between the properties of Dirac
particles and the quasi-particle excitations that appear
in the theory of superconductivity, which was originated
with great success by Bardeen, Cooper, and Schrieffer, '
and subsequently given an elegant mathematical forlnu-
lation by Bogoliubov. ' The characteristic feature of the
BCS theory is that it produces an energy gap between
the ground state and the excited states of a supercon-
ductor, a fact w'hich has been confirmed experimentally.
The gap is caused due to the fact that the attractive
phonon-mediated interaction between electrons produces
correlated pairs of electrons with opposite momenta and
spin near the Fermi surface, and it takes a finite amount
of energy to break this correlation.
Elementary excitations in a superconductor can be

conveniently described by means of a coherent mixture
of electrons and holes, which obeys the following

* Supported by the U. S. Atomic Energy Commission.
f' Fulbright Fellow, on leave of absence from Instituto di Fisica

dell Universita, Roma, Italy and Istituto Nazionale di Fisica
Nucleare, Sezione di Roma, Italy.
'A preliminary version of the work was presented at the

Midwestern Conference on Theoretical Physics, April, 1960 (un-
published). See also Y. Nambu, Phys. Rev. Letters 4, 380 (1960);
and Proceedings of the Tenth Annual Rochester Conference on
High-Energy Nuclear Physics, 1960 (to be published).' J.Bardeen, L. N. Cooper, and J.R. Schrieffer, Phys. Rev. 106,
162 (1957).
3 N. N. Bogoliubov, J. Exptl. Theoret. Phys. (U.S.S.R.) 34, 58,

73 (1958) Ltranslation: Soviet Phys. -JETP 34, 41, 51 (1958)g;
N. N. Sogoliubov, V. V. Tolmachev, and D. V. Shirkov, A %em
Methodin the Theory of Supercondlctivity (Academy of Sciences of
U, S.S.R., Moscow, 1958).

equations' 4:
E4~= e lto~+40 (1.1

E0 ~*= eA ~*—+44~,
near the Fermi surface. 11„+ is the component of the
excitation corresponding to an electron state of mo-
mentum P and spin +(up), andri ~*corresponding to
a hole state of momentum p and spin +, which means
an absence of an electron of momentum —p and spin—(down). eo is the kinetic energy measured from the
Fermi surface; g is a constant. There will also be an
equation complex conjugate to Eq. (1), describing
another type of excitation.
Equation (1) gives the eigenvalues

E„=a (e,'+y')-*'. (1.2)
The two states of this quasi-particle are separated in
energy by 2

~
E„~.In the ground state of the system all

the quasi-particles should be in the lower (negative)
energy states of Eq. (2), and it would take a finite
energy 2)E„~ )~2~&~ to excite a particle to the upper
state. The situation bears a remarkable resemblance to
the case of a Dirac particle. The four-component Dirac
equation can be split into two sets to read

EP,=o"Pter+ res,
Egs———o"Pigs+ nell r,
E„=W (p'+nt') l,

where tPt and Ps are the two eigenstates of the chirality
operator ys——yjy2y3y4.
According to Dirac's original interpretation, the

ground state (vacuum) of the world has all the electrons
in the negative energy states, and to create excited
states (with zero particle number) we have to supply an
energy &~2m.
In the BCS-Bogoliubov theory, the gap parameter @,

which is absent for free electrons, is determined es-
sentially as a self-consistent (Hartree-Fock) representa-
tion of the electron-electron interaction eGect.

4 J. G. Valatin, Nuovo cimento 7, 843 (1958).
345
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One finds that
y=(o expL—1/p$, (1.4)

where co is the energy bandwidth (= the Debye fre-
quency) around the Fermi surface within which the
interaction is important; p is the average interaction
energy of an electron interacting with unit energy shell
of electrons on the Fermi surface. It is significant that g
depends on the strength of the interaction (coupling
constant) in a nonanalytic way.
We would like to pursue this analogy mathematically.

As the energy gap P in a superconduct:or is created by
the interaction, let us assume that the mass of a Dirac
particle is also due to some interaction between massless
bare fermions. A quasi-particle in a superconductor is a
mixture of bare electrons with opposite electric charges
(a particle and a hole) but with the same spin; corre-
spondingly a massive Dirac particle is a mixture of bare
fermions with opposite chiralities, but with the same
charge or fermion number. Without the gap p or the
mass ns, the respective particle would become an eigen-
state of electric charge or chirality.
Once we make this analogy, we immediately notice

further consequences of special interest. It has been
pointed out by several people' ' ' that in a refined
theory of superconductivity there emerge, in addition
to the individual quasi-particle excitations, collective
excitations of quasi-particle pairs. (These can alter-
natively be interpreted as moving states of bare electron
pairs which are originally precipitated into the ground
state of the system. ) In the absence of Coulomb inter-
action, these excitations are phonon-like, filling the gap
of the quasi-particle spectrum.
In general, they are excited when a quasi-particle is

accelerated in the medium, and play the role of a back-
Qow around the particle, compensating the change of
charge localized on the quasi-particle wave packet.
Thus these excitatioDs are necessary consequences of the
fact that individual quasi-particles are not eigenstates
of electric charge, and hence their equations are not
gauge invariant; whereas a complete description of the
system must be gauge invariant. The logical connection
between gauge invariance and the existence of collective
states has been particularly emphasized by one of the
authors. '
This observation leads to the conclusion that if a

Dirac particle is actually a quasi-particle, which is only
an approximate description of an entire system where
chirality is conserved, then there must also exist col-
lective excitations of bound quasi-particle pairs. The
chirality conservation implies the invariance of the
theory under the so-called ps gauge group, and from its
nature one can show that the collective state must be a
pseudoscalar quantity.

~ D. Pines and J. R. Schrieffer, Nuovo cimento 10, 496 (1958).' P. W. Anderson, Phys. Rev. 110, 827, 1900 (1958); 114, 1002
(1959).

~ G. Rickayzen, Phys. Rev. 115, 795 (1959).
Y. NaInbu, Phys. Rev. 11?,648 (1960).

It is perhaps not a coincidence that there exists such
an entity in the form of the pion. For this reason, we
would like to regard our theory as dealing with nucleons
and mesons. The implication would be that the nucleon
mass is a manifestation of some unknown primary inter-
action between originally massless fermions, the same
interaction also being responsible for the binding of
nucleon pairs into pions.
An additional support of the idea can be found in the

weak decay processes of nucleons and pions which indi-
cate that the p5 invariance is at least approximately
conserved, as will be discussed in Part II. There are
some difficulties, however, that naturally arise on fur-
ther examination.
Comparison between a relativistic theory and a non-

relativistic, intuitive picture is often dangerous, because
the former is severely restricted by the requirement of
relativistic invariance. In our case, the energy-gap
equation (4) depends on the energy density on the Fermi
surface; for zero Fermi radius, the gap vanishes. The
Fermi sphere, however, is not a relativistically invariant
object, so that in the theory of nucleons it is not clear
whether a formula like Eq. (4) could be obtained for the
mass. This is not surprising, since there is a well known
counterpart in classical electron theory that a finite
electron radius is incompatible with relativistic in-
variance.
We avoid this difficulty by simply introducing a

relativistic cutoff which takes the place of the Fermi
sphere. Our framework does not yet resolve the diver-
gence difficulty of self-energy, and the origin of such an
effective cuto8 has to be left as an open question.
The second difficulty concerns the mass of the pion. If

pion is to be identified with the phonon-like excitations
associated with a gauge group, its mass must necessarily
be zero. It is true that in real superconductors the col-
lective charge fluctuation is screened by Coulomb inter-
action to turn into the plasma mode, which has a finite
"rest mass. "A similar mechanism may be operating in
the meson case too. It is possible, however, that the
finite meson mass means that chirality conservation is
only approximate in a real theory. From the evidence
in weak interactions, we are inclined toward the second
view.
The observation made so far does not yet give us a

clue as to the exact mechanism of the primary inter-
action. Neither do we have a fundamental understand-
ing of the isospin and strangeness quantum numbers,
although it is easy to incorporate at least the isospin
degree of freedom into the theory from the beginning.
The best we can do here is to examine the various ex-
isting models for their logical simplicity and experi-
mental support, if any. We will do this in Sec. 2, and
settle for the moment on a nonlinear four-fermion
interaction of the Heisenberg type. For reasons of
simplicity in presentation, we adopt a model without
isospin and strangeness degrees of freedom, and pos-
sessing complete ys invariance. Once the choice is made,

