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FROM LAST YEAR’S HEPAP

6/16/2017 Quantum systems and Fermilab2

• QIS identified as a national (interagency) and Office of Science priority
• HEP QIS emphasis (both near-term and long-term) is on: 

– P5 science drivers – exploiting entanglement and QIS technology

– New computational and foundational techniques via QIS

– Advancing the national QIS enterprise  

• Approach: Interdisciplinary partnerships via connections with other SC programs 
and/or other federal agencies

• Areas of focus for HEP research via coordinated partnerships:
– Quantum Computing and Foundational QIS

• Simulations, entanglement, algorithms, machine learning, 

data analysis on qubit systems

– Quantum Sensor Technology 

• Sensors developed in alignment with qubit technology that 

expand the measurement ranges for experiments

– Experiments Exploiting Quantum Entanglement

• New windows on research utilizing QIS foundations, tools, 

and techniques 

• Reports available at: 
– http://science.energy.gov/hep/community-resources/reports/

• Program Manager:  Lali Chatterjee

Quantum Information Science (QIS)

18HEP FY 2018 Budget Request

Quantum Information Science in DOE-SC

` SC Unique Strengths

` Intellectual capital accumulated for more than a half-century

` Successful track record of forming interdisciplinary yet focused science teams for 

large-scale and long-term investments

` Demonstrated leadership in launching internationally-recognized SC-wide 

collaborative programs
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Control of Quantum Phenomena

Quantum Field Theory and Topology

DOE HEP Status at HEPAP - May 2018 22

HEP Motivations and Thrust Areas in QIS

` Fundamental High Energy Physics and QIS   
` Foundational Concepts and related experiments, including:

` Convergent development of Black Hole physics, Quantum Error Correction, 
holographic duality 

` Field Theory/Analogue Simulations using QI and entanglement, including: 
` Perturbative QCD models exploiting QI, de Sitter space, & gauge duality
` Tensor Networks/ Gauge symmetries
` Field theories, including lattice gauge theories

` Entanglement/QIS based Experiments for P5 science drivers
` Exploiting superposition, entanglement, and squeezing

` Quantum Computing for HEP
` Data analysis techniques, algorithms for HEP computations and modelling

` Quantum Controls & Sensor Technology
` Controls, qubits, and other technology to advance dark universe & space 

time sensors
` Advancing QIS technology using HEP expertise and capabilities

DOE HEP Status at HEPAP - May 2018 23

1

II

III



TESTIMONY IN CONGRESS MAY 2017

DARK MATTER & QUANTUM SENSORS 

• New ideas to search for dark matter 
particles call for novel 
superconducting, semiconducting, 
graphene, superfluid helium and 
other exotic and novel quantum 
materials. Remarkably we are 
adapting technologies developed for 
quantum computers in HEP as sensors 
for dark matter searches, pushing 
further the advancement of those 
technologies. 



PAC JULY 2017
FNAL & QIS

• Fermilab rolls QIS/HEP 
exploratory program (Physics 
Advisory Committee)



QUANTUM MACHINE LEARNING? : CS-Y DATA TECHNOLOGIES 
“PERHAPS A QUANTUM DEEP LEARNING NETWORK CAN BE TRAINED MORE EFFICIENTLY, E.G. 
USING A SMALLER TRAINING SET. WE DON’T KNOW. WE’LL HAVE TO TRY IT TO SEE HOW WELL IT 
WORKS.” J. PRESKILL 

NATURE PUBLICATION  OCT 19 2017



“Nature isn’t classical, dammit, and if you want 
a simulation of nature, you’d better make it 
quantum mechanical”

Richard Feynman 1981

4/17/18 Lykken | Perspectives on QIS | ASCAC9

• First person to propose the idea of 
quantum computing and explain it’s 
potential importance

• In addition to universal digital quantum computers, proposed quantum 
analog computers where the quantum behavior of the one system 
simulates the quantum behavior of some other system that you want to 
better understand

• In other words, use quantum hardware to simulate quantum problems

• This is very different from building a gate-based quantum computer to do 
prime factorization, which is a classical problem

 Quantum Information Science  R&D and initiatives 
(academic, government, industry) are springing around 

the world in the 21st century



https://indico.fnal.gov/event/17199/session/12/contribution/25/material/slides/0.pdf J. Preskill



DONEC QUIS NUNC

HEP APPLICATIONS ON NISQ QUANTUM COMPUTERS: FROM FERMIONS TO BOSONS TO GAUGE THEORIES 

Color reconnections in 
LHC collisions



DECEMBER 2017

QC WORKSHOP@FNAL



11/29/18, 1(13 AMNear-term Applications of Quantum Computing (06-December 7, 2017)
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Internet Info Travel Info

Description This meeting will bring together a small group of experts in high energy physics and quantum computing. The
focus is to identify problems and algorithms that are expected to be feasible on quantum computing systems in the
near term.

