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Full simulation of scattering at colliders would provide a
revolutionary perspective on our theories
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Full simulation of scattering at colliders would provide a
revolutionary perspective on our theories

Literally compute the full S-matrix—measure parameters in data

(X(M)\UT, =T)|pp(=T))
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Full simulation of scattering at colliders would provide a
revolutionary perspective on our theories

Literally compute the full S-matrix—measure parameters in data

Create initial state with 2
protons at time -T

2
(X(M)\UT, =T)|pp(=T))
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Full simulation of scattering at colliders would provide a
revolutionary perspective on our theories

Literally compute the full S-matrix—measure parameters in data

Create initial state with 2
protons at time -T

2
(X(M)\UT, =T)|pp(=T))

Perform time evolution with full SM Hamiltonian
from initial time -T to final time T
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Full simulation of scattering at colliders would provide a
revolutionary perspective on our theories

Literally compute the full S-matrix—measure parameters in data

Perform measurement of Create initial state with 2
final state attime T protons at time -T
2

(X(M)\UT, =T)|pp(=T))

Perform time evolution with full SM Hamiltonian
from initial time -T to final time T
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Full simulation of scattering at colliders would provide a
revolutionary perspective on our theories
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Perform measurement of Create initial state with 2
final state at time T protons at time -T

(X(M)\UT, = T)|pp(=T))

Perform time evolution with full SM Hamiltonian
from initial time -T to final time T

Clearly specified in the language of quantum physics (QFT)
Not even remotely feasible using classical computers

Opens possibility of truly global comparisons of collider
measurements with theoretical predictions

Would turn the dynamics of the theory into a black box

Marat Freytsis
Effective uses of quantum computing for HEP




Calculating the S-matrix
on a lattice
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Separating high and
low scales on QCs

First results with scalars
(and "photons"...)

Efficient ground state
preparation

a detailed look
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Calculating the S-matrix
on a lattice

444t
4t

S 1
r:r\nl . Marat Freytsis

BERKELEY LAB Effective uses of quantum computing for HEP




Can turn a QFT calculation into a finite dimensional QM
calculation by discretization / digitization

(XM UT, =T)|pp(=T))

All elements in this expression in terms of fields ¢(x)
Both position x and field ¢p(x) are continuous

Discretizing position x and digitizing field value ¢(x) turn continuous (QFT)
problem into discrete (QM) problem
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Basic idea is to map the infinite Hilbert space of QFT on a
finite dimensional HS making this a QM problem

Instead of having a continuous field ¢ at each position x, we put a digitized field
¢, at discrete points x; arranged on a lattice

¢n1 ¢n2 ¢n3 ¢n4

Hilbert space has dimension

v My # of digitized field values
<n¢> n; : # of lattice points per dim
d : # of dimensions

Problem reduced to matrix multiplication

~ 9 6 O o o ©o
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Basic idea is to map the infinite Hilbert space of QFT on a
finite dimensional HS making this a QM problem

Instead of having a continuous field ¢ at each position x, we put a digitized field
¢, at discrete points x, arranged on a lattice

Can discretize all expressions on the lattice

[dxqﬁ(x) 1Y ¢,

H(p) = dee Pip(x) by =1 dxe'p,

‘p) — deeipx | x) ‘p) = ZZ e’P* | x)
V() (s — D1
V2¢(X) (¢x+l + ¢x—l — 2¢x)/lz
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Basic idea is to map the infinite Hilbert space of QFT on a
finite dimensional HS making this a QM problem

Instead of having a continuous field ¢ at each position x, we put a digitized field
¢, at discrete points x; arranged on a lattice

States now become “vectors” in this finite dimensional Hilbert space

dik 1 G
9= NTUAKED v N

Operators, for example the Hamiltonian, become matrices in this Hilbert space

1

H= 23" 62— 6x [V 0ly]

X
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Basic idea is to map the infinite Hilbert space of QFT on a
finite dimensional HS making this a QM problem

2
(X(M)\UT, =T)|pp(=T))

3 basic steps:

