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What can quantum computers do?

* Prime factorisation

e Unstructured search

* e.g. searching abstract spaces
* e.g. Monte-Carlo integration

e Simulating quantum systems
* Computational chemistry
* Condensed matter systems
 Particle physics

* Linear equations, optimization, ...
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* Trapped ions
@ diraq JUETEE

* Neutral atoms
* Photonic systems
* Superconducting systems

e Software progress
* e.g. Error-correcting codes (e.g. "surface codes")

e Commercial interest
e Government interest %QAKRIDGE

LEADERSHIP
COMPUTING
FACILITY

Quantum
Benchmarking
Initiative
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. (llustrative Ranges Across Platforms)
Blueprint for DOE
Quantum Supercomputing 2026 2027 2028
ENSURING U.S. LEADERSHIP IN THE ?UANTUM DECADE VERIFIED SCALABLE SCIENTIFIC-RELEVANT
006 DEMONSTRATIONS SYSTEMS DEMONSTRATIONS
LOGICAL -1-10 ~10-50 ~50 - 100+ L
QUBITS logical qubits logical qubits logical qubits campaigns
HARD Up to ~10* quantum S10%L 104 . 0% _168 . ~10” - 10" hard logical
’fsf "\ U.s. DEPARTMENT | Office of LOGICAL operations in tightly 10 Ot(;fgg;i?glcal 10 o;%rgg;cgoglcal operations for large
7 of ENERGY | science controlled demonstrations scientific applications
%*@ J of OPERATIONS trolled d trat tifi licati
~10 - 10* logical operations A moreloa el ~10° - 10" operation
SPEED & TIME per second; much of the time RS ogur o A full scientific calculation campaigns finished in
TO RESULT spent resetting rather than P S Fa)gcura i returned within 24 hours days, computing >80% of
computing Y the time
Effective connectivity: linking Rhga .
CONNECTIVITY distant qubits costs ~2 - 10x Effective connectivity Effective connectivity W_'FIBE_ }_5’," ?Eg:?lli:ﬁgéss
BETWEEN more time and error than improved ~3x on machines within ~2x of ideal across a Ll b b%have'as one
QUBITS neighbors; ~1x on small fully of ~100+ qubits ~1,000-qubit machine raching
U.S. DEPARTMENT connected machines
of ENERGY
‘i & Lower logical error rates; Reliable fault-tolerant
ACCURACY & ROS opowons repeatable execution sufficient for e susiabecl et
RELIABILITY classically benchmarked multi-logical-qubit end-to-end scientific e
SEPTEMBER, 2026 workflows calculation Gl
Results beyond routine
S C AC . Lo Integrated control, End-to-end quantum- . .
INTEGRATION st decoding, software, and HPC-Al workflow with with xpenmants an DOE
calibration scientific validation P b
C O M M I T user facilities
T ; e Independent validation Results beyond routine
R E P 0 R SCIENTIFIC Direc_t plassical E:Zisgzjla;:te;lgr?t}igg oonr againsj exper_iment, c!assical rgach, integrated
VALIDATION verification Where fassBle classical limits, or with experiments and DOE
predictive scientific value user facilities
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Quantinuum Roadmap

SYSTEMS

QUANTINUUM QUANTINUUM

H1 H2

PHYSICAL

QUBITS 20 56

2-QUBIT
GATE ERROR

LOGICAL
QUBITS

LOGICAL
ERROR RATE

NVIDIA GPU
INTEGRATIO

QUANTINUUM QUANTINUUM

HELIOS SOL

98

50

<104

QEC Decoding QEC Decoding
~1PFLOP ~10 PFLOP

QUANTINUUM

APOLLO

1,000s

QUANTINUUM

LUMOS

1,000,000+

1x 107

Control + QEC
Decoding
~100 PFLOP

*analysis based on recent literature in new, novel error correcting codes predict that error could be as low as 1E-10 in Apollo (ref: arXiv:2403.16054, arXiv:2308.07915).
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Figure by
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CMS Experiment at the LHC, CERN

