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[F. Dulat, et al, arXiv:1802.00827]
[M. Cepeda, et al, arXiv:1902.00134]

non perturbative, non equilibrium dynamics of QCD in QGP,

parton shower, etc
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out-of-equilibrium,
non-perturbative
higher order processes,
quantum interference
cannot be solved classically

due to theoretical or computational limitations:

sigh problem or rare events that has
exponential-scaling of the complexity
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— Analog Simulators
— Digital Computers
—— NISQ-Era Simulations

—— Software and compiler

—  Quantum Simulators

[arXiv:2204.03381]

Quantum Simulation for High Energy Physics
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Universal Quantum Computing

State of the art devices: O(10) physical qubits with O(10) gates
Error correction: Noiseless, logical qubits from set of physical ones

Noise limits fidelity of primitive gates to 95 — 99% today

entering Noisy Intermediate-Scale Quantum (NISQ) era:
more than 50 well controlled qubits, not error-corrected yet.
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(Quantum Computing

galactic algorithm to simulate quantum field theory

Discretization KS Hamiltonian

Digitization \q)N — |G) truncation, discrete subgroup, ...

Initialization UG = 1) ground/thermal/particle state prep

Propagation U |tho) — |P(1)) Trotterization, variational approach,
+ Taylor series, ...

Evaluation (O) Parton distribution

function, particle decay, ...

Error mitigation
See references in [M. Carena, H. Lamm, YYL, W. Liu, PRD. 104, 094519]
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Discretization of space

~ J. Kogut and L. Susskind [Phys. Rev. D 11, 395]

For pure SU(N) gauge theory,

H., = % / d% Tr [E2(x) + B?(x)]

QyrOAsLLxE v v I 8
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Discretization of space

| — J
~ J. Kogut and L. Susskind [Phys. Rev. D 11, 395] A o o o o
For pure SU(N) gauge theory, : e at .
1 ] , , Ui(x)
H., = 5 d’z Tr |[E*(x) + B*(x)]

On a lattice, to build a discrete theory
with exact gauge invariance

Wilson loop

1 ——

>

[/

1
Pij(z) = 1- NReTrexp {ig%DA-dx}
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Discretization of space

J. Kogut and L. Susskind [Phys. Rev. D 11, 395] A . . . .
For pure SU(N) gauge theory, . i
1 d 2 2 Uile)
HCO:§/d xTr |[E*(x) + B*(x

On a lattice, to build a discrete theory e .
. . . Ui(z) = ' Ja dtAi(z+t2)
with exact gauge invariance i

Wilson loop
L Higs = Kigs + Viks,
Pz'j (LE) =1- —ReTr {v A]} 92
5 Krg=Y ZLTrL?
KS ; —TrL; (%)

Pij(z) = 1- —ReTrexp {zg% A- d:L'}

2
VKS:_ Z —RGTI'PZJ( )

x,1<J gs
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Discretization of space

() N . . *
[ U®, = e’ Loy = —iUpUpi 5 Rux = —1U} Uni j

Fourier transformation

= 5" |k) (k]a) - 3 ot
k

k=—o0

= |p,.4) {p,,§|U) S g D ) 0

P5,] 9€G péé

p : irreducible rep
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Discretization of space

[J. Carlsson, et al, hep-lat/0105018]

1 , 2 ab
Py(z) = 1—NReﬁexp{zg f A-dw} ~ 92]3%{%(@1«1]( )} + S Tr {Fy(@)(D} + D) Fy(a)} + ...

deviations from the continuum, starts
2 : :
from G~ errort, classical computational
resources proportional to a_k
for Wilson action

4g%a®
24N

R”(SE) =1 — —ReTr

1 {v < < “j} B 49261;4
N 2N

deviations from the continuum
starts from a° g2

ij(x)Fij ()} + Ir {-sz(x) (4D2-2 + DJZ-)FZ-J- (a:)} +...

Y

.Y

at quantum level

,°i¢@ AEEK* g Y.-Y. Li 12
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Discretization of space

Hy=K;+V; Vieew = =5 3 ReTr [y (x) + Ry(x)]
Vi = bvoVis + BviViect - o
K = broKKks + bri1Kar Kow = 0 3T [ LU Li(x + ai) U ()

[M. Carena, H. Lamm, YYL, W. Liu, PRL. 129, 051601]
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Discretization of space

ot AT or 1 T 1t fommt0l b Qubits required
¢ [M. Alford, et al, hep-lat/9507010] ¢

d
L

Only count qubits:
, at least 2 larger saving us at least 3 years for 3+1d,
‘ assuming number of qubits increases by

a factor of 2 each year on hardware

circuits for improved Hamiltonian need to be designed
classical field to quantum operator

[M. Carena, H. Lamm, YYL, W. Liu, PRL. 129, 051601]
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Propagation