-‐  Arguably	  first	  place	  to	  hint/reveal	  the	  “Higgs	  mechanism”	  	  
	  	  	  	  	  (F.	  Close,	  Infinity	  Puzzle)	  

From	  the	  Nambu	  Jona-‐Lasinio	  1961	  paper	  (p.	  346):	  	  
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Nambu	  was	  moLvated	  mostly	  by	  understanding	  bound	  states	  
of	  the	  strong	  interacLon	  –	  mass	  provided	  by	  gap.	  
	  
His	  ideas	  laid	  the	  foundaLon	  for	  parLcle	  physicists’	  
understanding	  of	  spontaneous	  symmetry	  breaking,	  mass	  
generaLon	  and	  gauge	  invariance.	  	  
	  
Nobel	  Prize	  2008	  –	  “for	  the	  discovery	  of	  the	  mechanism	  of	  
spontaneous	  symmetry	  breaking	  in	  subatomic	  physics.”	  	  
	  
ApplicaLon	  of	  his	  ideas	  to	  the	  weak	  interacLon	  were	  to	  come	  
much	  later	  in	  chiral	  symmetry	  breaking	  (early	  1960s),	  Higgs	  
theory	  (1964),	  technicolor	  theory	  (1979),	  and	  top	  condensate	  
theories	  (mid	  1990s	  and	  beyond).	  



CM	  Physics:	  Simple	  MFT	  place-‐holder	  theory	  (GL	  theory)	  –	  
this	  was	  obviously	  not	  the	  fundamental	  theory.	  
	  
That	  was	  1950’s	  physics!	  
	  
SophisLcated	  dynamical	  theory	  (BCS)	  –	  the	  “true	  theory”	  
	  
However,	  
Our	  CM	  friends	  open	  up	  newspapers	  and	  magazines	  today	  
and	  they	  see	  pictures	  like	  this	  (next	  page):	  
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	  davyking.com	  

Here’s	  the	  theory!	  	  Higgs,	  Brout,	  Englert	  as	  well	  as	  Guralnik,	  Hagen,	  Kibble.	  

27	  



Just	  what	  did	  Peter	  Higgs	  (and	  others	  –	  Brout	  and	  Englert	  in	  
parLcular)	  do?	  
	  
1.  Understood	  spontaneous	  symmetry	  breaking	  in	  

rela9vis9c	  QFT	  sexng	  (there	  was	  confusion	  before).	  

2.  Showed	  how	  gauge	  fields	  (abelian	  and	  non-‐abelian)	  eat	  
massless	  goldstone	  modes.	  

3.  First	  (Higgs)	  to	  explicitly	  say	  there	  should	  be	  a	  
propagaLng	  massive	  scalar	  parLcle	  (“incomplete	  
mulLplets”	  propagaLng)	  

28	  

This	  was	  of	  course	  important,	  ground-‐breaking	  work	  
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one may say that these demands were too strict; even today’s Standard Model formally
does not obey them, but as its breakdown occurs somewhere beyond the Planck scale,
no-one cares about that anymore.

In a more practical vein, a ‘toy model’ had been coined by Gell-Mann and Maurice
Lévy, to describe strongly interacting pions in agreement with their symmetry structure,
a spontaneously broken global symmetry called chiral symmetry. At that time, this was
phrased in terms of a “partly conserved axial vector current” (PCAC) [18]. The model
worked qualitatively well, certainly in connection with the famous Goldberger-Treiman
relation [19], but, being an ill-understood strong interaction theory, it could not be ex-
pected to be very accurate. Ingenious resummation techniques were attempted, but such
attempts, as would also be demonstrated at several occasions later, are fruitless if one
does not understand the underlying physics.

And then there was the Yang-Mills theory [20]. What Frank (C.N.) Yang and Robert
Mills had done, way back in 1954, would turn out to be extremely important: Indeed, if
the only two force theories that are really successful, being electrodynamics and Einstein’s
General Relativity, are both based on some fundamental local symmetry, are there other
ways to employ symmetries in a similar way, to describe different forces? When I was
M. Veltman’s undergraduate student, he would already point out this paper to us. “This
you must know”, he said, “this is very important”. When I asked why, he said, “I don’t
know, just read it.”

But the theory they came up with seemed to make no sense. Yang-Mills theory
required the existence of massless spin-one particles, much like photons, except that,
unlike photons, they carry charges themselves. Such particles were known not to exist,
that is, if charged spin-one particles exist, they must have mass. Yang and Mills were
wise enough nevertheless to publish their result. That result was a new kind of quantum
field theory.

Without understanding the physics, mathematics does not answer your questions.
Without understanding the mathematics, your physics theories will not work successfully
either, is what we had to discover (and we keep forgetting time and again).

What Veltman had seen, was that there seemed to be a deep connection between
the experimental data concerning the weak force, and Yang-Mills theory. Martin (Tini)
Veltman [21] commenced his own personal battle to make sense out of these strange ob-
servations. This was a quantum field theory, it had infinities that had to be renormalized,
and Nature appeared to be telling him that these ideas should work. Nobody really un-
derstood the physics, but he did understand which mathematical equations had to apply.
These were so complicated that he decided to construct a computer program to address
lengthy equations. “Schoonschip”, was the name of his program, a word that only Dutch
citizens can pronounce, so that his property rights would be guaranteed. Schoonschip
told Veltman that, indeed, there was something wrong with the physics of the Yang-Mills
theory.

An other obscure corner was investigated by Peter Higgs [22], Robert Brout and
François Englert [23]. They enjoyed little attention when they argued that the symmetry

5

employed by Yang and Mills had to be spontaneously broken. The reason for that was
that this alley had also been closed by the “experts”. There was the famous ‘Goldstone
Theorem’ [24]: Whenever a symmetry is spontaneously broken, at least one particle must
become massless. Indeed, in the Gell-Mann Lévy Model, the pion behaves as a massless
particle. The weak interaction, however, did not seem to involve massless objects. Higgs,
Brout and Englert saw no massless particles in their models either, but a major fraction
of the community did not believe them. So they were mainly being ignored. Veltman
paid no attention at all to formal mathematics, so he believed neither Higgs, Brout and
Englert, nor Jeffrey Goldstone. He only believed the experiments, and his computer.