In particular, we hope to:

discuss how different disciplines have cast their problems of interest into a form amenable to quantum
computing
discuss the complexity of problems that have been addressed with state-of-the art quantum architectures
learn how quantum computing ties into the HEP computing model, and how existing code frameworks,
languages and toolkits could be leveraged for HEP computing
understand how current challenges in HEP computing / calculations (machine learning, dynamics of strongly
interacting field theories and scattering amplitudes,experimental event reconstruction bottlenecks) could
benefit from quantum algorithms and architectures, and how HEP could provide benchmark problems for
quantum computers.

Material:

Near-term Applications of Quantum Computing
chaired by Walter Giele (Fermilab), Prestel Stefan (Fermilab), James Simone (Fermilab), Marcela Carena (Fermilab), Joseph Lykken (Fermilab), Kiel Howe
(Fermilab)

from Wednesday, December 6, 2017 at 08:00 to Thursday, December 7, 2017 at 19:30 (US/Central) 
at Fermilab - Wilson Hall ( Curia II )
Fermi National Accelerator Laboratory Batavia, IL

Wednesday, December 6, 2017
Go to day

Slides

Welcome and Introduction 20'
Speakers: Dr. Joseph Lykken (Fermilab), Dr. Marcela Carena (Fermilab)

Material:

08:40 - 09:00

Slides

Quantum Computing Testbed Approaches 1h0' 
Until recently, the term “applied quantum computing” was best used as an answer to the question “What is a good example of an 
oxymoron?” Now, however, quantum computing hardware with significant capabilities is on the very near horizon. I describe how 
we at Fermilab are taking a testbed the topic of applied quantum computing. Even though the killer application for quantum 
computing in high energy physics has yet to be developed, I describe the steps we are taking toward identifying and implementing 
quantum solutions to high energy physics problems. 

Speaker: Dr. James Amundson (Fermilab)

Material:

09:00 - 10:00

Slides

Machine Learning of a Higgs Decay Classifier via Quantum Annealing 1h0' 
In this talk, we describe how we used quantum and classical annealing (probabilistic techniques for approximating the global 
maximum or minimum of a given function) to solve a Higgs-signal-versus-background machine learning optimization problem, and 
mapped it to a problem of finding the ground state of a corresponding Ising spin model. We build a set of weak classifiers based on 
the kinematic observables of the Higgs decay photons, which we then use to construct a strong classifier. This strong classifier is 
highly resilient against overtraining and against errors in the correlations of the physical observables in the training data, which 
may result from the use of event generators in high-energy physics. We show that the resulting quantum and classical annealing-
based classifier systems perform comparably to the state-of-the-art machine learning methods that are currently used in particle 
physics for this test case. However, in contrast to these methods, the annealing-based classifiers are simple functions of directly 
interpretable experimental parameters with clear physical meaning. The annealer-trained classifiers demonstrate some advantage 
over traditional machine learning methods for small training datasets. Given the relative simplicity of the algorithm and its 
robustness to error, this technique may find application in other areas of experimental particle physics, such as real-time decision 
making in event-selection problems and provides a proof of principle for future work on machine learning applications of quantum 
and digital annealing machines.

Speaker: Joshua Job (University of Southern California)

Material:

10:00 - 11:00

Break ( Art Gallery )11:00 - 11:15

Slides

Statistical Analysis of Quantum Computing Experiments 1h0'
Speaker: Dr. Yazhen Wang (University of Wisconsin, Madison)

Material:

11:15 - 12:15

11/29/18, 1(13 AMNear-term Applications of Quantum Computing (06-December 7, 2017)
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Slides

such classes, and for further definitive assessments of scaling advantages 
using current and future quantum annealing devices.

Speaker: Dr. Daniel Lidar (University of Southern California)

Material:

Slides

Quantum Information for Fundamental Physics 1h0' 
The tried-and-true method for probing fundamental physics is to measure 
scattering probabilities with colliders. Recent advances in quantum 
information-based theory and experimental technologies suggest new methods for 
understanding elementary physics. In this vein, I will discuss some results on 
the quantum structure of scattering states, and sketch some preliminary ideas 
about trying to use novel information-theoretic observables and techniques to 
explore fundamental theories at energies accessible in labs today.

Speaker: Dr. Daniel Carney (NIST / University of Maryland)

Material:

10:00 - 11:00

Break11:00 - 11:15

Slides

Simulating Quantum Field Theories on Quantum Computers 1h0' 
In some regimes, such as strong coupling, quantum field theory
dynamics are difficult to simulate using conventional techniques. In this
talk I will describe my joint work with John Preskill and Keith Lee developing
quantum algorithms for simulating quantum field theories. I will also comment
on potential applications of near-term "pre-threshold" quantum computers to quantum field theory problems.

