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Quantum computers

Goal: implement our system’s Hamiltonian (e.g. the SM) in
a proxy system (“guantum computer”) and let it evolve.

What can be a proxy system?

...any quantum system, like
a collection of spins.

-

Image credit: Flip Tanedo



Analog versus Digital Quantum Circuits

N

Goal: implement our system’s Hamiltonian (e.g. the SM) in
a proxy system (“guantum computer”) and let it evolve.

The best guantum computer is the one that looks
just like the system you are trying to model!

Image credit: https://www3.physik.uni-stuttgart.de/TR21/en/about/research.php
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Analog versus Digital Quantum Circuits

Goal: implement our system’s Hamiltonian (e.g. the SM) in
a proxy system (“guantum computer”) and let it evolve.

The best quantum computer is the one that looks
just like the system you are trying to model!

Image credit: CERN



Analog versus Digital Quantum Circuits

A\

Goal: implement our system’s Hamiltonian (e.g. the SM) in
a proxy system (“guantum computer”) and let it evolve.

In this setup, the possiblilities are
endless; the key is efticiency.
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There is no consensus on architecture, but many efforts for
universal quantum computing use superconductors.

I'm not going to talk about hardware,
though it Is an exciting topic.
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State-of-the-art quantum computers

A qubit is an abstract representation of a
guantum system that can be in a superposition
of two states (often thought of as a spin)

The best quantum computers have O(10) qubits
with O(1) connections per qubit and can stay
coherent for O(1000) operations.
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Initialize in the
ground state.
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T

Apply unitary matrix Uz to
the second qubit when the
third is O, else apply Us.

O—




Programming

Just like a classical computer, one can write
programs for a universal quantum computer.

0) A
Uz (Us A
0) Uy i l l Us H. 4

Apply unitary matrix Us to
both the first and second
guits when the third is O.



Programming

Just like a classical computer, one can write
programs for a universal quantum computer.

0) A
Us — Us A
0) — Un i l l Us .~

T

Measure all
the qubits




Challenges with current computers

In practice: only* controlled operation that is allowed is CNOT
(swap if 1 otherwise do nothing) ... need to decompose.

-

U C—> B A

T

CNOT “controlled not”

There is no compiler ... need to do
circuit decomposition by hand (!)

*Some computers are starting to have other basic operations, like the SWAP



Challenges with current computers

In practice: only controlled operation that is allowed is CNOT
(swap if 1 otherwise do nothing) ... need to decompose.

Circuit implementation is architecture-dependent
need to know what connections are available

(can swap, but cannot copy (“clone”) qubits!)




Challenges with current computers

In practice:
(swap if 1

Circl
[1E

N. Klco et al., Phys. Rev. A 98, 032331 (2018)

> | Jis CNOT
= o | Impose.
- 0.5¢ d-- < foweg, T T
U L
Bl * « /' @ nominal circuit ident
[ B CNOT - CNOT3 ble
s " CNOT - CNOTS
2 A CNOT - CNOT?
O ”-‘I}}_HI | 05 1.0 15 20
Some physical quantity N.B. CNOT2
= identity

Most iImportantly: current guantum
computers are super noisy. Need to
minimize number of operations.


https://arxiv.org/abs/1803.03326

Potential of guantum computers

Caveats aside, there is a good reason to be excited.

Will you have a QPU in your laptop 5 years from now??

No. But you may be able to run on a QPU in
5 years that allows you to make a
calculation that was not possible before (!)



Potential of guantum computers

Now on to QFT!



Quantum Field Theory

Why Is this more challenging than e.g. quantum
chemistry? (the “early” scientific adapter of QC)

— Continuous degrees of freedom (every spacetime point)
+ discrete and continuous gquantum numbers.

