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Most	  important	  “future	  HEP	  perspec+ve”	  :	  
	  
Many	  interes+ng	  ques+ons	  to	  answer	  ….	  
	  
Always	  will	  have	  many	  interes0ng	  ques0ons….	  
	  
Our	  field	  by	  defini0on	  is	  perpetually	  primed	  for	  drama+c	  
insights	  (by	  expt	  or	  by	  pure	  thought).	  

16th	  century	  woodcut	  of	  Archimedes	  

E.g.,	  the	  fron0er	  of	  
energy	  gives	  us	  the	  
fron+er	  of	  reduc+onist	  
(par+cle,	  field,	  string,	  
etc.)	  construc+on	  and	  
the	  fron+er	  of	  early	  
+me	  (cosmology).	  

3	  



Many	  ques+ons	  we	  face	  today	  and	  have	  been	  addressed	  here:	  
	  
What	  is	  the	  nature	  of	  the	  electroweak	  vacuum?	  
	  
How	  did	  EWSB	  take	  place?	  
	  
Why	  are	  there	  more	  baryons	  over	  an+baryons?	  
	  
What	  accounts	  for	  flavor	  existence	  and	  hierarchies?	  
	  
What	  explains	  the	  Dark	  MaUer	  signals?	  
	  
What	  explains	  the	  current	  Dark	  Energy?	  
	  
Is	  there	  an	  addi+onal	  symmetry	  rela+ng	  fermions	  to	  bosons?	  
	  
Are	  there	  extra	  spa+al	  dimensions	  beyond	  the	  3	  we	  know?	  
	  
How	  is	  gravity	  ul+mately	  realized	  in	  quantum	  theory?	  
	  
ETC.	   4	  



A	  key	  ques+on	  of	  our	  +me	  is	  the	  electroweak	  vacuum	  
	  
-‐  How	  is	  EW	  symmetry	  broken?	  (We	  s+ll	  don’t	  know)	  

-‐  What	  are	  all	  the	  dynamical	  d.o.f.	  leg	  over?	  

-‐  What	  entourage	  does	  the	  Higgs	  boson	  need	  to	  be	  stable?	  

-‐  Is	  it	  really	  the	  Standard	  Model	  Higgs	  boson	  we	  found?	  
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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 – 4 YEARS OLD
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The	  Higgs	  boson	  discovery	  was	  an	  extraordinary	  achievement	  of	  
the	  human	  capacity.	  
	  
Subtle	  hints	  turned	  into	  a	  outrageous	  specula0on	  (Higgs	  boson)	  
	  
Technical	  theory	  prowess	  of	  theory	  (devising	  signatures)	  and	  
experiment	  (designing	  and	  building	  experiments)	  
	  
Poli+cal	  organiza+on.	  
	  
Scien+fic	  organiza+on	  and	  coopera+on.	  
	  
è	  Discovery.	  Is	  there	  any	  intellectual	  achievement	  that	  matches?	  



Nevertheless,	  while	  we	  celebrate…	  
	  
Our	  condensed	  maUer	  friends	  that	  are	  paying	  aUen+on	  	  
think	  we	  are	  naïve.	  
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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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Germany. 3Moscow Institute of Physics and Technology, 141700 Dolgoprudny, Moscow Region, Russia. 4Prokhorov Institute of General Physics, Russian
Academy of Sciences, Vavilov Street 38, 119991 Moscow, Russia. 5Tata Institute of Fundamental Research, Homi Bhabha Road, Colaba, Mumbai 400005,
India. 6Department of Physics, The Ohio State University, Columbus, Ohio 43210, USA. 7Physics Department, Technion, 32000 Haifa, Israel. †Present
address: Center for Quantum Devices, Niels Bohr Institute, University of Copenhagen, 2100 Copenhagen, Denmark. *e-mail: aviad.frydman@gmail.com
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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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-‐  high	  resis+vity	  in	  normal	  state	  
-‐  Elas+c	  scaUering	  length	  reduces	  ~	  λF	  
-‐  e’s	  localize,	  cooper	  pairs	  not	  made	  of	  “free	  electrons”	  
-‐  Localiza+on	  leads	  to	  insulator	  –	  cooper	  pairs	  in	  insulators	  
-‐  Tc	  can	  reduce	  near	  zero,	  Quantum	  Cri+cal	  Point	  (QCP)	  

Higgs	  signal:	  
-‐  Higgs	  boson	  sogens	  below	  2Δ	  in	  HDSC	  (Podolsky	  et	  al.	  2011)	  
-‐  Excess	  conduc+vity	  in	  sub-‐gap	  region	  
-‐  Tunneling	  and	  THz	  spectroscopy	  probes	  of	  HDSC	  
-‐  Thin	  films	  (2d)	  of	  NbN	  and	  InO	  near	  cri+cality	  (insulator-‐SC	  transi+on)	  
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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.
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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
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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
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1 (!)=� exp
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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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Deep	  connec+on	  between	  
superconduc+vity	  and	  the	  theory	  of	  
electroweak	  interac+ons.	  
	  