Data recorded: 2015-Sep-28 06:09:43.129280 GMT
| Run/Event/LS: 257645 /1610868539 / 1073
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Why simulate strong force at high energy?

e Simulations for precision measurements at colliders

* Metrology for particle physics
e Could give first hints of new particles awaiting discovery

* QCD at high energies becomes perturbative

+ NNLO incl.
* LEP 3-jet shape |
= JADE 3-jet shape

* Can use Feynman diagrams to calculate cross-sections / scattering rates

* Highly challenging and computationally intense
e e.g. multi-loop amplitude calculations
e e.g. Monte-Carlo integration of cross sections

HACGC Czakon, Mitov, Poncelet, [1911.00479]

central scale choice j
=

LHC 8 TeV PDF: NNPDF31
®

—_— —e—t

LO — NLO —— NNLO —— ATLAS

ol [)



Why simulate perturbative QCD on 3
guantum computer?

1. Perturbative QCD requires quantum-coherent combination of
contributions from many unobservable intermediate states

* natural candidate to exploit superpositions of quantum states in quantum
computers and seek a quantum advantage (see later)

2. Processes with high-multiplicity final states, with full quantum
interference effects

3. Improve speed/precision of perturbative QCD predictions by
exploiting speed-ups of known quantum algorithms
 e.g. quantum amplitude estimation
* e.g. quantum Monte Carlo



4 NNLO incl.
¢ LEP 3-jet shape |
= JADE 3-jet shape

Complementarity with lattice-based
approaches

* Quantum simulation: a flagship application of quantum computers " Wiy

* Recent years: proposals for quantum simulation of lattice QFTs (e.g. lattice QCD)

* But lattice QCD requires lattice with (Q/A)? lattice sites
« A~ 0.2GeV (fundamental QCD scale)

e For the LHC, Q ~ thousands of GeV
So on a lattice, QCD at LHC energies would require trillions of lattice sites -> trillions of qubits!

e Fortunately, at high energies we can use perturbative methods instead of lattice.
* Can use Feynman diagrams to calculate scattering amplitudes and cross sections

* Quantum simulation of perturbative QCD remains largely unexplored
* Notable exception: several papers on parton showers

* This talk: towards simulation of generic perturbative QCD processes

0.2 [

= 0 (M,)=0.1210:0.0022
.

* Conceptually distinct from typical guantum simulations



Quantum computing proposals in high-energy physics

* Experiments / data analysis

i P D FS [Pérez-Salinas, Cruz-Martinez, Alhajri, Carrazza, '20], [QuNu Collaboration, '21], [Robbiati, Cruz-Martinez, Carrazza, '23]
o E FTS [Bauer, Freytsis, Nachman, 21]
i M O nte Ca rI O fo r CrOS S-S eCt I O n S [Agliardi, Grossi, Pellen, Prati, '22] [Cruz-Martinez, Carrazza, '23] [Williams, Pellen, '25] [Lee, Lee, Kim, '25]

* Part h
a r O n S Owe rS [Bauer, de Jong, Nachman, Provasoli, '19], [Bepari, Malik, Spannowsky, Williams, '20], [Gustafson, Prestel, Spannowsky, Williams, '22]

* E T ti :
Ve n ge n e ra I O n [Gustafson, Prestel, Spannowsky, Williams, '22], [Bravo-Prieto, Baglio, Ce, Francis, Grabowska, Carrazza, '21], [Kiss, Grossi, Kajomovitz, Vallecorsa, '22]

L]
e Latt CD
a I Ce (See reviews e.g. [Klco, Roggero, Savage, '21] and [Bauer et al., '22] and references therein)
M m
a ny O re [Cervera-Lierta, Latorre, Rojo, Rottoli, '17], [Ramirez-Uribe, Renteria-Olivo, Rodrigo, Sborlini, Vale Silva, '21], [Fedida, Serafini, '22], [Clemente, Crippa, Jansen, Ramirez-Uribe, Renteria-Olivo, Rodrigo, Sborlini,
Vale Silva, '22], [Martinez de Lejarza, Cieri, Grossi, Vallecorsa, Rodrigo, '24], [Ramirez-Uribe, Renteria-Olivo, Rodrigo, '24], [Galvez-Viruet, Llanes-Estrada, '24], [de Lejarza et al. '25], [Bashore, Moretti, Vitos, '25], ...
(]

