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Probing the fundamental structure of matter
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Quantum chromodynamics

* Theory of the strong interaction between quarks and gluons

| o : 1
* The Lagrangian £ = ¢ (id"y, —m) ¢ + gsn" Ta Aj, — S FIVF,
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Quantum chromodynamics

n Perturbative QCD at high energies
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Nonperturbative at low energies < oaf -
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* Simulations using a lattice discretization ;
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* Quantum computing for real-time dynamics? e Huston, Rabbertz, Zanderighi (PDG)

Wilson; Kogut, Susskind " 70s
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Toward simulating scattering processes

. : : : 2
Need to simulate classically intractable » Scalar field theory \<X \U (t, to)‘ ¢¢>|
real-time dynamics Jordan, Lee, Preskill *10-"17
Parton distribution functions, in- ,,__& <« / ¢
medium correlation functions or
hadronization J V

~ / dt dZ e’ (P;|T[O(t, ) O(0)]| P;)

QCD factorization 2E
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Outline

Qubits & qumodes
with trapped ions

Simulation of spin-
boson lattice models

F. Ringer Qubits & qumodes with trapped ions January 14,2025



Quantum chromodynamics

* Theory of the strong interaction between quarks and gluons

| o : 1
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Qubits, qudits and qumodes
Elementary units for computing
*Qubits

* Superconducting circuits, cold atoms,
trapped ions, topological qubits

* Digital gate-based computing
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Qubits, qudits and qumodes

Elementary units for computing
*Qubits e Qudits

* Superconducting circuits, cold atoms, * Multi-level d > 2 computational units

trapped ions, topological qubits » Gates e.g. X, Zy, Cs[Ry]

* Digital gate-based computing * Various hardware platforms
\‘ '/
3 \ /
0) —H e X —o— > \ /‘2>
\ /
Ty '
0) &

11)

F. Ringer

Introduction January 14,2025



Qubits, qudits and qumodes

Elementary units for computing

*Qubits Qumodes
* Superconducting circuits, cold atoms, * Photonics, trapped ions,
trapped ions, topological qubits superconducting circuits
+ Digital gate-based computing * Infinite-dimensional Hilbert space

 Gate based but with continuous variables
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Quantum simulations for collider physics

, , . . Kogut, Susskind " 70s, Jordan, Lee, Preskill "1 1-"17
e Use the Hamiltonian formulation instead

1o 1 2 L 9.9

A
4]

¢4

* Discretize spatial component =z =an, n=0,...,L—1

* Truncate the local Hilbert space A==
Time-dependent n-point

correlation functions (O(t1)O(t2))
e Take limits L, A — oo, a — 0 + finite volume formalism
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Toward quantum simulations for QCD

Marshall, Pooser, Siopsis, Weedbrock " 15
Briceno, Edwards, Eaton, Gonzalez, Pfister, Siopsis 23

: 4 - \
for bosonic modes, scalar ¢, and gauge fields Abel, Spannowsky, Williams *24

e Qumodes or continuous variables well suited

®,t continuous, £ = an discretized on a lattice
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Toward quantum simulations for QCD

Marshall, Pooser, Siopsis, Weedbrock " 15
Briceno, Edwards, Eaton, Gonzalez, Pfister, Siopsis 23

: 4 - \
for bosonic modes, scalar ¢, and gauge fields Abel, Spannowsky, Williams *24

e Qumodes or continuous variables well suited

®,t continuous, £ = an discretized on a lattice

: - - 1
*QCD Lagrangian £ =1 (0%, — m) v + guin Ty AL — < FIVE,
Qubits (.| '\ Qumodes %’
Qubit-qumode coupling g
Develop a hybrid qubit/qumode approach qumode @ M ubit
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Quantum simulations with qumodes

see Lloyd, Braunstein "99
* Bosonic raising/lowering

(a®)"
N 0)

e n) =
operators a,a'and Fock states

e Quadratures X. P with [X,P] =ih and state  |¢) = / Y(x) |x) de
R

* Visualize using Wigner functions

1 [ i
Wi(z,p) = h / O (z + y)v(z — y)e’ Pyl dy Q B

Ground state (in the Fock basis) |0)
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Quantum simulations with qumodes

see Lloyd, Braunstein "99

Universal gate set

e Displacement D(z) = ¢** —*"@

e Rotation R(§) = ¢i?4'é

* Squeezing
* Two-qumode beam splitter S(z) = o5 (270" —za'™?)
Ups(2) = pzab’ —2z"aTb '
7 = 0e'? ‘

