I“" o T v (9) =1 UM (13 |
Massachusetts Institute of Technology

<kl 2 [ ]
- By (03™) [ By (01) 7 B (69) |17 0)
LIPS
set - » » l - » » l »
€ ' ) (4 (A \ ' '
T set -\ )f):(}_():(}_{ /- \{1 / \{1 / set :()_():({1):({1):
2 g (ep; 2) % % * . - - - - -
k= Gy e (€) - s — ® ® ® . - - o » -
hist M ¥ ¥ ¥ set 6-3 e\ /e é

Quantum simulation of parton shower
with kinematics

So Chigusa NT/RBRC Seminar @ BNL (10/17/2025)



High-energy physics x Quantum science: my perspective

Quantum computation \7 Quantum sensing

N

Parton Shower
e PLB (2022), PRA (2024)

e Soft emissions? Superconducting qubits
 EW shower? * PRA(2025)
Jet clustering? Rydberg atoms
Look elsewhere? * arXiv: 2507.12860

Anomaly detection?

Error Correction

** Interesting interplay between computation and sensing motivated by high-energy physics!
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Overview

+* The known fact

* Parton shower is a traditional algorithm to

simulate high-energy multi-emission
processes based on a classical probability

distribution
%+ Problem

* A non-trivial “flavor” structure could
iInduce quantum interference effects,
which cannot be tracked by the classical

parton shower algorithm

<+ What we did

* Constructed a quantum algorithm (QVPS)
for simulation of kinematics

* Demonstrated physics implications

So Chigusa, NT/RBRC Seminar @ BNL (10/17/2025)

Hoche “Introduction to parton-shower event generators”

Zr/y

ol o

Z;/h
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Table of contents

: : How it works
A brief review of

When quantum interference become important

(classical) parton shower Phenomenological implications of interference

Quantum Veto Parton Shower
. Bottom-up demonstration of construction ideas
@ (QVPS) algorithm

How to incorporate kinematic information
C. W. Bauer, etal.[1904.03196]

P. Deliyannis, et al. [2203.10018] mm) Bauer, SC, Yamazaki 24

Color interference
Future directions Spin interference

elc.
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Large logarithms

*» Soft/collinear singularities lead to an enhancement of emission processes

* EX) gqg + g production

O, X O n|\——|1M\{\ ——
o % o ) "\

soft collinear
** The expansion parameter becomes larger - a — aln

So Chigusa, NT/RBRC Seminar @ BNL (10/17/2025)
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Resummation of large logarithms

** Emissions are not necessarily suppressions at high energy scales

2
* Collinearemission @ LHC: 25 (Mz) ln( ]230 ) ~30% < E; ~ 0.6TeV
2TC AQCD

2
¢ Soft & collineary @ muon collider: — In? (E—OZ) ~30% © E;~ 1TeV

2TT my

2
* Collinear emission from heavy DM: W2 1n (E—OZ) ~ 30% < E, ~ 0.5EeV

21T msy
C. W. Bauer, et al. [2007.15001]

> + %; + %}b——z + .-
“* Resummation of large logs needed!
» The (collinear) leading logarithms (LL), ~ Y, (a In(coliinearyn

So Chigusa, NT/RBRC Seminar @ BNL (10/17/2025) 6 /39



Coherence

Only ladder-type diagrams with 1 — 2 splitffings confribute at the collineclr LL

» LL contributions

< Beyond LL

0"

So Chigusa, NT/RBRC Seminar @ BNL (10/17/2025) 7 /39



Coherence

Only ladder-type diagrams with 1 — 2 spliffings confribute at the collineclr LL

» LL contributions

< Beyond LL

0
p

Chang®’70, Gribov* ’72, Dokshitzer 77

So Chigusa, NT/RBRC Seminar @ BNL (10/17/2025) 8/ 39



Coherence

Only ladder-type diagrams with 1 — 2 splitffings confribute at the collineclr LL

» LL contributions

< Beyond LL

0
p

* Virtuality ordering i1s another requirement
Chang®’70, Gribov* ’72, Dokshitzer 77

