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Overview

The fact

> Parton shower Is a traditional algorithm to simulate
high-energy multi-emission processes based on
a probability distribution

Problem H&che “Introduction to parton-shower event generators”

» A non-trivial “flavor” structure could induce

, which cannot be dvv\// m//
tracked by the classical parton shower algorithm > > > >

What we did

1. Constructed a quantum algorithm to simulate multi-emission processes, taking into
account guantum interference and kinematical effects
2. Demonstrated the phenomenological implications based on a toy model
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Large logarithms

> Soft/collinear singularities lead to an enhancement of emission processes
. EX) gg + g production

decos@dx — M & "ox i, x T2 \ ik

do, 2 1+ (1 —x)? E;
1~ ZC s (1= and o - ocaﬁlnz(—o

» The expansion parameter becomes larger - a — aln or aln?
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Resummation of large logarithms

> Emissions are not necessarily suppressions at high energy scales

a (M) ( E?
In

- Collinear emission @ [LHC:
27 A2

) ~30% < E,~0.6TeV

QCD
. . a Eg
+ Soft & collinear y @ muon collider: 2—ln — | ~30% < E;~1TeV
U m
U
. - M E;
+ Collinear emission from heavy DM: aZ(z 2 In (—02) ~30% < E,~0.5EeV
v/ myz

C. W. Bauer, et al. [2007.15001]

— ey

*

» Resummation of large logs needed! he leading logarithms (LL), > (aln)”
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Coherence

Only laddertype diagrams with 1 = 2 splittings contribute at the LL

» | L contributions

- Beyond LL

Z a’ lnn_l 4+ ... :\“ :\‘\ \\\\\“(‘v"},:"n,,’ Q9 ‘
n = = Ny + = o 5 +
- ¢f) Virtuality ordering = chang+ 70, Gribov+ 72, Dokshitzer '77 cf) Angular ordering  Marchesini+ ‘84, ‘88
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Classical probabilistic interpretation

> The relationship among cross sections
- EX) gg + g production

“uag Z A -»° with virtuality ¢, « sin? %
dt dx 2 t X 1 2

f=4.q

> Can be Interpreted as classical “splitting probabilities”
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General splitting and splitting functions

> General formula of the splitting probability

a(t,x) dt P (0d
. AX)dx
or ot T

dg&—)ﬂ” =

l

> Splitting functions in QCD

1 + x?2

(66,6666 Pq_)qg = Cr l —x
g (1 — x(1 = x))? o ,

Py rge =2Cy (1 — ) . Powgqg = Tpx"(1 = x)

- cf) helicity effects in EW theory chen+ [1611.007881 CT) mass effects in dark U(1) chen+ [1807.00530]
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Classical parton shower

>

Monte Carlo simulation to determine the multi-emission cross sections based on

> |nevitable for high-E simulation
. Pythia8
. Herwig

. Sherpa X
. etc. -

> Unitarity ensures that the inclusive cross section iIs unchanged

LO _ LO+LL , LO+LL , LO+LL , _LO+LL ,
€.9., 0,5 =0y T 0455 T 0459 T %5 T
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Analytic results for soft emissions

> Consider soft & collinear gluon emissions from a high-energy quark

No emission probability for a given range A(z, 1)

rl

%A(to» 1) = = R(DA(f, 1) = A, 1) = exp (‘ ldtR(t)>

. aS Eg
Po = A(//tlzR, Eg) =e¢* with 1~ C,—In°—
27 /412R

~ | arac ) = Je~

DR()A(t

tminﬂ ’ tmax

probability of n gluons

» A Poisson distribution with an average 1 « aIn?
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Quantum interference in parton shower

> A loophole Iin the discussion so far

A nonrivial flavor structure makes interference etfects important at the LL-level

IR LSS

ik kk’z

> QCD is “trivial” in this context
- Flavor diagonal . Color information is preserved

. 4
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Models with quantum interference

» EW shower

. Classical treatment
Z. Nagy, E. Soper [0706.0017] L / / /
J. Chen, T. Han, B. Tweedie [1611.00788]
> > > >