1. Create an initial state vector at time (- 7) of two proton wave
packets

2. Evolve this state forward in time from to time 7 using the
Hamiltonian of the full interacting field theory

3. Perform a measurement of the state
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Let’s try to estimate the resources we need to simulate
physics at the LHC

Energy range that can be described by lattice is given by

1 1
— < E<—
NI [
To simulate full energy range of LHC need

100MeV S ES7TeV

This needs 0(70,000%) ~ 104 lattice sites

Assume | need at least 5 bit digitization = n, = 2> =32

Dimension of Hilbert space is
3210% L o

Clearly completely impossible to perform such a calculation
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Separating high and
low scales on QCs
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Simulating collider events involves very different energy scales:
High energy/short distance: Perturbation Theory
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Simulating collider events involves very different energy scales:
Medium energy / medium distance: Parton shower
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Simulating collider events involves very different energy scales:
Low energy/long distance: soft radiation/hadronization

hadprong

OO0 0CU

SUoJpEq

p,p
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Can separate ultra-relativistic physics into three main categories:

Hard. Collinear. Soft |
soft particles

n-collinear n-collinear

hemisphere-a hemisphere-b
2
Collinear: m;, mJ/Q <Kmy < Q
Soft: mjz/ 0
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Soft-Collinear Effective Theory
SC ET Bauer, Fleming, Luke (O00)

Bauer, Fleming, Pirjol, Stewart (O00)

Different collinear fields for each hard scattering direction

Type (P, P, P Fields
collinear 1 ™ , L) # n1 Ant
collinear 2 (L r ,!) # n2, An2

soft @ ,r ,r ) s, As
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Effective theories allow to separate short and long
distance physics from one another

Goal is to separate ingredients that are calculable in perturbation theory from
those that really benefit from non-perturbative techniques

SCET factorization theorem

d6=H®J ®..®J &S

Most interesting object in above equation is the soft function .5, which lives at the
lowest energies

For 1 TeV jets with 100 GeV mass, find
Ag = (100 GeV)?/(1000 GeV) = 10 GeV
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Let’s try to estimate the resources we need to simulate
physics at the LHC

Energy range that can be described by lattice is given by

1 1
— <E<—
NI [

Can use effective field theories to limit required range to

100MeV < E <10GeV

This needs O(100°%) ~ 10° lattice sites

Dimension of Hilbert space is
3210 © oo

6 14
While 321" <« 32107
still completely impossible to perform such a calculation
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Quantum Algorithms for Quantum
Field Theories

Stephen P. Jordatt, Keith S. M. Leé,John Preskifl

Quantum field theory reconciles quantum mechanics and special relativity, and plays
role in many areas of physics. We developed a quantum algorithm to compute relativisti
probabilities in a massive quantum field theory with quartic self-intergctitren(y) in
spacetime of four and fewer dimensions. Its run time is polynomial in the number of p:
their energy, and the desired precision, and applies at both weak and strong coupling.
strong-coupling and high-precision regimes, our quantum algorithm achieves exponen
speedup over the fastest known classical algorithm.

Science 336 (2012) 1130
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The resources on a quantum computer are much smaller,
but still very large

From the discussion before, size of Hilbert space to simulate full LHC given by

dim(H) ~ 3210"

This Hilbert space can be encoded In

ny = In, |dim(H)| ~ 5 x 10"

While this is much, much smaller, still inconceivable to have a system of
this size in any of our lifetimes
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Crucial thing to realize is that we don’t need quantum
computer for most of this physics

First, for most observables not interested in the most general high energy
process (typically care about events with relatively small number of jets)

Second, perturbation theory works very well for high energy processes with
limited number of final state particles

Should use quantum computers only for those calculations that are not possible
using known techniques

Combine quantum computing with EFTs
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Soft function is the expectation value of a “Wilson line”
operator between initial and final state

Soft function can be written as

S= [(X|T[Y,Y!]|€) 2

Y = Pexp[ igJ ds gb(ns)] ns = (s5,0,0,5)
0

How does this look like on a lattice?
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A Wilson line is a relatively simple object on a lattice