So Chigusa, NT/RBRC Seminar @ BNL (10/17/2025) 9/39



Cross-section relations

*» The relationship among cross sections

* EX) gq + g production

| Eg _— ZEO
t ~ E§
doggg . @1 . 1+(- z)* t € [A%cp, EZ]: Virtuality
dtdz qqq’a 2wt 7 z € [0,1] = Energy fraction

*» Can be interpreted as classical “splitting probabillities”

a.dt 1+ (1—2)?
s 4o (Z )dz

= dPz

Ny 4-99 = 5o ¢

qa—9q

So Chigusa, NT/RBRC Seminar @ BNL (10/17/2025) 10/ 39



General splitting and splitting functions

*» Factorization is general = general splitting probability

a(t,z) dt
21T C

* AP = P je(z)dz

“ Splitting functions in QCD

%6:;‘; (1-2(1—-2))°
Fy—gg = 2C4 Z(Zl _ Z)Z

So Chigusa, NT/RBRC Seminar @ BNL (10/17/2025)
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Classical parton shower

N/
0’0

s a Monte Carlo simulation that simulates multi-emission processes with

a(t,z)dt
dPijp = o Pijp(z)dz
<+ Some well-known public codes =V
. Pythia8 '
. Ly, Z
* Herwig ..
* Sherpa oz S
cf) Angular ordering  marchesini+ '84. *ss R - . A

* Large log resummation is reshuffling of cross sections (ensured by unitarity)

.+ e.g. O_;g _ O_L9+LL_I_O_LO+LL_I_O_LO+LL LO+LL

qq qq9 qggg T O

agqq T

So Chigusa, NT/RBRC Seminar @ BNL (10/17/2025)
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Quantum interference in parton shower

** Aloophole in the discussion so far

A non-trivial flavor structure makes interference effects important at the LL-|evel

s ff z_{,,fj

ik J K Z
kk’

“ QCD was OK (@ inclusive LO simulations)

* Flavor diagonal * Coloris classical information @ LO of N,

s 4

So Chigusa, NT/RBRC Seminar @ BNL (10/17/2025) 13 /39




Models with quantum interference

s EW shower

 (Classicaltreatment
Z.Nagy, E. Soper[0706.0017]
J. Chen, T. Han, B. Tweedie [1611.00788]
> > > >

ZT/’)/ ZL/h

<« Simple toy model: Nr fermions charged under dark U(1)

~ (3 : — A/l 1~ 1 I AT
* Lgark = Z)(i(la - m)())(i + Z_lginiA Xj— ZF,LLVF Y — Emj’AuA :
l L]

*» Classical parton shower simulation can not take account of quantum interference effects

* Possible phenomenological impact

So Chigusa, NT/RBRC Seminar @ BNL (10/17/2025) 14 / 39



Distribution of the number of emissions

00 (n)=1
- ®
_____ > ____.._____>(_____:
SV -
1071 ’
5 2
[ Suupu—. MW----
S ' "'
1 L___i classical e
10—2 _ Nf= 2 i *
: Ne=4 i
X  classical MC x _____
¢ Qiskit (Nshot = 10°)
10_3 ' J T 1 T T
0 1 2 3 4 5
8 SC, Yamazaki ‘22
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From classical to quantum simulation

*** The interference effect is a fundamental feature of the quantum mechanics

*» Can we naturally take account of this by quantum simulation”?

« “Amplitude-level” solution: store flavor information as a superposition of guantum states!