ZT/’}/ ZL/h

> Simple toy model: N: fermions charged under dark U(1)

_ . L | S 1 o
o Lok = 2;{1-(1() — m)(i))(i + 2 lgl-j)(l-A;(j — ZF””FW — EmjAﬂA H
i i

> Classical parton shower simulation can not take into account quantum interference
effects in these models, but they can be phenomenologically important
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Analytic treatment of interference effects

» A simple toy model with N, flavors of fermions

, G=1 : :

» For n gauge boson processes

zj: - ;2 — - ]»2 — + (interference)

1\;2“”"1) terms 1\5?‘1 terms

A1
<. .. =igGA'y with y = [ :

)(Nf

|
<[]
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Distribution of the number of emissions

00 (n) =
®
_____ )(_ ____.._____>(_____:
: _____ %____j
1071 ’
5 ¥
Y s MW----; -
S ' "
1 L___i classical oy
10—2 _ Nf= 2 i +
: Ne=4 f
X classical MC x _____
¢ Qiskit (Nshot = 10°)
10_3 I I J 1 T T
0 1 2 3 4 5
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From classical to quantum simulation

> The interference effect is a fundamental feature of the guantum mechanics
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Simplest two-flavor example
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Simplest two-flavor example

» |s) stores a quantum state of a parton

¢ .
COS— —sSin—
\s)=[smé ¢2](é)=008§‘a>+8in§‘b>

> COS )
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Simplest two-flavor example

» |e) preserves whether the emission occurs or not

¢ ea - ea - ¢ 9]9 : eb
= = COS — cos— |0 sin — | 1 sin—|b)| cos— 1|0 sin — | 1
) = 1s)le) = cos [ a)( cos =10,) +sin—-[ 1,) ) +sin = b)( cos =10,) +sin 2| 1,

> Emission probabilility from |g) (g = a,b) -
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Simplest two-flavor example

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

)= Is)le) = cos 2 1ay(cos 2210, + sin 2211} ) + sin 215 ((cos 2210, A sin 2211.)
— 15)le) =COS—|Ad COS — S111 — S1IN — COS — S1N —
/ > H e ) e > 5 Ve H e
=> |y) cosﬂcos@\a)+sin£cos@|b) 10 (e =0)
) "0 "0 ‘

=> |y) x coszsin&\a)+sin£sin@\b) 11,y (e=1)
2 2 2 2 ‘
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Towards sampling: veto method

» We judge If emission occurs int, <t <t + At according to

» The veto method for sampling based on a complicated distribution f(x)
1) Prepare over-estimated quantities

o) > fr) with [ dx foei(x) = 1

OVGI‘ OVGI' D
mlIl ? maX IIllIl’ maX

2) Sample x; according to f°*(x)

Solve [7 dx'fo*(x)) =r e [0,1)

3) Veto (= conclude no emission) if \ \ \ \
| > ‘ ! w ; .
xj ¢ [xmin’ xmax] or f(xj) /fover(xj) <re [091) Trnin -/min Tmax = Tiyax 1 2 3 4 3

21 /38 2024/5/28 So Chigusa @ KIAS QUC-AIHEP



Two-flavor simulation with sampling

W
~~—"
)
—9
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Two-flavor simulation with sampling

T = fover(aj) ) & &

» Sampling of x according to the over-estimated quantities
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Two-flavor simulation with sampling

.

— Ry (6,)

g

Ry(@b)

T fover ($)

» Sampling of x according to the over-estimated quantities

» State-dependent veto with sin?

@q

2

fq(xj)
fover ( xj)

24 / 38

for [s)=1q) (¢=a,b)
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Two-flavor simulation with sampling

T fover (33) & &

» Sampling of x according to the over-estimated quantities

0 X
» State-dependent veto with sin? — = I5) for [s)=1q) (¢=a,b)
2 fover(xj)
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Numerical simulation by Qiskit

counts

N =10°
10000 shot
g=1,e=0
gooo| I g=1,e=1
B g=0,e=0
6000 - q=0,e=1
4000 -

2000

0

_1 _32
f“(Z)_Ez , 15(2) =7

0.0 0.2 0.

