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Why Quantum computing?

Simulating Physics with Computers

Richard P. Feynman

“Nature isn 't classical

. and if you want to make a simulation of Nature,

you'd better make it quantum mechanical,
and by golly it's a wonderful problem,
because it doesn t look so easy.”
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Some recent works on quantum
computing applications for HEP

Disclaimer: | will focus on work more relevant for jet
physics in vacuum and in heavy ions
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Quantum computing for HEP: ab initio QFT simulation

Quantum computers can, in principle, simulate scattering events ab initio

Quantum Algorithms for Quantum Field Theories

Stephen P. Jordan,! Keith S. M. Lee,? John Preskill®

§2)

Meaningful simulations will require
thousands of high quality qubits !

Figure by H. Lamm

Can we use QCs to tackle smaller problems? El




Quantum computing for HEP: EFT approach k? Brookhaven

National Laboratory

Full simulation is expensive, but the problem can be decomposed into several pieces

e_g_ EFTS a”OW to expl ore the IOW energy SeCtor in Simulating collider physics on quantum computers using effective field theories
a first principle manner (no modellng) ~ Christian W. Bauer*| and Benjamin Nachman

Physics Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

Marat Freytsism
NHETC, Department of Physics and Astronomy,
0 = H ® J]. ® ® J Rutgers University, Piscataway, NJ 08854, USA and

Physics Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
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Quantum computing for HEP: fragmentation
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Still for the low energy sector, away from AQCD, parton showers can also get quantum improvement

Classical /

(91,92,€)=(2,1,1073)

o
o

I 1 1
¢ — ff excluded x  Classical MCMC

2 4T 4steps v $ s 8;22 A quantum algorithm for high energy physics simulations
B 0.3 A A Y IBMQ (91> = 0), corrected |
S Ll N A A 1BMQ (g12 =1), corrected | Benjamin Nachman,* Davide Provasoli,T and Christian W. Bauer?
5 ' v v Physics Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

0.1 X

0.0 ; - - Wibe A. de Jong?
= . Computational Research Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
c 2 _ - _ , (Dated: December 30, 2019)
3 o z 1' 5 L T L =f1(10 +m1)f1 + f2(id + m2) f2 + (0,.0)

Number of emissions (N) + 91f1f1¢ + 92f2f2¢ + 912 [flfz + ]?2f1] ¢ .
A ———
H=HcQHp ) . . .
— V1= Pk ik A quantum walk approach to simulating parton
U=5-(C®I -\ VP VI
=5-(C®I) showers
All parton shower histories are in a Khadeejah Bepari,® Sarah Malik,” Michael Spannowsky® and Simon Williams®

superposition state
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Quantum computing for HEP: evolution in media
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For heavy ions physics, QC can be used to tackle real time evolution in the medium ...

Quantum simulation of open quantum systems in heavy-ion collisions

Wibe A. de Jong,!'* Mekena Metcalf,!> T James Mulligan,? 3:?

4, xx

Mateusz Ploskon,? 3 Felix Ringer,?' 9 and Xiaojun Yao

! Computational Research Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
2 Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
3 Physics Department, University of California, Berkeley, CA 94720, USA
4 Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
(Dated: September 9, 2021)

Quantum algorithms for transport coefficients in gauge theories

Trace out
Thomas D. Cohen,! * Henry Lamm,? T Scott Lawrence,® * and Yukari Yamauchil:3 |

|
|
|
(NuQS Collaboration) ||O> | e_iJ\/A_t |
|
|
|

! Department of Physics, University of Maryland, College Park, MD 20742, USA |
2 Fermi National Accelerator Laboratory, Batavia, Illinois, 60510, USA

3 Department of Physics, University of Colorado, Boulder, CO 80309, USA | :
) ) ) ) — H H At
(Dated: April 6, 2021) |¢S> e iW(Hs1+HL)

... or compute transport coefficients
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Quantum computing for jet quenching

2104.04661, 2208.06750



Why quantum computing for jets in medium?
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Many of the pheno relevant effects in jet quenching have a quantum origin  see taik by A Soto-0ntoso

formation times
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Jet quenching in a QC: a possible approach