1 co
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A Wilson line is a relatively simple object on a lattice
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A Wilson line is a relatively simple object on a lattice
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A Wilson line is a relatively simple object on a lattice
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A Wilson line is a relatively simple object on a lattice
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A Wilson line is a relatively simple object on a lattice
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A Wilson line is a relatively simple object on a lattice

1 co
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A Wilson line is a relatively simple object on a lattice
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A Wilson line is a relatively simple object on a lattice

1 co
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A Wilson line is a relatively simple object on a lattice
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A Wilson line is a relatively simple object on a lattice
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A Wilson line is a relatively simple object on a lattice

1 co
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A Wilson line is a relatively simple object on a lattice
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A Wilson line is a relatively simple object on a lattice
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A Wilson line is a relatively simple object on a lattice
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A Wilson line is a relatively simple object on a lattice
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A Wilson line is a relatively simple object on a lattice
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A Wilson line is a relatively simple object on a lattice

o
o o ® o o o o o o
o o @ o o o o o o
o o ® o o o o o o
O o @ o o o o @ O
o o @ o o o o o o
o o @ o o o o o o
o o L o o o o o o
o o ® o o o o o o

r:f>| "ﬁ| () @ Marat Freytsis () () ®

BERKELEY LAB Effective uses of quantum computing for HEP



A Wilson line is a relatively simple object on a lattice

Wilson line can be easily discretized on the lattice

/ gpo
Y, = Pexp Ig#x L (T= X! ng)
i:no
7/ &0
Y, =Pexp ! ig#x L (t=ng! Xj)
=0

Use time evolution to change the time at each lattice point

T[Ya Y] = € "> expiig"x ! xang Lxo B e exp ig"x | Xangl 1 X1
S A IH "X PR | % I &l
$aage” “expig"x !y | .

no Xng

Alternate between exponential of field operator and Hamiltonian evolution
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Soft function is the expectation value of a “Wilson line”
operator between initial and final state

S= [(X|T[Y,Y!]|Q) ‘2

Need quantum circuit to create vacuum state | €2), circuit for T[YHY;] and circuit
to measure final state | X)

11 0%+ A
.. .%+ U, Uy — Uy —-A
”N! 1%—/— //4
::ﬁ ﬂ Marat Freytsis
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Soft function is the expectation value of a “Wilson line”
operator between initial and final state

|10 %0+~ A

.. .%+ U, Uy — Uy —-A

[Int 1% A
Steps to simulate the soft function S:

Start with all qubits in | 0) state
Apply operator U, creating ground state |2) of the field QFT

Apply the operator Uy = T[Y;lYn]
Perform the inverse of Uy creating state | X)
Measure and count number of times all qubits are in | 0) state

o~ W=
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First results with scalars
(and "photons"...)

S 1
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Quantum circuits for scalar field theory operators

Associate qubit register with fixed value of field

| By(0) L= e WIBZIRZ ,mi20ZRIBZ —i6Z8 28]

i \ 4 \ 4
_ Aéf e—140Z LD

S
o—e

P—z’OZ 4&

Momentum operators most naturally implemented
via Quantum Fourier Transform

() 6—1202

- \/ t 497> \/ T-1
1 @ Loym /\ 3 (24\1 6102 ) /\ CFLsym I~

S 1
,§>| . Marat Freytsis

BERKELEY LAB Effective uses of quantum computing for HEP




The Hamiltonian for a scalar field theory is now fairly simple

There are two separate terms, which can each be implemented rather easily

H_ = 12”1'2

H=H,+H,
Hy=1) $;[V*¢],

To deal with the fact that [H _, H¢] =+ (), use the Suzuki-Trotter formula

. 17
[e—lHt] _ e—lHﬂt/ne—lH¢t/n

n

This allows the Hamiltonian to be implemented using polynomial resources
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The Hamiltonian for a scalar field theory can be

iImplemented rather easily

| Ht
_/_ UState € UState

A

—H Jé H

A

o o
o (00)
1 1 1

©
S
1 | 1 1 1 | 1 1

1:R Yo, .,,. & :
for ()= S+ g & M8

QL + TIY,Y11|Q)|%/4

o
N

O
o
| 1 1 1 | 1 1
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In order to implement this on actual hardware, we need to
make the system very small

