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Multiple Quantum+HEP fronts at ICEPP

Dark matter search
Non-Abelian LGT

dynamics

HEP event
generator

Field theory  Experiments
simulations

Artificial

LGT ground states black holes



Dark matter search using qubits (DarQ
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Device R&D for dark matter detection

* Single microwave photon detector

Lescanne+ 2020
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Artificial black hole experiments

‘Black hole” = event horizon analogues

Aim: to realize waves in a background flow with
Vilow > Vwave

— Observe Hawking radiation analogues

Two systems in use at ICEPP:
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Spin wave event horizon
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SQUID array
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Simulation: fundamental pillar of particle physics

Theoretical:

e Quarks and gluons become strongly
coupled at low energy
— Numerical simulation (lattice QCD)
essential for quantitative predictions

Experimental:

 No “control systems”
— Simulation often the only reference

e QFT is a well-defined framework
— Can add / subtract fields to make
alternative universes
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L attice simulation on guantum computers

Quantum field theory

P(x)

Lattice field theory
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On a guantum computer

) = |€b1> R - Q |Pna)

Field value at site 1 [

Field value at site Nd

Discrete space

Continuous space Truncated & discretized field

Unbounded field strengths Binarily represented field values

strengths
{ e e R Prototypical problem: real-time evolution
|O> : Initial state : Ti luti : Measurement & of the field state
_ preparation - Ime evolution | interpretation
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Early-FTQC application: variational simulation

Nagano+, PRD 108, 034501 (2023)

* Time evolution (Trotter, QSP, ...) may be infeasible until full FTQC
* |[nitial state preparation is also often costly
= Explored performing both variationally

Tested on Schwinger model (1+1d electrodynamics) — Toy model of 3+1d QCD

M) K MclLachlan's variational principle \
q=0 e Given aiparametrize_)d state |1//(5(t))),
Was) ~ () }Q/ ~iH|y(0))) = %ll//.(i(t)» ) (Schrodinger equation)
t = Zj@ja—@jh//(@))
VQE e = True trajectory minimizes (Zjéja%j + iH> [w(0(1))

guench dynamics \
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Early-FTQC application: variational simulation

Nagano+, PRD 108, 034501 (2023)

Electric field density evolution
@ wawmomemoezoaemon e |njtial ground state with VQE + variational time evolution

TN produces accurate simulation for very small systems
SN /| *« Accuracy drops with system size for the considered
. / ansatz & optimization algorithm

| ‘ — Room for improvement
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1+1d SU(2) LGT simulation

How do we encode non-Abelian LGT?

e “Holy grail” = real-time simulation of QCD (SU(3) LGT)
* The standard (Kogut-Susskind) framework is not practic.

 Non-commuting constraints (Gauss's law)

e Binary representation of bosonic quantum numbers is

unnatural

— [Loop-string-hadron formulation [Raychowdhury+ 2020]

e Pure gauge loop opemtors.—ﬁ""’l:

LT = a(R)La(L)}eas

L7 = a’( )oz ( )
LY = a(R)}a(L)sdup
LT = a(R)aa(L)E%B = (£t)t

/
e Incoming string opemtors.—an’a :

Sit =a(R) vlean

e Qutgoing string operators. SOU‘,Z :

(34a) Skt = wha(L)hens (361)
(34D) Sout = waa(L)BeaB (SctftL) (36b)
310 S = by (360)
(34d) out = waa(L) ap = ( ;:rc) (36d)
e Hadron operators.—H?:

T (37a)

\352) H = S fadgeas = (M) 37b
(35D) 51 Vatseas = (H7) (37b)
(350) o Gauge fluz, quark number operators.—Ny r, Ny:
(350) Nz = a(L)! a(L)q (38a)
Nr = a(R)a(R), (38b)

Ny = ¥itba (38¢)
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(a) On-site non
laws already satisfied.  [/]

f(r)7 T (7‘)

-Abelian Gauss’s

An on-link Abelian Gauss’s law
needs to hold.

l

fe(r + 1),f(r +1)

)A(i(r)aXo(r + 1)7

i (1), Mo (1) ni(r+1),

fio(r+ 1), Xi(r + 1), Xo(r + 1)

site r site r +1
(b)
ng=20,1,2,...
} (;00
O— o1
—0 J 1o |
OO 111 Davoudi+ 2023

Express the Hamiltonian through SU(2)

singlet operators

— Basis = number states of commuting

singlets
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1+10 SU 2 LGT simulation Manuscript in preparation
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Quantum event generator

Real-time dynamics simulation + shot-by-shot sampling:

~ State preparation
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1. Encode & prepare 2. Apply evolution gates
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3. Measure & interpret
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HIgh-energy scattering on lattice Is impractical

Jse an n-bit quantum register per lattice point per field: ®
. . . . e
system) = [j;) @ |j») ® - ® |jn) (j: =0,....,2" = 1) o o o .
A ¢ * © o
Field value at site 1 ’ ® ®
® ®

Can also encode a Fock representation:
|system) = |k, ) ® |k, ) ® - ® |k, ) (k, =0,....2" = 1) Q N