It was in this atmosphere that, independently, three people did foresee models for the
electric and weak forces that would later turn out to be the precursors of the Standard
Model. Abdus Salam [25] gave some general talks advocating theories resembling what
is now called the BEH mechanism to understand these forces. Shelley Glashow [26] saw
how Yang-Mills photons, slightly modified to make them massive, could generate quite
neatly weak forces as observed in the experiments, and Steven Weinberg [27] wrote down
the most detailed theory for the entire lepton sector2 , including the effects of the Higgs
particle. They were mostly ignored, and even the authors themselves continued working
on other subjects. The unsolved problem was how to renormalize these theories.

2 The new ideas of the 1970s

Historians often talk of a ‘crisis’ that precedes one or more revolutions of thought for the
realisation of new breakthroughs. I don’t think that applies here. There was no crisis, new
experimental results were coming in, the nature of our problems was clearly identified,
and there were plentiful ideas. Yet, we had no advance warning that new landslides were
ahead, and these came, in a very quick succession. Problems that at one time had looked
hopelessly complex, were solved with unexpected elegancy, and when the clouds lifted, we
had a beautiful and relatively simple “Standard Model” for all known subatomic particles.

It is also not true that our work on Yang-Mills theories was motivated by our wish
to put the Standard Model on a proper mathematical footing, as the story is now often
told. The Standard Model wasn’t there yet, the only existing theories that had a more or
less proper mathematical footing were QED, and models that include purely scalar fields,
which did not seem to apply to anything. Landau’s difficulty was still there, in both these
systems. We wanted to understand how to deal with infinities when you have fundamental
vector particles (particles with spin one). Veltman had seen correctly that the infinities
are particularly mild when the interactions have a Yang-Mills structure. Two more things
had to be done.

First, we needed to understand how the original Yang-Mills theory would have to

2Weinberg left out all hadronic weak interactions, and this was for a very good reason: the hadrons
did not seem to fit in his model. Weinberg understood that his model would predict strangeness changing
neutral current interactions, while these were not observed in the experiments. The GIM mechanism,
only to be discovered later, would turn out to be the explanation of this apparent contradiction.

6

‘t	  Hooa.	  “The	  EvoluLon	  of	  QFT”.	  Proc.	  of	  the	  Standard	  Theory	  
up	  to	  the	  Higgs	  discovery.	  17	  March	  2015	  (1503.05007)	  

Subsequently	  gives	  credit	  to	  Weinberg	  to	  piecing	  together	  parLcles	  +	  
Higgs	  in	  Standard	  Model.	  No	  menLon	  anywhere	  of	  Anderson.	  
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news & views

There have been a number of 
publications recently — for instance, 
the work by Daniel Sherman et al.1 

in Nature Physics — and historically2 
claiming to have discovered the ‘Higgs’ in 
superconducting contexts. But many of us 
thought the Higgs belongs to our multi-
gigavolt friends — what is it doing in a 
superconductor? So, some history: even 
before the Bardeen–Cooper–Schrieffer 
(BCS) theory of superconductivity was 
published in December 1957, a flurry of 
papers were in preparation3–5 to solve the 
apparent gauge invariance difficulty of 
that theory, which manifests itself in the 
fact that London’s equation comes out of 
BCS in the non-invariant form J = ρsA 
rather than M = ¢�×�J = ρs(¢�× A), where 
J is the superconducting current density, 
ρs = –nse2 / mc, ns is the number density of 
superconducting carriers, e is the elementary 
charge, m is the carrier’s mass, c is the speed 
of light, A is the vector potential and M is 
the magnetization.

All three of these publications 
recognized that the trouble lay in the fact 
that BCS assumed that the pairing strictly 
involved zero-momentum pairs, which 
in modern terms means that the order 
parameter is assumed to be rigidly fixed 
in space. Therefore, to correct the error 
one must produce a theory that allows 
order parameter fluctuations and retains 
the translational symmetry of the electron 
gas. Such a theory would (if the pairs were 
neutral) have a phonon-like mode similar 
to superfluid liquid He II (later known 
as a Goldstone mode) and all of these 
papers showed that if that were the case the 
dynamics would come out okay. They also 
showed that there could be, depending on 
the structure of the pairing interactions, 
other modes as well (later to be known 
as Anderson–Bogoliubov modes, and 
demonstrated to exist in the superfluid 
phase of 3He). But only I made the point6 
that in the real charged system there is no 
such mode and the gap is completely empty!

Next, Yoichiro Nambu, who was a 
particle theorist and had only been drawn 
into our field by the gauge problem, noticed 
in 1960 that a BCS-like theory could be used 

to create mass terms for massless elementary 
particles out of their interactions. After 
all, one way to describe the energy gap in 
BCS is that it represents a mass term for 
every point on the Fermi surface, mixing 
the particle with its opposite spin and 
momentum antiparticle. In 1960 Nambu and 
Jona-Lasinio developed a theory7 in which 
most of the mass of the nucleon comes from 
interactions — this theory is still considered 
partially correct. 

But the real application of the idea of a 
superconductivity-like broken symmetry as 
a source of the particle spectrum came with 
the electroweak theory — which unified the 
electromagnetic and weak interactions — 
of Sheldon Glashow, Abdus Salam and 
Steven Weinberg. However, that theory 
had to wait for some crucial steps in the 
reasoning. One of these was the charm 
quantum number, which Sheldon Glashow 
supplied. Another roadblock was the 
apparent necessity of allowing a number of 
Goldstone bosons into the theory, which 
would mean that the theory would be full of 
massless bosons — which didn’t exist! When 
I heard in 1962 that people considered this 
a real obstacle, I sent off a short paper8 
saying “forget it — the gap is empty in a 
real superconductor!”. The gauge field — 
the photon in a superconductor — and the 
matter field, the Goldstone boson, combine 
and make massive vector bosons (plasmons 
for superconductors, W and Z bosons 
for particles).

Peter Higgs and at least six others 
grabbed this idea and made a relativistic 
model of it in 1964 (ref. 9) — I had felt 
that it was intuitively obvious that it would 
work relativistically — and added the Higgs 
particle to it. Neither Nambu nor BCS had 
had to introduce an extra particle to create 
the superconducting instability, they just set 
up the interactions to get it; but Higgs and 
his friends were punctilious about having 
the mechanism explicit, so they inserted 
a ‘Mexican hat’ energy that required the 
Higgs field to have a finite mean value and 
to couple with and give mass to — that is, 
gap — all the other fermions in the system. 
In particle theory the rest is history — but 
not quite.

It was Peter Littlewood and 
Chandra Varma2 who first noticed that 
superconductivity has its Higgs particle 
too. It is not an actual particle but an 
Anderson–Bogoliubov collective mode in 
the pair channel. Oddly enough, in 1958, 
without discussing it, I had remarked6 
that such a mode existed, but with the 
oversimplified BCS Hamiltonian it occurred 
at exactly twice the gap (at the threshold for 
two-particle excitations) and would be hard 
to see. I had no idea that it was important, 
and was barely aware that you could think 
of it as (in some sense) the amplitude mode 
for the order parameter. It is not clear that 
Littlewood and Varma2 had the right mode 
(ref. 1 doesn’t refer to them) but credit for 
the idea belongs to them.

There is one further question. If 
superconductivity does not require an explicit 
Higgs in the Hamiltonian to observe a Higgs 
mode, might the same be true for the 126 GeV 
mode? As far as I can interpret what is being 
said about the numbers, I think that is entirely 
plausible. Maybe the Higgs boson is fictitious!

