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Short highlights of our fundamental science motivations
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Initial motivations

Formulation du pro-
bléme sous la forme
d’un calcul quantique
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Degrees of Freedom
o ()‘JQ c
Elementary particles and fields

Quarks and Gluons — Effective Field theories

4 Quarks Leptons

Gauge g Higgs 0100 —
Bosons Boson 0011

e“g"‘

Classic Early Universe
Computing

Quantum Quantum
Computing Entanglement
) Neutron
Standard Model < Star Core

Neutrino mass and oscillations

VA
y

Di Meglio et al., Quantum Computing for High Energy Physics: State of the Art and Challenges, PRX Quantum (2024)




A focus on nuclei/nuclear physics

Degrees of Freedom Energy (MeV)
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WGt More on many-body systems treated with quantum computers

Eur. Phys. J. A (2023) 59:227
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Quantum computing for the description

oo of static and dynamical properties of atomic nuclei
Problematic and challenges

protons, neutrons

Nuclei are self-bound quantum
mesoscopic systems
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Quantum computing for atomic nuclei
Problematic and challenges

protons, neutrons

Nuclei are self-bound quantum
mesoscopic systems
Nb of particles
2 < A<300
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after J. Yang Developing variational approaches based on

symmetry-breaking (SB)/symmetry restoration (SR)

I o Preparation of SB states on QC I
o Symmetry restoration on QC I

— e —— — — ]

Further
Quantum

e or hybrid

Quantum-Classical

Variational optimization

Postyprocessing -

Post-processing for

Improved ground state or excited
o States (QPE, Quantum Kryloy, ...)

Symmetry

‘ —— Breaking (SB) Which symmetries ?
— [Es  sate
o Symmetry Restored Many-Body Quantum computing

(SR) state (multi-reference)

D. Lacroix, A. Ruiz Guzman and P. Siwach,
Symmetry breaking/symmetry preserving circuits
and symmetry restoration on quantum computers
EPJA 59 (2023)




lllustration with small superconductors

- lllustration with the Richardson Hamiltonian
-
BEC
HP—Z&, aaz—|—aa Z azazajaj
1>0 1,7>0 P N
_____
This problem is an archetype of spontaneous symmetry breaking. —O0—0—
An “easy” way to describe it is to break the particle number symmetry, i.e. —e—0—
consider wave-function that mixes different particle number —e—0—

Example Do) = IL; (u; + via al Jf)| —)
- Mixes states with 0, 2, 4, ... particles

The particle number - U(1) symmetry)
is broken

But ultimately number of
Particle should be restored !



Application to the N-body pairing problem

T — Hamiltonian and initial state
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is important ! ; T
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Zhang Jiang et al,
Phys. Rev. Applied 9, 044036 (2018).




Quantum computing for atomic nuclei

Superfluidity can be described by llustration for small superfluids
breaking particle number

Example of mixing for 12 qubits (with qiskit)

BCS circuit 0/1

S0
3 I |
z
225
(&)
04
Projection on particle number

) =) en|N) =»|N)

10 12

For 2 qubits
T) = a|00) + B|01) + ~|10) + 6]11)
IN=0) «|N=1) |N=2)

A possible way to perform the projection is to use
The Quantum-Phase-Estimation method with N itself

D. Lacroix, “Symmetry-Assisted Preparation of Entangled Many-Body States on a Quantum Computer”, PRL 125, 230502 (2020).



Non-destructive counting on a quantum computer
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Eigenvalues-Ground state and excited states
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Systematic of Phase-Estimation-based methods

Standard Quantum Phase estimation 16 qubits, N = 8
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Systematic of QPE-based methods

Standard Quantum Phase estimation lterative Quantum Phase estimation
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Ayral, Besserve, Lacroix, Ruiz Guzman, EPJA 59 (2023)



Systematic of QPE-based methods

Standard Quantum Phase estimation
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Exploration of different methods for the symmetry restoration

Complete Hilbert space » Systematic Exploration of Phase-Estimation based
methods for symmetry restoration (Kitaev method,
Rodeo algorithms )
Eur. Phys. J. A (2023) 59:3 THE EUROPEAN ™
https://doi.org/10.1140/epja/s 10050-022-00911-7 PHYSICAL JOURNAL A Check for
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Symmetry breaking/symmetry preserving circuits and symmetry
restoration on quantum computers