* Non-Gaussian operations

e.g. Kerr gate
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Qubit & qumodes with trapped ions

: . Araz, Grau, Montgomery, FR "24
I®Ii]s][xH electronic states

See also Kenneth Brown’s talk

of the trapped ion

Computational qubits

(

Circuit QED, see Bosonic Qiskit, Girvin,Wiebe et al. *22

F. Ringer Qubits & qumodes with trapped ions January 14,2025



Qubit & qumodes with trapped ions

: . Araz, Grau, Montgomery, FR "24
I®Ii]s][xH electronic states

See also Kenneth Brown’s talk

of the trapped ion

Computational qubits

(

I®Ii[j lefe [ collective vibrational Collective modes

modes of the ion chain (phonons) of the ion chain

¢

Circuit QED, see Bosonic Qiskit, Girvin,Wiebe et al. *22
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Qubit & qumodes with trapped ions

: . Araz, Grau, Montgomery, FR "24
I®Ii]s][xH electronic states

See also Kenneth Brown’s talk

of the trapped ion

Computational qubits

(

I®]i[5ifele (=N collective vibrational Collective modes

modes of the ion chain (phonons) of the ion chain

* Laser interacts with qubits ’/3/'/

Qumode control qubits

Need several qubits to

control and readout qumodes

Circuit QED, see Bosonic Qiskit, Girvin,Wiebe et al. *22

F. Ringer Qubits & qumodes with trapped ions January 14,2025



Qubit & qumodes with trapped ions

: . Araz, Grau, Montgomery, FR "24
I®Ii]s][xH electronic states

See also Kenneth Brown’s talk

of the trapped ion

Computational qubits

(

I®Ii[j lefe [ collective vibrational Collective modes

modes of the ion chain (phonons) of the ion chain

* Laser interacts with qubits ’/‘/’/
/O

Qumode control qubit

Feasibility studies with a minimal

number of control qubits

Circuit QED, see Bosonic Qiskit, Girvin,Wiebe et al. *22
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Qubit & qumodes with trapped ions

Type Operation Short Operator Estimated gate time|Estimated fidelity | Ref.
Pauli operators o 2 us 99.999% 92]
Qubit gates Rotation R;(0) eif7" /2 2 1S 99.999% 92]
Controlled NOT CNOT |eti(i—o1)(I2—03) 30 ps 99.9% 93]
Rotation R(0) gifa’a 200 ps™ 999%™ 94
Displacement D(z) g?d' —="a 10 ps 99% 95
Qumode gates| Single-mode squeezing | S(z) el="a8—za1a")/2 3 ps 98% 96
Beam splitter BS(z) | e*&'b—="ab 250 pis 99% 68
Kerr K(z) gif(a'a)° 10 ms” 95%* 97]
Cross-Kerr CK(z) gifatablh 800 ps 97% 98
Red sideband RSB(z) gizboT +is"aTo™ 200 ps 99.9% 68
Blue sideband bel ) i v 0 200 s 99.9% 68
Hybrid gates Controlled rotation | CR(6) gifoata 200 ps” 999%™ 13
Controlled displacement | CD(z) e (z8'—2"8) 800 ps 995%™ 99
Controlled squeezing | CS(z) eo” (z"aa—zaTal)/2 120 ps* 99%" 13
Controlled beam splitter | CBS(z) e” (za7b—z"ab") 250 ps 99% 68
Qubit Pauli strings o 145 ps 99.99% 100]
Average phonon number N 200 ps 97% 101]
Measurements Qumode PNR |n) (r}| 400 ps 99% 102]
Qumode homodyne X P 200 ps 95%" 102]
Hybrid o'X, o'P 200 ps' 95%!

