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• Strategy and goals of the program
• Funded activity and partnerships
• Status:

o HEP applications of quantum computing
o HEP technology applied to quantum systems
o Quantum sensors for HEP experiments
o Quantum communications

• Quantum organization and National Quantum Centers

Outline
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How long before quantum computers destroy the 
world economy?
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Craig Gidney giving the 
first ever public tutorial by 
Google on quantum 
computing software: 
Fermilab  9/13/18



How long before quantum computers have a 
positive impact on the world economy?
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According to the latest estimate from the Boston Consulting Group, 
we are almost there



• Quantum computing: computers that manipulate qubits instead of bits
§ universal “digital” gate-based quantum computers
§ “analog” quantum computers

• Quantum sensors: using quantum devices as sensors, exploiting 
quantum properties such as superposition, entanglement, squeezing, 
and quantum nondemolition measurements

• Quantum communications: moving quantum information over 
macroscopic distances coherently, with applications such as secure 
communications, and networking of quantum computers or sensors

Quantum Science and Technology
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“Quantum Information Science” too narrow to capture all current activity  



National Quantum Initiative
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“This is a country that can do anything we 
need to do that physics allows. We just 
need to get on with it.” – Michael Griffin

4/17/2019



• Higgs boson
• Neutrinos
• Dark matter, dark energy
• Exploring the unknown

èHEP science goals drive technology innovation

– All of the easy experiments have already been done

– Pushing the boundaries of technology enables new experiments

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

Fermilab is engaging with the National Quantum Initiative in ways 
appropriate to our role as the main HEP lab:

• Focus on the science 
• Exploit existing Fermilab expertise and infrastructure
• Keep Fermilab activities aligned to HEP program needs
• Engage partners who already have leading quantum expertise
• Find out where HEP can have impact on QIS, including tech transfer
• Act as a gateway and hub for the larger HEP community to engage 

with quantum science and technology

Fermilab Quantum Science Program 
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1. Ultra-high coherence superconducting quantum systems: Alex Romanenko PI
2. FQNET quantum communications and teleportation: Maria Spiropulu (Caltech) PI, 

additional support from AT&T
3. Quantum metrology for axion dark matter detection: Aaron Chou PI, additional support 

from the Heising-Simons Foundation
4. Dark photon search with superconducting cavities: Anna Grassellino, PI
5. Solving HEP problems on NISQ quantum processors: Marcela Carena PI
6. HEP machine learning and optimization: Gabe Perdue PI
7. Cold electronics for QIS: Davide Braga PI
8. Quantum machine learning for HEP: Maria Spiropulu (Caltech) PI
10. MAGIS-100 cold atom gradiometer, Jason Hogan (Stanford) PI, [pending technical review] 

additional support from the Moore Foundation
11. RF readout and controls for quantum systems, Gustavo Cancelo PI new
12. Large scale simulation of quantum systems, Adam Lyon PI new
13. Microwave Single-Photon Sensors for Dark Matter Searches and Precision Neutrino 

Measurements, Daniel Bowring, DOE Early Career Award
14. Skipper CCD single photon detector for quantum imaging: Juan Estrada PI
15. Quantum computing for neutrino-nucleus dynamics: Rajan Gupta (LANL) PI

Fermilab quantum research funded by DOE QuantISED:



1. Berkeley (MAGIS)
2. Caltech (quantum communications, 

quantum theory, HEP applications)
3. Harvard (quantum communications)
4. LBNL (quantum imaging)
5. Univ. of Liverpool (MAGIS)
6. Los Alamos (HEP applications)
7. Northern Illinois Univ. (MAGIS)
8. Univ. of Washington (quantum theory, 

HEP applications)

Fermilab quantum collaborators (for DOE funded research)

HEP/NP co-PIs QIS/BES/ASCR co-PIs
1. Univ. of Chicago (quantum sensors, sc

systems, controls)
2. Georgia Tech (quantum imaging)
3. JPL (quantum communications, imaging)
4. LLNL (sc systems)
5. Univ. of Maryland (quantum theory)
6. MIT (HEP applications)
7. NIST (sc systems, quantum sensors)
8. Northwestern (sc systems, quantum 

communications, MAGIS)
9. Oak Ridge (HEP applications)
10. Stanford (MAGIS)
11. USC (HEP applications)
12. Univ. of Wisconsin (sc systems)
13. Yale (quantum sensors)
14. Univ. of Waterloo (HEP applications)

1. AT&T (through Caltech)
2. Google
3. IBM (through Oak Ridge)
4. Lockheed Martin
5. Raytheon (through NIST)

Industry
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HEP applications of quantum computing 
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• We do this 40 million times per second at the LHC
• But even Summit cannot simulate the real-time QCD 

dynamics of these collisions
• We are beginning to map these kinds of problems to 

quantum computing
• A long-term program with many challenges 



Challenges for HEP applications on quantum processors

• Breaking down big problems into small enough problems that they can run on 
near-term quantum machines and you still learn something.