A quantum many-body perspective
Denis Lacroix'*, Edgar Andres Ruiz Guzman'®, Pooja Siwach®*

» Use Oracle’s and Grover-based methods for projection onto a subspace
Grover and Oracle
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Use quantum tomography techniques K 101wy
(Classical Shadow method)

Linear Combination of Unitaries

Restoring broken symmetries using quantum search
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Edgar Andres Ruiz Guzman and Denis Lacroix

* Predicting ... Phys. Rev. C 107, 034310 (2023) - Published 16 March 2023
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H.-Y. Huang, R. Kueng and J. Preskill; Nat. Phys. 16, 1050 (2020) E.A. Ruiz Guzman and DL, Eur. J. Phys. A 60 (2024)



Symmetry restoration using Oracles .

Bad feature Q

Good feature

Grover Classification operator (Oracles)

0 if |k)eQ
1 if |k)€eQ

Lov K. Grover, Phys. Rev. Lett. 79, 325 (1997)

U lk) = (—1)* with x{

We (physicists) are more familiar with projectors
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E. A. Ruiz Guzman and D. Lacroix, Phys. Rev. C 107, 034310 (2023)



Symmetry restoration using Oracles .

Bad feature ﬁ

Grover Classification operator (Oracles)

_ : 0 if |k)€Q
Urslk) = (—1)* with x{
rlky = (=1) 1 if |k)€eQ
Lov K. Grover, Phys. Rev. Lett. 79, 325 (1997)
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E. A. Ruiz Guzman and D. Lacroix, Phys. Rev. C 107, 034310 (2023)



Hybrid Quantum-classical methods to perform symmetry projection
Using the classical computing knowledge

CPU , , ) . )
Simple illustration with particle number
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H.-Y. Huang, R. Kueng and J. Preskill; Nat. Phys. 16, 1050 (2020) Ruiz Guzman and Lacroix, Eur. J. Phys. A 60 (2024)



Hybrid Quantum-classical methods to perform symmetry projection
Using the classical computing knowledge

QPU
CPU , , ) . )
Simple illustration with particle number
1 2m .
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2 0 QPU
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Bad state preparation
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H.-Y. Huang, R. Kueng and J. Preskill; Nat. Phys. 16, 1050 (2020) Ruiz Guzman and Lacroix, Eur. J. Phys. A 60 (2024)



Coming back to our superconducting problem

Quantum-Classical optimizers

# Standard BCS theory

Project after optimization
Q-PAV: Quantum Projection
After Variation

The optimization is made on the
Symmetry restored state.
Q-VAP: Quantum Variation
After Projection

Combining projection with variational method

Pair occupation are now encoded
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Spectral methods

Getting excited states

Today’s challenges:
-Identify pilot applications,
-Reduce the Quantum resources
-Develop novel quantum algorithms
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Use first quantization
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g = Number of qubits

Fermions-to-qubit: Jordan Wigner

ADAPT-VQE results
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J. Romero et al, PRC 105 (2022)

Quantum computing the Lipkin model

Encoding the Lipkin model on a
gquantum register

J-scheme (compact)
+parity encoding

SU(2) encoding

VQE results
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A few Achievements in WP 4.1
Ansatz/Hybrid Algorithms

PHYSICAL REVIEW C 109, 024327 (2024)

Solving the Lipkin model using quantum computers with two qubits only with a hybrid
quantum-classical technique based on the generator coordinate method

Quantum Generator Coordinate Method

Yann Beaujeault-Taudiére ©”
Université Paris-Saclay, CNRS/IN2P3, IJCLab, 91405 Orsay, France
and Laboratoire Leprince-Ringuet (LLR), Ecole Polytechnique, CNRS/IN2P3, F-91128 Palaiseau, France
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A few Achievements in WP 4.1

PHYSICAL REVIEW C 109, 024327 (2024)

Ansatz/Hybrid Algorithms

Solving the Lipkin model using quantum computers with two qubits only with a hybrid
quantum-classical technique based on the generator coordinate method

Quantum Generator Coordinate Method

Yann Beaujeault-Taudiére ©”
Université Paris-Saclay, CNRS/IN2P3, IJCLab, 91405 Orsay, France
and Laboratoire Leprince-Ringuet (LLR), Ecole Polytechnique, CNRS/IN2P3, F-91128 Palaiseau, France
Denis Lacroix ®*
S/IN2P3, IJCLab, 91405 Orsay, France
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PHYSICAL REVIEW LETTERS 133, 152501 (2024)

