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Fundamentally, HEP requires QC[!
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ht a galactic algorithm look like?

[ Jordan, S. P., K. S. M. Lee, and J. Preskill. In: Science 336 (2012). arXiv: 1111.3633 [quant-ph].
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What might a galactic algorithm look like?

Quantum Algorithms for Quantum
Field Theories

[2]

Stephen P. Jordan, ™ Keith S. M. Lee,? John Preskill®

Quantum field theory reconciles quantum mechanics and specil relatfvity, and plays a central
vole in many areas of physic. We developed a quantum algorithm to compute relativistic sattring
probabilities in & massive quantum field theory with quartic slf-ineractions (5° theory) in
spacetime of four and fewer dimensions. It run time is polynomial in the number of particls,
their eneray, and the desired precsion, and applies at both weak and strong cauplng. In the
stiong-coupling and high-precision regimes, our quantum algorithm achieves exponential
speedup over the fastet known classical algorithm

Jordan, S. P., K. S. M. Lee, and J. Preskill. In: Science 336 (2012). arXiv: 1111.3633 [quant-ph].
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Vacuum Prep+Adiabatic evolution+ Trotterization+Measurements!?
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ht a galactic algorithm look like?

Quantum Algorithms for Quantum
Field Theories

Vacuum Prep+Adiabatic evolution+ Trotterization+Measurements!?

Example: [{pp|U(t)|rnrm)|? needs O(108) logical qubits
~ ( 4 fm

m) X (3 links x 11 qubits + 3 colors x 2 flavors x 2 spins x 1 qubit)

[ Jordan, S. P., K. S. M. Lee, and J. Preskill. In: Science 336 (2012). arXiv: 1111.3633 [quant-ph].
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Today’s estimate: O(10%) q & O(10%) T-gates!®!

“...99.998% of the gate counts stem from QFOPs...The SU(3) HI collision
problem is...> 3 yrs of runtime on an exa-scale quantum supercomputer.”

Cracking RSA and Quantum Chemistry need O(107) q & O(10%0)!

Bl Kan, A. and Y. Nam. In: arXiv preprint arXiv:2107.12769 (2021).
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What will it take for practical quantum advantage?

[ Lamm, H., S. Lawrence, and Y. Yamauchi. In: Phys. Rev. Res. 2 (2020). arXiv: 1908.10439 [hep-lat].
Bl Cohen, T. D., H. Lamm, S. Lawrence, and Y. Yamauchi. In: (Apr. 2021). arXiv: 2104.02024 [hep-lat].
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Using discrete subgroups to digitize gluons!®["]El[]

(6] Bhanot, G. In: Phys. Lett. 108B (1982), Hackett, D. C. et al. In: Phys. Rev. A99 (2019).

Y| Bender, J., E. Zohar, A. Farace, and J. I. Cirac. In: New J. Phys. 20 (2018). arXiv: 1804.02082 [quant-ph].
(8l Haase, J. F. et al. In: (June 2020). arXiv: 2006.14160 [quant-ph].

[l Hartung, T., T. Jakobs, K. Jansen, J. Ostmeyer, and C. Urbach. In: Eur. Phys. J. C 82 (2022).
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Using discrete subgroups to digitize gluons!®["]El[]

Replace G — H in e=°, e~ /"
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Using discrete subgroups to digitize gluons!®["]El[]

Replace G — H in e=°, e~ /"

I don’t need
your closure

(61 Bhanot, G. In: Phys. Lett. 108B (1982), Hackett, D. C. et al. In: Phys. Rev. A99 (2019).
Y Bender, J., E. Zohar, A. Farace, and J. I. Cirac. In: New J. Phys. 20 (2018). arXiv: 1804.028
(8l Haase, J. F. et al. In: (June 2020). arXiv: 2006.14160 [quant-ph]. iy
Hartung, T., T. Jakobs, K. Jansen, J. Ostmeyer, and C. Urbach. In: Eur. Phys. J. C g i
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Using discrete subgroups to digitize gluo

Replace G — H in e™°,e "

I don’t need
your closure

@ SU(3) —5(1080) reduces qubits by O(10°

(61 Bhanot, G. In: Phys. Lett. 108B (1982), Hackett, D. C. et al. In: Phys. Rev. A99 (2019)
Y Bender, J., E. Zohar, A. Farace, and J. I. Cirac. In: New J. Phys. 20 (2018). arXiv: 1804.028
Haase, J. F. et al. In: (June 2020). arXiv: 2006.14160 [quant-ph]. ey

