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Event generator In a nutshell
@ e g

Process description Event generator v
ncoming particles * Knows how to calculate the do/dQ -7 -0 7
Primary outgoing particles  of the desired process ey =
Kinematic constraints « Computes o=J(do/dQ)dQ
Algorithm * Samples four-vectors according to Many, many events
Precision dP(Q) = (do/dQ)dQ/o = Lists of stable particles
etc. and their four-vectors

‘one of the computational pillars of any HEP experiment”
(HEP Software Foundation review)



https://arxiv.org/pdf/2004.13687

A practical case for something different

Current event generators suf

‘er from fundamental scaling problems:

 Event complexity scales ~

‘actorially with perturbation order

* Integration time scales ~exponentially with final-state multiplicity

Timing and memory usage (Sherpa 3.x.y + HDF5)

LO ME level event generation only (Comix; v, Z, h, u, v, 7, v; off) 10°; o
Process W™+ 1j 2] 3] 4 9 : . *
RAM Usage 21 MB 43 MB 43 MB g5MB 5 3 biy;
Init/startup time ' ' ' ' 2 : : o o 2 i S
: ; O 106+ 50/ s pU
Integration time 8x4m26s 16x16m42s 32x20m26s g 10 h £ °IsM . hou
MC uncertainty N 0/, N AR N 2009/ ) S o phase-space factor integrand Clnteg rS/yeaI'
Unweighting eff ~ 6.59-107%  7.50-10~*  271-107*  147-107% & 10°; 1 \, Tatio,,
10k evts 1Im 2s 15m 5s 1h 3m 5h 56m © . . 2
Numbers generated on dual 8-core Intel® Xeon® E5-2660 @ 2.20GHz § 1041 e 0= F do |M| G(Cb CDC)
c hase- t
Process W'+ 5] 6)" 77 8jf . ase-space cuts
RAM Usage 189 MB 484 MB 1.32 GB 1.32 GB 1 2 3 4 5 6 7 8 probability distributions/
Init/startup time # jets matrix element

Integration time
MC uncertainty
Unweighting eff 9.56-107° 7.66-107°
10k evts 24h 40m 2d 11h

7.20-107°
10d 15h

Agliardi, Grossi, Pellen, Prati "Quantum integration of elementary
particle processes." i j

Michele Grossi (CHEP24)

Numbers generated on dual 8-core Intel® Xeon® E5-2660 © 2.20GHz
*T Number of quarks limited to <6/4

Source: Schultz 2018

QUANTUM
TECHNOLOGY
INITIATIVE

M. Grossi
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https://indico.cern.ch/event/751693/contributions/3183025/
https://indico.cern.ch/event/1338689/contributions/6080116/

A practical case for something different

Current event generators suffer from fundamental scaling problems:

 Event complexity scales ~factorially with perturbation order
* Integration time scales ~exponentially with final-state multiplicity

]
]
I

Timing and memory usage (Sherpa 3.x.y + HDF5) ;

LO ME level event generation only (Comix; v, Z, h, u, v, 7, v; off) .'

Process W™+ 1] 2j 3 4 I\/lay be typ|Ca|

RAM Usage 21 MB 43 MB 48 MB 85 MB |

Init/startup time  <1s / <l1s <1ls / <1s 2s / <1s 32s / <1s \/ —

Integration time 8x4m26s 16x16m42s 32x20m26s 64x1h32m @ S 1 OOTeV ’

MC uncertainty 0.22% 0.46% 0.89% 0.97%

Unweighting eff ~ 6.59-1073 7.50-10~* 2.71-10~% 1.47 - 107 o 3.5—

10k evts 1m 2s 15m 5s 1h 3m 5h 56 _L C _‘B%?HIAS a2 __,-"/,-'

Numbers generated on dual 8-core Intel® Xeon® E5-2660 @ 2.20GHz / £ 3 —-PYTHIA8 Monash iy

P < _ --- EPOS LHC :

Process W'+ 5] 6)* [ 7" 8" \ 25 - - QGSJET II-04

RAM Usage 189 MB 484 MB 1.32 GB 1.32 GB T 2.5° ATLAS B : T
Init/startup time 3mbs / 1s 24mb52s / bs| 3h6m / 18s  5h55m / 29s 25 i Charged par“Cle mU|t|p||C|ty N
Integration time 128x4h38m  256x13h53m| 512x19h0Om 1024 x23h8m = 2 - o

MC uncertainty 1.0% 0.99% 2.38% 4.68% [ ele collisions (PLB 758 67)
Unweighting eff 9.56-107° 7.66-107° 7.20-107° 7.51-107° 15- N