16/ 39



Simplest two-flavor example

C. W. Bauer, et al. [1904.03196]
t € [tj+1, tj]

17 /39



Simplest two-flavor example

C. W. Bauer, et al. [1904.03196]
t € [tj+1, tj]

3
~—
v
Ny
—~
O
N

B I

** |s) stores flavor information of a parton

v,
COSE —sm—
|s) = 0 = Cos— la) + sin = \b)
sin7 Cos—
. 911 Y912 , ,
*» Flavor basis to interaction basis: L;,,; = lA g21 gzz) (X1 X2) = GaXaA Xa + G XpA Xp

18 /39



Simplest two-flavor example

C. W. Bauer, et al. [1904.03196]
t € [tj+1, tj]

‘* |e) preserves whether the emission occurs or not

4 Oq _Og 0 Op 0y
COSE‘CQ COS7‘08)+SIH?‘16) +51n5\b) COS7‘06)+SIH7‘18>

NG

“* Emission probability from |g) (g = a,b) -

19/ 39



Simplest two-flavor example

C: W. Bauer, et al. [1904.03196]
t € [tj11, 4] '

** Measurement affects both the |s) and |e) states

6 Oa . Oq .6 6 . 0
Cos - |a) (cos; 10,) + sin—- |1e)) + sin |b) (cos;b 10,) + sm;b \18)) (before meas.)

6 64 . 0 8
= |YP) & (cos;cos; la) + sm;cos;b \b)) 10.) (e =0)

0 . 0Og .6 . 0
= |YP) & (cos;sm? la) + sm;sm;” \b)) 11.) (e=1)

20/ 39



. o *
Quantum interference effect . fgﬁ . X/ ﬂﬁ .\

k,k’ ’

« (N = 2)-step simulation starting from |s) = cg/,|a) + sg/2|b}

| t € [tj11, 4] | t € [tj12,tj41]
s) — R, (0) : 0 ¢ : 0 ¢
| |
| |
e1) : Ry (0,) R, (0b) A :
| |
| |
€2) : : Ry(0.) Ry (0p) A —
| |
 “Classical’ anticipation ¢ Quantum result
N=1 N=1
) P§=1 ) = Cg/zAfPa T Sg/zAbe ° pézl ) = cg/ZASDa + sg/ZASDb
C o (N=2)  _ [ (N=1))" N=2 N=1)\?
pelzez=1 o (pe=1 ) ’ peglzez):l - Cg/ZA:PaZ T Sg/ZA:PbZ i (pegzl ))

21 /39



Towards sampling: veto method

< We judge if emission occursin t € [t;.q,t;] and sample z according to

t. Zmax(tj) alt;, z
AP ~ In— X dz ( / )
27T

tj+1 Zmin(tj)

P(z) <1

“* The veto method for sampling based on a complicated distribution f(z)

1) Prepare over-estimated quantities

over

* OV (2) = f(z) with fzzg’i}i’; dz f°V'(z) =1 4

over ,over I
* [Zmin 'Zmax] = _Zmin:ZmaX]

2) Sample z; accordingto f°V*'(2)

Zj

+ Solve [ duerdz' fOVT(2") = 1 € [0,1)
3) Veto (= conclude no emission) if //\/\|
* % € [Zmin) Zmax] OF | i i
© f(Z)/f(z) <1’ €[0,1) . -

Amax — Z?ﬁ’:; 1 2 3 4 5

So Chigusa, NT/RBRC Seminar @ BNL (10/17/2025) 22 [ 39



Two-flavor simulation with sampling

fover (Z)

23 /39



Two-flavor simulation with sampling

t € [tj+1, 4] 5) T T
e) Ry (0a) Ry (0y) A
~ - fover(z) L & &
! Zj

“* Sample z according to over-estimated quantities

24 | 39



Two-flavor simulation with sampling

t € [tj11, 4] 5) T T
e) Ry (0a) Ry (6s) A
> fover(z) & &

“* Sample z according to over-estimated quantities

O _ _fa(2))
2 fover(zj)

< State-dependent veto with sin? for |s) =|q) (g = a,b)

25/ 39



Two-flavor simulation with sampling

t € [titq,t] s) T T
e) Ry (0a) Ry (0p) A
~ fover(z) s I\

“* Sample z according to over-estimated quantities

Veto procedure allows to use state-independent £V (z) for samplir\g
as far as f°Ver(z) > max(f,(z), fy(z)) is available

: 6 :
< State-dependent veto with sin*— = /a(z))
2 fover(zj)

for |s) =lq) (q = a,b)