General Method
[H. Lamm, et al, arXiv:1903.08807]

2 (G —register :
KKS:Zg—tTrﬁ (x) B G register : |9)

| U |9) |h) = |9) lgh)
|
Viks = — Z —ReTer( X) Uy ]g) = |g~1)
X ’L<j L[Tr(e) g) _ ez‘OReTrg |g>
Pj(z) = 1 - —ReTr { ] j} A gEZGﬂg) g) = pezéﬂp)z-j IX%)
1

3 2

Tr{Ul Us U;;r Ui} $_; gate for D4 group

b | —X%X—

Implementation with quantum logic gate
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Propagation U(L) = e—iHlxst

- [e—z’(StKKS e—iétVKS] t/ot

2
Ity L?(x)

a U1) 44 [ Hphase { Up
U1> n L[_l n L[_l —
n-wvw U3> =B :L[Q n U4 n L[g
Uy) =401 UL =y B UL

Uy, . assuming linear register connectivity

[M. Carena, H. Lamm, YYL, W. Liu, PRL. 129, 051601]
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Propagation for Improved Hamiltonian

I

[M. Carena, H. Lamm, YYL, W. Liu, PRL. 129, 051601]
17
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Propagation for Improved Hamiltonian

2
Ko = — E Tr|R;(x)L;(x +
2L = a r|R;(x)L;(x + ai)]

[M. Carena, H. Lamm, YYL, W. Liu, PRL. 129, 051601]
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Propagation for Improved Hamiltonian

)
N
h

Ll;—w Llphau,se uF L[—1 i/l—l

[M. Carena, H. Lamm, YYL, W. Liu, PRL. 129, 051601]
Greseains vy y 19 Mar, 2023, CCAST




Resource for Improved Hamiltonian

|U1> n u—l :":u_l =
t -
‘U1> =n:i’[F _ﬂphase =|LLF L(—1 n L[—l |U2> _ ui n n ui
|Uy) UL e //’V L
\Us) 5841 5 anil_l — YR
k “ Uy) =841 UL =8y 5 UL B8,
Uy ‘
Uy
e e
N
N

Gate | N[Kks + Vis]| N[Koar + Viect]
Mp 2 2
Mohase 1 1
Uy % d—1
g 3(d—1) 2+8(d—1)
s 6(d—1) 44 20(d — 1)
[M. Carena, H. Lamm, YYL, W. Liu, PRL. 129, 051601 ]
20

* # of Gates here for a single
trotter is increasing only
multiplicatively, could be
compensated by the
decreasing of links.
* Larger trotter steps, instead
could be used
for improved Hamiltonian.
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Resource for Improved Hamiltonian

|U1> n u—l :":u_l =
t -
‘U1> =n:i’[F _ﬂphase =|LLF L(—1 n L[—l |U2> _ ui n n ui
|Uy) UL e //’V L
\Us) 5841 5 anil_l — YR
k “ Uy) =841 UL =8y 5 UL B8,
Uy ‘
Uy
e e
N
N

Gate | N[Kks + Vis]| N[Koar + Viect]
Mp 2 2
Mohase 1 1
Uy % d—1
g 3(d—1) 2+8(d—1)
s 6(d—1) 44 20(d — 1)
[M. Carena, H. Lamm, YYL, W. Liu, PRL. 129, 051601 ]
21

So far, circuits for

improved Hamiltonian

are designed,

reducing the number of

qubits required, with
comparable or less
quantum gates.

Demonstration
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Demonstration for Improved Hamiltonian

Up H
Z _> O> »uphase Rz(e)
2 — e | R.(6)
—1 — |1) . :
—1
Uy | CNOT
U > Z/{Vrect
1
Us) \J% L L \%
U3> . L L N
U4> N i L N
U5> N L L N
|U1) == i
Uz) =4 Uy HzilR 11
|Us) U nzilﬁ
U,) 4 T u_lz‘.’:wj
Us) 54 U HZLIQ U
Us) =4 sl Hs Hu Bk

[M. Carena, H. Lamm, YYL, W. Liu, PRL. 129, 051601]
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Demonstration for Improved Hamiltonian

0) — A

0) — g

DO~ o) || [ [ [
0) — -

() 0) — -

@

[H(o{.”' )®] CNOT®1, [H(a?i )®] =CNOT® 1,
ibm_perth device l l

wg number of states measured in the 1 state

[M. Carena, H. Lamm, YYL, W. Liu, PRL. 129, 051601]
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Demonstration for Improved Hamiltonian

[M. Carena, H. Lamm, YYL, W. Liu, PRL. 129, 051601]
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Demonstration for Improved Hamiltonian

Fs ~0.25

demonstration of improved Hamiltonian is allowed in the near future

[M. Carena, H. Lamm, YYL, W. Liu, PRL. 129, 051601]
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Propagation— Discretization in Time

