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e This mecting will bring togcther a small group of cxperts in high energy physics and quantum

Timetatle (with computing. The focus is to identify problems and algorithms that are expected to be feasible on quantum
presentation material) computing systems in the near term.

Registration In particular, we hope to:
- Reglstration Form » discuss how different disciplines have cast their problems of interest into a form amenable to
Participant List quantum computing

discuss the complexity of problems that have been addressed with state-of-the art quantum
Accommodations architectures
B , learn how quantum computing ties into the HEP computing model, and how existing code
General Informatior frameworks, languages and toolkits could be leveraged for HEP computing
Wilson Hall ul}éerstandlhow current challenggs in HEF com'pu:ing / palculations.(machine learning, dynan‘lics
of strongly interacting field theones and scattering amplitudes,experimental event reconstruction
bottlenecks) could benefit from quantum algorithms and architectures, and how HEP could
provide henchmark problems for quantum compnters.

Summary Report

Kiel Howe, Fermilab, 3/5/18 for Jefferson Lab Computing Round Table
On behalf of the workshop organizers (Walter Giele, Stefan Prestel, James Simone, Marcela Carena, Joseph Lykken, K.H.)
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Fermilab Theory

Finding the predictions of field
theories (SM and Beyond)

backgrounds,
new searches,
new experiments

experiments on
the universe



Fermilab Theory
N/ TUM ing Sield theovi 4
Finding the predictions of field G.UP‘ Mapping field theovies (SM an
theories (SM and Beyond) Beyond) to controllable finite

quantuw s\jstewxs

|t) ¢ o m I o I o P [I_I LI )
Quantuw Gvavity?

new ’BSM? 0)

0) —&

H 0)

) 4 (s e
0) G— H}

th > ----- o)
v )
B new 3lgovithms?
g backgrounds,

new searches,
new experiments

Y

s P
Ny I

L]

L ]
* &
e

Xn

new 3lgovithwms?
new avchitectuvres?

Quantum Sensovs?

«—»

experiments on experiments own

the universe quantuw havdwave



Fermilab The\Rry
AU - ]
Finding the predictions of field G.l) P‘N MaPpPing field theovies (SM awnd

theories (SM and Beyond) Beyond) to controlldble finite
uantuw systems

1) Quantum Simulation of SRR

Field Theomes 1 ? N

<1 _.r’,"'o P oI} M" » N

9, | ' A H :; | O ‘/-.‘ ) % a
Lo/ N IR IV T ();; G H |y , | - , ey dy e
it.;)‘\,> | n & ? 1 l 7

2) Optimization #ws? ' -

g problemson % 3) Quantum Algorithm s
res, otrocn

quantum annealersments Development Stack

Quantum Sensovs?
4) Fermilab Quantu
, Computing Testbed
experiments on

the universe c\uavxtuwx havdwave

ents on



Quantum Simulations of
Fleld Theory...

Quantum Simulation of Abelian and non-Abelian

. . - Quanum Simulating Latlice Gauge Theories with
. e )1 1” v B i —_— . O
Simulating Quantum Field Theories Optical Lattices

cn g Quantum Computer

Gavge Theories
”\-u 'H\‘, 'A.h".:-
Yannick Meurice

University of lows

Stechan Jordan

Work done with Philipp Prasss ( Hedabarg), Shan Wen Tsai (UCR). Judiah Unnuth-Yox vy
(U lowa'Syracuse), Li-Ping Yang (Crongaing U.) and Jin Zhang (UCH)

Near-term Applications of Quantum Computing

Fermilab, November 7, 2017
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Quantum Advantage

* Fermionic Sign problem Lattice-QCD

 Chemical potential (finite-density)

* Real-time Processes (scattering,
nadronization, fragmentation [jlab 12]...)

* Strong Coupling  Perturbative-ilethods



...and disadvantage

e Space(time) Latticization (same as lattice QCD)
e analog = continuous time (optical lattice)

e digital = discrete steps (gates / pulses)

» Field/particle number space discretization
* Quantum Link Models (Wiese),
e Spin Truncation (Meurice),

* Discrete Field Space (Jordan)



L HC in a Quantum Computer

A QFT Computational Problem

Input: a list of momenta
of incomng particles

Output: a list of momenta
of outgoing garticles.

Adiabatic State Preparation

Solution: intersperse backward time evolutions
with time-independent Hamiltonians.

This winds back dynamical phase on each
eigenstate without undoing adiabatic change of
basis.

