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Quantum computing:

has It been achieved?

. Extended Church-String thesis: all

reasonable digital models of
computation are polynomially
equivalent

. Feynman ‘81: Can’t simulate QM

on a computer with exponential
overhead

. Q-computers are digital (Bernstein

‘93), programmable (Simons ‘94),
NOT polynomially equivalent (Shor)

. Supremacy. A practical application,

not necessarily useful, violating the
extended Church-Turing thesis.
. Milestone towards useful Q
computers
. Testing QM In the limit of high
complexity
- Need to prove that the task Is
prohibitively hard for class.
Computers
- Prove the Q-computer actually
carried out the task




Quantum computers don't solve useful problems yet

- Near-term quantum computers are

NISQ - noisy, iImmediate-scale
guantum),

- 10s-100s of ghits
- Q speedup from interference!

- Random circuits hard to
simulate.

. Supercomputers assumes
that quantum circuit is perfect

- Simulation: new materials, chemistry,

Cm physics

- High-energy lattice QCD simulations
- Quantum walks, qubitization
. Electronic structure calcs. Variational

guantum solver. But QMA-hard
(quantum analog to NP hard

- Simulations of high-energy physics



Quantum frontiers

.- Sensing, communication, computing

- Frontiers: Short distance, long distance, complexity
(more is different)

- Decoherence. No interaction with the environment
except when you need it

- Error correction: encode information nonlocally in a
highly entangled state, so the environment cannot
Interact locally with the information

. Error rate today 103, about 102 per measurement
(better for trapped ions)

. Quantum chaos in quantum random walks?

. Analog many gqubits that resemble a system; Digital:
gate-based universal quantum computer

- Atom Iinterferometer for prec. Measurement,
navigation




Quantum sensing, simulation, and -computing

* Quantum simulations with cold atoms in opitcal lattices are currently the
most powerful

* QuantiSED project “Search for beyond the standard model physics by
measuring the fine structure constant”

* Ultra-precise optical lattices keep the Qubit alive

* Ultracold neutral atoms trapped within optical lattice potentials make the
largest current quantum simulations [2—4].

* Translational invariance

|. Bloch et al., Nature Physics (2012); E. Zohar et al., Rep. Prog. Phys. 79,
(2016); S. P. Jordan, K. S. M. Lee, and J. Preskill, Science (2012)




Interferometry...
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Precision atom interferometry
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Long Interrogation times

* Large phase accumulation = high precision

¥ 1
2 . |

Kasevich group @ Stanford Cold Atom Lab VLBAI
(pc: Sugarbaker PhD thesis) Science Poster IQO @ Hannover

+ MIGA, MAIUS, BECCAL, ...

. What If we held the atoms?
* But gravity...

* Big experiments
g experl  Has been demonstrated

* Space

r‘ll
’\

7
*

Charriere et al., PRA 85, Zhang et al., PRA 94,
\, 013639 (2012) 043608 (2016)
| |

* Limited by wavefront distortions

* Requires extreme trap uniformity
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Experimental setup

Higher Laser
Intensity

Smooth Wavefronts

%
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Well-defined beam
parameters




Lattice Interferometer geometry
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Free evolution phase
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The Fine Structure Constant

Measures the strength of the electromagnetic interaction
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The most precise theory/experiment
comparison in science

Fine structure constant Electron magnetic moment

B Theoretical value
[ JUncertainty

o o? o’ ot o’ Hadronic  Weak

Order of correction to g-2

Unknown particles may
shift magnetic moment



o from h/m
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All uncertainties < 1ppb In
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Photon Recoil Measurement
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« Accuracy 1010
* Need to pinpoint resonance to 0.2 pHz or 6x10-42
« 10,000 times better accuracy than precision of best clocks



Atom-interferometer measurement ot o
Ramsey-Bordé Interferometer
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0.16 ppb systematic errors
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Results
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Results

Magnitude of correction to g-2
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Magnitude of correction to g-2 (ppt)
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Future
Upgrades to
10ppt!

e Broad beam

e x20 waist =2 1/400
beam-related
systematics

e Acoustic Shielded Room

* Controls gravity
anomalies
* Improved g.-2 (G.
Gabrielse, Northwestern)

* Improved m./m, (Klaus
Blaum, Heidelberg)




A more nearly perfect laser beam

* This project ~ 6 cm radius

« Wavelength errors ~(Aradius)?
« 400-fold higher accuracy

« Beam splitter losses ~(A/radius)*
* higher momentum transfer, and thus
sensitivity

Thick beam will unleash the potential of atom
Interferometry




New interferometer geometries

Position

Position
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* Eliminates gravity gradient
* Moderate cost In Iintegration rate
* Shown to work in arXiv:1901.03487



Demonstrated
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New physics reach
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Quantum computing prospects (with Christian Bauer)

. Perturbative expansions fail when the coupling constants become too large.

. Main theoretical challenge in HEP today.

. Discretize the spatial directions

. Exponentially complex on classical computers.

. Jordan, Lee, Preskill 2012: Quantum algorithms are capable of such
simulations with only polynomial growth in complexity.

. Impossible on NISQ computers => Hardware simulation son optical lattices

. Large set of harmonic oscillators, with well defined interactions
between

. Non-local interactions

. Add site-resolved detection and manipulation of atoms
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