+ QI studies, ...
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Quantum circuit model

* Qubits

* Gates

* Unitary, reversable ;X{
* Can be controlled by other qubits

Quantum Mechanical Computers 511
o0 oo A) 1
b : §--X--- b =¥ |B) > D
c I ¢ ral SUM =¢’ |Cm> £ O
i} c o
d=o CARRY =d |0> A A
Fig. 5. Full adder, N N

Figure from: Feynman, R.P. Quantum mechanical
computers. Found Phys 16, 507-531 (1986)

|A)
1B)
15)
|Cout)

Operator

Matrix
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Gate(s)
Pauli-X (X) —b- [? 5}

. 0 —i
Pauli-Y (Y) [i 0]

. 10
Pauli-Z (Z) 4@7 [U —1]
Hadamard (H) _@_ % [i —ﬂ
Phase (S, P) s} [

x/8 (T) SEls o o]
1 0 0 0
Controlled Not — lﬂ 1 0 n]
00 0 1
(CNOT, CX) —O— 00 1 0
. 1 0 0 0
Controlled Z (CZ) @ [3 0 1 8]
e 00 0 -1
o 1 0 0 0
00 1 0
SWAP X la 1 0 0]
—X— 0 0 0 1
1 o () o 0 0 0 )
Toffoli BREE o 0100 0 0 o
(CCNOT, — o o 1] 1 0 0 ] o
o o o [} o 1 0 o
CCX, TOFF) —— A B
19
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QCD Feynman diagrams 101

* Physical observables ~ [A]?

Scattering amplitude A can be written as sum over Feynman diagrams
* Colour factors C, and kinematic factors K|,

11%2...,J1J2-. n,1112...,J1J2--

A= Z C K, G102 _ Z (0102 K,
n

n

SU(3) structure function fe%¢ at each triple-gluon vertex
* (4-gluon vertex can be written as linear combination of 3-gluon vertices)

SU(3) generator T°; at each quark-gluon vertex
Trace over unmeasured (unmeasurable) colours

e.g. colour factor of is Z ij L ji
ae{l,...,8}
j€{1,2,3}

Note: the large-N, approximation is not required in this work
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Key result of 2303.04818

 Two quantum gates (G and Q) to simulate color parts of the
interactions of quarks and gluons

Q
LI
Il

=)
L
O
Il

INg
LI
(1T

e T e T

9,
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Implementation

* Quark colors: represented by 2 qubits (22 = 4 basis states, of which 1 is unused)
* Gluon colors: represented by 3 qubits (23 = 8 basis states)

* Quark-gluon interaction gate is designed such that

Qla), Z ik la), ©2),, + (terms orthogonal to |€2),,)

* Triple-gluon interaction gate is designed such that

Gla)y, 1b),, 1€) s [y — fabe (@) g, 16),, 1€) g, [0y + (terms orthogonal to [€2);,)

* Note: |0),, is a reference state of a "Unitarization register", which we introduce
because in SU(3), T?; and fabc are non-unitary.
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Quantum computation to simulate high-energy strong force

22




Simulating colour: illustrative example

(See later slides for general case)

U
W s —T & 0 0 T
> q9 —
Rq
g —
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Simulating colour: illustrative example

(See later slides for general case)
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Simulating colour: illustrative example

(See later slides for general case)

R—l

IHHLI““
77317

8
DD la)y lk)g k) 192)y

a=1 k=1
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Simulating colour: illustrative example

Z T35T5 |a), i), k) 5 1$2)y, + (terms orthogonal to [$2),)

ig+ gk

i.,k€{1,2,3}

IHHLIHH
-1
§ e
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Simulating colour: illustrative example