F. Ringer

Qubits & qumodes with trapped ions

Araz, Grau, Montgomery, FR "24

171Yb* ions in a

linear Paul trap

where z = 0¢'?
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Qubit & qumodes with trapped ions

Type Operation Short Operator Estimated gate time|Estimated fidelity | Ref.
Pauli operators o 2 us 99.999% 92]
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Qubit & qumodes with trapped ions

. Araz, Grau, Montgomery, FR "24
* Hybrid gate example

See also Kenneth Brown’s talk

. . oA+ o okat —
Red sideband gate U,q(2) = e'#%7 T4 @@

Red sideband detuned laser 1)
A —w
RSB A
A
0) |n) <> |1) |n — 1)
= E ‘O> I A W
n—1) n)

* Preserves the total number of excitations

* Beam splitter using two detuned red sidebands
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Qubit & qumodes with trapped ions

Araz, Grau, Montgomery, FR "24

* f[wo-qumode beam splitter Katz, Monroe *22, Kim et al.*23 See also Kenneth Brown’s talk

e | aser does not interact with
1) 10), |0)., Two non-resonant

the two modes directly
"""""""""" RSB transitions

zatb—z*abT

UbS(Z) = €

1) 10)1 1),

Control qubit Qumodes | &2
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Qubit & qumodes with trapped ions

. . . Araz, Grau, Montgomery, FR "24
* Eight 171Yb* ions in a

linear Paul trap
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Qubit & qumodes with trapped ions

Type Operation Short Operator Estimated gate time|Estimated fidelity | Ref.
Pauli operators o 2 us 99.999% 92]
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F. Ringer

Native transmon gates

Gate Name Gate Operation
Mode gates
R:(6) exp (—i07;)
D;(a) exp (ozc'i,:-r — Oi*&i)
BS; ;(p,0) | exp (—z’H (ei‘P&I&j + e_i‘P&i&;r.))

Transmon gates

R7 (9) exp (—z%Z)
R? (6) exp (—i567)
g = X;cosp+ Y;sing
Transmon-Mode gates
CR.,;(0) exp (—z’%ij)

CIL; exp (—imej)
CD, () exp (Zz (a&} — a*&j))
SNAP; ;(6) exp (—iZi X, 0n n) (0], )

SQR, ;(6, %) >, RY™ (6n) ® [n) (nl,

* Different native gate set

* Connectivity

e Coherence times

Trapped ions:

Qubit & qumodes with transmons

Liu, Singh, Smith et al. "24
Crane, Smith, Tomesh et al. 24

Qubits O(s), qumodes O(ms)

Transmons:

Qubits O(ms), qumodes O(s)

Qubits & qumodes with trapped ions

January 14,2025



Outline

Qubits & qumodes
with trapped ions

Simulation of spin-
boson lattice models
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The many-body Jaynes-Cummings model

. . . . . . . Araz, Grau, Montgomery, FR "24
e | -dimensional Hamiltonian with N lattice sites SOMEY

T T

/ ~ Uyt 1Un Tt QpQp41

4

~ ana,f{ + a),:a

Qumode nearest- Qumodes
(Qubits

neighbor hopping

Onsite qumode-qubit

Interaction
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The many-body Jaynes-Cummings model

/ ~al a4 alany Araz, Grau, Montgomery, FR *24

e | -dimensional Hamiltonian

| 23824

~ CLnU;r + a,}:a;

n=1
N
+ 3 waoitoy, * The total number of excitations is conserved
n=1 N N
N [H,Niot] =0 where Ny= > ala, +> oo
TR (a;rz,—l—la’n T a;flanﬂ) e e
n=1

* Related to the Schwinger model,
U(l) gauge theory + fermions
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The many-body Jaynes-Cummings model