Two traditional approaches: Perturbation theory

el | Lattlce

C*/ """ Fut X 4liv"(9, —igA,) —mylq
bt
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© quark Agl » [

Image credit: http://Ipc-clermont.in2p3.fr/IMG/theorie/LQCD2.jpg Image credit: https://en.wikipedia.org/wiki/Feynman_diagram



http://lpc-clermont.in2p3.fr/IMG/theorie/LQCD2.jpg
https://en.wikipedia.org/wiki/Feynman_diagram

Quantum Field Theory

Pro: Full theory Pro: Can do high-

_ energy dynamics
Con: Dynamics are too hard

Con: An approximation

...and combinatorially many diagrams

(already using super computers)

Perturbation theory

© quark A gluon | » [

Image credit: http://Ipc-clermont.in2p3.fr/IMG/theorie/LQCD2.jpg Image credit: https://en.wikipedia.org/wiki/Feynman_diagram
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Quantum Field Theory

Pro: Can do high-
energy dynamics

Con: An approximation

',' Perturbation theory

>

Image credit: https://en.wikipedia.org/wiki/Feynman_diagram
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“Quantum effects” in high energy scattering

Let me take a step back and desc
are in modeling inference & enta
high energy scattering expe

Simulation at the Large
Hadron Collider:
length scales from
1020mto 1 m ()

...only possible because
of the Markov Property:
physics at different
scales factorizes

'ibe where we
nglement for

'Tments.

Image inspired by JHEP 02 (2009) 007




“Quantum effects” in high energy scattering \

Let me take a step back and describe where we
are in modeling inference & entanglement for
high energy scattering experiments.

Image inspired by JHEP 02 (2009) 007

Step 1: “Hard scatter”
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“Quantum effects” in high energy scattering

Let me take a step back and desc
are in modeling inference & enta
high energy scattering expe

Step 1: “Hard scatter”

Step 2: “Matching”

Step 3: “Parton Shower”

Step 4: “Hadronization”

Step 5: Detector sim.

'ibe where we
nglement for

'Tments.

Image inspired by JHEP 02 (2009) 007




“Quantum effects” for the hard scatter
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“Quantum effects” for the hard scatter

CMS 35.9 b (13 TeV)

ool <¢= Data

SM
simulation

proton proton — HIQQSs
boson + top quark

Events/Bin
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CLASSICAL
COMPUTERS

CMS Collaboration, 1811.09696
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“Quantum effects” for matching

Phys. Rev. Lett. 121 (2018) 152002

Analysis Team: T. Eifert, C. Herwig, BPN
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“Quantum effects” for matching

Phys. Rev. Lett. 121 (2018) 152002

Analysis Team: T. Eifert, C. Herwig, BPN
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“Quantum effects” for the parton shower

Normalized rate

Ratio to Data
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Analysis Team: BPN, J. Roloff, M. Swiatlowski

Phys. Rev. Lett. 121 (2018) 152002
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log(Dimensionless jet mass)

proton proton — two
jets of hadrons

(easily hundreds of particles!)

This is a complex
many-pody
guantum system!

Go-to solution: Markov Chan Monte Carlo. This ignores most
‘quantum” effects; full effects can be (painstakingly) included
for some specific observables on a case-by-case basis.
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Go-to solution: Markov Chan Monte Carlo. This ignores most
‘quantum” effects; full effects can be (painstakingly) included
for some specific observables on a case-by-case basis.



“Quantum effects” for the parton shower

Eur. Phys. J. C 78 (2018) 847, Phys. Lett. B (2015) 475
Team: BPN, T. Neep, Y. Peters, M. Swiatlowski, F. Wilk

3§ 12 414 @ oue 1 Wboson - twoje
S 3 115 f_36.1 fo’ —f— “Max” entanglement _f Oson = WO JEeLS
% g . L« “No” entanglement 1 of hadrons
o __— (@cosnoe) -+ Todrive the point home
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0.95 bt W bosr . * = distinguish between
. entanglement turned
. 05 Lo **: _________________________ - “on” and “off”
0.95 [reage o

O 0.1 0.2 0.3 04 0.5 O.|6I 0.7 |0.8[r Od9 1 How much the radiation from
Jet pull angle lra I/m < one jet “leans” toward the other.



How might

we solve this?

Final state radiation is a complex many-body guantum system.

Per
INCOr

naps gquantum tools can be used to

oorate quantum degrees of freedom!