Hartung, T., T. Jakobs, K. Jansen, J. Ostmeyer, and C. Urbach. In: Eur. Phys. J. C g i
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Using discrete subgroups to digitize gluo

5’ e—iH

Replace G — H in e~

I don’t need
your closure

@ SU(3) —S(1080) reduces qubits by O(107
o | believe endgame will be 3x3 matrices

(61 Bhanot, G. In: Phys. Lett. 108B (1982), Hackett, D. C. et al. In: Phys. Rev. A99 (2019)
Y Bender, J., E. Zohar, A. Farace, and J. I. Cirac. In: New J. Phys. 20 (2018). arXiv: 1804.02§

Haase, J. F. et al. In: (June 2020). arXiv: 2006.14160 [quant-ph]. ey
Hartung, T., T. Jakobs, K. Jansen, J. Ostmeyer, and C. Urbach. In: Eur. Phys. J. C g .
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a= 0.07 fm ~ 2 GeV~! seems possible!'%l[!]

[10]
[11]

Alexandru, A. et al. In: Phys.Rev.D 100 (2019). arXiv: 1906.11213 [hep-lat].
Alexandru, A., P. F. Bedaque, R. Brett, and H. Lamm. In: Phys. Rev. D 105 (2022). arXiv: 2112.08482 [hep-lat].
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S=3"ReTrU+ Bif(U) with £(U) = {Tr* U + Tr U2, | TrU|?}
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10x increase in aE without observing discrepancy

[10]

Alexandru, A. et al. In: Phys.Rev.D 100 (2019). arXiv: 1906.11213 [hep-lat].
[11]

Alexandru, A., P. F. Bedaque, R. Brett, and H. Lamm. In: Phys. Rev. D 105 (2022). arXiv: 2112.08482 [hep-lat].
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What is trotterization?

[12]
[13]

Carena, M., H. Lamm, Y.-Y. Li, and W. Liu. In: Phys. Rev. D 104 (2021). arXiv: 2107.01166 [hep-lat].
Clemente, G., A. Crippa, and K. Jansen. In: (June 2022). arXiv: 2206.12454 [hep-lat].
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What is trotterization?

t

i _istHY _iser —iseHe \ 7
U(t) —e IHt% (e i6t— e ’5tHKe iot 2)

 exp { it o+ Hy -+ S el [t ]~ [ T ) )
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What is trotterization?

t
U(t) —e~ Mt o i0t Y ity g—ioe T )

) St2
~ expq —it| Hx + Hy + EQ[HM [Hk, Hv]] — [Hv, [Hv, Hk]])

{O1a(Né))

(12] Carena, M., H. Lamm, Y.-Y. Li, and W. Liu. In: Phys. Rev. D 104 (2021). arXiv: 2107.01166 [hep-lat].

(13] Clemente, G., A. Crippa, and K. Jansen. In: (June 2022). arXiv: 2206.12454 [hep-lat].
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U(t) —e IHt% (e i6t— e ’5tHKe iot 2)

 exp { it o+ Hy -+ S el [t ]~ [ T ) )

NG,

@ Introduces higher dimension operators and a;
o Classical simulations can help with scale setting[12[13]
@ Further reductions from perturbative calculations - in prep

[12]

Carena, M., H. Lamm, Y.-Y. Li, and W. Liu. In: Phys. Rev. D 104 (2021). arXiv: 2107.01166 [hep-lat].
[13]

Clemente, G., A. Crippa, and K. Jansen. In: (June 2022). arXiv: 2206.12454 [hep-lat].
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What low-level primatives are required for LGT?[14

How do we build Ux = e« and U, = ev?
), ] Uphase [ 81 [U12)

U2
BEy
e E

(14] Lamm, H., S. Lawrence, and Y. Yamauchi. In: Phys. Rev. D100 (2019). arXiv: 1903.08807 [hep-lat].
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What low-level primatives are required for

How do we build Ux = e« and U, = eHv?

U [ pme =1 U12)

0 e {7 ] ) <[t 1]
U: U U

st H e {51 O o :
|Us4) Uq Uy

s, Hor H]

]

o Inversion gate: $(_1[g) = g7 1)

(14] Lamm, H., S. Lawrence, and Y. Yamauchi. In: Phys. Rev. D100 (2019). arXiv: 1903.08807 [hep-lat].
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What low-level primatives are required for L

How do we build Ux = e« and U, = eHv?