26 / 39



Numerical simulation by Qiskit

N =10°
10000 shot
s=b,e=0
3000 - [ 1] S=b e=1
- s=a,e=0
p 6000 sSs=a,e=1
C
)
@)
Y 4000-

2000

0= — T | | |
0.0 0.2 0.4 0.6 0.8 1.0

Z

fa(®) =3z, fy(2) =32* and |s) = =(la) + |b))

So Chigusa, NT/RBRC Seminar @ BNL (10/17/2025) 27 /39



Multi-step simulation with kinematics

< N-step discretization t, = EZ > t; > t, > - > ty = uin
t € [tj1+1, 8] | t € [tj42, tj41]
s) o T | o ®
I A~ I
e) 0) R (0,) | R (8,) A f——0) R (00) ) RY TV (00) A —
I
I
[
P— fover(zj) H H ::= fover(zj_l_l) H H
[
e : ej = I ej_l_l —
I
to track the preceding dynamics with full kinematics
~ 1) Add a parton
2) Virtuality jJump
=

28 / 39



Quantum Veto Parton Shower

Bauer, SC, Yamazaki ‘24

|Gn+j+1) Ry (®) —e UT(13,)
t € [tj+1, tj]
€) Ry (03%) H By (01%) {{ Ry (7) H 0)
q; (k) set . - - - - - . - -
7\ N\ ) 70 e ) - -
s === (D))=
2 Gl (cp; 2) 5 . . » » » » » .
= 900 (o) . —n . . . . . . . . .

hist u ¥ & & set é é\- @ G):
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Quantum Veto Parton Shower

Bauer, SC, Yamazaki ‘24

|Gry 1) Ry (®) —o UT(p2,) b
t € [tj11, 4]
e) Ry (65) H By (01%) H{ BY (094) H 7 0)
q; (k) set - - - - - - - - -
- ) ) 7O g y - -
s === ===
2 alov (ex; 2) » . . » » . » » »
= A () . — . . . . . . . . .

hist u ¥ ¥ ¥ set e 6\1 @ Q):

 Particle register |q,) for each parton k stores fermion flavors in [log, N¢| qubits

N/

“» Virtuality of each patron c’sz(k) , Whether it is a fermion / gauge boson, stored in classical bits

*» Emission history is also stored in classical bits

30/39



Quantum Veto Parton Shower

Bauer, SC, Yamazaki ‘24

| Gnr+j+1) Ry (®) —o Ut (12,)
t € [tj11, 4]
e) Ry (05%) H By (07) H BY (07) [~ 0)
q; (k) set - - - - - - - - -
a ) ) 7O e ! - -
s O e OO O O E O O O
P gi,over (Ck Z)—i; ) ] ] ) o o oy o »
k=g, () J —w . . . . » » . - -
I )
: ) ) A e
hist M J 9 ¢ set e e ) -\?/- -\e>:

» Sampling of k (a candidate parton that undergoes emission) and z (energy fraction)

« Sampling of k can be done classically again thanks to the over-estimated quantities

* Candidate splitting topology and kinematics is fixed
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Quantum Veto Parton Shower

Bauer, SC, Yamazaki ‘24

Gns+j+1) Ry (®) —e UT(13,) !—
t € [tj41, 4] i ‘ i
o Iry 6 H ry 01 H RO 00 HA 0)-

q; (k) st [— . . . . . . . .
} ) ) O : \ ) N/
& o = = O—(O—) Ot OO O

z alov (ex; 2) - » - - - - - H »

= 905 (o) . — . . . . . . . . .
hist u » ¥ ¥ set é é\l @ G):

*»» Basis rotation of fermion (if necessary)

* Due to the RGE flow, the rotation angle is scale/kinematics-dependent

 Suitable choice of the RG scale is process dependent Herwig++ Physics and Manual [0803.0883]
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Quantum Veto Parton Shower