Speaker: Dr. Stephen Jordan (NIST / University of Maryland)

Material:

11:15 - 12:15

Lunch ( Fermilab Cafeteria )12:15 - 13:30

Slides

Quantum Simulations of Abelian and non- Abelian Gauge Theories 1h0' 
Besides lattice QCD in particle physics, strongly coupled gauge theories arise,
for example, in the condensed matter physics of spin liquids, or in the quantum 
information theory of Kitaev's toric code, which is a Z(2) lattice gauge theory.
Numerical simulations of gauge theories on classical computers, in particular, 
at high fermion density or in out-of-equilibrium situations, suffer from severe 
sign problems that prevent the importance sampling underlying Monte Carlo 
calculations. Quantum simulators are accurately controllable quantum devices 
that mimic other quantum systems. They do not suffer from sign problems,
because their hardware is intrinsically quantum mechanical. Recently, trapped 
ions, following a laser-driven stroboscopic discrete time evolution through a 
sequence of quantum gate operations, have been used as a digital quantum 
simulator for particle-anti-particle pair creation in the Schwinger model. 
Analog quantum simulators, on the other hand, follow the continuous 
time-evolution of a tunable model Hamiltonian. Using ultra-cold atoms in 
optical lattices, analog quantum simulators have been designed for Abelian and 
non-Abelian lattice gauge theories. Their experimental realization is a 
challenge for the foreseeable future, which holds the promise to access the 
real-time dynamics of string breaking, the out-of-equilibrium decay of a false 
vacuum, or the evolution of a chiral condensate after a quench, from first 
principles. Quantum link models which realize gauge theories including QCD not 
with classical fields but with discrete quantum degrees of freedom, are ideally 
suited for implementation in quantum matter. For example, alkaline-earth atoms, 
whose nuclear spin represents an SU(N) degree of freedom, naturally embody 
fermionic rishon constituents of gluons. CP(N-1) models, which are toy models
for QCD, can be quantum simulated in a similar way via SU(N) quantum spin 
ladders.

Speaker: Dr. Uwe-Jens Wiese (University of Bern)

Material:

13:30 - 14:30

Quantum Simulating Lattice Gauge Theories with Optical Lattices 1h0' 
Optical lattices have been  used successfully to quantum simulate the Bose-Hubbard model.
    We briefly review recent proposals to use similar procedures for lattice gauge theories. 
    The long term objectives are to deal with sign problems and the real time evolution,  
    which is not possible  with classical computations.
    We introduce a gauge-invariant formulation of the Abelian Higgs model in 1+1 dimensions 
    obtained with the tensor renormalization group method. We propose an approximate realization using
    cold atoms in an optical lattice with a ladder structure. Recently developed Rydberg’s atom manipulations allow to 
    create nearest neighbor interactions with the desired strength. An experimental  proof of principle would be to try 
    first simpler examples: the Ising and O(2) models. We report on recent progress in this direction. 

Speaker: Yannick Meurice (U. of Iowa)

14:30 - 15:30

One day HEP/QC workshop @Fermilab



DONEC QUIS NUNC

Three days HEP/QS workshop Sept 12-14 2018 @Fermilab



DONEC QUIS NUNC

 @CERN 2 days QC/HEP workshop November 5-6 2018
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QUANTUM SENSORS FOR HEP IN THE DARK MATTER LANDSCAPE

DM mass

100 GeV1 GeV1 MeV1 keV1 eV1 meV

Traditional WIMP 
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 TES and QP collection antennas (W) 

Athermal Phonon Collection Fins (Al)

1cm  Polar Crystal 

Al Fin

TES

QUANTUM SENSORS PORTABLE TO A WIDE RANGE OF THESE TARGETS

CALTECH COLLOQUIUM OCTOBER  2016 : SOURCE KATHRYN ZUREK
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GOING LOW IN THE X-AXIS



SYMMETRY BREAKING AND COMPLEXITY
Nambu (1960) 

The importance of Spontaneous Symmetry Breaking 

Nobel Lecture: Spontaneous symmetry breaking in particle physics:
A case of cross fertilization*

Yoichiro Nambu
University of Chicago, The Enrico Fermi Institute, Chicago, Illinois 60637, USA

!Published 15 July 2009; corrected 24 November 2010"

DOI: 10.1103/RevModPhys.81.1015

I will begin by a short story about my background. I
studied physics at the University of Tokyo. I was at-
tracted to particle physics because of the three famous
names, Nishina, Tomonaga, and Yukawa, who were the
founders of particle physics in Japan. But these people
were at different institutions than mine. On the other
hand, condensed matter physics was pretty good at To-
kyo. I got into particle physics only when I came back to
Tokyo after the war. In hindsight, though, I must say that
my early exposure to condensed matter physics has been
quite beneficial to me.