To return to superconductivity, the claim 
of Sherman et al.1 is that the Higgs mode is 
lowered below the double-gap threshold near 
the superconductor–insulator critical point, 
and that this effect allows its observation — 
in this case, by optical spectroscopy of 
disordered superconducting films of NbN 
and InO. If so, it is an important result, if 
only because it bears on the nature of the 
Lagrangian of the Standard Model. ❐

Philip W. Anderson is in the Department of Physics, 
Princeton University, Jadwin Hall, Princeton, 
New Jersey 08544, USA. 
e-mail: pwa@princeton.edu
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Higgs, Anderson and all that
The Higgs mechanism is normally associated with high energy physics, but its roots lie in superconductivity. And now 
there is evidence for a Higgs mode in disordered superconductors near the superconductor–insulator transition.
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possesses a continuous symmetry group under which
the ground or vacuum state is not invariant, that state
is, therefore, degenerate with other ground states. This
implies a zero-mass boson. Thus, the solid crystal
violates translational and rotational invariance, and
possesses phonons; liquid helium violates (in a certain
sense only, of course) gauge invariance, and possesses
a longitudinal phonon; ferro-magnetism violates spin
rotation symmetry, and possesses spin waves; super-
conductivity violates gauge invariance, and would have
a zero-mass collective mode in the absence of long-range
Coulomb forces.
lt is noteworthy that in most of these cases, upon

closer examination, the Goldstone bosons do indeed
become tangled up with Yang-Mills gauge bosons and,
thus, do not in any true sense really have zero mass.
Superconductivity is a familiar example, but a similar
phenomenon happens with phonons; when the phonon
frequency is as low as the gravitational plasma fre-
quency, (4~Gp)"- (wavelength 10' km in normal
matter) there is a phonon-graviton interaction: in that
case, because of the peculiar sign of the gravitational
interaction, leading to instability rather than 6nite

mass. "Utiyama" and Feynman have pointed out that
gravity is also a Yang-Mills field. It is an amusing
observation that the three phonons plus two gravitons
are just enough components to make up the appropriate
tensor particle which would be required for a finite-mass
graviton.
Spin waves also are known to interact strongly with

magnetostatic forces at very long wavelengths, " for
rather more obscure and less satisfactory reasons. We
conclude, then, that the Goldstone zero-mass difFiculty
is not a serious one, because we can probably cancel it
off against an equal Yang-Mills zero-mass problem.
What is not clear yet, on the other hand, is whether it is
possible to describe a truly strong conservation law
such as that of baryons with a gauge group and a
Yang-Mills field having finite mass.
I should like to thank Dr. John R. Klauder for

valuable conversations and, particularly, for correcting
some serious misapprehensions on my part, and Dr.
John C'. Taylor for calling my attention to Schwinger's
work.
"J.H. Jeans, Phil. Trans. Roy. Soc. London 101, 157 (1903).~ R. Utiyama, Phys. Rev. 101, 1597 (1956); R. P. Feynman

(unpublished)."L.R. Walker, Phys. Rev. 105, 390 (1957).
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Construction of Invariant Scattering Amylitudes for Arbitrary spina and
Analytic Continuation in Total Angular Momentum*

Asim O. BARUT, t IvAN MUzrNzcH, ) Awo DAvm N. WiLLiAMS
Lawrence Radiation Laboratory, University of California, Berkeley, California

(Received 9 November 1962)

From group-theoretical considerations, invariant scattering amplitudes for two-body reactions of particles
with arbitrary spins and nonzero masses are constructed in various forms, including helicity amplitudes and
amplitudes free of kinematical singularities. They are linear combinations of spin basis functions with
scalar coefficients. In the process of construction the Pauli spin matrices are generalized for arbitrary spin.
On the basis of a Mandelstam representation for the scalar coef6cients, the unique analytic continuation
of the amplitudes in total angular momentum is obtained. Possible kinematical singularities of the scalar
amplitudes at the boundary of the physical region are discussed.

I. INTRODUCTION
HE basic quantities of S-matrix theory are the
Lorentz-invariant scattering matrix elements (5

functions), which depend on the spins and types of
incoming and outgoing particles and on the mass shell
values of their four-momenta. From the S functions,
invariant scattering amplitudes (M functions) that
have simpler transformation properties and that are
expected to be free of kinematical singularities can be
defined. ' A general procedure has been given to con-
*Work done under the auspices of the U. S. Atomic Energy

Commission.
t Present address: University of Colorado, Boulder, Colorado.
f Present address: University of Washington, Seattle, Washing-

ton.' H. P. Stapp, Phys. Rev. 125, 2139 (1962);Lectlres on S-Matrix

struct the invariant amplitudes in terms of the irre-
ducible unitary representations of the inhomogeneous
proper I.orentz group, based on a two-component
spinor formalism '
Although the invariant scalar amplitudes for which

the Mandelstam representation is expected to be valid
have been known for some time in the simpler cases
such as those of the pion-nucleon' and nucleon-nucleon4

Theory $W. A. Benjamin, Inc., New York {to be published) j.~ A. O. Barut, Phys. Rev. 127, 321 (1962).
3 G. F. Chew, M. L. Goldberger, F. E. Low, and Y. Nambu,Phys. Rev. 106, 1337 {1957).'M. L. Goldberger, M. T. Grisaru, S. W. MacDowell, andD. Y. Wong, Phys. Rev. 120, 2250 (1960), (referred to hereafteras GGMW); D. Amati, E. Leader, and B.Vitale, Nuovo Cimento1?, 68 (1960).

What	  Anderson	  really	  said	  in	  1962/63	  :	  

P.W.	  Anderson,	  “Plasmons,	  Gauge	  Invariance,	  and	  Mass,”	  
Phys	  Rev	  130	  (1963)	  439.	  

From	  the	  Conclusions	  (Last	  paragraph	  in	  the	  paper):	  
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Why	  did	  Anderson	  waffle?	  
	  
Likely	  because	  confusion	  abounded	  about	  Goldstone’s	  
theorem	  (massless	  states	  on	  SSB)	  domain	  of	  applicability	  –	  
relaLvisLc	  vs	  non-‐relaLvisLc	  theories	  in	  parLcular.	  
	  
Debates	  and	  confusions	  percolated	  into	  the	  literature	  in	  
early	  1964	  (Klein,	  Lee,	  Gilbert,	  etc.)	  
	  
Brout,	  Englert,	  Higgs	  were	  first	  to	  nail	  it	  down.	  
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well into account the radiation correction to the 
ß-decay constant found by Berman 3) and Kino- 
shita and Sirlin 4) we obtain for the muon life 
time 

Tµ=]- 3e2 i A2 
+3 e2 in 

Aß 
_3 

Mµ2 
'1) 

To02 
27T 2E 5 

µ2 
' 

where T µo is the muon life time calculated by 
means of universal theory of four fermion inter- 
action with a constant taken from ß-decay without 
any corrections, Aß is the cut off momentum due 

to the strong interactions, Aß M, E is the en- 
ergy of 0-transition. According to experimental 
data Tµ /T µ° = 0.988: 1 0.004. 

Substituting the numbers into (1) we obtain 
T µ/ Tµ=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 

e2 In e-2 were correctly taken into account but 
the terms ^- e2 were discarded. 

It seems to us that the conclusion that in the 
theory of weak interaction with intermediate W- 

meson 0- and µ-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 detailed paper will be published else- 
where. 

