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Nucleon Structure and the Origin of QCD

MATTER

MOLECULE

D, e
ATOM

1 1
“

NUCLEUS

DOWN-TYPE

QUARK i
UP-TYPEE

QUARK
o NEUTRON
\ 10 **m | fm
‘ GLUON

-

PROTON

Gloria Tejedor Garcia Quantum algorithms for bosonic Hamiltonians December 18" 2025



Nucleon Structure and the Origin of QCD

Quarks: Fundamental particles
inside protons and neutrons.
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Unresolved Issues in QCD

e ASYMPTOTIC FREEDOM

) . ) . LHeC and FCC-he Study Group, 2020
> Weak interaction at high energies
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Unresolved Issues in QCD

ASYMPTOTIC FREEDOM

> Weak interaction at high energies

-> Perturbative
COLOR CONFINEMENT

> Strong interaction at low energies

> Non-perturbative
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COMPLEXITY CLASSES
AND QCD

Gloria Tejedor Garcia Quantum algorithms for bosonic Hamiltonians December 18" 2025



How difficult are QCD simulations?

 P/BPP - Classical computers solve in polynomial time

P/BPP
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How difficult are QCD simulations?

* BQP > Quantum computers solve in polynomial time

BQP * P/BPP > Classical computers solve in polynomial time

P/BPP
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How difficult are QCD simulations?

* NP - Classical computers verify in polynomial time.

* BQP > Quantum computers solve in polynomial time

BQP * P/BPP > Classical computers solve in polynomial time

P/BPP
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How difficult are QCD simulations?

EXP

BQP

P/BPP

Gloria Tejedor Garcia

EXP -> Beyond NP.

NP - Classical computers verify in polynomial time.

BQP > Quantum computers solve in polynomial time

P/BPP -> Classical computers solve in polynomial time
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How difficult are QCD simulations?

EXP
* EXP-> Beyond NP.
* NP - Classical computers verify in polynomial time.
* BQP > Quantum computers solve in polynomial time
BQP - P/BPP > Classical computers solve in polynomial time
WHERE IS QCD?
P/BPP

Gloria Tejedor Garcia Quantum algorithms for bosonic Hamiltonians December 18t" 2025



How difficult are QCD simulations?

EXP

EXP -> Beyond NP.

NP - Classical computers verify in polynomial time.

BQP > Quantum computers solve in polynomial time

P/BPP -> Classical computers solve in polynomial time

* Scalar field scattering is BQP
(Jordan-Lee-Preskill)

* Real-time or high-density (?) QCD
simulations
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FROM COLLIDER
PHYSICS TO QUANTUM
SIMULATIONS




Qubits and Qumodes

QUBIT QUMODE
Nature of .  Continuous > Harmonic oscillator
) ) * Discrete » Two-level system L g
information with infinite many levels
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> |1)
> |0)
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Qubits and Qumodes

Superconducting Trapped ion Neutral atom S. Girvin et al,
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Qubits and Qumodes (Gates)

Type Operation | Short | Operator
Pauli operators o’
Qubit gates Rotation R:(0) eéﬂai /2
Controlled NOT CNOT | etz @1 —e1)(I2—03)
Rotation R(0) pifaTa
Displacement D(z) ezdl—z*a
Qumode gates| Single-mode squeezing | S(z) | e aa—zalal)/2
Beam splitter BS(z) p7a ! b—z*ab!
Kerr K(z) eif(ata)?
Cross-Kerr CK(2) pi0alablh
Red sideband RSB(z) pizaot tiz*alo™
Blue sideband BSB(z)| e/ o Hiz"aoT
Hybrid gates Controlled rotation CR(0) et99”° a'a
Controlled displacement | CD(z) e (za'—2%a)
Controlled squeezing | CS(z) po”(zFaa—zalal)/2
Controlled beam splitter | CBS(z) o (zalb—z"abl)
Qubit Pauli strings ot
Average phonon number N
Measurements Qumode PNR In) (n]
Qumode homodyne },?’ P ,\
Hybrid o'X, o'P

Gloria Tejedor Garcia
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Qubits and Qumodes (Gates)