Particle physics is an outgrowth of nuclear physics
which began in the early 1930s with the discovery of the
neutron by Chadwick, the invention of the cyclotron by
Lawrence, and the “invention” of meson theory by
Yukawa !Nambu, 2007". The appearance of an ever-
increasing array of new particles in the subsequent de-
cades, and the advances in quantum field theory gradu-
ally led to our understanding of the basic laws of nature,
culminating in the present standard model.

When we faced those new particles, our first attempts
were to make sense out of them by finding some regu-
larities in their properties. They invoked the symmetry
principle to classify them. Symmetry in physics leads to a
conservation law. Some conservation laws are exact, like
energy and electric charge, but these attempts were
based on approximate similarities of masses and interac-
tions.

Nevertheless, seeing similarities is a natural and very
useful trait of the human mind. The near equality of
proton and neutron masses and their interactions led to
the concept of isospin SU!2" symmetry !Heisenberg,
1932". On the other hand, one could also go in the op-
posite direction, and elevate symmetry to a more elabo-
rate gauged symmetry. Then symmetry will determine
the dynamics as well, a most attractive possibility. Thus
the beautiful properties of electromagnetism was ex-
tended to the SU!2" non-Abelian gauge field !Yang and
Mills, 1954". But strong interactions are short range.
Giving a mass to a gauge field destroys gauge invariance.

Spontaneous symmetry breaking !SSB", which is the
main subject of my talk, is a phenomenon where a sym-

metry in the basic laws of physics appears to be broken.
In fact, it is a very familiar one in our daily life, although
the name SSB is not !the name is due to Baker and
Glashow, 1962". For example, consider a elastic straight
rod standing vertically. It has a rotational symmetry; it
looks the same from any horizontal direction. But if one
applies increasing pressure to squeeze it, it will bend in
some direction, and the symmetry is lost. The bending
can occur in principle in any direction since all directions
are equivalent. But you do not see it unless you repeat
the experiment many times. This is SSB.

The SSB in quantum mechanics occurs typically in a
uniform medium consisting of a large number of ele-
ments. It is a dynamical effect. Symmetry allows some
freedom of action to each of them but the interaction
among them forces them, figuratively speaking, to line
up like a crowd of people looking in the same direction.
Then it is not easy to change the direction wholesale
even if it is allowed by the symmetry and hence does not
take energy, because the action is not local operator. So
the symmetry appears to be lost. It is still possible to
recover the lost symmetry by a global operation, but it
would amount to a kind of phase transition. Some of the
examples are

Physical system Broken symmetry

Ferromagnets Rotational invariance !with respect
to spin"

Crystals Translational and rotational invariance
!modulo discrete values"

Superconductors Local gauge invariance !particle number"

SSB in a medium then has the following characteristic
properties:

!1" The ground state has a huge degeneracy. A sym-
metry operation takes one ground state to another.

!2" Only one of the ground states and a whole spec-
trum of excited states built on it are realized in a
given situation.

!3" SSB is, in general, lost at sufficiently high
temperatures.

In relativistic quantum field theory, this phenomenon
becomes also possible for the entire space-time, for the
“vacuum” is not void, but has many intrinsic degrees of

*The 2008 Nobel Prize for Physics was shared by Yoichiro
Nambu, Makoto Kobayashi, and Toshihide Maskawa. This pa-
per is the text of the address given in conjunction with the
award.

REVIEWS OF MODERN PHYSICS, VOLUME 81, JULY–SEPTEMBER 2009

0034-6861/2008/81!3"/1015!4" , Published by The American Physical Society1015

• Apply condensed matter ideas to particle physics 

• Now the quantum vacuum is the “medium”
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• Apply condensed matter ideas to particle physics 

• Now the quantum vacuum is the “medium”

• The quantum vacuum is like a many-
body system  

• As Phillip Anderson emphasized in his 
1972 article “More is Different”, 
spontaneous symmetry breaking is a 
property of “large” systems



SYMMETRY BREAKING DYNAMICS

“light” Higgs bosons states were discovered  
in  niobium-selenide superconductors in 1981



Quantum Sensors for HEP Sunil Golwala

Thermal relic, fermionicNon-thermal, bosonic
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high occupation number:
wave-like (classical field)
“quantum measurement”

low occupation number:
particle-like

quanta created by absorption and scattering

Quantum Technology for Dark Matter

US Cosmic Visions DM 2017 summarized the new, expanded landscape for DM

Two regimes for quantum technologies:
High occupation number = wave-like (classical field) regime: R&D on technologies needed to make 

“quantum-limited” measurements of classical fields (e.g., atom interferometry, NMR, EM waves)
Low occupation number = particle-like regime: R&D on technologies needed to measure creation of 

individual quanta that are coherent quantum mechanical modes (e.g., phonons, quasiparticles)

