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Quantum Science Program

5/4/192

Exploit quantum properties (coherence, superposition, 
entanglement, squeezing, …) for acquiring, communicating, and 

processing information beyond classical capabilities.  

Application areas
– Sensing and metrology
– Communication
– Computing 

These areas have natural overlaps, e.g. sensors as qubits, 
quantum communication for sensing and metrology, 
transduction for communication, algorithms for quantum 
systems, QNN with sensors, …

With potential (or 
already 
demonstrated) 
impact in many areas 
of basic research
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Fermilab and Quantum Science & Technology 

5/4/193

Fermilab is the primary U.S. lab for High Energy Physics (HEP)

Many fundamental HEP
research areas can benefit
from successful quantum 
S&T applications and many 
HEP competencies and 
technologies can advance 
quantum S&T   

A new and rapidly advancing 
program: DOE/HEP QuantISED
awards (September 2018), LDRD, 
Early Career Awards
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Fermilab Quantum Science Program Thrusts

5/4/194

Superconducting Quantum Systems: Leverage Fermilab’s world-leading expertise 
in SRF cavities to advance qubit coherence times, quantum memories, and scalability 
of superconducting quantum systems. 

HEP Applications of Quantum Computing: Identify most promising HEP 
applications on near-term quantum computers; develop algorithms and experience 
with state-of-the-art machines and networks.

Quantum Sensors: Adapt quantum technologies including squeezing and 
entanglement to enable new fundamental physics experiments. 
• Time-binned photon quantum teleportation for communication
• Qubit-cavity systems for dark matter detection
• Cold atom interferometry

Enabling technologies: cold electronics, control systems; access to quantum 
resources for community building and workforce development

Foundational Quantum Science connections to HEP: quantum field theory, black 
holes, wormholes, emergent space-time.
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Superconducting RF technology for quantum 
applications

5/4/195

• Major component of the program
– Leverage lab competencies engage 

partners where needed 
• Drives multiple applications, 

engaging theorists and 
experimentalists  
– SRF-based qubit technology 
– sensors for the detection of dark 

matter and other exotic particles  
• Could catalyze research in areas 

such as quantum memories,  
controls, algorithms, transduction, … 

Cryomodule built at Fermilab for the new 
LCLS-II free electron laser light source at 
SLAC

QIS PI Alex Romanenko and Anna 
Grassellino lead the Fermilab SRF 
cavity programpartners
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Challenges:
• For accelerators we want high gradients → as many photons as 

possible; for QC applications we want to manipulate cavity states 
at the single photon level

• Accelerators operate at temperatures around 2K, QC systems 
around 20 milliKelvin

SRF cavities for quantum computers (QC)?

5/4/19

1-cell Fermilab cavities of various 
frequencies 
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Record high photon lifetimes achieved at Fermilab

5/4/197

A. Romanenko, R. Pilipenko, S. Zorzetti, D. Frolov, M. 
Awida, S. Posen, A. Grassellino, arXiv:1810.03703

Accelerator cavities adopted for quantum regime

QIS state-of-the-art: 7 ms

2 s, 300x improvement

Integration with transmon
qubits (built by UW 
Madison) underway
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Early Returns: Dark Photon Searches with SRF cavities
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Grasselino, Romanenko, Harnik
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HEP applications of quantum computers
Long view: 
• Most HEP applications will require thousands, if not millions, of error-

corrected qubits, which won’t be available for ~20 years
• However HEP is planning experiments that will be running 20 years from 

now, e.g. the DUNE neutrino experiment, the LHC experiments, …

What can we do now? 
• Identify scaled-down problems, with 

elements of the applications we care 
about, that can be addressed with near-
term quantum technologies, and work on 
solving them!

• Extra credit: algorithms relevant to 
specific applications in ~5 years
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HEP theory and applications on quantum computers

5/4/1910

• Collaboration with Caltech and University of Washington
• Current focus on quantum simulations of particle physics

– Seek efficient and accurate (digitization) field representations for near 
and intermediate term machines

• New approach simulating fermion-boson interacting systems
– Overcomes challenge of efficiently representing the interaction term
– Develop algorithm using coordinate basis, achieve exponential 

precision for digitization!

– Result used by UW collaborators (arXiv:1808.10378) further advancing 
investigations for HEP applications on near term quantum computers

Macridin et al: PRL, 121, 110504
and PRA, 98, 042312
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Running experiments on Google quantum processors
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Optimization and ML applications 

5/4/1912

Partnering with Lockheed Martin and ORNL on ML
problems in astrophysics
• Applications targeting a D-Wave annealer: 

star/galaxy separation, anomaly detection, 
autoencoders (for compression or simulation).

