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Gapless azimuthal phase mode: Goldstone 
mode

Gapped radial amplitude mode: Higgs mode



Prevailing notions:

• Pure amplitude mode can only be observed in a Lorentz invariant system

• Pure amplitude mode can only be observed in a clean non-disordered system

• Is CDW necessarily required to observe a Higgs mode?

Are these true?



Further challenges of observing the Higgs mode in a 
superconductor:

Within BCS theory, 

Higgs energy scale ~ 2D the pair breaking scale

hence Higgs mode is heavily damped
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Key Results:

Bose Hubbard Model:
emergent particle-hole 
symmetry away from Lorentz 
invariant points

2-particle continuum

Fermi Hubbard Model:
Higgs mode revealed by disorder!



Does existence of Higgs modes require 
Lorentz invariance?

At Lorentz invariant point  O(2) relativistic field 
theory: decoupling of amplitude and phase degrees 

What is the fate of 
the Higgs mode 
away from the 
Lorentz invariant 
point?
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Gapped modes and spectral 
function

Sum 
rule



Spectral function of a 
superfluid

Menotti, Trivedi PRB 77, 235120 (2008)

WEAKLY INTERACTING SUPERFLUID

• Bogoliubov theory
• Only one excited mode 

(Goldstone)
• Spectral weight sum-rule: 

Goldstone mode is particle 
dominated

• Several modes required to 
exhaust the (single-particle) 
spectral weight

STRONGLY INTERACTING SUPERFLUID

Is the 
gapped 
mode a 
Higgs?



Excitations in the Gutzwiller ansatz

Gutzwiller ansatz: product state

Ground-state 

coefficients

(equilibrium)

Small oscillations

Krutitsky & Navez, PRA 2011

Linearization of the e.o.m. yields
Bogoliubov-like equations

E. Altman and A. Auerbach, PRL 89, 250404 (2002); D. Podolsky, A. Auerbach, and D. P. Arovas, PRB 84, 174522 (2011).

S. Huber, E. Altman, H. Büchler, and G. Blatter, PRB 75, 085106 (2007).



Emergent particle-hole symmetry on yellow contours

Quasi-particle Quasi-hole

On yellow contours p-h symmetry:



1. Density oscillations vanish exactly: 
exchange of particles between 
condensate and normal fraction

2. Higher modes crucial for curving of 
yellow arc

Vanishing density fluctuations on yellow contours



Emergent p-h symmetry

Quasi-particle Quasi-
hole

Particle-hole symmetry condition

2nd mode

3rd mode Avoided crossing with 
higher modes yields 
exchange of particle-
hole character

Emergent 
particle-
hole 
symmetry



Superconductor
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The Higgs mode in disordered superconductors close to a quantum phase transition



Amplitude and phase fluctuations

Add spatio-temporal fluctuations around saddle-point value 
∆0

Saddle point
value amplitude 

fluctuation

phase
fluctuation

The Gaussian action in amplitude and 
phase fluctuations around saddle point :





Higgs mode revealed by disorder!

In the clean 
case (V=0) 
no spectral 
weight at 
q=0 below 
2-particle 
continuum 

Weak disorder 
a non-
dispersive 
mode appears 
at q=0 at finite 
energy  below 
2-particle 
continuum 

2-particle continuum

Higgs mode



Fate of Higgs mode with increasing disorder

With increasing disorder the mode broadens and the threshold for Higgs 

weight decreases with disorder



Fate of Higgs mode with increasing disorder

With increasing disorder the mode broadens and the threshold for Higgs 

weight decreases with disorder



Two particle Correlation Function

• Dominated by phase fluctuation at low energy
• Amplitude mode contributes at finite energy, 

spectrally well separated from phase pile-up
• Amplitude-phase mixing is small and of both 

signs averaging ~ to zero

M-EELS couples to q- and 

energy- resolved 

density fluctuations, e.g. 
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Two ways to push the Higgs mode below the continuum:

Bose Hubbard Model:
emergent particle-hole 
symmetry away from Lorentz 
invariant points

2-particle continuum

Fermi Hubbard Model:
Higgs mode revealed by disorder!