1 Quantum Sensors for HEP Sunil Golwala

Quantum Sensors for Low Occupation Number, Low-Mass DM
Scattering of thermal relic DM down to 

warm-DM observational bound (few keV)
Current technologies can reach to
50 MeV nucleon interaction (scattering)
1 MeV electron interaction (scattering)

Absorption of non-thermal relic DM
(photon or axion-like) meV-keV

Current technologies can reach to
1 eV absorption

Covering full parameter space for low occupation number 
DM requires new technologies to sense sub-eV depositions

At these energies, deposition excites coherent modes: fundamentally quantum phenomena
e.g., phonons, quasiparticles in superconductors, rotons in LHe, almost gap-less Dirac materials

R&D required to reach sensitivity to detect single coherent quanta at meV energies
Phonons, quasiparticles already employed (e.g., SuperCDMS)
Need to push currently available superconducting sensor technologies to single-quantum detection
transition-edge sensors (TESs) used in SuperCDMS: mature, but need to demonstrate sensitivity scaling
microwave kinetic inductance detectors (MKIDs) under dev’t  but needs bigger push than to date

Need to develop new technologies that may have better sensitivity; e.g., Dirac materials

Potential for synergy with “quantum measurement”
e.g. quantum-limited amplifiers necessary for readout of some quantum sensors

2

nucleon
interaction

electron
interaction

Source: Sunil Golwala



DARK SECTOR SEARCHES

CCD’S   SKIPPER-CCDS W/ SUB-SHOT NOISE 

• Can count from 0 to ~1000 
photons. No internal gain in the 
sensor means no additional 
noise factor. Skipper-CCD will 
be truly able to explore the 
sub-shot noise fluctuations.   

• 1. Validate noise fluctuations 

• 2. Optimize readout speed and 
dynamic range 

• 3. Use for dark photon searches

source: Fermilab
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• Use high intensity entangled pair source to produce Photon-
DarkPhoton pairs, and “image” them with Skipper CCDs
• Engineer SPDC crystals such that their properties are 

favorable for Photon-DarkPhoton discrimination
• Allows for background suppression via image patterning

Driving HEP R&D: Dark Matter Detection

11/28/18 Panagiotis Spentzouris | Fermilab Quantum Science Program32

The index of refraction of the 
dark photon is significantly 
different, thus the angle of the 
visible photon is also 
significantly different for a 
given energy.

Spontaneous Parametric Down 
Conversion (SPDC): down-
converted photons are 
entangled in angle and energy.

Emission angle and energy 
determined by the phase 
matching conditions and the 
crystal’s index of refraction. 



AXIONS

• Different quantum sensors are needed to 
probe the QCD axion in different 
frequency ranges: 

• • peV - ueV: Photon upconverters (with 
both NMR spin and lumped circuits) 

• • ueV - ~10 ueV : Parametric amplifiers 
with squeezing 

• •~10 ueV - ~100 ueV : Qubit-based photon 
counters 

• It is not possible to fully probe the QCD 
axion band without quantum sensors 
operating below the quantum limit. Photon 

upconverters
Squeezers & 

photon counters

source: Kent Irwin



SC QUBITS AS QUANTUM-NON-DEMOLITION SINGLE PHOTON COUNTERS

EXAMPLE AXION

   Sensitivity of current axion dark 
matter experiments (ADMX, HAYSTAC) is 
limited by zero-point readout noise – the 
standard quantum limit of phase 
resolving amplifiers 

  Qubit detectors measure only photon 
wave amplitude but not phase evades 
SQL bound 

  Count photons via the qubit’s Stark 
frequency shift (= Lamb shift due to real 
photons).       
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Axion signal

SQL bkgd

Signal shot noise limit 3σ, t=104 s
4 qubit 3σ sensitivity

4 qubit dark rate

5 qubit 3σ sensitivity

5 qubit dark rate

Potential 
backgrou
nd
reduction
with 
qubits

Targeted mass range predicted 
by high scale cosmic inflation

ADMX-G2 
range

source:  Fermilab
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matter experiments (ADMX, HAYSTAC) is 
limited by zero-point readout noise – the 
standard quantum limit of phase 
resolving amplifiers 

  Qubit detectors measure only photon 
wave amplitude but not phase evades 
SQL bound 

  Count photons via the qubit’s Stark 
frequency shift (= Lamb shift due to real 
photons).       
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INFRASTRUCTURE

EXAMPLE AXION

 Multiple sub-Kelvin test stands – dilution 
refrigerators, adiabatic demagnetization, He3 
fridges 

• Supports DOE projects including ADMX-G2, SPT-3G 

• R&D on MKIDs, superconducting qubits 

 SiDet bubble chamber pit undergoing full renovation 
to house new LDRD-funded axion test stand 