• Understand the roles of gate-based quantum computers vs analog simulators 

• Rethinking HEP formalisms from scratch instead of just trying to map standard 
approaches to quantum processors
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Slide from Yannick Meurice



Mapping gauge field theories to qubits
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• Discretize space to a spatial lattice with finite volume
• Discretize fermion fields to map to a finite number of qubit states per 

lattice site: the quantum chemists already figured this out
• Truncate and discretize the boson fields to efficiently map to a finite 

number of qubit states per lattice site:

• Discretize the gauge degrees of freedom                                    
efficiently

• Discretize the time evolution using Trotterization: arXiv:1811.03629
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• Running on the Google, IBM, and Rigetti quantum computers
• Use simple models, address basic issues 
• Results relevant not just to HEP, but also BES, NP, …

Mapping gauge field theories to qubits
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Fermilab-led theory consortium producing lots of results

Correcting measurement errors of an 
IBM quantum computerApproximating gauge theories like 

QCD on a quantum computer
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HEP technology applied to quantum systems



Single photon lifetimes 300 
times better than previous 
record

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

Fermilab quantum labs for 
superconducting quantum systems

Fermilab breakthrough with niobium SRF cavities 
applicable to a variety of superconducting quantum 
systems, including quantum computers and quantum 
memories
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Now expanding to a 
second test stand, and a 
microwave channel 
connecting the test stands

our first strategic 
quantum hire: Eric 
Holland from Livermore
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New annual workshop series focused on the fast-growing field of cryogenic 
electronics and cryo-CMOS for use in quantum systems including
• Quantum computing
• Quantum sensing/imaging
• Quantum communications
• Quantum security Farah Fahim
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Quantum sensors for HEP experiments 



Fermilab Dark SRF Experiment

Fermilab Vertical Test Stand 
used for cryogenic tests of 
accelerator SRF cavities

Tunable powered “Emitter” 
cavity and quiet “Receiver” 
cavity

Prototype “R2D2” ready for 
testing: supported by the 
DOE QuantISED program
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Quantum-enhanced sensing for axion dark matter 
searches

Lykken | PAC | FNAL Quantum22

Aaron S. Chou (Fermilab)
Fermilab Seminar
April 5, 2019

Featured in 2018 DOE Basic Research Needs workshop whitepaper:

7/20/19



ADMX axion dark matter experiment
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Operate an ultrasensitive radio 
in a cold, RF-shielded box to 
tune in to the axion broadcast.
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Look for ”spontaneous” emission from local 

axion dark matter into the empty cavity mode.

Signal power level = 10-23 W

Need 15 minutes integration per frequency bin 
to beat thermal noise power at 500 mK.

ADMX at U.Washington,

FNAL = DOE lead lab

PRL 120, 151301 (2018)

7/20/19



Fermilab-led Consortium: 
Quantum Metrology for Dark Matter Axion Detection
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• Aaron Chou/Daniel Bowring (FNAL), David Schuster(U Chicago): Qubit sensors 
• Konrad Lehnert(Colorado/JILA): Stimulated emission of photons from axions
• Reina Maruyama (Yale): Rydberg atom-based single photon detection

R. Khatiwada A. Dixit A. Agrawal D. Speller S. Cahn
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2018 DOE Early 
Career Award

7/20/19



Using superconducting qubits to nondestructively sense photons
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Funded by DOE HEP and
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Aaron Chou (FNAL), David Schuster, Akash Dixit (U.Chicago)

Has already achieved photon counting dark rate 100 
times better than the Standard Quantum Limit

1mm

7/20/19
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Fermilab Quantum Sensor lab at SiDet



• Use the same ultra-cold strontium atoms that are the basis 
of the best atomic clocks

• Proof-of-concept using the Stanford 10m scale prototype
• Advancing quantum science with long-range 

superpositions and entanglement of atoms
• Sensitivity to ultralight dark matter
• Technology pathfinder for future gravitational wave 

detectors

MAGIS-100 cold atom gradiometer:                                       
an incredibly sensitive quantum measuring device, first of its kind

Data from Stanford 10m setup shows 
single atoms in quantum superposition of 
two locations 1.4 cm apart
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Jason Hogan 
(Stanford)
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• $10M from the the Moore 
Foundation includes R&D for 
world’s first entangled cold 
atom sources

• DOE HEP funding is pending 
technical review in August
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Quantum 
communications 



• Develop a modular, long range, high fidelity, high rate system  
• First node commissioning – teleportation already achieved
• Second Fermilab node under construction
• Third node at Northwestern (Prem Kumar collaboration)
• More nodes under development

FQNET quantum communications
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Dan Jafferis (Harvard) explaining 
wormhole teleportation at the 
Kavli Aspen quantum workshop, 
May 2019

Quantum Communications Channels for Fundamental Physics 
(supported by DOE QuantISED)



• We expect Quantum Science and Technology to become a significant 
long-term DOE HEP base-funded research concentration of Fermilab, at 
a level at least comparable to the current Cosmic program.

• Trying to get by with a “virtual” organization leads to confusion and 
missteps that have large potential for damaging effects given the high-
profile nature of quantum and our many nascent partnerships in this 
area.

• We will be rolling out a new internal quantum organization by Oct 1

Quantum organization at Fermilab

Lykken | PAC | FNAL Quantum7/20/1932



• We require a single transparent organizational entity, with clearly-
defined scope and responsibilities, and clear reporting lines up to the 
Lab Director. 

• We are not creating a new Division. Current quantum activities are 
spread across FNAL divisions, and have moved more quickly and 
strongly by virtue of support and leveraging within those divisions. 

• The new quantum organization will not own buildings and will own only 
a small fraction of the staff involved in quantum research. Most staff 
involved in quantum will be matrixed from divisions in a similar fashion 
to what is done for projects.

• The internal Fermilab quantum organization will be synergistic with the 
National Quantum Center structure that we will be proposing with 
quantum partners. 

Organizing principles 
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DOE SC National Quantum Centers 
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• $25M/yr for 5+5 years to consortia of labs, universities, and industry
• Sponsored by DOE BES, ASCR, and HEP
• Expect the first two or three Centers to be funded in FY20



• Fermilab will co-lead a National Quantum Center proposal. 

• The DOE Office of Science FOA for these Centers is expected 
sometime between Sept 2019 and March 2020.

• The National Center could be governed by (e.g.) an Executive Board 
consisting of representatives from the major partners. They would have 
bylaws and choose their own leadership.

National Quantum Center organization
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