Type Operation | Short | Operator
Pauli operators o'
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Qubits and Qumodes (Gates)

Type ‘ Operation | Short | Operator
Pauli operators o PAULI OPERATORS
Qubit gates Rotation R:(0) ea‘ﬂai,fz >
Controlled NOT | CNOT |¢i& (1 —o1)(2—0%) [0' iy O'k] = 21 Ejpy O
Rotation R(0) gifa’a
Displacement D(z) ( ff."}i—_id‘?‘”/z LADDER
Qumode gates| Single-mode squeezing | S(z) | e'® ““7** ¢
Beam splitter BS(2) g=a'b—z"abl > OPERATORS QUADRATURES
Kerr K(z) ei6(a'a)” ~ A A A .
Cross-Kerr CK(z) gfatasle [CL, aT] — 1 < [q7 p] — 1
Red sideband RSB(z)| e'#ac " tiz7alo™
Blue sideband BSB(z2) e'fzd*“ﬂ'?‘&ﬂ‘ T
Hybrid gates Controlled rotation CR(0) gifo a’a
Controlled displacement | CD(z) g (za1—2"a) QHO SPECTRUM
Controlled squeezing | CS(z) go” (z"aa—zatal)/2 )
Controlled beam splitter | CBS(z) BUZ(zaTS_z*afﬁ) ) " A o
Qubit Pauli strings le % gy Wa i
Average phonon number N g e o
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Qubits and Qumodes (Gates)

Type ‘ Operation | Short | Operator
Pauli operators ot
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From Collider Physics to Quantum Simulations

— - 1
0 Use the Hamiltonian notation L=y 0, —m) + gspy*"T P A}, — ZFEVFG W — H = .
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From Collider Physics to Quantum Simulations

0 Use the Hamiltonian notation

7N

Discretize spatial component
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From Collider Physics to Quantum Simulations

0 Use the Hamiltonian notation

7N

Discretize spatial component

Take limits L > o0, a - 0+
finite volume formalism
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From Collider Physics to Quantum Simulations

0 Use the Hamiltonian notation

e Discretize spatial component

Take limits L - o0, a > 0 + %
finite volume formalism % :
QUBIT + : QUMODE
QUBIT-QUMODE
/ COUPLING
= _ ‘ 1
e Map to qubits and qumodes L= (iv" 0y —m) Y + gs A" Ty Af,, - ZFEVFQ e
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Quantum electrodynamics in 2+1

[ H=Hgp+ Hp+ H); + Hg ] *Qn:\PL\I}n_

* Ju = ¢apn — dnly
HY =¢*y (Hﬁﬁg, Tndw +HWY, QuJy + HS,B,Q”QW), - y,

1 2
H(BQ) — @ Z (qn-|—ey - Qn) )

1 1
H}{Q) =3 Z (g0 —ign) o on e + 5 ZPL(n?njLey)U:{a;Ley + h.c.

V. Ale, T. Rainaldi, E. Rico, F. Ringer & G. Siopsis, 2025
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Quantum electrodynamics in 8+1

[ H=Hgp+ Hp+ H); + Hg ] *QnZ‘I’L\I’n_

* Jo = dopy, — @D
H(E!Q) — 92 Z (ng,rz,' an]n’ + %,S,Ll,’,eran’ _I_ HS:'I)J’QTLQTL')a \ )

1 2
H(BQ) — @ E (Qn—l—ey _ QTE) )
n QUBIT

HJ(\/IQ) = My Z(—)'n’ﬂfl'”yC?nj

n

1 1 _
Hﬁ{Q) =3 Z (g0 —ign) o on e + 5 ZPL(n,n+ey)‘7;—Un+ey + h.c.