Construction of Continuous Collective Energy Landscapes
for Large Amplitude Nuclear Many-Body Problems

1,2

Paul Carpemier,l'2 Nathalie Pillet ,1'2'* Denis Lacroix: ,3'7 Noél Dubray ,1'2 and David Regnier
1CEA, DAM, DIF, 91297 Arpajon, France
2Université Paris-Saclay, CEA, Lab ire Matiere en Conditic Extrémes,
91680 Bruyeres-le-Chatel, France
3Université Paris-Saclay, CNRS/IN2P3, IJCLab, 91405 Orsay, France
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e Getting closer to realistic problems
L6543 210 s the breaking of symmetries always a good idea?

0p3/2 =
Be Most tests up to know were made on
z He i i i
b Particles with spins (s).
- i=1 i=2 i=np
N k=1,2,3,--- '--,21’2,3

But nuclei have both spin (s) and isospin (t) (neutron/proton)

1 =1 1= 2 i =npg
e e
k=1,2, 3, +-- cee dng

mm) This increases the number of qubits
S., 8%
=) This increases the number of symmetries that could be broken

S G2 T 72 Symmetry-breaking states become extremely hard to control
29 Y 29 Y 7T . .
Symmetry restoration becomes very demanding

J. Zhang, PhD thesis (2025).



Use of adaptative methods
And try to control symmetry breaking

Iterative construction of the ansatz ADAPT-VQE applied to the
Superfluid problems: only spins

Grimsley, et al, Nat. Commun. 10 (2019)

m) Start from a state |¥o) = [n = 0)

m) Built iteratively the ansatz such as: 4
-~
S

|n> _ 6z’0nAn|n _ 1> _ H 6i9kAk|O>
= A, e{01,-0a)
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E
OE(n) = i(n|[H, A,] |n) is maximum

00,

Eerr/Ac

E(n) ¢

E ADAPT-VQE w/o SB
50 75 100
Iterations
J. Zhang, D. Lacroix, and Y. Beaujeault-Taudiéere, PRC (in press)
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Is breaking symmetries always a good idea?

. ) —_ ) —_— z =N
Extension to the proton-neutron 1 =1 1 =2 B
pairing Hamiltonian problem 441 - E
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Is breaking symmetries always a good idea?

Extension to the proton-neutron 1 =1 1 =2 1 ="npg
pairing Hamiltonian problem 441 - E
k=1,2, 3, c e L dng

nB . .
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(a) T, = 1 only
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Specific methods to improving convergence
Going closer to nuclei: adding isospin

Embedding

— Fictitious
AE set of qubits

1.0 fmmmmmmmmm e m oo oo oo -
k=1,2, 3, e ydng S -== (2,2)
& 0.6 —— (2,2) embedding

-—- (3
—— (3,3) embedding

.y w 04} .
Initial condition mitial rand ; = = -
. . Nnitial ranadom :
Randomization Tteration

entangler
=3

_______

D T U R —

Iteration

"""""""""""""" J. Zhang, DL, and Y. Beaujeault-Taudiére, PRC (in press) arXiv:2408.17294



Extending the method for excited states .

Combining adaptative methods and
configuiration mixing

molecule dissociation

—
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Conclusions and outlook
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Symmetry breaking,
entanglement and Ansatz



A few Achievements in WP 4.1

Symmetries and entanglement

Particle number Total spins
Spontaneous

. Al
Broken ¢ e @
symmetries (SB) RSN y
o o ©
“ System B
Symmetries System A yst
And
entanglement
Global symmetries induce Sym.
All-to-all entanglement Breaking
' Sym.
Restoration

07) ® |K,n—1) 1) ®|K —1,n—1)

Global symmetrles Ieads to
global entanglement
- Many symmetry-preserving 1p-11,) ®|K—-2,n—2) |1,-10,) ® | K —1,n—2) [0,,—11,) ® | K —1,n— 2) |0,,—10,) ® |K,n — 2)

states are states made from ' o _
Binary Tree states (BTS) mm) Key role of permutation invariance

