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HEP simulations on quantum computers
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____________

Scattered
HEP simulations offer clear potential for quantum advantage. ncident radiation
beam

Ny

- The group of interest in this case is BT C SU(2)

- 24 elements — quicosotetrit per link (qudit with d = 24).

* A map between generators of the group and

—_ (_1\m;n;01p+2q
the states of the qubits is required. g = (=)""jl — |mnopg) — |N)
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HEP simulations on quantum computers

In order to do that, an efficient implementation of the time evolution operator is required

N

U(t) ~ H ¢ ~tH(tN)

k=0

Where H, are the non-commuting terms of H = Z H, Group theoretic operations as quantum circuits are
i required.

« Operations — Quantum Gates — Implementation
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BT group’s operations

The group operations can be implemented as quicosotetrit circuits:

- Multiplication gate U, : U.|g)|h) = |g)|gh)

’H‘ ’9_2‘ '9_3‘ 923

- Inversiongate U_;: U_;|g) = |g™")

lg) _'X(z.:s) HX(4.5) H X (6.7 HX(x.us) H X (9.17) H x(10.23) H x(11,22) H x(12.19) H X (13,18) H x(14.21) Hx(m.zu) l_ lg~h)

. Trace gate U, : U, (0)|g) = eReTr®)| o)

Fourier transform gate Up: [UFZf(g)lg) = Z JEP)iilp,isJ)
geG peG*
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SNAP & Displacement Decomposition

It can be shown that SNAP and Displacement gates are universal on a qudit

There is a problem with this!

+ The cost of the simulation diverges rapidly
- Very far from being able to simulate B T

+ Cost per link and trotter step [1]
+ At least 4 links

+ Grows exponentially with the
number of steps

Gate  cS(6) S(6) D(a)
U_y 24 25
Uy 23 575 575
Urr 0 1 0
Urr 0 24 25

—i1Hét

598d — 506 15215.5d — 12771.5 15225d — 12775

~-S@M S
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Pulse Optimisation, can we do better?

+ Optimising pulses for a quicosotetrit is expensive using the standard libraries and methods.

+ Hamiltonian of the system - Infidelity function
N

H=Hy+ Y u(H, F=1-1TrUU,,)
i=0

Simplified problem (best result)
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Chebyshev decomposition for the pulses

Analytical expression instead of approximation? > 3 /1 4 1
\
\ / N\ | \ 2
C \ /'/ 0 \ /
Pulses into Chebyshev polynomials: ut) ~ Z c, T (1) ) ' / \ IE
k=0 / _ VA /)
\ \ X/
—1
Adiabatic evolution of the system: Time scale refined but less parameters to optimise
N . N . N 1
U(t) ~ He—lH(tk)(St _ He—l{H0+zi=0u,~(Zk)H,~}5t E@) = |u(t) — P(t)| < max |u(n+1)(x)|
=0 0 2M(n+ 1)! —1<x<1
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Preliminary Results: Hadamard gate

Good news: It works!

Amplitude expanded in Chebyshev Polynomials
5t + Smoother signal then Qutip’s optimisation.

il  Speed up between 10 and 100 compared to Quitip.
+ Shorter pulses compared to S&D decomposition.

u(t)

1 fz 10716

0.00 0.25 0.50 0.75 1.00
time

However, reducing the number of parameters might not be enough for higher dimensional problems!

* Analytical gradient was computed
+ Different optimisation algorithms were tested
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Gradually increasing Fock space’s size N

Stochastic gradient descent

Fock space of size 5

Infidelity

08 | |

o
o

o
IS

0.2

Stochastic gradient descent: 5000 iterations, a = 0.01

2000 3000

Iterations

1000

+ Search optimisation becomes more
difficult than regular approaches

+ Computing the gradient is extremely
expensive.

The cost function is more complicated to optimise
compared to piecewise approaches!
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Brief analysis of the optimisation problem, fmrget = 0.001

N N
U(t) ~ H o~ iHB)3 H o—itHo+ T uii)H;) ot

k=0 k=0

Each parameter is in every term of the product

(4, 86,Y) 4,27,Y) (28, 26, V)

A fine time scale for the problem might be (4,68,v)  (4,48,Y) (9,69, V)
necessary but will make the optimisation more (13,179, V) (19,207, ¥) (33,210, V)
complicated R e ahhe

(34,323, V) (62,392, v) (1h,234,0.006)

(45,322, ¥) (3h,834,v) (1h,181,0.07)

Optimal combination of parameters for different N? . . A
g P (T, iterations, f)!

10

1all the simulations were run with the following specs: Apple M1 chip 8-core CPU with 4 performance cores and 4 efficiency cores
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About the original HEP problem: Inversion gate

The best gradient descent algorithm — GRAPE

Chebyshev approximation result,
Quitip’s result, Infidelity = 0.65 Infidelity = 0.55

(New results are currently running)

Target Inversion gate Optimisation result
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time
The cost function is more complicated, but still “better” results.

More study has to be done to understand pros and drawbacks of this approach.
Orthogonality of Chebyshev polynomials?
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What can be done next:

+ Genetic algorithms for optimisation
+ Hybrid approaches
+ Adding more constraints to make the pulses easier to implement.

+ Explore possible applications of the pulse optimisation

12
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Thanks for listening!
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