Partnering with ORNL on optimization problems 
for LHC physics
• Employ a quantum annealer to estimate Color 

Recombination model systematics
– Formulate as a binary constraint 

satisfaction problem
• Compare with best-known classical solutions 

– Evaluate impact on current measurements
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Providing access and training for HEP

5/4/1913

• Workshops and tutorials: 
– community engagement 
– workforce development

• Partnership with Google; 
Co-developed first tutorial (Sep 2018)
– Container with most utilized QC 

environments
• Joined IBM Q ORNL hub (Dec 2018)
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• Quantum Communication R&D not only aims to deliver 
essential technologies for one of the main application areas 
of the Quantum Science ecosystem, but also drives R&D for 
the other two (sensors, computing).

• Objective is to develop the capabilities for high-fidelity long-
range communication of quantum information, that will allow 
networking of quantum devices

• Quantum teleportation is an enabling technology with 
applications for secure communications, quantum computing, 
and networking of sensors

Quantum Communications
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Fermilab quantum teleportation experiment (FQNET)

5/4/1915

• Time-binned optical photonic qubits over commercial telecom fiber
• Build and commissioned over the past 1.5 years, has achieved 

quantum teleportation 
• Optimizing teleportation fidelity, stability & overall efficiency
• Next step to distribute quantum info between nodes across Fermilab
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R&D driven by quantum communications 

5/4/1916

• Develop cryogenic electronics to 
reduce electronic noise and improve 
time resolution for SNSPDs
– Fermilab, JPL, Georgia Tech

• Dark matter detection: use high 
intensity entangled pair source to 
produce photon—dark-photon pairs, 
and “image” them with Skipper CCDs

Fermilab, 
LBNL, 
Caltech
partnership
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Quantum sensors for axion dark matter searches
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Axion dark matter interactions
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A resonant cavity axion dark 
matter search proceeds by 
tuning the radio frequency of 
the cavity and checking to 
see if you can hear the dark 
matter “radio broadcast” 
above the static noise



5/4/1919

Qubit-based single photon sensors for axions

• Increase signal photon rate with superconducting qubits as Quantum 
Non-Demolition detectors and high-Q cavity in non-classical states
– sensitive to incoming axion waves with any arbitrary phase

• Reduce impact of read errors by incorporating multi-qubit readout 
– Possible further improvements by preparing qubits in an entangled state 

and even utilizing quantum ML
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Strategy to cover 10 orders of magnitude in axion mass
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MAGIS-100 detector at Fermilab

5/4/1921
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• 100 meter access shaft – 100 meter atom 
gradiometer

• Search for ultra-light dark matter coupling
• Step toward full-scale detector for Gravitational 

Waves from Stanford 10 m prototype (Hz range)- retire technical risk associated with scaling up: 
Vacuum, trajectory control, alignment 
tolerances, … 
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Quantum superposition of atoms
Atom matter waves in superposition separated by up to 10 meters, 
durations up to 9 seconds

Fundamental physics applications
Time-dependent signals from ultra-light dark matter
Fill the gravity wave frequency gap between LIGO and LISA

Atom 
Source 1

Atom 
Source 2
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Atoms in free fall

Probed using 
common laser 
pulses

Quantum 
superposition

Matter wave 
interference 
pattern readout

Sensor concept

MAGIS-100 Matter wave interferometry at large scales



Summary

5/4/1923

• We are building a Quantum Science Program targeting HEP long-
term needs by leveraging Fermilab’s competencies and infrastructure
– Initiatives are already producing results
– Engagement of the HEP community is growing

• Establishing collaborations with universities, industry, and labs 
• Developing our long term strategy leveraging opportunities of the 

National approach to QIS R&D
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Approach for early program 

5/4/1924

Goal: Produce high impact quantum science results in the near 
term, while building capacity for HEP needs in the long term

Engage with the DOE-SC QIS Initiative in ways appropriate 
to our role as the main HEP lab:

• Focus on the science 
• Keep activities aligned to HEP program needs
• Leverage existing Fermilab expertise and infrastructure
• Engage partners who already have leading QIS expertise
• Act as a gateway and hub for the larger HEP community to 

engage with QIS
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Work at Fermilab and University of Chicago enhances understanding of Q at low field 
amplitude

The Q of superconducting cavities

25

For accelerators we want very high accelerating gradients and very high 
quality factor Q (high Q: resonant cavities “ring” longer, thus need less power)

5/4/19

Thanks to breakthroughs by 
Fermilab scientists, we now routinely 
achieve Q near or above 1011

How will these cavities 
behave at ultralow fields for 
quantum science applications?