4

0.6

0.8 1.0

1
and |s) =—(|a)+|b))
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Numerical simulation by Qiskit

>

|5) = ay|a) + a; | b) after meas. of |e)

0.8-

10000

8000

|
Q O O Q9
| I [ /I |
/e
® ® M O
1B T [
R O L O

6000 -

counts

4000 1

2000

0.6 0.8 1.0

1.0

0.4 0.6 0.8 1.0
Z

Analytically / Numerically checked gquantum state evolution is OK

up to 0 (A72) -

Require A, , AP, < 1
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Quantum interference effect

> (N = 2)-step simulation starting from |s) =c,la) +s,|b)

I I

s) — Ry(9) : Q ¢ : o ®
I I
I I

eq) — Ry(0a) — By (0s) A
I I
I I

€2) : : Ry (0.) R, (0b) A —
I I

> “Classical” anticipation > Quantum result
pe(]=\71=1) = cq%Ag’a + SzAg’b pe(i’l:l) = cg%A@a + Sq%Agﬁb

e1=e,= e=1

2
p<N_=2>1 _ <p<N=1>>
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Multi-step simulation with Kinematics

. Discretize 1 € |y, E5| to N-steps as ty=E5 > 1, > 1, > - > ty = ujp

5 f~
I

e) 0) RY(8,)

I

T — fover(ajj) H

RY) (6

|

|

[ I

Ry (00) [ BY T 0) A

Foer i)

||

I
I
I
I
I
I
I
I
=
I
I
I
I

:ej:

€j+1

> Need mid-circuit measurement to track the preceding dynamics with full Kinematics

—~J

1) Add new parton
2) Vituality jJump
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Quantum Veto Parton Shower

@nrtjr1) R(®) —e Ut (13,) |
qx) U (1) T [ 0)—B— UT(13y)
€) Ry (65™) 1 Ry (67%) 1 Ry (674) {7 0)
q; (k) t - s . . . . s -
s OO )——~— )=
G (ens 2) » . » . —n » .
k= 9% tor (C) . — . . . . * . .
hist M . — set =)
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Quantum Veto Parton Shower

@nrtf+1) R(®) —e Ut (13,) |
ar.) U(izy) T [ 0)—— U (1)
e) - Ry (85%) H Ry (67%) H R (67-4) H 4 0)
q; (k) = set - - - - - . - -
(DO —(D—(D—~(—(D—(
2 g (ex; 2) % % % % % % % %
kI a5 (c) - —w . . . . - _ _
hist M - —=s ol :(9

- Particle register |g;) for each parton k stores fermion flavors in [log, N;] qubits

> Virtuality of each patron q]?(k), whether It Is a fermion / gauge boson, stored in classical bits

>

Emission history is also stored in classical bits
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Quantum Veto Parton Shower

>

@y vj1) R(®) o Ut(12,) |
) U(izy) T [ 0)—— U (1)
€) Ry (85%) H Ry (67%) H R (67-4) H 4 0)
q; (k) set » - - - - » - -
s (DD~ ~D—)—=
>, g (cp; 2) lr % % % % % % % %
kS I_Qi”izfr(c) - —u . . s . - _ _
hist u o o . set ZG’/\'

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

32 /38

2024/5/28 So Chigusa @ KIAS QUC-AIHEP



Quantum Veto Parton Shower

Qs +741) R(®) |- Ut (N
) (02, T { 0—A Ul (2,
) |63 H 009 [ 89 004) HAA U
q: (k) set —m - - - —% . .
R O O—O— O O—O—f
2 G (ep; 2) . . » . . . » »
k= 3l (c) . —s . . . . . . .

hist M . . . set ZCQ

» 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

|Gry+j+1) R(®) —e UT(12,)