Near-term? variation eigensolver & M

Representing Quantum Fields

A field is a list of values, one for each locaton in space

N

A quantum field is a superposition cver classical fields.
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A superpusilicn over bil sliings is a s.ale of @ quanilum compule)

Simulating Detectors

* Measure energy in localized regions:

B N
HEEN

*« Need smooth envelope function to avoid
excessive vacuum noise!

Hp =Y fixyHx)

ES

Quantum Info
inspired detectors
-> See Dan Carney’s Talk

https://indico.fnal.gov/event/15222/contribution/10

RA

See also recent Fermilab work: https://arxiv.org/abs/1802.07347 A. Macridin, P. Spentzouris, J Amundson, R. Harnik
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Optical Lattice

The Bose-Hubbard model

The Hubbard model Hamiltonian is

\l
H ) (aa
st )
(W}
7 e et e P AN 7, where t characterizes the tunneling between nearest neighboor sites
o & \/ ARy A R, ey e A and L' controls the onsite Coulomb repulsion. These interactions can

_ TR _ (- : S oI | be approximately recreated with the atoms trapped in an optical lattice.
Meurice - Bloch Group

Meurice
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QOptical lattice with Bosa-Fermi mixture of ultra-cold atoms
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Optical lattice with ultra-cold alkaline-earth atoms
27 - Tiv 20 . . .
7 Sr or 72YB) with color encoded in nuclear spin

D. Banerjee, M. EBogli, M. Dalmonte, E. Rico, P. Stebler, UJW, P. Zoller,

Phys, Rev, Lett, 110 (2013) 125303

Encoding non-abelian
Interactions in spin

ds as atoms

Mixtures of bosonic
and fermonic atoms
(U(1) link theory)

Weise

Engineering an Extra Dimension with Alkaline-Earth Atoms

Encoding extra
dimensions in spin



lToy Problems

From string breaking to false vacuum decay
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"Real-time evolution of
gauge string breaking”

Weise

Toy Model + Toy Gauge Theory -> Real Problem + SU(3)
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Large optical lattices (L~1000) are part of the future”



Optimization Problems on
Quantum Annealers
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Machine learning of a Higgs decay
classifier via quantum annealing

Evidence for a Scaling Advantage
on a
Quantum Annealer

Presenter: Joshua Job'
Reference: “Solving a Higes cpadmbzation 2102kem witk quannen arnealing for machine learing™
‘arthcemaing, Netwre
Callsbocstors: Alex Mot:? Jean-Roch Viimant?, Daniel Lidar, Macia Spiropah?

Darial Liiar, USC
Fermilab Workshop on
Naar-term Applicatians of Quantum Camputing
Dec. 7, 2017

Can the D-wave architecture e Abash 8 DL

arXiv:1705.07452

work for real HEP problems? .

Yes Will it be worth putting HEP
Statistical Aspects of Quantum Computing p’OblemS On the D_Wave?

e | Nopatmame o Pogin "o bt () artn Mbbrmaron e ame b ~ahardogy | mimas iy 4 Cooman " witbams ) Togarvnant d Wvsia ~ sibvms buownce 4
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Yazhen Wang

Not yet?

University of Wisconsin-Madison

Mip/ www stal wisc.odw' ™ yzwang

Near-%erm Appications ol Quantum Computing

Farmilab, Decosimbes 67, 2017

https://indico.fnal.gov/event/15222/contribution/6
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USC \/ tefbl [nformation Sciences Institute

Scdeol of Paguecny
USC-Lockhead Martin Quastam Computat.on Center

D Wave 2 Connectivity Graph

qubits with “Chimera graph” couplings
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Cak Ridge (coud)

Goal:
find the ground state energy, or sample from the Gibbs distribution
of the classical Ising model:

H,. thr + ) Jo'o

A“‘l l' ']" o

{ Jrl},_1 (later Pauli matrices)

{/ij. hj} are “program parameters

Lidar



FINdINg a speea-up

Certifiable speedup requires optimality

® An experimental demonstration of even a
limited scaling advantage did not exist until now

® Culprit for quantum annealers
® Decoherence and noise
® Annealing times too long:
the curse of sub-optimalityt’-2!

log(1=pas(t.))