Z T35T5 |a), i), k) 5 1$2)y, + (terms orthogonal to [$2),)

ac{l,....8}
i.j,k€{1,2,3}

Z TETS i), k)7 | 192), [0, + (terms orthogonal to [Q2), \Q>u)

q
a€{l,...,8}
i,J,k€{1,2,3}




Simulating colour: illustrative example

Z T35T5 |a), i), k) 5 1$2)y, + (terms orthogonal to [$2),)

i+ gk

i.,k€{1,2,3}

...,H.ﬁ.@.uu.
-1
j [

=l 2 THTRI, R, | 190,100, + (terms orthogonal to |2), \mu)
ersghek€hawddyy (Florida State) — QLCF User Call — 10/28/26 )3
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Simulating colour for an arbitrary Feynman
diagram

* Build a quantum circuit with:
* Foreach gluon, 1 gluon register, with 3 qubits per register
* For each quark line, a pair of quark registers: ¢ and ¢, with 2 qubits per register
* A unitarization register with Nu = [logo(Nv + 1)] qubits

* |nitialise each register r into the state £, ——
* For each gluon, apply R, 7N F_

* Foreach quark line, apply R,
* For each quark-gluon vertex, apply Q gate to the corresponding g and g registers (not ¢)
* For each triple-gluon vertex, apply G gate to the corresponding g registers

* For each internal gluon, apply (R;)™

* For each closed quark line, apply (R,)™

. C%Iptﬁr.factor C is found encoded in the final state of the quantum computer,
which is:

Recall the illustrative example:

i

%,

L

1 a1az... . . . .
W) = N ) 12 1) 1 + (terms orthogonal to |Q>I+U) &n) = z Cﬂ,ilig...,jljg... (|a1) lag) .. ) (\21> |ig) . . ) (\31> jo) - )

(11.(1?....6{1,...,17\/'3—1}
-/ - VAq: T
e e = kv e, Nc}
N = NBNa+Nag )2 2 o2 ¥ U2 # fpreee{1,..,N.}




Validation

[2303.04818]

Diagram

Analytical

Numerical

Simulating single Feynman diagrams *‘ Mrm "

* Implemented using Qiskit
e Simulated colour for various diagrams

Working in SU(3)
Traced also over external lines, to obtain
a single number for each colour factor

Noiseless quantum simulator
* These examples use up to 30 qubits

Ran each diagram for 102 shots
(subsequently reduced)

Measured output to infer colour factor
%C |2) ;; + (terms orthogonal to |Q2) )

Full agreement with analytic expectations
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CpN =4 3.9988 + (.0012
Cp*N =1 5.331 £ 0.010
Cr =2 0.673 £ 0.010

L J
L J

N(N2—1) =24

23.95+£0.03

(2-1) _ o 2.00 = 0.03
j /
0 0.0107
CeN? _ g 5.92 + 0.08
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Quantum-coherent sum of multiple Feynman diagrams

) g

1

Iic

Fo

N

N

|

|

H
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Quantum-coherent sum of multiple Feynman diagrams

1 2 3 4 5
| | | | |
L Qg 12); 1)y 2), e = i i i i
| | | | |
Ki1]0) +Kz|1), 9 : I r : F I : —X
2. |Q>E |Q>I’Q>U< \K1|2+\Kg\2) | >I : : L : 2 : :
| | | | |
3. |§jf£>|?<z|2 (Kl% 0Y, + Ky |Q)E]1>C) + (terms orthogonal to Q) [Q),,) ol | | J | 1 i
Q). AR —o— g
| | | | |
4.1, 19) (Kllgjl\;f/lﬁ(c;\;ﬁl}2>|5|1>c) 4+ (terms orthogonal to |Q2); ’Q>U) ' ' ' '
5. s (Kﬂ%m) 192), 190, |, + (terms orthogonal to |2), Q) €2),)
P( Q) Q) Q) ) _ K P& 6) KT Ko (6 ]e) + K5 K (€al€1) +|Ka [ (S2]62)
— 2 2 2
I U c 2(| K1 |2+ K2|?)N A=Y K,
Generalises straight-forwardly to arbitrary i
number N, of diagrams (see article for details): Az :anl‘agm K,
1 5 1112...,7172--- ~ n,tit2...,31J2-..-
P (1) 19y 19)p) = 17— D2 Kn lén) e _ .y Ny
NND n Herschel Chawdhry (Florida 51|€”> - Z Cﬂ,ilig..‘,jljg..‘ (!a1> |a2> . ) (|Zl> |12> .- ) (|jl> |32> .- )