Pre-‐history	  

14	  

1896:	  Radia+on	  discovered	  Becquerel	  	  
	  
1911	  Onnes	  discovered	  superconduc+vity	  -‐-‐	  	  	  Hg	  with	  Tc	  =	  4.2	  K	  
	  
1914:	  (A,Z)	  à	  (A,Z+1)	  +	  β-‐	  	  with	  β	  par+cles	  understood	  to	  be	  electrons	  well	  understood	  
	  
1930:	  Pauli	  introduces	  neutrino	  (A,Z)	  à	  (A,Z+1)	  +	  β-‐	  +	  ν	  to	  retain	  energy	  conserva+on	  
	  
1932:	  Chadwick	  discovers	  neutron.	  
	  
1933	  Meissner	  effect	  -‐-‐	  Superconductors	  expel	  magne+c	  fields	  (perfect	  diamagnet)	  
	  
1934	  Londons	  theory	  	  (J	  ~	  A)	  -‐-‐	  explained	  Meissner	  effect,	  derived	  penetra+on	  depth	  
	  
1933:	  Heisenberg,	  Majorana,	  Ivanenko	  posited	  nuclei	  are	  bound	  states	  of	  protons	  and	  
neutrons.	  
	  
1934:	  Fermi’s	  theory	  of	  β	  decay	  :	  “effec+ve	  theory”	  of	  the	  electroweak	  interac+ons	  
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Superconduc+vity	  ::	  1950	  -‐	  1957	  
	  
Development	  of	  Ginzburg-‐Landau	  Theory	  



Landau	  theory	  of	  Phase	  Transi+ons	  	  
applied	  to	  Superconduc+vity	  

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

Superconduc+vity	  is	  a	  P.T.	  with	  order	  parameter	  ns	  (Ginzburg-‐Landau	  1950).	  
	  
Superconduc+ng	  state	  is	  macroscopic	  QM	  wavefunc+on	  ψ(r)	  with	  ns	  ~	  |ψ|2.	  
	  
Candidate	  for	  applica+on	  of	  Landau’s	  general	  mean-‐field	  theory	  of	  phase	  transi+ons	  
	  
1)  Iden+fy	  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	  spa+al	  varia+ons	  at	  the	  moment.	  Order	  parameter	  
is	  density	  of	  superconduc+ng	  carriers	  |ψ|2	  ~	  ns	  

Minimize	  the	  free-‐energy:	  

With	  finite	  temperature	  α	  à	  α	  (1-‐T/Tc)	  	  	  ::	  	  T	  >	  Tc	  changes	  α	  sign	  
17	  



=	  FSC	  -‐	  FN	  

=	  ψ	


W.	  PickeU	  18	  
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Superconduc+vity	  ::	  1957	  	  
	  
BCS	  Theory	  



	  abc.net.au	  

Brief	  BCS	  theory	  redux	  (1957)	  
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simpliphy	  
stackexchange	  

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

	  greiner.harvard.edu	  
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This	  is	  1950s	  physics.	  	  
	  
Simple	  MFT	  place-‐holder	  theory	  (Ginzburg-‐Landau	  theory)	  
–	  this	  was	  obviously	  not	  the	  fundamental	  theory.	  
	  
Sophis+cated	  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.	  
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Just	  what	  did	  Peter	  Higgs	  (and	  others	  –	  Brout	  and	  Englert	  in	  
par+cular)	  do?	  
	  
1.  Understood	  spontaneous	  symmetry	  breaking	  in	  

rela0vis0c	  QFT	  sezng	  (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	  
propaga+ng	  massive	  scalar	  par+cle	  (“incomplete	  
mul+plets”	  propaga+ng)	  

24	  

This	  was	  of	  course	  important,	  ground-‐breaking	  work	  



Nevertheless,	  such	  a	  simple	  theory	  being	  the	  end	  of	  the	  
story	  is	  hard	  to	  believe.	  
	  
	  
Even	  our	  Condensed	  MaUer	  colleagues	  must	  agree	  we	  are	  
not	  done.	  	  	  
	  
	  
Next	  faculty	  mee+ng	  tell	  everyone:	  	  
	  
“The	  en+re	  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	  effec+ve	  poten+al	  is	  not	  simply	  φ4	  :	  measure	  it	  
	  
Maybe	  it’s	  an	  idea	  we	  haven’t	  thought	  of	  :	  comprehensive	  
explora+on	  of	  the	  effec+ve	  theory	  and	  resonances	  
	  
All	  reasonable	  ideas	  are	  worth	  pursuing,	  and	  all	  relevant	  
experiments/colliders	  worth	  suppor+ng.	  
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Pursuing signs of “fictitious”	


27	


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	  
	  
Good	  +me	  to	  be	  doing	  fundamental	  science.	  
	  
We	  know	  a	  lot	  from	  prior	  experiment.	  
	  
Our	  understanding	  of	  flavor	  and	  neutrino	  physics	  is	  reaching	  new	  
heights,	  and	  must	  go	  further.	  
	  
We	  are	  cornering	  good	  ideas	  of	  dark	  maUer.	  
	  
Dark	  energy	  and	  CMB	  measurements	  impac+ng	  fundamental	  
physics	  theories.	  
	  
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.	  	  
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