Lines: quarks; curls: gluons; colors: qguantum numbers



Whet your appetite

Let’s think of a parton
shower like a tree.

Discretize “time”.

At each “time”, a particle
can radiate (go left) or
not radiate (go right).

Markov chain of amplitudes: A = [[1; A, (n)

n=1 n

Solved by a classical MCMC X € {L,R}"



Whet your appetite

A
Classical MCMC fails!

Let’s think of a parton
shower like a tree.

Discretize “time”.

At each “time”, a particle
can flip spin (flip trees)

and radiate (go left) or AN ANT

not radiate (go right). N o

+quantum number

S0,SN

N
A — A1 (n -
Z H o) Interference from summing

se{e N n=l

5050,y TN over intermediate spins!



Quantum solution to interfering trees
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N.B. this only works if there exists such an R = subspace of full interfering tree problem.

Linear-time quantum circuit with
one qubit / step + 1 qubit for the spin.



Results with a qguantum simulator

| Markov Chain Monte Carlo 15 —+— Markov Chain Monte Carlo
0.1751 Quantum (qiskit) —+— Quantum (qiskit)
i 1} 14
AT T
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iERdd Quantum algorithm
0.0251 ' : 81
0.000L————= = - 1 - 7
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Number of left branches / A I
A = rotation angle gle flip every

flipping step



A more realistic model

L=f1i(@+mi)f1+ f2(i0 + ma) fo + (0,0)°
+ g1f1f10 + g2 fafod + g12 [[1fo + fofi] ¢

(like the SM Higgs when gi2 ~ m/v and g1=g2=0)




The quantum circuit

Circuit is complicated

because the number of

fermions Is not constant:

6 17

h) R
e o |y | ]
/ Ustep Ustep Ustep

ng) — ] T
na) — ] T
ng) —/ u A
Register || Purpose # of qubits

D) Particle state 3(N +1)

h) Emission history Nlog,(N + 1)

e) Did emission happen?|1

N ) Number of bosons logo, (N + 1)

Na,) Number of f, logy (N + 1)

np) Number of fj logy (N + 1)

BPN, D. Provasoli, W. de Jong, C. Bauer, 1904.03196

p) HR™ —0) @ v H gt
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The quantum circuit - Ue (€ = emit)

Circuit is complicated
because the number of

A (O, Omsr) = e~ AOPi(0m) fermions is not constant:

(Sudakov factor) ¢ — ff

r7(m) _ ( VAM(0,,)  —/1-AM(0,,) )

\/1 o A(m) (em) \/A(m>

&
S®
J
&3
[
=)
s
|

This is just one part of the

circult that calculates the no ne) + f
emission amplitudes na) | Usonon. B U
ng) +——— ()

BPN, D. Provasoli, W. de Jong, C. Bauer, 1904.03196



The circuit without scalar splitting

Py ) U2 HUZ A
1) Ui U A
f) U i l O — Ut HA

In words: rotate to the basis where there is no
interference, “emit” scalars (at the amplitude level),
and then rotate back to the physical basis at the end.

This is exactly the interfering trees circuit !



The circuit without scalar splitting

D) U2 = UP A
®1) Uit U A
) U i l O ° Ut = A

Note: |¢:) is not touched after timestep i and so one
can reuse qubits ... only need 2 total qubits (!)

Fine print: (1) re-measurement is not a feature of most current quantum computers and (2) this led
us to a classical algorithm that can capture the full interference effects (but is not standard MCMC).



Numerical results

(91,92,€)=(2,1,1073)
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The fine print

0.4

(91,92,€)=(2,1,1073) (a)

______ Analytical (g12 = 0) 4 steps )
simulation (g12 = 0) ¢ — ff excluded A
simulation (g12 = 1)
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Quantum 1/odo/ dlog(6max)
<

Classical /

Results “out of the box™ do not look this good. We
optimized the nodes on the quantum computer and
performed readout error and gate error corrections.

In the remaining slides, I'll give you a taste of
ongoing work in iImproving these corrections.



Readout error corrections
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On a guantum compulter,
the state may be 1 but
readout as a 0, etc.