K
IK,n) = > (/AMLE)A®|K —1,n—k)4

=0 '
K
Sa = — Z)\{l logy At

=0




PHYSICAL REVIEW C 110, 034310 (2024) A feW Achievements in WP 41

Ansatz/entanglement

Entanglement in selected binary tree states: Dicke or total spin
states or particle-number-projected BCS states

Denis Lacroix ©*
Université Paris-Saclay, CNRS/IN2P3, IJCLab, 91405 Orsay, France
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More on Phase Estimation



lllustration of the QPE method with projected state
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" 9 QFT!
Initial state preparation ] —
L e B B
| (nXT)HFT T QL] Ay Lo —{)
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Some technical details
Z
H _Emin >0 ”7>0
V = —omi
o { - (1=} .‘v ‘,

=) For the propagator, we 0 cos()\pq) zsm()\ 2)

0
11 g i
used the Trotter-Suzuki method H 0 exp(— 2zspAt) =219 zSm(f\ pa) cos()\pq) 0 with
P SR & = Apg = gAL
pq
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. . ¥ . <
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Generalization

Use the QPE approach for operators with known eigenvalues to obtain entangled states

Hypothesis:

P> Assume a hermitian operator S acting on nq qubits

B> Assume that S has discrete eigenvalues {Ag < -+ < Ay} with A\ = amyg

a = cst
S -
Us = exp {2m [ QQnZO] }

P> Eigenvalues of Us are given by 627Ti9k with 0 = (mg — mg)/2"3

If (mk—m0)<2"° # 0, <1

@ parity

P> Define the operator

and 0} is exactly written as a binary fraction

® Part. number
mm) |t is then optimal for the QPE use.

An optimal choice for the number of register qubits is 1n,- = T

® J.=—him
@ JE=h%(+1)

and n, —1<In(mg —mp)/In2 < n,.
D. Lacroix, “Symmetry-Assisted Preparation of Entangled Many-Body States on a Quantum Computer”, PRL 125, 230502 (2020).



The quantum-Phase estimation (QPE) algorithm

For known eigenvalue problems
Assume a unitary operator U

Assume an eigenstate |¥) Such that U‘\If> — 627Ti<'o|\11>

XeSﬂ'i(p 1 |
0 — H * \/5(|0>+62m¢|1>) QFT -1 ‘2”"“ gp>
nr Register X e 1 -
qubits 0 —{H : 50+ ) ®
21
X e .
0) — H I \}5(|0> €274 1)) ‘ \:D>
e ey =/ oo
qubits P4

For the particle number projection

N
T

. . 1
QPE U=Uy = 2™z with N= 5 > Ui - )

V) = Zak|¢k> » Zak\ekzm ® |o) Assume eigenvaluej {0,1,--- , A}
k k

: A
_ . Constraint: 0 < — <1 then 5,- =0.a1-"-an,—1
register eigenstate 2nr 2nr

If | measure given binary number in the ancillary

qubit. After measurement, | have the projection on
the associated particle number component




Generalization

Use the QPE approach for operators with known eigenvalues to obtain entangled states

Hypothesis:

P> Assume a hermitian operator S acting on nq qubits

B> Assume that S has discrete eigenvalues {Ag < -+ < Ay} with A\ = amyg

a = cst
S -
Us = exp {2m [ QQnZO] }

P> Eigenvalues of Us are given by 627Ti9k with 0 = (mg — mg)/2"3

If (mk—m0)<2"° # 0, <1

@ parity

P> Define the operator

and 0} is exactly written as a binary fraction

® Part. number
mm) |t is then optimal for the QPE use.

An optimal choice for the number of register qubits is 1n,- = T

® J.=—him
@ JE=h%(+1)

and n, —1<In(mg —mp)/In2 < n,.
D. Lacroix, “Symmetry-Assisted Preparation of Entangled Many-Body States on a Quantum Computer”, PRL 125, 230502 (2020).



Projection on total spin

Projection on S$%? and S, components

ds,Mm /3
|\IJ>: Z Wsl,...,SN|81,"',Sn>- ‘ ) = Z Cg,M|S’M)g' %
s:€{0,1} S.M g=1 / \‘
2 2
0/1 3/ \3§
0 -] QFT () END/ LN
1 1 1
. : NN/
0y A= H] QFT;L) [~ AW L 2
NN
) ) 0 0—n
v A——Tuv. us 1 2 3 4 5 6
lllustration — ® .
‘\Ij> H|O> The full basis can eventually be constructed
n 0/1
QFT™!
0.4l (a) 0/1
QFT™
0.3
0/1
QFT™!