U [ pme =1 U12)

T e sy M O R i)
IETE!
o, __ |Uz4) Uy g
U S Jy
) e 7] e =
@ Inversion : =|g~1 laa)
gate: U _1]g) =|g7 ") o
4!
|Cl)
@ Multiplication gate: LUy |g) |h) = |g) |gh) jas) la)
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What low-level primatives are required for LGT?[14

How do we build Ux = e« and U, = eHv?

U} [ oase ({11 ] |Us2)
8tf, = Uphase = 8Ur | |U1s) = 81 .y
1}, Ypnase =01 ] |U24) ey
8, = Uphase F{ 817 | [Uaa) =41 @
o Inversion gate: $(_1[g) = g7 1) ||:;
lex)
@ Multiplication gate: LUy |g) |h) = |g) |gh) jas)
[b2) —&

@ Trace gate U (0) |g) = e?ReTre |g) lez)

a
fvy

o Fourier Transform gate: 8lr >, . f(g)|8) =X ¢ F(p)ij1psisd)

[14]

Hank Lamm Improving QS towards lattice SU(3)

Lamm, H., S. Lawrence, and Y. Yamauchi. In: Phys. Rev. D100 (2019). arXiv: 1903.08807 [hep-lat].

9 August 2022

9/12


http://arxiv.org/abs/1903.08807

What are the primitives for BT (in prep.)

Hank Lamm Improving QS towards lattice SU(3) 9 August 2022 10/12



What are the primitives for BT (in prep.)

. i 0 o]
‘ bt ol emy Sfite
d S| Tm IR_\T T
)i 1=
Sz

[}
w1
) -

.
lay ———

FIG. 2. Inversion Gate for the Binary Tetrahedral Group.

) N S =

- )i )i

FIG. 3. Multiplication gate

=

¥

Hank Lamm Improving QS towards lattice SU(3) 9 August 2022 10/12



What are the primitives for BT (in prep.)

ﬂ =y R i e 2
DJHFDT 7=

b
d % &
. &[] )i i

[#]

L

H

FIG. 4. Trace gate for BT

0.60

S sesast gadsiiEst
) 11 0.55 iii [ !!i!!!; !iii (]
oo L
[a) 0.50 A B
FIG. 2. Inversion Gate for the Binary Tetrahedral (;I‘uup i# Ft’l‘ = 0'5510(96) I .FT/,‘ m -F—l
0454 F_; = 0.3700(78)

—D

Jeo) 0.40 1

] i
o 055 mm 7 LoplgPny P Ty Tyu

[B1) T T T T T T

=) |0> 13 16) 19) [12) [15) |18) \21>\23>

) N S =

lex) T T

FIG. 3. Multiplication gate

P | decimal integer value)

=

Hank Lamm Improving QS towards lattice SU(3) 9 August 2022 10/12



Kogut-Susskind!™! is not only Hamiltonian[!®!

[15]
[16]

Kogut, J. and L. Susskind. In: Phys. Rev. D 11 (2 1975).

Carena, M., H. Lamm, Y.-Y. Li, and W. Liu. In: Phys. Rev. Lett. 129 (2022). arXiv: 2203.02823 [hep-lat].
Hank Lamm Improving QS towards lattice SU(3) 9 August 2022 11/12


http://arxiv.org/abs/2203.02823

usskind!’®! is not only Hamiltonian!*

Hks = Kks + Vks + O(a%)
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Kogut-Susskind!™! is not only Hamiltonian[!®!

Hks = Kks + Vks + O(a%)
New terms reduce discretization

H=K+V + 0(34)
Vi = BvoVks + Bvi Viect + Bv2 Vient
Ki = BkoKks + Brk1Kor
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Hks = Kks + Vks + O(a%)
New terms reduce discretization

H=K+V + 0(34)
Vi = BvoVks + Bvi Viect + Bv2 Vient
Ki = BkoKks + Brk1Kor

> 29 fewer qubits without increasing gate cost
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A lot has been solved...and lots more to do

Digitizing Field Theory
e 5(1080) seems viable
o BT done, BO and 5(108) soon.

Formulating state preparation
Performing Time Evolution
o Improved Hamiltonians

o Theory of Trotterization

Measurements and Observables
o Viscosity?

HEP-specialized QEC/QEM

Hank Lamm

Improving QS towards lattice SU(3)

It’s one calculation, what could it cost?

Cause we're young
and we're reckless,
We'll take this
way too far
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