• Large dilution refrigerator + 14 T cryogen-free magnet 

• 2018 DOE Early Career award to Daniel Bowring for 
axion sensor development 

 Cryogenic, RF, and magnet engineering departments 
support both  projects and R&D

Rakshya Khatiwada, ADMX L2 manager for 
cold electronics, assembling a prototype 
cryogenic package for quantum amplifiers at 
Fermilab’s SiDet facility

source: Fermilab



INFRASTRUCTURE

EXAMPLE AXION

 Multiple sub-Kelvin test stands – dilution 
refrigerators, adiabatic demagnetization, He3 fridges 

• Supports DOE projects including ADMX-G2, SPT-3G 

• R&D on MKIDs, superconducting qubits 

 SiDet bubble chamber pit undergoing full renovation to 
house new LDRD-funded axion test stand 

• Large dilution refrigerator + 14 T cryogen-free magnet 

• 2018 DOE Early Career award to Daniel Bowring for axion 
sensor development 

 Cryogenic, RF, and magnet engineering departments 
support both  projects and R&D 

 Record high-Q niobium cavities extend qubit lifetimes,  
enable milliKelvin dark photon searches

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

source: Fermilab



FAST/LOW NOISE

CRYO-ELECTRONICS

• •SNSPDs are the most advanced detectors available for time-resolved single photon counting from the UV to the mid-infrared  •Require 
1-4 Kelvin operating temperature •SNSPDs are designed, fabricated, and tested at the JPL Microdevices Laboratory •Currently being 
infused into the ground receiver for the DSOC project •JPL has demonstrated SNSPDs with world-record performance in multiple 
metrics *  Detection Efficiency: 93% at 1550 nm (collaboration with NIST) * Timing Jitter: 2.7 ps FWHM (collaboration with MIT) -Active 
Area: 320 µm diameter (for DSOC project) Maximum Count Rate: 1.2 Gcps @ 3 dB saturation (for DSOC project).   

•

Best time 
resolution result 
obtained with 
state-of-the-art 
cryogenic 
electronics @ 
JPL

Packaged 64-pixel SNSPD array Nanowire Sensor Element Electron Microscope Image of Sensor Elements

Vision for an efficient,        
low-jitter differential SNSPD 

Source: JPL

Vision for an efficient,        
low-jitter differential SNSPD 

3RD GEN SNSPDS



DIRECTIONAL DARK MATTER, NEUTRINOS

GRAPHENE FET FOR SINGLE ELECTRON DETECTION

Principles of Operation: 

 Tunable meV band gap set by 
nanoribbon width (Egap ~ 0.8eV/
width[nm]) 

 Large jump in conductivity (~1010 
charge carriers) relative to charge 
neutrality point under the field-effect 
from a single electron scatter

So
ur
ce D

rain

Back-gated
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MOS channels can be made with a proper choice of the gate dielec-
tric and optimization of the deposition process.

These mobility numbers are impressive, but they require closer 
inspection. The high mobilities mentioned above relate to large-area 
graphene, which is gapless. A general trend for conventional semi-
conductors is that the electron mobility decreases as the bandgap 
increases, and a similar trend has been predicted for carbon nanotubes 
(CNTs)56,57 and graphene nanoribbons58–61 (Fig. 5a). This means that 
the mobility in nanoribbons with a bandgap similar to that of silicon 
(1.1 eV) is expected to be lower than in bulk silicon and no higher than 
the mobility in the silicon channel of a conventional MOS device58. 
The mobilities measured in experiments—less than 200 cm2 V−1 s−1 
for nanoribbons 1–10 nm wide26,62 and 1,500 cm2 V−1 s−1 for a nanori-
bbon 14 nm wide45 (which is the highest mobility so far measured for 
a nanoribbon)—support the theoretical results (Fig. 5b). Therefore, 
although the high mobilities offered by graphene can increase the 
speed of devices, they come at the expense of making it difficult to 
switch devices off, thus removing one of the main advantages of the 
CMOS configuration—its low static power consumption.

High-field transport. In the days when FETs had gates several 
micrometres long, the mobility was the appropriate measure of the 
speed of carrier transport. Strictly speaking, however, the mobility 