Probabilities
o o o
o - N

S
. . X
X X

Basis states |S, M)

P. Siwach and DL, Phys. Rev. A 104, 062435 (2021)



lllustration of the QPE method for energy with projected state
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lllustration of the QPE method with projected state

4 ancillary qubits Lo 6 ancillary qubits

8 ancillary qubits

100
2 084 (a) 0.8 4 (b) 10-1 4 (€) |
w .(% 0.6
T -8 0.4 9 — Exactes
a 024 — Exact 1st
= QPE
0.0 T
5 10 15 30
1.0
2 08 4(d)
Z 0 0.6 -
C.LS 0.4 —— Exact GS
(@] e ' —— Exact 1st
0.0 : ® QPE 1st
5 10 15 T e 3 & 3 30
1.0 Number of ancillary qubits
2 08-(9)
o —_
QO 0.6 4
< © 10-2
! 0.4 A 0.4
O e 10—3
O 0.2 1 0.2 A
0.0 T T T 0.0 T T T 104
5 10 15 20 25 5 10 15 20 25 10 20 30

E/Ae E/Ae E/Ae



More on symmetry and
Lipkin model



Symmetry dilemma: in general using symmetries to solve a problem is a good idea

® # & ~ Lipkin model
_m ... _ 1 .-

m
| :
J.=—Y occf ¢ Counts difference of
079 g TSI particle number

Conservation laws and symmetries T T Make jumps between
J+=J—=ch & o
,m ’

Lower and upper level

1

m

For a set of /Iﬂ_lﬂnd.anhs‘
® FullFoq 4071
Focks p=N——|N/2,+N/2)
@ Particlg r
SV p=N 1 ——|N/2,+N/2 - 1)
/
® Permuf g 20{ i —|N/2,+N/2 —2)
o | :/SU(2)
9 ..I L4 [
107 ':II Permutation .
J .
denotes == Perm+Parity |
P %0 50 100 150 200 r — |N/2,—N/2 4+ 2)
- N
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total angular momentum J2 mm) (N + 1) states |J, M) p=1 [N/2,—N/2+1)

IN/2,=N/2)

® Parity (odd/even M) — (N 4 1)/2 p=0



Symmetry dilemma: in general using symmetries to solve a problem is a good idea

Lipkin model
Q oc=+1

— - - —
T 1 o]
-Q—— OO T " JO-

1 1 - {

Counts difference of
particle number

2
o.m
Conservation laws and symmetries 7 gl . Make jumps between
: S “mS~1m  Lower and upper level
For a set of /IJ—E-.M I
® Full Fo 40
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i |
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) : II

N
® Permuf @ -0 ,’

o | :7SU((2)

o Ny

107 :'I’ Permutation
p denotes O_fv Perm+Parity Symmetry-restricted
0 50 100 150

Permutati N T

total angular momentum J2 mm) (N + 1) states subspace

@ Parity (odd/even M) ) (N +1)/2




Symmetry dilemma: in general using symmetries to solve a problem is a good idea

But not always...

=O= o=+1 Mean-field and quantum phase transition

- — —
—m =] 1 m HF- sym. respecting
A -5
: N=10 1
Hartree-Fock solution ;
&'6 Exact HF- sym.
) as// oo 7] reaking
1) ©o) > ~
o 30.4 - HF
|—> 3 x g 1 gO.Z |
Parity is ’J:t Exact
broken \b: 0 |

0 1X2 3

Symmetry preserving ansatz Symmetry breaking ansatz

(+) Require less qubits _ (+) Ansatz might be more predictive at low cost
(-) Lead_to more compact encoding (+) Less operations to prepare the ansatz
(-) requires more operations to prepare states (-) Symmetries should be restored, ultimately !