(11,ag,...;’il,ig,...;jl,jg,...

uantum computation to sitromrc g erersy StrorE-ToTeT
Ny = NVNDS, K2 Q p 5 57 5



Quantum-coherent sum of multiple Feynman diagrams

= = =R’ A

I
&

* Example:

®

I/ \I I !
g2 93 ! g3 R, : ‘ i f

q1 : | :
P = y 1

] 1

g2 @2
1
@ > .

, = = = ) = ==
q2 S - Rq Q Q i E i
- - 01 Q ' : :
+ Q1@
q2 =4 § : : ':‘ '
Ry : L

. 56 u=—= = = ! 111

_____ _ C RC
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Validation

Interferences
— * QCD gauge group: SU(3)
0 g@ 95 * IBM Qiskit noiseless simulator
p ‘ e Set kinematic factors K, =K, =1

 Ran 108 shots

* Results for <| F+F,|?*>
Zés( Analytic: 22/3=7.33
- N * Noiseless simulator: 7.65 +/-0.34

q1

Herschel Chawdhry (Florida State) — OLCF User Call — 10/28/26

. . . 35
Quantum computation to simulate high-energy strong force




Validation
Interferences — on physical devices
S  Now gauge group: SU(2)

. fg& g§§ * Quantinuum H1 and H2 ion-trap
: T guantum computers
e = * Compiler optimization level O
4 * Set kinematic factors K; =K, =1
 Ran 1,000 shots
“_, i§ | * Results for <| F;+F,| >
g *  Analytic: 11/6 ~ 1.83
> &3 — s * Noiseless simulation: 1.93 +/-0.12

 Physical device (H1) 1.63 +/-0.11
* Physical device (H2) 1.95 +/-0.12

Herschel Chawdhry (Florida State) — OLCF User Call — 10/28/26
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Permutations of identical particles

E
-
A

O—

*

1
N3, o

(mmm+mmm

VR T RSP ) @) g, 18) gy 11 1305 12 [€2) . + (terms orthogonal to [©2), )

A=Y CoK,

e

I

I

I

I

]

I

I

1

:

I

_— 2 : a,b,i,j,l

)y == '
f[ :

I

2)g, , ¥
I

I

|

I

I

1

I

I

I

I

a1ag... _ aljag... K
"41112‘..,3132... E :Cn,zlzg...,jlp..‘ n
n

|&n) = > Crit .. Ua) laz) ) (i) liz) - ) (lin) 172) - )
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. . A1 ,092,...321,22,...3701 5725+
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Validation

Permutations

___________________

e Gauge group: SU(2)

* Quantinuum H1 quantum computer
* Compiler optimization level O

* Set kinematic factors K; =K, =1
 Ran 1,000 shots

* Results for <|F{+F, | %>
* Analytic: 1/3=0.333
 Noiseless simulation: 0.330 +/-0.015
 Physical device (H1): 0.342 +/-0.015



Generalization to many particles

* Generalizes nicely to N particles
 Employ sorting networks — well-studied in computer science seeaiso farxiv:quant-ph/9703054]

e N=3: ® T ® I .

N = 10: —°
T M w——"

! AINENE 1
e N=4: J i

oo
®
®

oo 066 690

!
!
I
!