describes carrier transport in low electric fields; the short gate lengths 
in modern FETs result in high fields in a sizeable portion of the chan-
nel, reducing the relevance of mobility to device performance. To 
illustrate this, let us consider a FET with a gate 100 nm long and a 
drain–source voltage of 1 V. If we assume a voltage drop of 0.3 V across 
the series resistances, the average field in the channel is 70 kV cm−1. 
At such high fields, the steady-state carrier velocity saturates, and this 
saturation velocity becomes another important measure of carrier 
transport. Figure 5c shows plots of the electron velocity versus the 
electric field for conventional semiconductors, and simulated plots for 
large-area graphene63,64 and a carbon nanotube57. For graphene and 
the nanotube, maximum carrier velocities of around 4 × 107 cm s−1 are 
predicted, in comparison with 2 × 107 cm s−1 for GaAs and 107 cm s−1 
for silicon. Moreover, at high fields the velocity in graphene and the 
nanotube does not drop as drastically as in the iii–v semiconduc-
tors. Unfortunately, there is at present no experimental data available 
on high-field transport in graphene nanoribbons and in large-area 
graphene. However, other measurements65 suggest high-field carrier 
velocities of several 107 cm s−1 in graphene. Thus, regarding high-field 
transport, graphene and nanotubes seem to have a slight advantage 
over conventional semiconductors.

Finally, it is worth noting that reported mobilities for graphene 
devices need to be interpreted carefully because there are several 

Table 2 | Does graphene have a bandgap?

Graphene type Size Bandgap Remarks Ref.
SL graphene on SiO2 LA No Experiment and theory 1, 5
SL graphene on SiO2 GNR Yes Experiment and theory; gap due to lateral confinement* 24–29

BL graphene on SiO2 LA Yes Experiment and theory; gap due to symmetry breaking by 
perpendicular interlayer field

30–33

Epitaxial SL LA Unknown Controversial discussion 34

Yes Experiment and theory, gap due to symmetry breaking 35, 36
No Experiment and theory 37, 38

Epitaxial BL LA Yes Experiment and theory 32, 38, 39
Epitaxial SL, BL GNR Yes Theory 39
Strained SL† LA Yes Theory; gap due to level crossing 40

No Theory 41

SL: single-layer; BL: bilayer; LA: large-area; GNR: graphene nanoribbon. *The origin of the bandgap in nanoribbons is still under debate: in addition to pure lateral confinement28, it has been suggested that the 
Coulomb blockade42,43 or Anderson localization29 might be responsible for the formation of the gap. †Theorists disagree about the existence of a bandgap for strained SL graphene.
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Figure 4 | Properties of graphene and graphene nanoribbons. a, Schematic of an armchair (ac) graphene nanoribbon (GNR) of length Lac and width Wac. 
The nanoribbon shown here has N = 9 carbon atoms along its width and thus belongs to the 3p family, where p is an integer. b, Band structure around 
the K point of (i) large-area graphene, (ii) graphene nanoribbons, (iii) unbiased bilayer graphene, and (iv) bilayer graphene with an applied perpendicular 
field. Large-area graphene and unbiased bilayer graphene do not have a bandgap, which makes them less useful for digital electronics. c, Bandgap versus 
nanoribbon width from experiments24–27 and calculations28,29. By comparison, the bandgap of Si is above 1 eV. zz: zigzag.
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DIRECTIONAL DARK MATTER, NEUTRINOS

GRAPHENE FET FOR SINGLE ELECTRON DETECTION

Principles of Operation: 

 Tunable meV band gap set by 
nanoribbon width (Egap ~ 0.8eV/
width[nm]) 

 Large jump in conductivity (~1010 
charge carriers) relative to charge 
neutrality point under the field-effect 
from a single electron scatter

Source: C. Tully AAAS2018, PTOLEMY

Directional Info?
Retain directional information 

if observe primary!

YH @ NYU, Feb. 2017

Lose directional information 
if detecting secondaries

phonons

secondary 
electrons

DM

DM

electron

DM

2D targets;
Graphene

e.g. SuperCDMS, 
superconductors

Graphene 101
• 2D material with vanishing bandgap

• To eject electron: 

• The idea: DM scatters with valence electrons, deposits 
enough energy, ejects electron Æ detect

YH @ NYU, Feb. 2017

Work function ~4 eV, 
tunable

Sensitivity to mDM~ MeV

Binding energy

valence

conduction

cryo-electronics readout in the RF



CMB-S4 CONCEPT DEFINITION TASK FORCE REPORT

QUANTUM TECHNOLOGY FOR COSMOLOGY
CMB-S4: synergy 
potential
— CMB Stage 3 experiments  

regularly deploy detectors  
limited by statistical noise  
on the quiescent optical  
power received  (photon 
noise =  shot+Bose noise)

— CMB-S4 challenge is to  
build and read out the  
large detector counts  
required: 300k 
detectors needed to 
achieve all science 
goals

— Some of the technical 
options overlap well with 
“quantum measurement” 
technologies

—

Source: Sunil Golwala



INTEGRATION & SCALING CHALLENGES

QUANTUM TECHNOLOGY FOR COSMOLOGY

• Scale-up challenges foreshadow those expected for QIS technologies: 

• How to achieve with QIS technologies the scale developed for 
semiconductors over the last 50 years? 