More on Excited states
using Quantum Krylov method



Approximate method : Krylov Based methods

Hilbert space

Important space (), H®),---, HY U} = {|®;) }ico.ar-1

Diagonalize in the non-orthogonal subspace
Oij = (9i|P) H;; = (®;|H|®;)
Generalized eigenvalue problem

) = > cal)|T,,) mmp Y en(@)Hin = Ea Y cn(@)Osn

n

Our strategy
Our first attempt: use the generating function of H

Compute overlap and

Hamiltonian matrix F(t) = (Dgle | D)
elements )2
on the quantum computer F(t) —1_ it(H)o 4 (_; ) <H2>o 4.
K
Solve the eigenvalue <HK> _ ;K d F(t)
problem on the classical 0 dti f—0

computer

Ruiz-Guzman and Lacroix, arXiv:2104.08181v?2



Approximate method : Krylov Based methods

Hilbert space

Fermi-Hubbard model — Imaginary time
- i 4 ' M—1 _
(tfxpansmn + Padé extrapolation) {|\Il>, H|\Ij>, o, H |\Il>} — {|(I)7:>}7;:0,M—1
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0.4
Solve the eigenvalue <HK 0.21
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tlAe 1]

Ruiz-Guzman and Lacroix, arXiv:2104.08181v?2



Approximate method : Krylov Based methods

Highly Truncated Hilbert space B
{|\I!), H|‘1’>a 3 H" 1|‘I’>} = {|(I)i>}i:0,M—1

Important space

{1®), e HN@), -, eT M W) )

@

O = (@;]®;) = (|e ™ wy o = (U|He (=) H | p)

Hadamard test for the real part of O and H

Initial state preparation 0/1
—_———y === _———— |0) H H —
{ ®0>\|n7{H®nr —\I{ﬂR )\\| I I
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Diagonalization on a classical computer



Comparison QPE vs Quantum Krylov

N
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Comparison QPE vs Quantum Krylov after Q-VAP

QPE Quantum Krylov
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Green’s function



A few Achievements in WP 4.1 .

QPU

/f GS ansatz evaluation \\

E(6) = (¥(6)|H|¥(6))

CPU

ﬁ GS ansatz optimization “

<

[Build reduced Hamiltonian\
& overlap matrices

HIY = (Willa;Hal|93)  SAH = (Wi |aial|93)

HY™' = (Wllal Ha,|03)  SA7" = (W3 |ala;|wg)

E(9)

0,

& Ou une courbe
1D minimisée
G pas a pas ?

Solve generalized
eigenvalues problems

HA:}:I‘/” - EﬂsA:}:l‘/,l
\ 4

(Build Green'’s function from\
Lehmann’s representation

r

"

Gl

Dhawan, Zgid, Motta, J. Chem. Theory and Comp. 20, 4629 (2024)

" 4

Ongoing projects

Computing one-body Green’s function

with Hybrid quantum-classical methods

Green’s function matrix elements
Gij(t,t') = (Wo|T[al(t)a;(t')]|¥o)
Lehman representation

(U ai T ) (TR ol 00

w—(E,ICVH—E(J)V)-I-in

+ 3 I T oo )
Strategy k

w— (BY — B —in
ms) Design and optimize an accurate
Ansatz for the ground state for N particles

Gij(w) =

Use two separate Quantum Space Expansion
For (N+1) and (N-1) particles

Aychet-Claisse, Lacroix, Soma, Zhang, in preparation



A few Achievements in WP 4.1

QPU CPU
/( GS ansatz evaluation \\ 0 /( GS ansatz optimization g
E@©) = (v(0)|Hv0)  [€ v e couéme
- oo E() aﬁ e
- + Ry(62)
[ vl
il 9 i Solve generalized
\ ) eigenvalues problems

[Build reduced Hamiltonian\
& overlap matrices

= (¥ |aial | W3)
= (¥§'|ala;|wg')

H} = (g |a; Hal |93

= (W§'|a! Ha;|W3)

vA+1
S5

5™

*A-1
54

Dhawan, Zgid, Motta, J. Chem. Theory and Comp. 20, 4629 (2024)

HA:tl‘/“ s EuSAil‘/[l
\ 4

(Build Green'’s function from\
Lehmann’s representation

\ S

" 4

Ongoing projects

Computing one-body Green’s function

with Hybrid quantum-classical methods

Initial state
Prep. with
ADAPT-VQE

Real part of the Green Function Trace

Imaginary part of the Green Function Trace

— quantum

— quantum
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10 20
0 0
10 20 *
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—— quantum % —— gquantum
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Aychet-Claisse, Lacroix, Soma, Zhang, in preparation