For n qubits, there is a

on

2" transition matrix.

HEP has proposed many
solutions to this problem!

.and we call them

unfolding

BPN, M. Urbanek, W. de Jong, C. Bauer, npj Quantum Information 6 (2020)



Readout error corrections

Quantum Computing

|<m>.n< Naive inversion

.
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| have proposed to use HEP
unfolding techniques to correct
guantum computer readout errors.
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BPN, M. Urbanek, W. de Jong, C. Bauer, npj Quantum Information 6 (2020) state




More on readout errors

We are still actively
developing methods to
reduce readout errors.

For example, note that
Pr(1 = 0) > Pr(0O — 1).
One can apply a simple
‘rebalancing” in order to
improve precision.

R. Hicks, C. Bauer, BPN, arXiv:2010.tomorrow
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Gate error mitigation

T = g T 1T

AU D - DU D - D Us A

One common technigue is Zero Noise Extrapolation

[dea: replace each CNOT by 2n+1 CNQOTs. This doesn't
change the answer without noise, but systematically increases
the noise. Then, extrapolate to zero noise.



Gate error mitigation
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Gate error mitigation

N. Klco et al., Phys. Rev. A 98, 032331 (2018)
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Other physical quantity

................................ ! @® nominal circuit
B CNOT - CNOTS3
One common tect CNOT - CNOT5
|dea: replace each A CNOT - CNOT”
change the answer wi, © T

the noise. T Some physical guantity


https://arxiv.org/abs/1803.03326

Gate error mitigation

T = g T 1T

AU D - DU D - D Us A

One common technigue is Zero Noise Extrapolation

New idea: promote n; to a random variable. Instead of
replacing every CNOT deterministically, randomly replace.



Gate error mitigation

101 Circuit with N
_2 noisy gates:
10 -
. traditional methoo
51077 o needs (n+1) x N
S 104 s additional gates
© o
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S 105 D C e P
g “ien [l1s© Random method
11076 only needs n+1
10-7 additional gates (!)
o 1 2 3 4
. 1 PA 1N PA 1N
Correction order, n 1) N P
0) D—e—D—e— A

A. He, BPN, W. de Jong, C. Bauer, PRA 102 (2020) 012426






QFT

Extend shower model

 Electroweak radiation in SM (full SU(2))
 Phenomenology with scalar model (heavy DM?)
Towards QCD

 (Other source of interference (kinematic, color)
e Soft radiation
 Hybrid lattice methods
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Extend shower model
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QFT

Extend shower model

Electroweak radiation in SM (full SU(2))
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There is a long road ahead, but quantum algorithms are very
promising for modeling high energy scattering processes.

At the same time, we can use
our experience in experimental/
theoretical HEP to contribute to
guantum computing in general.

The field of QIS is rapidly
advancing and there are
growing connections between
experiment, theory,
iInstrumentation, and computing.










Quantum Field Theory

Pro: Full theory

P

, Con: Dynamics are too hard

(already using supercomputers)

L=—F"F,+ Y qliv"(0,—igA,)—m,)q
1 qmu d.s.cbt

| QCD Lagrangian | H L att i c e

Image credit: http://Ipc-clermont.in2p3.fr/IMG/theorie/L QCD2.jpg \.-


http://lpc-clermont.in2p3.fr/IMG/theorie/LQCD2.jpg
https://en.wikipedia.org/wiki/Feynman_diagram

Lattice QF T with a Quantum Computer

N

Pioneering work by Preskill & collaborators
(Science 336 (2012) 1130).
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e In d+1 dimensions

[ (L)oo This (and subsequent) work is more

about formal scaling properties -
actual number of gubits is too large to
make practical calculations yet.
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https://arxiv.org/pdf/1111.3633.pdf

Lattice QF T with a Quantum Computer

Klco et al., Phys. Rev. A 98, 032331 (2018)
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Recent progress by simplitying the problem has led to
actual calculations of dynamics on a guantum computer!


https://arxiv.org/abs/1803.03326

Lattice QF T with a Quantum Computer
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