Use only three lattice sites
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In order to implement this on actual hardware, we need to
make the system very small

Use only three lattice sites
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In order to implement this on actual hardware, we need to
make the system very small

Use only three lattice sites
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In order to implement this on actual hardware, we need to
make the system very small

Use only three lattice sites

At each lattice site, use 1-, 2- and 3-qubit digitization
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In order to implement this on actual hardware, we need to
make the system very small

Use only three lattice sites

At each lattice site, use 1-, 2- and 3-qubit digitization

Fractional Error in Eigenvalue

123456 7 8 9101112131415
Eigenvalue
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Soft function is the expectation value of a “Wilson line”
operator between initial and final state

Quantum computation uses the circuit shown before

|10%+- A
.. .%+ U, Uy — Uy /A
In1 1%+ A

Lattice result can in fact be computed analytically with continuous fields and,
using coherent states, discretized fields

; 1 1 ll;2 | gz # 1 #
W Yo "™ =0 #8000 2,
Y

cos@&y (X # y)) sin(n ap x) sin(n ap y)-
X#HYy
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Soft function is the expectation value of a “Wilson line”
operator between initial and final state

1 —— Analytic calculation

0.0 0.2 0.4 0.6 0.8 1.0
Coupling Constant, g

As expected, already with 2-3 qubits per lattice site get answers that are very
close to the analytical result
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Soft function is the expectation value of a “Wilson line”
operator between initial and final state

1 —— Analytic calculation

| Digitized calculations
0.6- .
No = 1

~ 00 02 04 06 08 1.0
Coupling Constant, g

As expected, already with 2-3 qubits per lattice site get answers that are very
close to the analytical result
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Soft function is the expectation value of a “Wilson line”
operator between initial and final state

| — | on TN
Analytic calculation . ~

o
c
i 0 6_' Digitized calculations . X=Q
>~ ) - u noz 1 [ ]
s |
|>;| | No = 2
= ] "
5 047

0.2 et
: /./l///// X=p]_
0.0 —4+—F—F—F—7F—F——F—7F———————7———

00 02 04 06 08 10
Coupling Constant, g

As expected, already with 2-3 qubits per lattice site get answers that are very
close to the analytical result
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Soft function is the expectation value of a “Wilson line”
operator between initial and final state

1 —— Analytic calculation
| Digitized calculations
0.6 I
nQ =1
nQ =2

~ 00 02 04 06 08 1.0
Coupling Constant, g

As expected, already with 2-3 qubits per lattice site get answers that are very
close to the analytical result
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Soft function is the expectation value of a “Wilson line”
operator between initial and final state

O o =
(@) o0 o
1 | I

©
N
1 1 1 1 1 1 1 1 1

j p— Analytic Calculation

Transition rate
(X TLY, YE1IQ)|?

o
N

O
o
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Soft function is the expectation value of a “Wilson line”
operator between initial and final state

C —
i~

© =
oo o
/

O
o

j p— Analytic Calculation
Digitized Calculation/Noiseless Simulation (Qiskit)

(X|TLY,YE1Q)|2

O
I

Transition rate

o
N
L1 | 1 1 1
|
|

e
e —

O
o
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Soft function is the expectation value of a “Wilson line”
operator between initial and final state

N
9=
o C
- =
=1
S >
- — Cc
= >
n 'I:' |
% < 0.4+ — Analytic Calculation
I: ~ Digitized Calculation/Noiseless Simulation (Qiskit)
| M Raw Quantum (IBMQ)
0.2- .
| X=|p1)
0.0 t—+——+=—"F——"—"7—"—""—"T—"""—"—7T———

Quantum computer gives a good description of the analytical result
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Soft function is the expectation value of a “Wilson line”
operator between initial and final state

1.0 I
13 N 0.81 m
c G :
| - — i
C 'S -
S > 0.6
2>
v = 1
% < 0.4 4 — Analytic Calculation ®
I: — 1 Digitized Calculation/Noiseless Simulation (Qiskit)

| M Raw Quantum (IBMQ)
0.24 @ Corrected Quantum (IBMQ) e
X=|p1)

oL —r—v—mep—_

Quantum computer gives a good description of the analytical result
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Moving toward more realistic theories, consider (2+1)D
abelian gauge theory

1+1D gauge theory: no propagating d.o.f.