TTS = t, x (no. of repetitions to get to 99%) = ¢,

The optimal annealing time #, is that which
minimizes the TTS for fixed problem size N

Scaling cannot be frusted unless optimal f; has been identifiedi.<
< Nng cannot be frusted unle ptimal fz has t identified

Lidar



Scaling Advantage

Limited scaling advantage' the evidence

Lo m; arnng an 3
rltt ms lhd im )lr-' lerrd simrilar

§ DW2KQ i Fit curves to
} SA -4
i SVMC =¥ ac:xp(b]_')

10 SQA

Solver b [95% CI

1.002 + 0. 066
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Lidar

->Future of QC depends on scaling advantages

->Need careful comparison w/classical computing



Higgs Quantum Machine
_earning
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D-Wave: Map weights to spins
Training data error minimized by hamiltonian
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ROC curves

2

Color key:

D-Wave (DW) - green
Simulated annealing (SA) -
blue

XGBoost (XGB, decision trees)
- cyan

Deep Neural Net (DNN) - red
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20K training events

Job

-> Competitive w/classical computing
-> Applicable for other HEP optimization problems

-> Will there be a (quantum) scaling advantage”




Quantum Algorithm
Development Stack

https://indico.fnal.gov/event/15222/contribution/7 https://indico.fnal.gov/event/15222/contribution/8

Presented to Fermilab Quantum Computing Workshop

Systems and Software

for Quantum Computing Software for Large-Scale and
Travis Humble Neat-'T'erm Quantum Computing
Quantum Computing Institute

Oak Ridge National Laboratory BER  Fred Chong

m Sormuus Gueduee ol

lanameant of Camziee Nesce

This peesentation provides an overview of quantum computing at Univecerty of Chicego
ORNL and our efforts to use these systems for scienific discovery '\
and energy security } Argonne Smaiar Scientist. Argrere Nmionzl [y

This work is support by the DOE ASCR program office through awards Wik Matra o, Muronesi. Disns Frocibli Saor Eddie Furki
from the Early Career Ressarsh, e Quanium Tesled Pathfinder, and Jm:” :t:::,; :L;t:,::‘,‘il::f\:f:;Tl'u;d.u;'_‘E‘_d‘:!_:;r’ -
the Quantum Algorithm Teams programs. Neampskar [1ean, ¥rmanp Shi lyan W, Pranay Gakal, | enkel
7harg, Ash Wisery
Presinted 5 DEC 2017 (LUTzape, Prinesenan, ML G oo

How does QPU function asa Can compilers and codesign

scientific computing resource? optimize for [imited
near term resources?
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Systems and Software for Quantum Computing

Summary

« We are developing system software to integrate
QPU'’s with scientific workflows for HPC

* We are using modeling and simulation to
characterize performance of current devices

- We are evaluating when QPU’s can accelerate
scientific applications

Humble

-standardized abstraction layer
for different hardware

-enabling codesign and
robust instruction sets

-framework for benchmarking
and simulation of devices

Interconnecct

Quanium Inierconnect

Quantum Binaries for Future Systems

* In principle, programming models translate DSLs into
executable instructions, i.e., binaries

— All existing QPL's create interprated representations
Actual QPU scheduling is based on interpreter runtime

- We are developing application binary interfaces (ABI's)

for the quantum hardware abstraction layers (HAL)

— XACC uses a virtual machine paradigm to standardize
the interfaces different QFU devices

« Current API/ABI's for IBM, Rigstti, D-Wave, simulators

— ABI manages program interaction with system and
devices, including QPU and memory

« Memory management is the hardest part cue to no-
¢loning, blocking penaltes

Humble

»

Language Hierarchy

Programming Language

Program Binary

Instruction Set Architecture

Machine Opcodes

Gate Fields




’ Logical Speedup Listimates

Speedup algorithms with
compilation:
parallel gates (MIMD)
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Fermilab Quantum
Computing Testbed

Fermilab Quantum Hardware Initiatives

Quantum sensors
for axion search

* Quantum sensors W8 | DRD by Aaron

— Adapting quantum devices for use as quantum sensors Chou, Andrew
f rticle physics experiments such as direct dark Sonnanachein,
or pa P _y P and Dan Bowring
matter detection

» Superconducting technologies

— Some quantum computers use superconducting e A
cavities similar to those we develop for accelerators. \ *’

Z

Fermilab.SRF group is in a R&D collaboration wit

« Quantum networks U. Chicago and Argonne

— We have agreed to host a quantum network on site in

collaboration with Caltech and AT&T Quantum
networks visit with
John Donovan of
AT&T

16 6717 James Amundson | Computing at Fermilab

J. Amundson - https://indico.fnal.gov/event/15222/contribution/2/material/slides/0.pdf
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Next Steps

Next steps in Quantum Science for HEP

21-22 May 2018
Fermilab - Wilson Hall

https://indico.fnal.gov/event/16467/