D .

g1
DI ! I

1 I D S

Figures from https://bertdobbelaere.github.io/sorting _networks.htm/ N=10 circuit by Waksman (1969). Optimality proof by Codish et al. (2016)




Generalization to many particles

Permute gluons

* N=4 example:

4 g2 g3 Ga

+ 23 more Feynman diagrams

NN

Herschel Chawdhry (Florida State) — OLCF User Call — 10/28/26
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Validation

Diagrams with many identical particles
e Gauge group: SU(2)

, ffgg + 23 more * Quantinuum H2 ion-trap machine
\ — — * Optimization level O

0 =R, | : : . .
i SIS * Set kinematic factors K; = ... = K,, = 1

iy i ETL * Ran 1,000 shots

5 ; * Results for <|F,+ F, + ... + F,,|*>
S e Analytic: 45/4 = 11.25

L1
]]_] I 1T T T I

e = * Physical device (H2-1): 11.12 +/-1.42
[} o) =
(4] (H—~
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Outline

SRR A A

Introduction/motivation

Calculating colour part of a Feynman diagram on a quantum computer

Including
demonstration on
56-qubition-trap

quantum computer!

Multiple Feynman diagrams and their quantum interferences <

)

Efficient algorithm for Feynman diagrams with identical particles <
Towards kinematics < ﬁ

Summary and outlook

New 98-qubit ion-trap machine
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Quantinuum Roadmap

SYSTEMS

QUANTINUUM QUANTINUUM

H1

PHYSICAL

QUBITS 20
PHYSICAL
2-QUBIT

GATE ERROR

LOGICAL
QUBITS

LOGICAL
ERROR RATES

NVIDIA GPU
INTEGRATION

*analysis based on recent literature in new, novel error correcting codes predict that error could be as low as 1E-10 in Apollo (ref: arXiv:2403.16054, arXiv:2308.07915).

QUANTINUUM

HELIOS

98

50
<10*

QEC Decoding
~1PFLOP

QUANTINUUM

SOL

192

<2x10%

~ 100

~ 10

QEC Decoding
~10 PFLOP

QUANTINUUM

APOLLO

1,000s

QUANTINUUM

1x 104 LUMOS

L 1,000,000+

1%x 10510
1x 107%"

Control + QEC
Decoding
~100 PFLOP

Herschel Chawdhry (Florida State) — OLCF User Call — 10/28/26
Quantum computation to simulate high-energy strong force

44



Towards kinematics - PRELIMINARY!!

Events Events
120} 8or
S e
60 - T
[ ]
80+
@ Analytic expectation®
L 40}
e m 10k shots on 98-qubit machine
s0+
. 20_
’ 20} ¢
ry O —— 1 — Ty Pz o7 = 1 0 1 2 5 7
D3 P4 k k?
X Y z T Y z T Y z
N T A I 4 \) \J 4 A oo L (104)
o 1 0901 11110110101 0O0O0OT1T1O010O0O0OT1TO0O0O0OO0T1T 1 (104
2 -2 —1 —2 2 1 —2 2 4 24
ps = (2,-2,-1) ps=(—2,2,1) k= (-2,2,4) k? =24
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Aside - get in touch to discuss:

* Mid-circuit measurement + feedforward: algorithmic applications?
e (Apart from error correction)

* Encoding schemes for error detection, with lower overhead than full
error-correction?

* Quantifying systematic uncertainties resulting from hardware noise

e Optimization with quantum circuits




Outline

SRR A A

Introduction/motivation

Calculating colour part of a Feynman diagram on a quantum computer

Including
demonstration on
56-qubition-trap

quantum computer!

Multiple Feynman diagrams and their quantum interferences <

)

Efficient algorithm for Feynman diagrams with identical particles <
Towards kinematics < ﬁ

Summary and outlook

New 98-qubit ion-trap machine
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Summary and outlook
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* Quantum algorithms for efficient high-energy strong-force simulations
* Complex physical system — classically hard to compute
* Important for precision measurement science program
* First signs of quantum advantage (Feynman diagrams with identical particles)
* Validation on state-of-the-art ion-trap machines with up to 98 qubits

* Unlocks several natural avenues for follow-up work:
 Faster quantum circuits to generate multi-particle quantum states
 Opens new paths to beyond-classical capabilities for guantum sensing and metrology

 Quantum error correction/mitigation; quantum optimization
e Faster Monte Carlo calculations of cross-sections

 Broader applications outside of high-energy physics

Want to know more? Email me: hchawdhry@fsu.edu
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