Hxx
) U(izy) c‘* [ 0)—— U (1)
e) A Ry (03%) H By (61%) H Y (074) HAR 0)
q; (k) set » - - - - » - -
O~ OO —
2 g (ex; 2) % . % % % % %
k= Gkt (©) ' — . . . . s s

hist M $ ¢ ¢ set :Ce/\'

> Veto and determine whether the emission occurs through the mid-circuit measurement
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Quantum Veto Parton Shower

>

|Qn1—|—j—|—1>

/(@) |4 Ut (u2,) F

Hxx
) U(izy) T [ 00— U (3,)
e) Ry (63) H Ry (67%) H RY (67:4) H~ 0)—
G; (k) set . s s - ——n - -
2L O O—0O—O—OA0O—0-
2 g (cp; 2) s s * s s . - -
k= 3l (c) " s " " " " » - .

hist M ¢

set

It emission occurs, state update Is necessary

. k = fermion, add a new gauge boson

- k = gauge boson, generate an entangled state |g,) | guew) =

35 /38

2
aj

(agla)|a) + oy | b)| b))
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Numerical results of QVPS

> Summary of the setup 0.5
0.4 -
1 ,o
|s) =11)=—=(a) - 0.3-
2 N X
0.2 1
o \/
0.0 - . .
0 1 2 3 4 5
30000 ; :f;
2500 :
. £ 2000
>~ Some analytic result =R
2 = 1000
(\/Na(n) _ \/Nb(n)> 500
pr(n) =
. 2 (Na(n) + Nb(n)) 0 1 2 3 4 5

No. of emissions n
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Future directions

» Construct more efficient algorithms . Quantum resources required
- AP , AP, < 1 enforces fine mesh of ¢ Register Purpose 2 flavors
| | | q) Particle state N +nj
- Directly sampling ¢ with veto ) Did emission happen? 1
. Gate cost O(N) - O ((n)) Work in progress Element Purpose Gate Cost
U(p?) Flavor rotation 2N
RY (6) Emission AN
> Treatment of soft interference R(®) | Particle update 2N

. Global entanglement - Emission history in a qubit register

. Quantum treatment of history p) AR @) @ v H pom' |
h) + Un 8@
> Next-to-leading logarithms e) o
ng) —(e)—
> Noise mitigation n4) + Unount —>— Un
) —(m)—

Bauer, et al. [1904.03196]
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Conclusion

Problem

A non-trivial “flavor” structure could induce quantum interference effects in the multi-
emission processes, which cannot be tracked by the classical parton shower algorithm

What we did

1. Constructed a quantum algorithm to simulate multi-emission processes, taking into
account guantum interference and kinematical effects
2. Demonstrated the phenomenological implications based on a toy model

> Possible future directions include the optimization of the quantum circuit, inclusion
of soft interference and next-leading order effects, noise mitigation, and more.
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Phenomenology example: lepton jets

> Observe A’ decay products from pp — yy + nA’

. A’ decay through kinetic mixin « o
ecay tnroug etlic 9 - “Lepton jets” for m, < GeV
vq. Branching Ratio
10_2? - 00 - el
1.00_' — } - 8, , favoured. - A1 BaBar
| W 1035— % __.—-""—E’774 APEX
0.70F E 10-4 ;_ . E141
| "q_j § Orsay
050r e'e” e c% 107 = u70
| + . "O E -6:
HH : ", o 107
(% 0.30} v o F
m Hadrons = 1 0’g £137CHARM TS
' é = LSND .
0.20} £ 0%k =
0.15;- "g 10_9;_ SN _;
| : j % - S
0.10¢ : 1 10" ATLAS .
: - 20.3fb" is=8TeV =
|....|...|E I , 1 , L B oy , 10—11 Lol ! L] L]
0.10 0.150.20 0.30 0.50 0.70 1.00 1.502.00 3.00 10° 102 10 1
vq Mass [GeV] m, [GeV]

- Cuts on lepton multiplicity eg) > 4 muons
» |nterference effect on number distribution of emissions matters
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