»
2+1D abelian theory: explicit formulation R, § R,
with explicit gauge-invariant Gauss' law- “ § ,
preservingd.of. i ’;21'71') ........... o ......
L B 5
H = % /ddw E(x)? +B(:L‘)2] ol Rl R2
| ne 1 e 2, 1 :
H™ = 2a Z g (VX Ip)" + g* BP] oo = *(1 0) —
— po P By o
c_ 1 2/ 2 2
H” = o 9 (VxR,)”+ —(1—cos Bp)]
2 g

p -

strong/weak coupling digitization scheme known
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Wilson lines in U(1) gauge theory

t A

. 2
el5t Z E:I,‘,i

Interleaved with H evolution

\\\\\\\\\\ 6

N\

We now know: analytic result (for noncompact U(1)),
digitized Wilson loop operators

In progress: circuit implementation
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Extremely preliminary simulation results

noncompact theory

l — QTTIO)
100 x (1st|TT]Q)
0.8 1 —— 5x (2nd|TTIQ)
[TT] 10 -
0.6 1
o 0.8 -
04 1
0.6 -
02 1 o
0.4 -
0.0 A
0.0 02 0.4 0.6 0.8 10 12 14 0.2 -
Ow
0.0 -

compact theory

- QITTIQ)
5 x (1st|TT)Q)
- 5 x (2nd|TTIQ)

__/—/\/\/\

0.0 0.5 10 15 20 25 30 35 40
Ow

deep in non-perturbative regime (g ~ 15)

Compact U(1) very similar to scalar case (after rescaling)

Noncompact U(7) displays much richer structure

>
A
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Efficient ground state
preparation

a detailed look
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A quantum computer doesn't know about the ground state
of your physical system

0 | |
lo%- For the case of Ug used earlier, our small lattice
meant we could create the ground state by hand
.. .9%/ U L |
Exponentially expensive for a larger lattice
Int 1%+ - P o ’

Ground states of free bosonic fields have a relatively simple structure

/752> \/CZ e~ a (TR )

Multivariate Gaussian with covariance matrix fixed by momentum modes
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A decomposition for digitized bosonic ground states
Kitaev, Webb (O08)

A covariance matrix can be decomposed
> t=mH"'Dbm
D is a diagonal matrix, M is upper unitriangular

The 2-stage Kitaev-Webb protocol

1. Prepare uncorrelated 1D Gaussians with width given by D
2. Basis transform according to a digitized approximation of M

Step 2 can be computed for all the coordinates on a given qubit at
once, so if step 1 can be done efficiently, the whole process will be
efficient
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A 1D quantum Gaussian method

A digitized Gaussian

7 1 (n—p)? 5 o
w,u,o(n) — e 402 ’ f(,u O’) — V2102 19(71.#; e—27r o )
V[, o)

wrapped to encode on k qubits

> @

62’0;,“(7'1) = Z {ﬁa(n +m - 2F)

m=—0ox

can be efficiently encoded due to Jacobi theta function identities as

‘fu,0;€> —

E,5-1) ® 005 (1, 0)[0) + [€ucr g,y ) @sina(, o)1)

entangled rotations on each qubit recursively generate Gaussian
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An explicit 1D circuit implementation requires a substantial
amount of arithmetic

0 ’ ’ : jao)—{ x H +4 | la(us.3)
et — " -
0 A—if] 0
g : sl
o ] |
[ + —4— |
Algorithm 1: 1D Gaussian state preparation
Data: {u, o}, state size k, angle precision b [+ p— =)
Result: state £, ;.x) ® 10)®° S e
Begin "simple" circuit computing angle a
O O

: Rk as a series expansion
state register |gp—1---qo) < [0)”

angle register |a) « [0)®”

for j« 0to k—1do
given p, interpret |g;—1---qo) as |p;)
i)l = 0) = |pj)|ey = alp;,05))
lg; = 0)|a;) < (cosa;|0) + sina;|1))|a;)
uncompute a;: |pj)|a;) |/zj)|())®b