Bauer, SC, Yamazaki ‘24

|Gryvjt1) Ry (®) —o UT(p2,) b
t € [tj11, 4]
e) Ry (65%) H By (69%) { BY (094) H 7T 0)
q; (k) set - - - - - - - - -
( (30 () () (" - - -
& set === \ \f‘>: ot :QQZQ‘):@):
z alov (ex; 2) - = . " " = - = =
= 905 (o) . —n _ . . s - s _ . .
. u ] N\ 7\ e
hist 9 9 ¢ set e e ) -@ -\e>:

** Veto and determine whether the emission occurs through the mid-circuit measurement

33 /39



Quantum Veto Parton Shower

Bauer, SC, Yamazaki ‘24

s 1) (Ry (@) | Ut (13
t € [tj11, 4] :
) Ry (63%) H Ry (07) H B (674) H| 0)
q; (k) set - - - - . —n - - -
-/- -\- -/-\- -/—\- /- q | ->:<->:<->:
s <)== )=~ = ()=
2 alov (ex; 2) » . . » » . » » »
= 905 (o) . —n _ . . s - s _ . .
— ] (=) (—(()—

*» If emission occurs, state update is necessary

 k =fermion, add a new gauge boson

— (aq|a)|a) + ay|b)|b))

as+ai

 k = gauge boson, generate an entangled state |g;)|gnew) =
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Numerical results of QVPS

0.5

0.4- +

0.3

P2

0.2
L \/
0.0 . .

3000 -

N =

2500
2
= 2000

-
O 1500

1000

500

0 1 2 3 4 5
No. of emissions n Bauer, SC, Yamazaki ‘24

So Chigusa, NT/RBRC Seminar @ BNL (10/17/2025) 35/39



Future directions

% Construct more efficient algorithms * Quantum resources required
. Register Purpose 2 flavors
c AP, , AP, < 1 enforcesfine meshoft s) Particle state (N + ny)log Ny
. : . ' 1SS] i
 Directly sampling t with veto ) Did emission happen: !
e Gate cost O(N) R 0((7’1)) Element Purpose (zate costs
U(p?) Flavor rotation NiN
» EXxclusive observables & soft IOgS Work in progress RY(H) Fmission NfN
R(®) Particle update NiN

* Spin interference

, * Emission history in a qubit register
* Colorinterference

p) HR™ —P) @—Uf™ HRremt -
% Next-to-leading logarithms B AN

e) U™ —©

ng) + —(e)—

1a) Ucount —(Ma)— Uy,

o) 4 ()

C. W. Bauer, et al. [1904.03‘,})96]

So Chigusa, NT/RBRC Seminar @ BNL (10/17/2025) 6/ 39



Spin interference

Position Space Double Slit

| | H. Chen, et al. [2011.02492]
7

*» EXclusive observables as a function of ¢ can exhibit spin interference

“* Visible in the squeezed limit of 3-point energy correlators

So Chigusa, NT/RBRC Seminar @ BNL (10/17/2025) 37 /39



Color interference

0(1/N¢)

\\iﬂl/,

g -

ZCF Cag

“ PQcp = \9192)(9192‘ T = \9291)(9291‘ T (19192)(9291] + 19291)(9192])

“* Visible in 3-point (particle ID-ed) energy correlators A. ). Larkoski [2205.12375]

So Chigusa, NT/RBRC Seminar @ BNL (10/17/2025) 38 /39



Conclusion

e A nhon-trivial flavor structure revives interference effects

Problem at the LL-level
e Cannot be tracked with the classical parton shower

. e Constructed the quantum veto parton shower (QVPS
What we did | parton snower (RVES)
e Demonstrated the phenomenological implications

e Soft interference
e Color interference
* Physics case studies and further extensions of circuit

Future directions
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Application to QFT

> Quantum simulation of parton shower C. W. Bauer* [1904.03196]
 Can naturally capture the guantum nature of phenomena

> S-matrix calculation of lattice gauge theory
* (# of qubits required) ~ log (# of classical d.o.f.s) C. W. Bauer*[2102.05044]