The author is indebted to B. V. Geshkenbein, 
1. Yu. Kobsarev, L. B. Okun, A. M. Perelomov, 
1. Ya. Pomeranchuk, V. S. Popov, A. P. Rudik and 
M. V. Terentyev for valuable discussions. 
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BROKEN SYMMETRIES, MASSLESS PARTICLES AND GAUGE FIELDS 
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Recently a number ofpeople have discussed 
the Goldstone theorem 1, -2): 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 3) 

showed that this theorem does not necessarily ap- 
ply in non-relativistic theories and implied that 
their considerations would apply equally wgll to 
Lorentz-invariant field theories. Gilbert 4), how- 

ever, gave a proof that the failure of the Goldstone 
theorem in the nonrelativistic case is of a type 
which cannot exist when Lorentz invariance is im- 
posed on a theory. The purpose of this note is to 
show that Gilbert's argument fails for an impor- 
tant class of field theories, that in which the con- 
served currents are coupled to gauge fields. 

Following the procedure used by Gilbert 4), let 
us consider a theory of two hermitian scalar fields 

132 
Gilbert	  had	  “proved”	  that	  massless	  Goldstones	  were	  absolutely	  required	  in	  Lorentz	  invariant	  
theories,	  whereas	  there	  were	  outs	  in	  non-‐relaLvisLc	  theories	  (like	  superconductors,	  etc.).	  
	  
Brout,	  Englert,	  Higgs	  first	  showed	  that	  “Gilbert’s	  argument	  fails	  for	  …	  field	  theories	  …	  coupled	  
to	  gauge	  fields”	  as	  Higgs	  says.	  
	  
[Gilbert	  lea	  physics	  and	  went	  on	  to	  win	  Nobel	  Prize	  in	  chemistry!]	  
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BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
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(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
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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)
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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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By	  this	  paper	  it’s	  all	  sorted.	  RelaLvisLc	  gauge	  theories	  bypass	  Goldstone’s	  theorem,	  
vector	  bosons	  obtain	  mass	  (longitudinal	  modes),	  and	  later	  he	  first	  introduces	  what	  
we	  now	  call	  the	  Higgs	  boson.	  	  
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It	  has	  been	  a	  dream	  of	  many	  physicists	  that	  
there	  are	  fancy	  dynamics	  that	  underlie	  the	  
“simple”	  Brout-‐Englert-‐Higgs	  theory.	  
	  
There	  are	  many	  ideas,	  but	  let	  us	  close	  with	  the	  
most	  brief	  discussion	  of	  fermion	  condensate	  
theories	  of	  EWSB.	  
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Technicolor	  and/or	  Composite	  Higgs	  theories	  

Postulate	  to	  pursue:	  Electroweak	  symmetry	  breaking	  happens	  
via	  a	  condensate	  of	  fermions.	  
	  
It	  is	  fair	  to	  say	  that	  this	  approach	  was	  largely	  inspired	  by	  
superconducLvity,	  and	  has	  as	  its	  origin	  in	  Nambu’s	  foray	  into	  the	  
field	  in	  1960	  (but	  he	  started	  thinking	  in	  1956)	  aaer	  learning	  
about	  BCS	  theory	  (Bardeen,	  Cooper,	  Schrieffer	  1957).	  
	  



Our	  best	  shot	  at	  a	  BCS	  theory	  of	  parLcle	  physics	  ….	  
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We formulate the dynamical symmetry breaking of the standard model by a top-quark conden-
sate in analogy with BCS theory. The low-energy effective Lagrangian is the usual standard model
with supplemental relationships connecting masses of the top quark, W boson, and Higgs boson
which now appears as a t t bound state. Precise predictions for m, and mH are obtained by abstract-
ing the compositeness condition for the Higgs boson to boundary conditions on the
renormalization-group equations for the full standard model at high energy.

I. INTRODUCTION

The top quark is now known to be more massive than
77 GeV within the context of the standard model. There-
fore, its coupling to the elementary Higgs scalar is large,
at least of order g2, the SU(2) gauge coupling constant at
low energies, and possibly larger. Strong coupling sug-
gests that the symmetry breakdown of the standard mod-
el may be a dynamical mechanism which intimately in-
volves the top quark, and several authors, ' most notably
Nambu, ' have recently experimented with this idea.
Essentially one implements a BCS or Nambu —Jona-
Lasinio mechanism in which a new fundamental interac-
tion associated with a high-energy scale A is used to
trigger the formation of a low-energy condensate (t t ).
The bootstrapping of the symmetry-breaking mechanism
to the top quark introduces no fundamental Higgs-scalar
bosons and, by virtue of its economy, leads to new predic-
tions which are in principle testable, or which constrain
or rule out the mechanism altogether. In particular, we
are able to derive predictions for m, and mH in this
scheme.
This is the minimal conceivable dynamical breaking of

the standard model in terms of the relevant number of
field degrees of freedom, in which we treat the gauge bo-
sons as fundamental. The usual Cabibbo-Kobayashi-
Maskawa structure and ferrnion mass spectrum is readily
accommodated, but bona+de predictions of mixing angles
and light-quark masses are not derivable until one
specifies the dynamics at the scale A more precisely. The
usual one-Higgs-doublet standard model emerges as the
low-energy effective Lagrangian, but with new con-
straints that lead to nontrivial predictions.
We begin with an analysis of the gauged

Nambu —Jona-Lasinio mechanism applied to the stan-
dard model, within the approximation of keeping only
the effects of the fermionic determinant as described
below. This yields the "bare" mass relationship, but the
most important new results which emerge are the com-
positeness conditions pertaining to the Higgs-boson
bound state, with an otherwise conventional low-energy
effective Lagrangian for the standard model. We
translate these conditions into boundary conditions at the
scale A on the renormalization-group equations far the

full theory, which now includes the eff'ects of gauge-boson
and Higgs-boson loops, etc. Certain renormalization-
group trajectories are thereby associated with the ex-
istence of composite structure. These lead to precise pre-
dictions for m, and mH, which are very insensitive to the
scale of new physics A.
We show that the compositeness condition is the state-

ment that the induced wave-function renormalization
constant ZH for the Higgs field H must vanish at the
scale A (see related earlier works as in Ref. 4). It is just
this condition, coupled to our demand for a symmetry-
breaking solution to the theory at low energies, which en-
ables one to "predict" the mass of the top quark and the
mass of the dynamical scalar Higgs boson. The compos-
ite theory is eff'ectively a strongly coupled (Higgs-Yukawa
and quartic Higgs-boson couplings) standard model near
the scale A. The low-energy predictions that emerge are
governed by infrared renormalization-group fixed points.
The top quark is predicted to lie near 230 GeV for
A-10's GeV. We discuss in some detail the consistency
of these predictions with the collection of experimental
results that constitute the so-called p parameter bound,
and we conclude that it is premature to rule out top-quark
masses as high as -250 GeV.
Our preliminary goal is to make precise the definition

of the minimal dynamical-symmetry-breaking scheme be-
ginning with a well-defined quantum field theory at the
scale A. We imagine that at some high-energy scale A
the standard model contains only the usual quark, lepton,
and gauge-boson degrees of freedom, but no fundamental
Higgs scalar. We then introduce a new effective four-
fermion vertex with a coefficient G of order 1/A . This
interaction must, of course, be fully gauge invariant. If
we consider, for discussion, the approximation in which
all quarks and leptons other than the top quark are mass-
less we may then define the theory at the scale A to be

L =Lk,„„,, +G(% 'I'tRa )(t ~%'L t )

where i runs over SU(2)L indices, (a, b) run over color in-
dices, and 1.&;„„;,contains the usual gauge-invariant fer-
mion and gauge-boson kinetic terms, but there is no
Higgs field in L. The model readily generalizes to a more
realistic mass spectrum, as well as a multiple effective
Higgs-doublet scheme as described below in Sec. III.
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Around	  mid	  90’s	  it	  was	  becoming	  obvious	  mtop	  large	  (175	  GeV).	  Opportunity!	  
	  