• Future optical surveys for dark energy: speculation on possible synergies 

• Imaging (post-DES, LSST): Quantum sensor technologies may provide spectral 
information now obtained via filters 

• Spectroscopy (post-BOSS, DESI): Quantum sensor technologies may enable 
more efficient, more compact spectrographs to survey more objects to 
improve statistical uncertainties 

•

Source: Sunil Golwala



INTERFEROMETRY 
VICKY K. LIGO STORY





EXAMPLE MAGIS-100

ATOM INTERFEROMETRY (AMO MEETS HEP, GRAVITY, QG…)

 Time-dependent signals caused by ultra-light dark matter 
candidates (dilaton, ALP, relaxion …) 

 Dark matter that affects fundamental constants: electron 
mass, fine structure constant 

 Time-dependent EP violations from B-L coupled dark matter 

 New forces 

 Space-time deformations / Quantum Gravity



EXAMPLE MAGIS-100: QUANTUM GRADIOMETER 

ATOM INTERFEROMETRY (AMO MEETS HEP, GRAVITY, QG…)

 Compare multiple cold atom ensembles separated by a 100 meter baseline  

 Laser pulses implement atom interferometry 

 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 10m scale prototype 

Source: Fermilab/SLAC/Stanford++
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GRAVITY 
SPACE-TIME 
HACKING



GRAVITY 
SPACE-TIME 
HACKING

http://www.nature.com/news/the-quantum-source-of-space-time-1.18797



https://www.nature.com/news/the-quantum-source-of-space-time-1.18797



Ning Bao

Wormholes as Quantum Channels

based mostly on arXiv:1808.05963 w/ Aidan 
Chatwin-Davies, Jason Pollack, and Grant Remmen

11/27/2018 Caltech Seminar 1

Caltech Seminar
November 27th, 2018

Ning Bao

Teleportation and black holes

In a classic paper, John Preskill and Patrick Hayden considered what 
happens when Alice throws her diary into a black hole, and Bob tries to 
recover its contents by patiently collecting photons of Hawking radiation

The information in the diary is 
quickly entangled with 
whatever else is inside the 
black hole

And Bob can retrieve it through 
quantum teleportation  

Wormhole teleportation

• Recent theoretical work shows that a pair of entangled black holes 
would be connected by a wormhole

• A traveler jumping into one black hole would appear at the other one
• This has been shown to be a special kind of quantum teleportation, 

that should be reproducible for smaller quantum systems in the lab
• At Fermilab we are developing the technology required for wormhole 

teleportation experiments

P. Gao, D. Jafferis, A. Wall, “Traversable wormholes via a 
double trace deformation”, arXiv:1608.05687.
J. Maldacena, D. Stanford, Z. Yang, “Diving into traversable 
wormholes”, arXiv:1704.05333.
L. Susskind and Y. Zhao, “Teleportation through the 
wormhole”, arXiv:1707.04354.

Ning Bao

IV. Using the Channel

11/27/2018 Caltech Seminar 44

We can now proceed to actually consider the 
process of sending an excitation through the 
wormhole from a QI perspective.

Bob

Alice





https://www.simonsfoundation.org/mathematics-physical-sciences/it-from-qubit/



Who writes “QIS” papers?

CMP, Nano, material scientists, AMO, 
NP, Beams, HEP, BES, Comp, Math, 

string…



Higgs : 10-11s
0.00000000001 seconds, 1015 K, 

1011 eV http://bicepkeck.org/visuals.htmlFrom breaking the EW quantum vacuum to the quantum cosmos

http://bicepkeck.org/visuals.html


Higgs : 10-11s
0.00000000001 seconds, 1015 K, 

1011 eV http://bicepkeck.org/visuals.htmlFrom breaking the EW quantum vacuum to the quantum cosmos

http://bicepkeck.org/visuals.html


WORKFORCE 
ITFROMQUBIT ANECDODAL DATA



QIS/HEP THEORISTS TRAINED ITFROMQUBIT  

2017 : 10 candidates for 3 (academic/lab) jobs 

2018 : 15 candidates for  4 jobs 

2019:  20 candidates for x(<=4) jobs  

Pileup of excellent candidates — industry can will absorb them— esp. 
the ones that more on the I (CS-y) trained. These are the ppl that can 
teach the next cycles of grad students.  

Some thinking is needed on the HEP/QIS trained ppl in terms of careers  



OPPORTUNITY 
& RISK



HEP & QIS  

Opportunity: new tools for larger phase space 
exploration in HEP  

Risk : HEP program must be strong for HEP/QIS 
intersections to grow and flourish 

Challenge : Sociology and Culture Dictionaries  
Physics, Math, Astro/Cosmo, Engineering melting pot   





Kathryn Zurek
Daniel Jafferis

Konrad Leonard
MS

74 ppl signed up
May12-27 off-season Summer Aspen Workshop