• Quantum computing/memory
• Dark sector searches
• Gravitational effects
• ….

A. Romanenko and D. I. Schuster, Phys . Rev. Lett. 119, 264801 (2017)
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Skipper CCDs for Dark Matter and Neutrinos

26

State-of-the-art scientific CCDs achieve 
readout noise of 1-2 electrons. 
Workhorse of modern astronomy.

FNAL and LBNL have worked together 
for several years to develop skipper CCD 
with 0.06 electrons noise.

skipper-CCD

Phys. Rev. Lett. 119, 131802 (2017)

Experimental Astronomy, Volume 34, Issue 1, pp.43-64 (2012)

This new technology is already producing world leading results in Dark Sector searches.
(SENSEI project arXiv:1804.00088). The lower noise is achieved thanks to multiple non-
destructive readout of the pixels.



Gradiometer sensor design

5/4/1927

• Compare two (or more) ultra-cold atom 
ensembles separated by a large baseline

- Laser pulses implement light-pulse atom 
interferometry at each end

• Science signal is differential phase between 
interference patterns

• Differential measurement suppresses many 
sources of common noise and systematic errors

• Proof-of-concept using the Stanford 10 m scale 
prototype 

Science signal strength is proportional to baseline length (DM, GWs).
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Building a Quantum Computer

28

Need a qubit that you can manipulate and not confuse with other possible states 
of the system. 
Maintain the quantum coherence long enough to perform gate operations

Examples of qubits:
• Photons in superposition of two time bins
• Electron spin, nuclear spin, atomic spin
• Ground state and particular excited state of an ion
• Ground state and first excited state of a nonlinear oscillator, 

e.g. a superconducting Josephson Junction LC circuit



Quantum Circuits

29

• Given some number of qubits in arbitrary states, I can measure each 
qubit state
• The measurement projects the n-qubit quantum state to an n-bit 

classical binary number
• We call this a projection to the                                                   

“computational basis”
• This is the simplest quantum circuit

• More generally we can perform a variety of unitary operations, 
called gates,  on the qubits before making measurements

• Gates operations can act on a single qubit, or on multiple qubits
• Starting from a rather small menu of gates one can obtain a 

universal quantum computer



HEP Theory applications on QC

30

• Simulation of fermion-boson systems
- Challenge: interaction term in the evolution                                         

acts as a displacement operator on the 
bosonic part of the Hilbert space

• Difficult to implement on the occupation 
number basis

• Algorithm using coordinate basis, 
achieves exponential precision for 
digitization!
• Due to the Nyquist-Shannon theorem, 

the low-energy boson space can be 
digitized with exponential precision.

Macridin et al: PRL, 121, 110504
and PRA, 98, 042312



Quantum Optimization for LHC physics

31

Solvers

AMPL-CPLEX

D-Wave

OpenFermion

XACC

Current

Future

First results using ORNL 
D-Wave, analysis 
underway



Quantum Teleportation

32

• Alice entangles the two photons in her possession, using a single 
qubit (Hadamard) gate operation and a 2-qubit operation (CNOT gate)

• She measures her two photons in the computational basis, getting one 
of 4 possible results: |00>, |01>, |10>, |11>

• Alice sends Bob the result of her message
• Depending on Alice’s message, Bob performs a particular single qubit 

operation on his photon
• Bob is now guaranteed to have the same unknown quantum state that 

Alice had
• Note that quantum teleportation is not faster than light, since Bob has 

to receive Alice’s (classical) message

• Note that we did violate the no-
cloning theorem, since Alice had 
to decohere (measure) her state



Quantum teleportation through a warmhole

33

• It has been known for decades that the full Schwarzschild geometry 
describes a pair of black holes connected via a wormhole, known as 
the Einstein-Rosen (ER) bridge. 

• This wormhole is non-traversable, in the sense that anyone jumping 
into one black hole, and attempting to get to the horizon of the second 
black hole, instead ends up at the singularity. 

• One can make a similar pair of black holes in Anti-de-Sitter space; in 
this case the AdS/CFT correspondence gives a powerful relation 
between the bulk gravitational physics and the physics of quantum 
entanglement

• In 2016 Jafferis et al showed that the AdS version contains a 
traversable wormhole when perturbed by a simple unitary operator.   

• Maldacena, Stanford and Yang have shown the required perturbation 
can be mapped into the standard operations of quantum teleportation. 

• Thus, in this particular kind of semi-classical system, quantum 
teleportation has an equivalent AdS/CFT description as a qubit 
physically moving through a wormhole.