Only	  viable	  idea	  with	  known	  parLcles	  was	  condensing	  <tLtR>.	  	  	  
	  
SuperconducLng	  royalty	  emerged!	  (Familiar	  names	  of	  Bardeen,	  Nambu	  &	  
descendants)	  
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%'e first consider a solution based upon the effects of
the fermionic determinant alone, i.e., a fermion bubble
approximation. This is equivalent to a large-N„&„ex-
pansion in the limit in which the QCD couphng constant
is set to zero, and it captures nonperturbative features of
the theory from the point of view of a small-coupling-
constant expansion. We demand a self-consistent dynam-
ical solution to the gap equation for the mass of the top
quark„given in terms of an induced vacuum matrix ele-
ment of the form (tt). This will generate poles in the
scalar and pseudoscalar channels, corresponding to a
physical state with a mass of 2m, and zero-mass Gold-
stone bosons, respectively. From the vector-boson
vacuum-polarization analysis we determine the elec-
troweak vector-boson masses in terms of the top-quark
mass. Moreover, we will see that the low-energy-induced
Lagrangian has all of the renormalization properties, and
is indistinguishable from, the standard model with a sin-
gle Higgs doublet. The essential results of this analysis
are presented in Sec. II, while the full technical details
are given in Appendixes A and B.
The central result is that the physical Higgs boson is

composite and both the top-quark and Higgs-boson
masses become related to the observable electroweak
scale. Here we do not address the usual problem of the
gauge hierarchy, i.e., how we can naturally maintain the
hierarchy of scales Mii «A. It should be noted, howev-
er, that the quadratic divergence fine-tuning problem is
isolated in the gap equation sector of this analysis; once
the gap equation is satisfied for a symmetry-breaking
scale of order M~, there is no further fine-tuning needed.
We emphasize that the predictions of the fermionic

determinant analysis are inherently limited. The discus-
sion of this approximation will be presented in Sec. II,
but we emphasize that it is intended only as a schematic
for the full theory, i.e., the fermionic determinant
analysis should be viewed only as a model discussion of
the actual physical situation. It neglects, e.g., radiative
corrections due to gauge bosons and propagation of the
composite Higgs boson itself. It is only upon abstracting
the compositeness conditions to the full theory that we
obtain reliable predictions for m, and rnH
Thus we begin in Sec. II with a digest of the fermionic

determinant analysis, with the full technical details given
in Appendixes A and B. In Sec. III we write the effective
Lagrangian in terms of the induced low-energy composite
particles. In Sec. IV we present the analysis of the full
theory and give precise results that include all of the
eQects in the standard model. We discuss the viability of
the results in light of the most stringent limits on m,
from the "p parameter" analysis in Sec. IV 8. In Sec. V
we present our conclusions and compare our results to
other recent works.

II. FERMIONIC DETERMINANT APPROXIMATION

The present discussion summarizes how the
dynamical-symmetry-breaking mechanism through top-
quark condensation works in the approximation of keep-
ing only fermionic loops, or, equivalently, to leading or-
der in 1/N, with the @CD coupling constant set to zero.

FIG. 1. Diagrammatic representation of the gap equation.

=26N, m, d l(l —m )
(2n)

(2.2)

The result of evaluating Eq. (2.2) with a momentum-
space cutofT' A is

N,6 '= [A —m ln(A /m )],
8m

(2.3)

which has solutions for sufficiently strong coupling,
6 &6,=8m /N, A2 where G, is the "critical" coupling
constant.
Here, we regard 6 and A as fundamental parameters of

the theory and we solve for m, . Normally, for very large
A, perhaps of the order of the grand-unified-theory
(GUT) scale 10' GeV, we would expect the solution of
this equation to produce a large mass, m, -A in the
broken-symmetry phase. We see that a solution for
m, -Mz for such large A constitutes a fine-tuning prob-
lem in that 6 ' —6, ' must then be very small. This is,
indeed, the usual fine-tuning or gauge-hierarchy problem
of the standard model. The gap equation contains a
quadratic divergence, corresponding to the usual Higgs-
boson mass quadratic divergence in the standard model.
However, the fine-tuning problem will be isolated in the
gap equation; i.e., once we tune 6 to admit the desirable
solution we need cancel no other quadratic divergences in
other amplitudes.

8. Scalar and Goldstone modes

Let us now assume that the parameters 6, A admit a
solution for m, to the gap equation, Eq. (2.3). We now
consider the sum of scalar channel fermion bubbles of
Fig. 2 generated by the interaction Eq. (1.1):

FIG. 2. Bubble sum generated by the four-fermion interac-
tion.

This- section is mostly a digest of results, and a more de-
tailed discussion is given in Appendixes A and B. We
presently ignore all gauge-boson and composite-Higgs-
boson radiative corrections. The "bare" relationships
emerge between the composite-Higgs-boson, top-quark,
and W-boson masses. These relationships are only ap-
proximate, and in Sec. IV we will give the precise predic-
tions, after abstracting the compositeness conditions to
the full theory.

A. Gap equation

We will begin by summing the planar bubble diagrams
in which the four-fermion interaction of Eq. (1.1) is
iterated. We first consider the solution to the gap equa-
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ical solution to the gap equation for the mass of the top
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stone bosons, respectively. From the vector-boson
vacuum-polarization analysis we determine the elec-
troweak vector-boson masses in terms of the top-quark
mass. Moreover, we will see that the low-energy-induced
Lagrangian has all of the renormalization properties, and
is indistinguishable from, the standard model with a sin-
gle Higgs doublet. The essential results of this analysis
are presented in Sec. II, while the full technical details
are given in Appendixes A and B.
The central result is that the physical Higgs boson is

composite and both the top-quark and Higgs-boson
masses become related to the observable electroweak
scale. Here we do not address the usual problem of the
gauge hierarchy, i.e., how we can naturally maintain the
hierarchy of scales Mii «A. It should be noted, howev-
er, that the quadratic divergence fine-tuning problem is
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the gap equation is satisfied for a symmetry-breaking
scale of order M~, there is no further fine-tuning needed.
We emphasize that the predictions of the fermionic

determinant analysis are inherently limited. The discus-
sion of this approximation will be presented in Sec. II,
but we emphasize that it is intended only as a schematic
for the full theory, i.e., the fermionic determinant
analysis should be viewed only as a model discussion of
the actual physical situation. It neglects, e.g., radiative
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composite Higgs boson itself. It is only upon abstracting
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obtain reliable predictions for m, and rnH
Thus we begin in Sec. II with a digest of the fermionic

determinant analysis, with the full technical details given
in Appendixes A and B. In Sec. III we write the effective
Lagrangian in terms of the induced low-energy composite
particles. In Sec. IV we present the analysis of the full
theory and give precise results that include all of the
eQects in the standard model. We discuss the viability of
the results in light of the most stringent limits on m,
from the "p parameter" analysis in Sec. IV 8. In Sec. V
we present our conclusions and compare our results to
other recent works.
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The present discussion summarizes how the
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the theory and we solve for m, . Normally, for very large
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this equation to produce a large mass, m, -A in the
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m, -Mz for such large A constitutes a fine-tuning prob-
lem in that 6 ' —6, ' must then be very small. This is,
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of the standard model. The gap equation contains a
quadratic divergence, corresponding to the usual Higgs-
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However, the fine-tuning problem will be isolated in the
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solution we need cancel no other quadratic divergences in
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Let us now assume that the parameters 6, A admit a
solution for m, to the gap equation, Eq. (2.3). We now
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r, (p')= ——,'G —(—,'G)'i f d x e't'"( T tt(0)tt(x))„„„„„d
+ 0 ~ ~ (2.4)