- X o Integrating out x the quark propagator satisfies
r
s S
\\\\\\ 2
(00 + 32 + 64~ (1,0) - T) Gi(t,250,9) = 6(06(z — v)
— (vt \\\\\\\\ -
A (x",x~ ~ 0,x) i \\\\\\\\ jet _ _ _
N Parton evolution is equivalent to 2+1d non-rel. QM
DR
""""""""""""""""""" ’ 9
DN < _
\\:\\\\\ H(t) = gw FgA (t,x) - T = Hrg + Ha(t)
\\\\\\\ —
\\\\\\ p-space X-space
NN
R : :
D . Consider the simplest case:
N i
N g 1. | g) Fock space only
\ .
b t+2 /L 2. T=1
+ _
p+ X = T ~ 1 X =1—7Z . .
3. Stochastic background (hybrid approach)
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The quantum simulation algorithm

QComputers can efficiently simulate real time evolution
rUIed by: Reality Computer

| l/f>;(0)

|y) (1) = exp (—iH?) |y)(0)

The 5 main steps of the Quantum Simulation Algorithm:

1. Provide H = Z H, and y(0)
k

2. Encode the physical d.o.f’s in terms of qubits and decompose H,, in terms of gates

3. Prepare the initial wave function from a fiducial state (| 0)®"awit)

4. Time evolve according to exp(—iHt)

9. Implement a measurement protocol




k? Brookhaven

National Laboratory

Set up the algorithm

v v v
1. Provide H = Hp + H,(t) and w(0) = w(p =0)  +ensemble of {A,p, ]|

2. Encode the physical d.o.f’s in terms of qubits and write H in terms of gates
Introduce 2d spatial lattice with N, = 2"¢ sites per dimension

‘X> — ‘x19x2> — al‘n19n2>

such that a,

_P2 Lattice spacing
H = Yo FgA(t, X) - T = Hx + Ha(t)

Plp) =plp) X|x) = x| x) xX,p €7

3.  Prepare the initial wave function from a fiducial state (| 0)®"abis) /
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Set up the algorithm

4. Time evolve according to U Assuming that field is static we use

Uz +6x";2) # U (0x ) Ua(dz™, z})

Ny
U(Ln3 O) — H U(QJ;:, xl—:—l) .\ 2
k=1 = exp {—z’éa:+ 22;+ } exp {—i95w+1¢i; (a:;:)Ta}

Implement operators with a Fourier Transform in between

A2
p A
exp { —7,5:1: QPﬁ } | l//p> ‘ . exp {—ig5 .’IJ+ A; (Z:)TG} ‘ l//X>

]
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4. Time evolve according to U

Field insertions require probing the field value. This is done classically

Time

| WO> evolution | WL)
U(L,0)

)80

Initial State

Preparation

{A,pa} Classical channel

"~ Classical memory

Requires O(Ng.,.,) field evaluations; Ok for resolving parton evolution

tates
iMajor limitation of the approach due to classical treatment of medium |

Can be made more efficient with further discretization of the field values E



Numerical results
Set up:

1. T =1 (no colors) mostly

2. Static brick of length 10 fm

3. 5/6 qubits per spatial dimension (1024/4096 states in total).
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The jet quenching parameter on the lattice is easily obtained analytically:

2
j = 2 e~ P Y=T) YY1 = g% (VxA(0) - Vz A0 —£C"21 1+5 :
q = — p e «(W (y)W(w)» = & « mﬂ( ) azﬂ( )» ~ 4 FH ogll+ 2 2 2
t D2y T mg 1 + a,me
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Numerical results

Same result but for two different lattices at infinite jet energy
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1.00 —— —
Same results but for a SU(2) background p*
- O o
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Random medium leads to
emergent time dependence

(pa(z™, 2)pp(yT,y)) = g*u*(x)dapd”(x — y)d(z™ —y™)

Sample new field
at fixed param.

simulation time

Product formula decomposition
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Conclusion and Outlook kf Brookhaven
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Quantum computing applications to HEP are still in their infancy

For jet quenching, the study of LPM physics can be better understood using these
machines in the future
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