10k evts 24h 40m 2d 11h | 10d 15h 78d1h ) [ p, > 500 MeV, ng, > 1

Numbers generated on dual 8-core Intel® Xeon® E5-2660 027206 HzZ 1 | ’ >, 30, psl (:aftrapolated) ] |

*T Number of quarks limited to <6/4

Source

- Schultz 2018

10° 10
Vs [GeV]

10°


https://indico.cern.ch/event/751693/contributions/3183025/
https://www.sciencedirect.com/science/article/pii/S037026931630123X?via=ihub

A practical case for something different

Current event generators suffer from fundamental scaling problems:

 Event complexity scales ~factorially with perturbation order

* Integration time scales ~exponentially with final-state multiplicity

Inefficiencies are also problems:

» Sampling = variant of hit-and-miss. do/dQ) variance T=> hit efficiency {
Ref: Eff(W+4jets @ 1/s=13TeV) = 0.1%

e “Sign problem”; Events at > NLO in QCD can have negative weights
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What a quantum event generator would look like

Real-time dynamlcs S|mu|at|on + shot- by -shot samplmg

' Measurement

. Observe ypwith |
\ L= 1wivol

; State preparahon ' o T|me evolution

i) L Texp(=ifjdrHO) ) ly)
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* If based on the quantum circuit model of quantum computing
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What a quantum event generator would look like

Real-time dynamlcs S|mu|at|on + shot- by -shot samplmg

' Measurement

, “State preparahon , “ " Time evolution
‘ V-

il

[wi) _ TeXP( lfdt’H(t))Ilm |

g No pertu rbative expansmn g |

Observe l//]cWIth

\ L= [wlvom 1

Which is, incidentally, how quantum computation works:

O gt Ty 11
)y

0)~- -

* If based on the quantum circuit model of quantum computing

‘No integ ration‘ "
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Ingred|ents of a quantum event generator

P =yl UOly:) >

1. Mapping of field states to | |2- Implementation of . Interpretation of
qubit states (encoding) evolution operator in measurement results

quantum gates

, 3 — B} T 'r — i = ‘ —




Repeating Christian's talk.. 9

Encoding field states: discretization

Bosonic field

P(x)

- .

« Continuous (infinite) space V = fdx « Discrete finite lattice N = L¢
« Continuous unbounded field value ¢ * Discrete truncated field values 0,1,..., K — 1

Q [dx QN
= # =span (1]0), |1),...|[K—1
:%zSp&lH({lgb)‘nglR}) P ({l AEVE >}>
Discretization parameters determine the
(span ({|0>, |1>}> for fermions) expressible dynamic range:

¢ pmax/pmin ~ L
¢ ¢max/ ¢min ~ K



Repeating Christian's talk..

Fleld-based encoding is infeasible

Jse an n-bit quantum register per lattice point per field: ®
: : : : ® ®
— —_— n
system) = |j;) ® |j) ® -+ ® |]N> (J;=0,....2" = 1) ® o o
e o ® ®
_ _ @
Field value at site 1 ’ ® o
® ®
Can also encode a Fock representation: . \
|SyStem> = ‘k > ® k > ® o ® ‘k > (k = O,...,Z” — 1) L LY LY PR R
P1 P2 PN Pi RIS QRIS PO
/V xQ OxQ x‘ OxO xQxOxQx
N . . X’ Oxb :xQ 0"0 :X: :x:
umber of excitations of mode P1 xoxoxoxoxoxoxoxoxoxoxox
QxO QxO on QxO QxO Qx
xO QxO QxO QxO 0x0 QxO

= Qubit count: nL?
Forp, . /p.. =10TeV /100 MeV = 105 and d = 3 we need ~10"°n qubits

10



Alternative: Particle-based encoding

Assign a quantum register to each particle, maximum M particles
— Fleld theory as multi-body quantum mechanics

|system) =oS’\Ip1...p]”Q...QI) . .':/:3/'
g .\ " \

J occupied slots M-J unoccupied slots
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= Qubit count: M(d log, L)
FOr Prax/Prmin = 105 and d = 3 we need ~ 50M qubits

X
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Constructing field operators

a,8|py...p-..pyQ...Q) = \/n_pc?lpl...pJQQ...Q)
Annihilation operator de-occupies one slot..

a,S\py...pyL..L2) =0 (q & {p;})
or annihilates the ket if no matching occupied slot exists.

a;o?lpl...pJQQ...Q) = \/nq + 18|py...p;,q Q2...Q)
Creation operator fills one slot..

a;§|P1---PM> =0
or annihilates the ket if it is maximally filled.