A useful technical trick for evaluating this amplitude
while simultaneously implementing the gap equation is
given in Appendix A. The result is

I,(p )= (p —4m, )(4~}1

C

X f dx in{A /[m, x(—1—x)p ]j0

(2.5)

I, is the propagator for the dynamically generated bound
state, a scalar composite of tt. In particular, owing to the
pole at p =4m, , we see that the theory predicts a scalar
bound state with a mass of 2m, (Ref. 1). This is a stan-
dard result quoted for the Nambu-Jona-Lasinio model.
We emphasize that this bound state is the physical, ob-
servable, low-energy Higgs boson, and the prediction
holds here only to leading order in 1/N, in the absence of
gauge-boson corrections.
This physical particle is a bound state of tt, arising by

the attractive four-fermion interaction at the scale A of
Eq. (1.1). One might think that this is a loosely bound
state, since it lies on top of the threshold for open tt and
apparently has vanishing binding energy to this order.
However, this is not a nonrelatiuistic bound state, and
normal intuition does not apply. The prediction
mH =2m, cannot be viewed at this stage as a very precise
one. In fact, the essential point is only that this is a
composite-Higgs-boson model and we will give a more

precise determination of its mass in Sec. IV upon consid-
ering the full renormalization-group behavior of the com-
plete theory.
Since the mechanism is a dynamical breaking of the

continuous SU(2) XU(1) symmetry, it must imply the ex-
istence of Goldstone modes. Moreover, the symmetry
breaking transforms as I=—,

' and will produce the same
spectrum of Goldstone bosons as in the standard-model
Higgs sector. A Goldstone pole thus appears in the bub-
ble sum for the neutral-pseudoscalar channel:

I (p )=——,'G
—(—'G) i2

X "X e' " T ty5t 0 ty5t & connected

+ 0 ~ ~ (2.6)

r, (p') = (p')(4~)-'1

2Nc

X f dx in[A /[m, —x(1—x)p ]j0

(2.7)

and the Goldstone pole at p =0 is seen to occur explicit-
ly.
Moreover, charged Goldstone modes appear in the

flavored channels corresponding to the quantum numbers
of the 8'boson:

By similar manipulations as in Eq. (2.5) and use of the
gap equation we find

rz= ——,'G —(—,'G) i fd x e'~"(Tb(1+y5)t(0)t(l —y5)b(x))„„„„„d+
whence

r

I F(p )= (p )(4m) f dx(1—x)in[A /[(1 x)rn, x—(1—x)—p ]j8N, . o

(2.8}

(2.9)

where we have assumed mb =0.

C. Vector bosons

Thus far we have considered only a conventional
Nambu —Jona-Lasinio model for the symmetry group
SU(2)XU(1) in the absence of gauge fields. Now let us
consider the model with the gauge coupling constants re-
stored. Of course, we have a dynamical Higgs mecha-
nism and the gauge bosons acquire masses by "absorb-
ing" the dynamically generated Goldstone poles. We ob-
tain a second prediction of the theory in the form of a re-
lation between the F-boson mass and the top-quark
mass.
Consider now the inverse propagator of the gauge bo-

sons. We rescale fields to bring the gauge coupling can-
stants into the gauge-boson kinetic terms; i.e., we write
the kinetic terms in the form (—1/4g )(F„„). We are

not integrating over the gauge-boson fields and need
specify no gauge fixing at this stage. Thus, for the 8'bo-
son we have

, D„,(J) '=, (p~.—g„.sg2 82

+—' fd~x ( T )~y„bL (0)bt y, tt (x ) ),
(2.10)

where g2 is the SU(2) coupling constant. For the T
ordered product we again expand in the interaction La-
grangian of Eq. (1.1) and sum the planar bubbles, Fig. 3.

FIG. 3. The planar loops contributing to gauge-boson propa-
gators.
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the kinetic terms in the form (—1/4g )(F„„). We are

not integrating over the gauge-boson fields and need
specify no gauge fixing at this stage. Thus, for the 8'bo-
son we have

, D„,(J) '=, (p~.—g„.sg2 82

+—' fd~x ( T )~y„bL (0)bt y, tt (x ) ),
(2.10)

where g2 is the SU(2) coupling constant. For the T
ordered product we again expand in the interaction La-
grangian of Eq. (1.1) and sum the planar bubbles, Fig. 3.

FIG. 3. The planar loops contributing to gauge-boson propa-
gators.
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We assume the top quark has a mass satisfying Eq. (2.3),
and the gap equation is satisfied in the loop expansion,
which maintains the gauge invariance. This sum can
thus be written in terms of the flavor bubbles evaluated in
Eq. (2.9) (see Appendix A).
It is useful to write the induced inverse 8'-boson prop-

agator in the form

Dw( )
—i—( /p2 g ) p2 f 2(p2)

g 2(p')

(2.11)

The 8'-boson mass is the solution to the mass-shell condi-
tion

Mw~=p =g 2(p }f (p } (2.12)

while the Fermi constant is the zero-momentum expres-
sion

GF

Sf (0) (2.13)

and

X ln I A /[xmb + (1—x )m,
—x(1—x)p']]

(2.14)

f (p2}=N, (4n ) f dx[xmb+(1 x)m, ]—
Xlnt A /[xmb+(1 —x)m,

—x(1—x)p ]I .
(2.15}

At this stage of the approximation it is useful to note the
quantitative result for m, in terms of GF. Equation (2.13)
combined with Eq. (2.15}gives

1'(0)=
4&26~

1=N, (4m) f (1—x)m, lnIA /[(1—x)m, ]J0

=—,'N, (4m) m, ln(A /m, ) . (2.16)

For example, with A= 10' GeV one finds m, = 165 GeV.
To what extent is this an accurate prediction for m, ?

For one, it is valid only in leading order of 1/N, with
g3 =0. This result, moreover, neglects the full dynamical
effects of gauge bosons and the composite Higgs boson,
which should be included in the renormalization-group
running belo~ the scale A. We note that this result is
substantially less than our full standard-model result as
obtained in Sec. IV.

Note, therefore, that our normalization conventions re-
late f(0) to the standard-model Higgs vacuum expecta-
tion value (VEV) U as follows: U =(GF&2) '~ =246
GeV=2f (0). In the bubble approximation we find

1 1 +N, (4m) f dx 2x(1—x)

Analogous results are obtained for the neutral gauge-
boson masses, but they contain no additional information
beyond that described here, a consequence of the conven-
tional I =—,

' breaking mode. The only technical challenge
in the analysis is that we now have the mixing between
the U(1) and neutral SU(2) gauge bosons induced by the
difference between the top-quark and b-quark masses.
We give the full analysis of this in Appendix A. More-
over, the usual p parameter relationship for m, is ob-
tained.
In Appendix 8 we observe that the evolution of the

coupling constants g, and gz [as seen in Eq. (2.14)] is
equivalent to that given by the renormalization group for
the truncated model in the bubble approximation (i.e.,
without gauge coupling constants). Thus, the effective
Lagrangian at scales below A must produce this evolu-
tion. We thus turn now to a discussion of this effective
Lagrangian.