// WP P gx
5 o 0
PRI I It

Numlber of excitations of mode p+ oo 5 0 e

WA VAVANVANVS"
Ky €

= Qubit count: nL?
Forp, . /p.. =10TeV /100 MeV = 105 and d = 3 we need ~10"°n qubits



Sparse Fock encoding

Assign a quantum register to each particle, maximum M particles

— Fleld theory as multi-body quantum mechanics o
@ ®
|system) = &|p;...p; Q...Q) ® ®
@ ®
| || | * ®
| | o ® o
J occupied slots M-J unoccupied slots o o
L ®
Symmetrization (bosons) or \
antisymmetrization (fermions) [N PR AP A
X Kl X X X
~~ . oo P XK X
Slater determinant S PP
x0 OxO Oxb OxQ Oxb OxQ
. . OxO Oxb OxO OxQ OxO Ox
Essentially, a sparse Fock representation Xo, 0,50 Ho o Ko
xO QxO QxO OxO QxO OxO

= Qubit count: M(d log, L)
FOr Prax/Prmin = 105 and d = 3 we need ~ 50M qubits
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-irst steps In a long game

Goal: Build a quantum event generator for HEP experiments

As a first step, verity validity of sparse representations in toy systems

Schwinger model on a 20-site lattice

| . , _ | e I N —— init
H (x) = > |—ip()y'(0; — iADy(x) + h.c.| + mpOw(x) + ~=F e nas
J 0.8 — n=4
—_— —— n=6
AVAVAVAVAVAVAYAVAYAYA Zos — n=8
0000000000000000000 2
AVAVAVAVAVAVAVAVAVAVA S 04
4_ Q.
Initial: particle & antiparticle plane waves . |
Adiabatically modulate the interaction term o 2 _
— Track how excitation numbers evolve o 5 1 15 2;0 5 0 B 40
Manuscript in preparation
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L attice gauge theory ground state

Using quantum computers to study
Vacuum (ground state) properties & spectra of field theories

* Symmetry breaking, phase diagram
* Potential curve

b)
* As a state preparation routine (5
(=)
o et C . 2 \\ Confined
1(0.3,0.5) ™~
Zso pure gauge ’ o N
deconfin. confinement
° ° > 9 Energy gap [ m (5,0.01)
0 (paramag.) Je (ferrom ag.) .5 95 0.2
5
Zo 2-particle :0
g
crossover = 1.5
° ————9 > g @ 0.1
0 ge 9
/ TN
o o T NN\ 50 Om—————0 0.0 Jesus+ 2025

0 1 2 3
Di Marcantonio+ 2025
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Vacuum from imaginary time evolution

e—Hr Sekiyama & Nagano, 2604.1/874

Imaginary time evolution (QITE): [Q2) = lim — V)
r—oo | e~ H7|y) |

— Approximate with unitary operations (Trotter decomposition)

e—HT H e_HkAT |W>
/’/|V/> N < ) HHexp( l.AJ.AT) )

/
Must be determined tomographically Nl =3 . —e
— Exponential cost at worst case

Nsite =3 3 S Nsite S 7

System: 1.5D Z, LGT
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Vacuum from imaginary time evolution

Sekiyama & Nagano, 2604.17874

support D weight D = |D| P\ I®P| |Pg 0dd| |Pg 0da /G|
1077 ¢
I:I 4 255 8 8 QITE AT1=0.05 —=—
102 Lo  QITE AT=0.0125 —o—
E N ITE AT1=0.05
I:I:I 7 16383 192 192 wef N ITE A1=0.0125
I I I I 10 1048575 2048 2048 104 “ |
: N
— w 10° §§§\
| S . 10 1048575 2048 1024 106 b N ~
*——1o—=0 10_7 ;_ )
o 12 16777215 30720 15360 10% ¢
N\ N\ 107} 0 05 : 15 >
— ~_— !
Main contribution: High accuracy achieved in QITE

Exploit the Hamiltonian structure & symmetries
to drastically reduce the tomography cost
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Vacuum from subspace diagonalization

M) Check for updates
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nalization based on quantum samples, and subspaces constructed with quantum Krylov states. We



Sample-based Krylov diagonalization

Steps

|f I:E:;I=.

Simulate time evolution for several ¢

Measure each snapshots and obtain
sample bitstrings

Project the Hamiltonian onto the sample
subspace and diagonalize
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Ground state of 2D triangular pure Z2 GT

Pure 2D Z, lattice gauge theory:

Her=-) Ze)—-2 ) |] X

eEE PEDP ecop vertex v
edges — ™ plaquettes — g edges “-edge e

A AYAVAVAN
20 Iterative configuration recovery

Utilizing the full IBM Heron
chip for time evolution circuits

Subspace dimx10~°

Increasing the projection
subspace size improves the
energy estimate I S T W

Manuscript in preparation




Going forward

Event generator

L GT real-time simulations

Field theory vacua
& quantum algorithms

Tabletop analogue
experiments

Dark matter search
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