V. Ale, T. Rainaldi, E. Rico, F. Ringer & G. Siopsis, 2025
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Quantum electrodynamics in 8+1
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Quantum electrodynamics in 8+1

[ H=Hgp+ Hp+ H); + Hg ] *QnZ‘I’L\I’n_

HY = g2 3 (HE) Judur + Hp Quue + Hih Q@ ), \. y,

1 e
HEBQ) — @ Z (Qn—l—ey - Qn)2 3 géi

QUMODE QUBIT
H(Q) _ _\Ngz+ny
M mo Z( ) Q’na :
" p==
o) (1 ; _ 1 _ UBIT + QUMODE
Hﬁ( )= 5 Z (qf?z - ZQ}L) O':O-n+8m + 5 Z PL(n,n+ey)O'f:—1'_O-n+ey + h.c. o o

V. Ale, T. Rainaldi, E. Rico, F. Ringer & G. Siopsis, 2025
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PDFs, TMDs and Ground State Preparation

PDFs and TMDs are expectation values of
QCD operators in a single-hadron eigenstate

(PO, 2)O0)PY), 2 — 22 =0

LOWEST-ENERGY
EIGENSTATE WITH THE
HADRON’S QUANTUM

NUMBERS

Wrong eigenstate > measured correlator
becomes a mixture of different hadronic
structures

IFIC (CSIC-UV)
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VARIATIONAL QUANTUM
ALGORITHMS (VQA)




What is a Variational Quantum Algorithm (VQA)?

Training set

Cost function
Ansatz

Input

Output

Quantum state

Optimizer
arg min C(6)
)

Probability distribution
Bitstring
Gate sequence

—l* Quantum operator

Updated parameters

Hybrid Loop

M. Cerezo et al, 2020
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Why VQA?

Qe Gmomand [I]EE

Quantum
Chemistry

Classifiers

Generative

Condensed
Models

Matter

Tathematical
Applications

Combinatoriz

Urojsrtbasitls Quantum Information

Systems of Equations
I

I
Quantum Metrology

Factoring
I I
Principal Components W Quantum Foundations

M. Cerezo etal, 2020
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Bose-Hubbard — Hamiltonian

==y

:} L I v
I'ror

S
BOSE-HUBBARD (BH) MODEL QP Guomnd [H)EE

2 U
HBH = — E (arar+1 + h.(:.) — 5 E Ny (nr — 1) /
" r Quantum ‘
- Chemistry Classifiers
—H Ny
T
Condensed Generative
:‘v'[ﬁ-t.'.-'er M'Ode}.s

* | — Hopping amplitude (] = 1)

Tathematical
Applications

% U — Strength of the on-site interaction

Quantum Information
I

Quantum Metrology
I

Quantum Foundations

Systems of Equations

I
NB U Factoring

AB H — ] Principal Components

* 1 — Chemical potential (n = 0) M. Cerezo et al, 2020
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Bose-Hubbard — Hamiltonian

==y

:} L I v
I'ror

S
BOSE-HUBBARD (BH) MODEL QP Guomnd [H)EE

A o U A )
Hpy = —J E (CL,«CLTH + h.c.) Y E Ny (N, — 1) /
T r Quantum ‘
- Chemistry Classifiers
—H Ny
T

Generative
Models

Condensed
Matter

Tathematical
Applications

% Fixed number of bosons, Nj.

Quantum Information
I

Quantum Metrology
I

Quantum Foundations

Systems of Equations

% Periodic boundary conditions (PBC). i

Factoring

* AtraCtive case, U > O, Principal Components

M. Cerezo etal, 2020
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Bosonic Kitaev Chain — Hamiltonian

==y

&
BOSONIC KITAEV CHAIN (BKC) Qe Gmomand [I]EE
MODEL | |

A 0 At . o
HBKC — E (_Jez A, Qr41 — eubAara’T—l—l + hC) Quantum

Chemistry

Classifiers

Generative

— n
u r Condensed
Models

T Matter

Tathematical
Applications

* | — Hopping amplitude (] = 1)

Systems of Equations Quantum Information
. . 0 I I
* A - Palrl ng Strength am plItUde Factoring Quantum Metrology
I I
% u— Chemical pote ntial ( = - 8) Principal Components Quantum Foundations