III. LOW-ENERGY EFFECTIVE LAGRANGIAN

A. Induced Higgs scalar

L =Lkinetic+gio('lL t„H+H. c. ) moH H . —(3.1)
If we integrate out the field H we produce the four-
fermion vertex as an induced interaction with
6 =g,o/mo. Note here that mo-A, and positive, im-
plies an attractive interaction. For low-energy phenome-
na we may wish to keep the effective Higgs field and in-
tegrate out the short-distance components of the fermion
fields. The analysis of Sec. II may be interpreted as im-
plying that at scales below the cutoff A Higgs field H de-
velops induced, fully gauge-invariant, kinetic terms and
quartic interaction contributions in the effective action.

In Sec. II and Appendixes A and B we derived the
low-energy effects of dynamical symmetry breaking pro-
vided by a suSciently attractive four-fermion interaction
involving the top quark as defined in Eq. (1.1). We con-
sidered a model based on a conventional sum of the fer-
mion bubble diagrams associated with the leading large-
N, limit with g3 =0. This simple model generates
dynamical masses for the top quark and gauge bosons of
the standard model, as well as a bound state correspond-
ing to the usual physical Higgs scalar of mass 2m, . In
Appendix 8 we show that the fermion bubbles yield their
conventional contribution to the running of the gauge
coupling constants and the explicit cutoff dependence can
be absorbed by appropriate renormalization of these cou-
plings. The effective Higgs vacuum expectation value,
~ f(0), has the normal isospin structure related to the p
parameter but remains sensitive to the cutoff A as its
dependence cannot be absorbed by renormalization. Our
calculations imply that the effective low-energy dynamics
is, in fact, just the usual standard model with certain con-
straints on the fundamental parameters of the theory.
We can see the connection with the standard model by

using a Yukawa form of the four-fermion interactions as
defined at the cutoff scale A, through the help of a static,
auxiliary Higgs field H (see, e.g., Eguchi ). We can
rewrite Eq. (1.1) as

W	  boson	  propagator	  
and	  the	  vev	  f	  (gap).	  



Nambu	  became	  interested	  too	  

-‐	  T.	  GhergheSa	  (Nambu	  student),	  RegularizaLon	  of	  gauged	  NJL	  model,	  1994	  
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But	  problems	  were	  soon	  recognized….	  

-‐	  JDW,	  EWSB	  boson	  of	  Top	  Condensate,	  `96	  Not	  to	  menLon	  the	  problem	  of	  lepton	  masses!	   41	  
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Idea	  sLll	  around	  but	  pressured	  by	  theory	  and	  data	  
realiLes:	  
	  
Theory:	  other	  fermion	  masses,	  retaining	  only	  top	  
composiLness,	  finetuning	  for	  vev=246	  GeV,	  light	  
Higgs	  mass	  predicLon	  (~2mt	  more	  expected),	  etc.	  
	  
Data:	  no	  deviaLons	  in	  gg-‐>h	  or	  h-‐>γγ	  rate	  (sLll	  early	  
though)	  
	  
Viability	  sLll	  possible	  with	  epicycles.	  



Nevertheless:	  Is	  the	  parLcle	  physics	  Higgs	  boson	  
“ficLLous”	  as	  Anderson	  suggests?	  

If	  ficLLous	  means	  that	  it	  is	  not	  precisely	  the	  Higgs	  boson	  of	  
the	  simple	  Higgs	  theory,	  then	  I	  believe	  it	  is	  ficLLous!	  
	  
If	  ficLLous	  means	  that	  it	  cannot	  be	  a	  fundamental	  scalar,	  then	  
I	  am	  less	  sure.	  (neglecLng	  high-‐scale	  quantum	  gravity	  scale	  
issues	  –	  strings	  of	  string	  theory,	  etc)	  
	  
If	  it	  is	  “ficLLous”	  then	  at	  least	  it	  is	  “almost	  a	  Standard	  Model	  
Higgs	  boson”	  
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Lea	  with	  simple	  Higgs	  boson	  theory.	  Nevertheless,	  such	  a	  
simple	  theory	  being	  the	  end	  of	  the	  story	  is	  hard	  to	  believe.	  
	  
	  
Even	  our	  Condensed	  MaSer	  colleagues	  must	  believe	  we	  are	  
not	  done.	  	  	  
	  
	  
Next	  Lme	  you	  meet	  C.M.	  physicist	  tell	  him/her:	  	  
	  
“The	  enLre	  universe	  is	  a	  superconductor	  but	  we	  are	  only	  in	  
the	  Ginzburg-‐Landau	  stage	  of	  understanding!”	  
	  
They	  will	  feel	  sorry	  for	  us.	  
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All	  lovers	  of	  knowledge	  agree:	  
	  
We	  have	  to	  know	  what’s	  behind	  Higgs	  boson.	  	  
	  
Maybe	  it’s	  supersymmetry	  :	  find	  the	  superpartners	  (not	  so	  easy)	  
	  
Maybe	  it’s	  composite	  Higgs	  ideas	  :	  find	  the	  evidence	  (ρ,	  etc.)	  
	  
Maybe	  the	  effecLve	  potenLal	  is	  not	  simply	  φ4	  :	  measure	  it	  
	  
Maybe	  it’s	  an	  idea	  we	  haven’t	  thought	  of	  :	  comprehensive	  
exploraLon	  of	  the	  effecLve	  theory	  and	  resonances	  
	  
All	  reasonable	  ideas	  are	  worth	  pursuing,	  and	  all	  relevant	  
experiments/colliders	  worth	  supporLng.	  
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Pursuing signs of “fictitious”	
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Standard Model Higgs theory has unambiguous 
predictions for its productions and decays once we 
know its mass which is known now (125 GeV).	

	

However, its production rates and its probabilities of 
decaying into various other particles would be 
slightly different if “fictitious”.	


The deviations from these ε's may be only a few percent or less. Will take many 
years to be sensitive to that, and probably requires another collider (e+e-).	


-‐	  Gupta,	  Rzehak,	  JW,	  ‘13	  

ε	  ~	  v2/Λ2	  where	  Λ	  is	  	  
-‐  Compositeness	  scale,	  or	  
-‐  Supersymmetry	  scale,	  or	  
-‐  Size	  of	  X-‐dimensions,	  or	  
-‐  Or	  CFT	  breaking	  scale,	  or	  



Conclusions	  
	  
	  
We	  are	  born	  into	  the	  Higgs	  boson	  era	  and	  it’s	  our	  lot	  to	  sort	  it	  out.	  	  
Copernicus	  had	  the	  solar	  system,	  and	  we	  have	  the	  Higgs	  boson.	  	  
	  
Next	  Lme	  we	  discuss	  in	  some	  more	  detail	  “alternaLve”	  or	  “more	  
complete”	  theories	  of	  EWSB.	  
	  
In	  third	  lecture	  we	  discuss	  technical	  issues	  on	  precision	  Higgs	  and	  
Electroweak	  analysis	  needed	  to	  help	  us	  determine	  if	  the	  Higgs	  is	  
“ficLLous”	  
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