B Oj41 (TJ/Q

= A
rr/lml "'| Marat Freytsis
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Circuit costs for 1D states

I
2 1001 — . Generic Symmetric ,’
X 80+ '
|
75
ak 60
CZD 40-
O 20
O_

2 4 6 8 10 12 14 16 18
State Qubits (k)

Large arithmetic overheads make direct preparation the
Gaussian state more efficient of small states, but eventually the
recursive algorithm becomes more efficient
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Basis transformation from shearing matrix M

Algorithm 2: Coordinate shearing transform

Data: A-[ij . L’(lﬁ) |7ﬁ> N
Result: state ¢(m)|i) @ [0)%°" via n; = m; + R[ > *\[zﬂnj}
begin j=itl

), [f) < 10)™

fori+ 0to N —-2do

7;) = |m;.0---) = |m;) @ | f)

for j«—i+1to N—-1do

m;) = |e) @ |m;)

m;) < sign extension (SE) of |m;)

fl,) — |ﬁz> -+ A[ij|ﬁl-j> // via CCM
| |m;) < SE7! of m;)
if |f) > 5 then // for rounding

for j« N—-—1toi+1do
ﬁ)j) = |(> X |771j>

Most of the complication due to m,) < SE of |m;)
. ' f) — |f> - 4"[2'J'|7;7,j> // via ccM—!
the requirement that rounding ) SE-1 of |

be performed by a reversible | L
(unitary) operation
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Basis transformation from shearing matrix M

Algorithm 2: Coordinate shearing transform

Data: M;;, v(m)|m) [ 1
= 3 2 (4 =A==y 1 R2T . ~l S L.
P PN .Lk P P
|(:> - |0>I‘M A SE 74"2‘1'{ 1) SE H SE SE = --- — SE SE b= --. < SE SE IO}‘--:-J
: l
my-—1) —# co —l _— 'mN-—1)
k
IMiy2) —# o ~— IMiy2)
k
Miy1) =/ ® . — o— |mij1)
Q Q
N r'$7 Q Q Q Q Q “
=10 A A & : 3t : 2 — o
(EC 1
Imi) — R ni)

LLELA Y4 I\I\1\JII\JIII\IIIL LAY I\l\ﬂll\ﬁllltﬂ

. m; SE~1 of |m;
be performed by a reversible L | L) m;)

(unitary) operation

>
A
rrererer u
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Only the most trivial states can afford to use exponential
methods

10 141 1D Prep + Shearing
e=0.1
12 _
10 . e =0.01
e =0.001
10
10
= 3
QO 10
] el
O 10 et
1 04- Generic Prep
N I =9
10 | ™" e . — 3
N Our IBMQ simulaton ~ ==ess k=4

07374756 7 8 9 10 11 12
Lattice Sites (IV)

The road to the continuum will require similarly
efficient algorithms for all aspects of QFT dynamics
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By combining EFTs with quantum algorithms, have the possibility to
compute non-perturbative QFT dynamics from first principles.

Making these methods scalable to practical applications will require
efficient methods for implementing all steps of QFT calculations.

While this has shown that the relevant EFT calculations are possible, much
more work required for real world applications

1. Field theory questions:
Parameter renormalization from discretization/digitization

Digitized U(71)/SU(N) gauge theory implementations

2. Algorithmic improvements:
Develop methods to evolve read out multiple final states

3. Alternative formualtions:
Nonadiabatic evolution to interacting vacuum?
Alternative digitzation bases (Hamiltonian truncation?)

1. and 2. are already in progress, starting to think about 3.
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By combining EFTs with quantum algorithms, have the possibility to
compute non-perturbative QFT dynamics from first principles.

Making these methods scalable to practical applications will require
efficient methods for implementing all steps of QFT calculations.

While this has shown that the relevant EFT calculations are possible, much
more work required for real world applications

1. Field theory questions:
Parameter renormalization from discr tion/digitization
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d out multiple final states
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