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Mexican hat potential
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O(2) : superfluids
O(3) : antiferromagnets

fluctuations of the modulus of order
parameter = scalar

hence amplitude mode is hard to couple to

necessary condition: explicit/
emergent Lorentz invariance

decomposition of fluctuations of
order parameter into:

- longitudinal & transverse

- radial & tangential

this help understanding behavior
of different correlation functions



global gauge invariance

Consider a relativistic quantum field theory with mass m, and a complex scalar field
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The Lagrangian has a global U(l) symmetry
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In terms of the Mexican hat potential,
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global gauge invariance

We pick one of the minima and expand around it,
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The low-energy Lagrangian is then
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where we see a massless Goldstone mode and a massive Higgs mode.




local gauge invariance

Consider now the case of coupling to a gauge field and local gauge invariance,
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exactly same terms as for global gauge invariance



O(N) field theories

d>3 :uis irrelevant
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more on field theory

usually the low effective field theory is of the form

Z = /D‘Il*(;r,T)D\II(.r.T)oxp (— /dd;r /dTﬁ [\Il"\ll])
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S. Sachdev, Quantum Phase Transitions, 1999
ph - symmetry needed for it to vanish (superconductors, not metals nor superfluids)

It iIs hard to couple to the Higgs mode:
Raman spectra of NbSe2
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Quantum Magnets under Pressure: Controlling Elementary Excitations in TICuCl,
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Summary of INS results for the gaps of

all three triplet excitations as functions of pressure at 7 =
1.85 K. Data for Ty(p) from Ref. [5]. Modes L and T, are
degenerate within experimental resolution at p < p.. Red sym-
bols show the longitudinal mode L at p > p.. Solid and dashed

lines are theoretical fits.



two dimensions
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two dimensions
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derived same formula’s, and used them in the dynamic structure factor:
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““The longitudinal fluctuations of the Neel order thus lead to a critical
continuum above the spin wave pole at w~ cq, which decays only
algebraically. The continuum results from the decay of a normally massive
amplitude mode with momentum p into a pair of spin waves with momenta
q and p-q, which is possible for any w > cq, with a singular cross section
because of the large phase space. The amplitude mode is thus completely
overdamped in two dimensions.”



Scalar and longitudinal
susceptibility
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Universal scaling
predictions
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Two has more than three

»1he model | came up with in 1964 is just the invention of a rather strange sort of medium that looks the same in all
directions and produces a kind of refraction that is a little bit more complicated than that of light in glass or water® —

P. Higgs

d=3+1

Longitudinal response: finite width peak
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Higgs peak is critically well defined
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d=2+1

Longitudinal response IR divergent

universal scaling function

Strongly coupled fixed point
Higgs peak is marginally defined
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Physics
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must vanish!



sketch

Bogoliubov regime one|gapless mode (phase -- sound)

(Galilean invariance)

one : two gapless particle condenses;
83P|(ejss : modes at QCP hole remains gaped
(:;?Jmej) : phase(sound) and
! amplitude(Higgs)
: particle and hole condense Mott insulator
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must vanish! S. Sachdev, Quantum Phase Transitions, 1999



Our response

This involves analytic continuation of the kinetic energy correlation
A function
S(w)
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Long Monte Carlo
simulations (LMC)

ol * L our main result




amplitude
modulation

The ‘Higgs’ Amplitude Mode at the
Two-Dimensional Superfluid-Mott Insulator

Transition

Manuel Endres!, Takeshi Fukuhara®!, David Pekker?, Marc Cheneau’,
Peter Schauk!, Christian Gross', Eugene Demler®, Stefan Kuhr'*, and

Immanuel Bloch'?

Nature 2012
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Technique pioneered in Zurich (Stoeferle et al);

see also Kollath et al, etc
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The experimental results
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The experimental results
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Attempt to compare signals (amplitude adjusted)

Take a realistic temperature and trapping parameters into account
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universal scaling function
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results by Podolsky et al
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on SF side:
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conclusion and future work

® conditions under which amplitude/Higgs mode can be seen
as a sharp and universal peak in correlation functions

® strongly interacting fixed point in 2d; also conductivity
accurately computed (cf AdS/CFT correspondence)

® further experiments would be welcome though challenging

® universal scaling function determined; explicit
demonstration of Lorentz symmetry under way

® what about (artificial) graphene (Gross-Neveu criticality)?
what about |d?
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