All operators can be expressed with combinations of @ and al
= Figure out the implementation of &, a, and a'll



Proposed Implementations

+ Barata et al. (PRA 103, 2021) - Oniyforbosons
Slp..0, Q..Q) = —— P(p,..0,Q...Q
PR Q)=— ) P(p.ps Q.. Q)
Peperm(M)

= — ZJ a' where

P

a' creates a particle in register j

. Galves—unet and Llanes-Estrada (arXiv 2406.03147)

S|py..p, Q...Q) = s Y. oplP(py..p) Q.. Q)
Peperm(J) — Signof P
ag = Z 9]-(_(]-_1)61;(»7) where a;(j) creates a particle in register j
/ and I ;_(;_1yis a “step (anti)symmetrizer’

13
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Event synopsis

. OState preparation = Create wave packets Zpo,m Yopo)¥ (PSS |Pop; 2...2)

Details in Barata et al.

e Evolution In three time windows

« 0 < f < 1: Adiabatic transition to physical single-particle states
H(t) = Hy + f(1) H; with f(0) =0, /(7)) =1

+ 1, < 1 < 1, Evolution with full Hamiltonian e~ (

scattering)

. 1, <1 <t Adiabatic transition to Fock final states

e Measurement = Each bit string corresponds to a Fock state
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s sparse Fock simulation accurate”

Compare time evolution by full and truncated Hamiltonians

N-1T7p . i,
l :
H=) |-— (e%®}®,,, —h.c.)+(-1)'m®®, + JL

n=0 "* 2a .

Periodic boundary condition — translationally invariant

- - |
momentum eigenstates! Incorporating Gauss'

law constraint
with /\.
w

2 1 27l 27i
D, oven = \/% Z Jooun <6Tk” cosh Tkak + e~ VK ginh %blj )
coshw
X ¢ H=ng(agak+b;bk>+J2Lg
k n

2 1 i w Y1} w
D, 4q = \/: 2 <62Tk” sinh —kak + e~k cosh —kb]j >
’ N 2= /coshw; 2 2
\_

rapidity



Sparse Fock simulation lite

After solving the Gauss' law, all dynamics are encoded in}; L;

In the Fock basis, No excitations 1 e with ki, 1 e+ with ko

el
ZL’f: (* 2 )

= Evolution in M-sparse Fock system simulated by nullifying rows and

columnswithn=n-+ n+> M

16
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Schwinger model scattering (12 sites)

Coupling strength

Initial state: |e7; — k.0 @ le™; + k) o Gaussian interaction profile
am=0.5 o
aJ=0.5

-1.00 —-0.75 —-0.50 -0.25 0.00 0.25 050 0.75 1.00
time

Multiplicity sector probabilities (exact) Total excitation number
1.09 - T — “4 —— n=<6
— n=4
----- Exact
0.8 - 2.3
n<6(and no-trunc
— n=0
o — =2 - — overlap
fg — n=6 S
—— n=8
8_04- —— n=10 2.1 1
n=12 /
Ed 2.0 1 d
0.0 - / 1.9

21.00 -0.75 -0.50 -0.25 000 025 050 075 1.00 -1.00 -0.75 -0.50 -0.25 0.00 025 050 075 100
time time
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Schwinger model scattering (12 sites)

Survival probability Scattering probability to most probable n = 4 state Scattering probability to most probable n = 6 state
104 e — n<6 002001~ &6 y 0.0007 -
— n=4 001754 n=4
..... Exact ...-+. Exact ‘_." 0.0006
0.8 - 0.0150 -
o ~_ 0.0005 -
o~ £ 00125 g
r = = 0.0004 -
m i v v .
= 0.6 % 0.0100 %
= ? I
S < & 0.0003 -
= (| 0.0075 - Il
0.4 - = =
= 5.0050 = 0.0002 A
0.0025 - 0.0001 +
0.2 - .
0.0000 {  =eseemeereeT 0.0000 A
0.0 0.2 0.4 0.6 0.8 10 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
o e/ Y

* Scattering probability difference is barely visible for nfina=4, even with M=4

* Obviously, probability of seeing nfina=6 is O for M=4

— Sparse Fock representation viable, at least for this simple system



Particle-based simulation is viable.
What are the biggest questions?

* Optimality of the encoding?

Symmetrizers are complex & non-unitary. Any way around?

e How do we select final states”

A faithful LHC simulation will generate uninteresting events 99.999% of the time
e Circuit depth?

Interaction Hamiltonian requires O(L%) gates per time step / poly degree

And a lot more!

19
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Conclusion

* There is a practical case for guantum-simulating QFTs in the
perturbative regime too

 Quantum computers operate like event generators already
* Field-based encoding iIs infeasible and unnecessary

* Encoding based on sparse Fock representation is promising

e For a scattering problem in the Schwinger model, sparsity does not Kill
the accuracy of simulation