Araz, Grau, Montgomery, FR "24

Qumode rotation Trotter decomposition

Qubit ~ I+ o,

 Real-time evolution

Qumode beam splitter

Red sideband

F. Ringer Lattice models and toward simulations of QCD January 14,2025



The many-body Jaynes-Cummings model

: : Araz, Grau, Montgomery, FR "24
* Real-time evolution

N N N
H:cha};an—l—ZwaU —|—/<:Z(n+1an—|—a anH) Z a,, O +_|_a
n—=1 n=1 n=1

* Lattice sites BET T | gl 3
I % | Mos &
o
0.6 S
. I
Initial 04 2
- o
configuration 02 2
oo &

""""" 0 15 2 F=UL M=

Time (a.u.)

Excitation
initially localized

F. Ringer Lattice models and toward simulations of QCD January 14,2025



The many-body Jaynes-Cummings model

Araz, Grau, Montgomery, FR "24

* Ground state preparation * Hamiltonian-based VQA
H = cha;&an RSB(z1)

n=1 Qumode = = R(02) == =

N | layer with non-Gaussian
+)_ w0y, RSB(2,) : 3 red sideband gate

n=1
N — —{ R(0) et -

+ K (a;gﬂan -+ a,‘;anﬂ)

n=1

cf. Lloyd et al. " 18, Siopsis et al. 23
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The many-body Jaynes-Cummings model

Araz, Grau, Montgomery, FR "24

* Ground state preparation * Hamiltonian-based VQA
H = cha;&an RSB(z1)
n=1 Qumode = = R(02) == =
N | layer with non-Gaussian
_ = R, (03) BS(z3) — .
+ ) w00, RSB(2,) : 3 red sideband gate
n=1
N — ol R(6) e —
+ K (a;gﬂan + a,J[L
n=1 100 .
l Fixed vs.
N _80 .
+ 1) Z (ana,f{ + a,};a;) é‘ 160 3\:: variable (Ntot)
n=1 s 140 £
S ES

. (bvaalv)l”

cf. Lloyd et al. " 18, Siopsis et al. 23
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Outline

Qubits & qumodes
with trapped ions

Simulation of spin-
boson lattice models
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Conclusions

* Quantum computing well-suited to address challenges in fundamental physics

o Exploration of quitS, quitS, qumodes see George Siopsis’ talk

* Small-scale simulations

* Building up toward simulations of the Standard Model

e od
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Conclusions

* Quantum computing well-suited to address challenges in fundamental physics

o Exploration of quitS, quitS, qumodes see George Siopsis’ talk

* Small-scale simulations

* Building up toward simulations of the Standard Model

, U.S. DEPARTMENT OF M att G rau al(e M (@) nt omer aC I( AraZ
@ENERGY J sOMETY )
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The many-body Jaynes-Cummings model

: : Araz, Grau, Montgomery, FR "24
* Real-time evolution

N N N
H = cha,};an + Zwac . T %Z ( Apy10n + G an+1) + 772 (Gﬂnﬂq_@F T a:fla,,;)
n=1 n=1

n

]
—

- _ = = - As expected for
2N o
n 3: [H7 Ntot] — O
2|
1 —— Qubits —— Qumodes --- Total -
. @ i I I I

Time (a.u.)

* Open boundary conditions
* 4 sites and qumodes truncated to 4 levels for the classical simulation

F. Ringer Lattice models and toward simulations of QCD January 14,2025



The many-body Jaynes-Cummings model

Araz, Grau, Montgomery, FR "24

* Ground state preparation * VQA ansatz
N * Include additional number-nonconserving gates
}A] — Z wca;rlan
n=1 e Rz(el) Ry(95)
N RSB(Zl) BSB(ZG)
+ Z WaO O — = R(02) = D(z4) pmmm S(25) Pt —
n=1
N _— Rz(eg) BS(Zg) Ry(96)
+rY (afian+aban) b S
n=1 e == R(04) ==t D(27) = S(23) p== S

Hamiltonian ansatz Can achieve variable (N,

F. Ringer Conclusions January 14,2025