> Screening/confinement in Schwinger model with a topological term

* Map between spin-/fermion-/boson-systems e.g.) Jordan-Wigner transformation

M. Honda, E. Itou, Y. Kikuchi, L. Nagano, T. Okuda [2105.03276]
> Event Classification with Quantum Machine Learning

K. Terashi, M. Kaneda, T. Kishimoto, M. Saito, R. Sawada, J. Tanaka [2002.09935]

41



Unitarity

P. Skands ’12 “Introduction to QCD”

» So far focused on tree-level processes F @ LOxLL(non-unitary)
> -+ = = o= = —+ ... 2 U(()Z) 052) "t
) 3
| <ol 0] 0| 0 ,0
O.lncl. - 0.(1;‘0[1 4 aslnz T (CZSIHZ)Z n ] o 1 2 3
0 1 2 3
>~ Unitarity ensures order-by-order cancellation of IR singularity k (legs)
5 5 F @ LOXLL(unitary)
o[ @ o] -
+ o+ = IR finite 2
L Sl || o | o
. . ~ 0 0'(()0) 0_50) 0_50) Uéo)
2 ) 0 1 2 3
o % 250 _ Fo, % 5 B0 k (legs)
O-O CF l 2 O-O CF l >
2T iR 2T UiR
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Phenomenology example: lepton jets

» Observe A’ decay products frompp — yxy + nd’
» A" decay through kinetic mixing

- “Lepton jets” form, < GeV
C. Cheung®’09, P. Meade™ 09, A. Falkowsk®’10

vq Branching Ratio 2
| 10 e T
HO0r MR &= e 4 ATLAS [1212.5409]
0.70} S 104E E141 swecL 1 ATLAS [1409.0746]
' °© Orsay Sgggj %
050F ete” % 107 U7o ok EEETLAS—%.
- ope . 8 10° N
(% 030} W o \g
aa Hadrons 5 107 erar HARM S
é LSND =
015' -'GE-S 10—9 SN _;
: : ! X ]
0.10r : 1 1010 ATLAS -
: 20.3f6" 's=8TeV 3
: , o : , : , , , 10-11 L] C Ll
0.10 0.15020 030 0.0 0.70 100 1.502.00 3.00 10°® 102 10 1
va Mass [GeV] m, [GeV]
A. Falkowski* [1002.2952] - Cuts on lepton multiplicity eg) = 4 muons

» Interference effect on number distribution of emissions matters
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Numerical simulation by Qiskit

1.0

“ |s) = agla) + a,|b) after meas. of |e)
0.8- — e>0

10000

8000 -

Q Q Q Q
| R I
2/0 9 F
® M @ ™
o
— O = O

6000 1

counts

4000

2000

0.0 0.2 0.4 0.6 0.8 1.0
Z

* Analytically / Numerically checked quantum state evolution is OK up to O(A:qu)

So Chigusa, NT/RBRC Seminar @ BNL (10/17/2025) 44 | 39



Error mitigation

Large N = 0(30) w/o mid-circuit measurement requires real quantum computers

\4

1.6 16
1.4 - 141
1.2 - 121
1.0 - 10 1
0.8 - 0.8 -
0.6 - 0.6 -
010 of5 1j0 115 210 2i5 3j0 [:._I.j [:._Il_:, 1I.:| 1I5 EI.'J 3I5
IBMQ_Santiago (5 qubits) w/o error mitigation after error mitigation

> Fight with noise in quantum computation
* Error correction
* Resolve the reason of machine dependence

45



Quantum simulation of soft interference

NG

% EX) qq + g

s+ |Interference of emission histories

* Need to extend our approach with
quantum history registers

So Chigusa, NT/RBRC Seminar @ BNL (10/17/2025)

* |n differentjet cones

* Softlogs

* Wide-angle soft emissions

No collinear logs

p) H R —P) PHu{™ H gt
|h) Up, @

e) U™ —@©

ng) ()

ne) Ucount —(Ma)— Up,

ne) —(nb)—

C. W. Bauer, etal.[1904.03196]
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