-- More on Neutrinos treated
on quantum computers --



@ @ A focus on neutrino oscillation physics simulated on quantum computers

Neutrino fluxes at Earth
N\

=10

Cosmological v

Solar v
pernova burst (1987A)

B Reactor anti-v
21001
[T

Background from old supernova

10-8 Terrestrial anti-
1012 Atmospheric v
L] . 10*\6 -
P i v from AGN
Where is the complexity: . o
10 GZKv
10728
10° 102 1 10° 10° 10° 10" 10" 10"
v eV keV MeV GeV TeVv PeV EeV

Neutrino energy

vV —V
i_nteraction

v —e
Ingz e ﬁ'()—) S The problem is mapped to a
| Neutron " B T many-body open quantum system

problem equivalent
to interacting qubits or qutrits.

\ Star



A focus on neutrino oscillation physics simulated
on quantum computers

Illustration of the Hamiltonian (2 flavor approx)

N-1
1
Oscillation H, = N ; sin(26,)X; — cos(20,)Z;

N—1
Hy, = Y Gij[XiX; +Y;Y) + ZiZ;).

Coupling
Trotterization i<j

1. Decomposition of H into elementary blocks

2. Use a transformation (Trotter-Suzuki)
Example . e’iAtHl/h — e—iAtHl/he—iAtHg/h

3. Transforms to circuit

W (to))

At At



Beam 1 A focus on neutrino oscillation physics simulated
on quantum computers

N—>
\J

SIpl p=2

1,1 2

Illustration of the Hamiltonian (2 flavor approx)

p=N

N—-1
1
Beam 2 \ / Beam 3 Oscillation H, = ~ Z sin(20, ) X; — cos(20,)Z;

N—-1

o Coupling H,, = Z Gij | XeX; +YiY; + Z: 2.
i<
1 V= N-1
H, = N Z sin (26, ) X; — cos(20,)Z; Hy,, = Z G ;[ XiX; +YiY; + Z:Z;].
: i<j

—_— — -

Rzz (2dtG;;j) Ryy (2dtGij) Rx x (2dtGij) |
Ry (_cos(20)dt) | Ry (sin(20)dt) | _— — —
N N

or with optimization

— P(3) ( Rz(5") —p— Rz(idtG, ) P— Rz(3) —
Rz(=E) Ry (—idtGi ;) —@—] Ry (idtG. ;)




A focus on neutrino oscillation physics simulated
on quantum computers

Illustration of the Hamiltonian (2 flavor approx)

N-1
1
Oscillation H, = N Z sin(260,)X; — cos(260,)Z;

1=0
N—-1

Coupling Hy,, = Z G| XiX; +YiY; + Z; Z;).
i<j

12 neutrinos / qutrits

12 neutrinos H1-1 & ibm_torino

Quantinuum’s H1-1

4 & 8 neutrinos 20 qubit trapped-ion

HQD-H1
4 neutrinos Trapped lon device
IBM-Vigo QPU

1.0 2)

0. \

,,,,,,,,, © -- Exact &+ Hi-1 & < A
—— Trotter v, 0.6 — — Trotter & HI-1E % %05
3,0'8" —— Trotter vs i I
.......... = $ v HQS = 04f
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: \ 5 L= 10
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£ ;1“ : :}[ 02 t [ T t al
S (e Y Illa et al, PRL 130 (2023) urro et al,
®  Neutrino | [bare] ®  Neutrino 4 [bare] -
A Neutrino | [mit] 4 Neutrino 4 [mi it] P A " n i el .
Mo 0.0 0 8 16 24 32 40 arX|V2407.13914
Time t (] Time t[17] Trotter time step dt [u~*]

Hall et al, PRD 104 (2021)  Amitrano,et al, PRD 107, (2023)



A focus on neutrino oscillation physics

Tensor network

Is also pushing the limit of classical simulation

! ! I ! ! ! ' 4
~ 09} 4

Eo-sl— 1 Upto ~100 neutrinos
Using MPS layers to simulate 2 T b ]
neutrino evolution £osf ey i
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Visible, IR, and UV radistion

A few Achievements in WP 4.1
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Comparison exact (black) and approximate

A few Achievements in WP 4.1

Neutrinos

Prominance

Bright spots and shortived
magnab regions

Using quantum computers as generator of events
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Possible to simulate 200+ entangled qubits
on a laptop
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