M. Cerezo etal, 2020
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Bosonic Kitaev Chain — Hamiltonian

==y

&
BOSONIC KITAEV CHAIN (BKC) Qe Gmomand [I]EE
MODEL | |

3 10 AT A ) ~oA
Hegke = Y (=Jealarsr — € Naypapy +hc)  rommm ,
Chemistry Classifiers
r
— n
H " Condensed Generative
T Matter Models
Tathematical
Applications
% Variable number of bosons, Np. : .
Systems of Equations Quantum Information
I I
% Periodic boundary conditions (PBC). Factoring _ Quantum Metrology
Principal Components Quantum Foundations

M. Cerezo etal, 2020
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STANDARD VQE (N = 3)
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BH model layer

_ K (05) R(6g) b—
BS(01, ¢1)
— K(04) R(07) b—
BS(02, ¢2)
K(05) R(0g) b—

o BS(0,¢) = exp(f(e®araf — e ?alas))
o K(0) = exp(iON?)

e R(6) = exp(ifN)
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BKC model layer

R(65)

S2(01, ¢1) BS(03, ¢3)
— R(0s) —

Sz(ﬂz,qbz) BS(H‘i: ¢4)

R(67) —

o S5(0.0) = exp(B(e®a1as — e alal))
o BS(0,¢) = exp(f(ci®aral — e~%alay))

e R(A) = cexp(iN)
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Adaptive Derivative-Assembled
Pseudo-Trotter ansatz Variational
Quantum Eigensolver

ADAPT-VQE

H. R. Grimsley, S. E. Economou, E. Barnes & N. J. Mayhall, 2019
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ADAPT-VQE steps

= Ll
P
COST FUNCTION OPTIMIZATION -

((n+1)_ ; (n+1)(9) | H |+ (g
o —1'[1@1'11 (('(,[) AF (ﬂ)l.th + (9)))5311655_{0‘5{11}})

/—

i At ~t A AT N2|e — AT
Apy = {(I-;I:ﬂ-;-+l RS a.:r_Ha.?.,;“v?., Nilr=1,.., -'\“S}

. . D\ DA, 1. UPDATED
Apkc = {‘&'-Iﬁ’-r-—ﬂ + a‘l---lf}-r'e&rﬁ-r—kl + &-:r-ﬁ-:r--i-l-.—'n"rr- (|w{n+ )> = w{ﬂ)) ANSATZ
|T' — ]., raay P\arg}

Select gate with the
ENERGY GRADIENT GRADIENT g

VECTOR NORM NO largest gradient

MEASUREMENTS
2
oL — (pMIH. A Al — OE
J ; (12 VE _ :
56 g, o — WV ILH, As]lv™) IVE] JZ(% .
Ty
7
(71
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ADAPT-VQE — BH model

‘NS=4 Ny = 12 ABH=4.O‘

1024 —e— Standard VQE ;102
e —« ADAPTVQE :
1] :  — Gradient vector norm 10 1
10 ey Standard VQE Infidelity |
Y CS— S —— ADAPT-VQE Infidelity |
' 100
Y 10°; 10
C ] B —
v - o~
& 1071 ;10—1“5
2 3
o 1072 1022
o L=
5 p—
103 :107°
', Workin
1074 10" |
' progress:
10_5 1 . ; 10—5
50 100 150 200

Number of Gates
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ADAPT-VQE — BKC model

‘NS=4 A=25 u=—8.0‘

102‘5 ‘L —s— Standard VQE 5_102
10 —=— ADAPTVQE :
] e e Rt Gradient vector norm
1004 A Standard VQE Infidelity 10"
B S | e ——_——————— ADAPTVQE Infidelity
0]
2 10°4 109
- ' >~
= o
= i
4 1071 F 1071 g
> g
o =
5 =
5 1072 F10°°
N . Workin
1074 w-= =S
i progress!
1074 . . . ' 10~
0 50 100 150 200 250

Number of Gates
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q\\\‘ Stony Brook University | Quantum Information Science and Technology

* Improve operator pools

* Scalable-circuits ADAPT-VQE

% Hybrid qubit-quomode architectures
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* Improve operator pools

* Scalable-circuits ADAPT-VQE
% Hybrid qubit-quomode architectures
* Excitations and correlation functions

* Real-time dynamics and scattering
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