Hgks
- ar — 0, N = o0 _
) U(at) — e—zatH(a,at) Y > u(t) — e—thKS X/\O%QA\
trotterize Na: <t ~ 3
|
2
gyl(a,a;) = 1.
06 - T B

U(t) = e Hxst
[e’imleeim2HKe’l:xgHVe’l:.iB4HK L. ]N + O(af)

Q

v
-
.
04 , _
. .
v
’

AT <1

a
Anisotropic lattices ¢ = —, introducing finite

t 0.2 best fitted with | |
temporal lattice spacing quadratic
renormalized via scale setting functions
0 | 1 _
0 0.2 0.4 0.6

[M. Carena, H. Lamm, YYL, W. Liu, PRD. 104, 094519]
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Propagation— Discretization in Time

Anisotropic Parameter Renormalization

e numerical results is pretty tedious—saving measurement on the Euclidean side
* Preferred for analytical continuation

e Determine the fixed anisotropic trajectory

e Continuous group agrees quite well with their discrete subgroups

3.5- ® Be Ns N¢ & |€1-100p 3
' & Bl  SU(2) [111]
_ D=3
3.0- y B N 2.00 36 72 2.00| 2.097 2.099(1)
w1 e 2.00 12* 60* 4.00| 4.278  --- 4.35(19)
_ : 2.65 16 64* 4.00| 4.207  --- 4.22(11)
2.5 H o ¢ N 3.00 36 72 1.33| 1.351 1.369(19)
n ¢ frieLZZi 4.00 24* 96* 4.00| 4.136 - -- 4.08(9)
- £ — Lo D=4
2.01 £~ Ty @ 3.0 36 72 1.33|1.351 1.36(1)

13 14 15 16 17 18 19 2.0

B¢

[M. Carena, E. J. Gustafson, H. Lamm, YYL, W. Liu, PRD 106 11, 114504]
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To the Continuum

a— 0,a; — 0

28 Mar, 2023, CCAST




o D4
To the Continuum s
» group

- — —

Uo U1

Eco-trajectory: extrapolation to the continuum at fixed £ = a/ay

weak coupling input: €71 ~ &, if 6 < 1

2.35 1
23 & E
3 !
- 225 4
E y i q . S -
S L 2 — .
5 91 i . g{){(a, a;) = 1.00 u
gy (a,a;) =091 °
g5(a,a;) =0.83 & —
2.1 “ g}'){(a, a;) = 0.77 v R
ghla,a;)) =071 + & —
205 i ! | |
0 0.02 & 0.04 0.06 0.08 0.1
| My x1
[M. Carena, H. Lamm, YYL, W. Liu, PRD. 104, 094519]
29
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_________

: D4
To the Continuum
- gI'OU.p

|
Us Us Us |
|

Uo U1

Eco-trajectory: extrapolation to the continuum at fixed £ = a/ay

weak coupling input: £ L~ 0Lif 6k

2.35 — 2

Moy /amix

aMax /aymyx

0.7 0.8 0.9 1.2 1.3

30 Mar, 2023, CCAST




Conclusions

+ Techniques on real-time simulation of lattice field theory:

improved Hamiltonian: matrix elements for the improved terms,
circuits designed, fidelity for current device.

scale setting, fixed anisotropic trajectory.

* More to explore

demonstration of different Hamiltonians, renormalization in
error mitigation, discrete group validity regime, ...

Oracasis v y [ 3 Mar, 2023, CCAST




For High Energy Physics

“ All of these techniques could be used for simulations of
high energy processes in the future!!

Oresssiss vy, 32 Mar, 2023, CCAST
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Discretization of space

9

A\ gt A\ PN o
= — E ; i (X +

Kor . ‘l'r[R (X)L (X al)]

T,1

?

[M. Carena, H. Lamm, YYL, W. Liu, PRL. 129, 051601]
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Discretization of space

Us,,,,U1Us] =0

(U1, U3 Uxc,, U1, Us) = vy vy, (U] € 50 [UY)

[M. Carena, H. Lamm, YYL, W. Liu, PRL. 129, 051601]
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(U1, Us|Uk,,, (U1, Us) = Sy vy, A(Ur, Uz, U7).
AU, Us, UL) = /dUé (U1, UL Use,, |Ur, Us) -

.A(Ul, UQ, U{) = /dV <U{,U2| eio‘ciguKM |U1,U2> .

/dveiaaﬁg = |G| |J2 = 0) (J2 = 0| = |G| Ps,—o.

AUy, Uy, Up) = (UL, Jy = 0|Uxk,, Ui, J2 = 0)
(UL T Uy

‘@2 P > ¥ ! R
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Digitization and Propagation

digitize gluon:

ubit regularization, quantum link models, L ,
1 5 1 Digitization
discrete subgroups, etc =

-~ G—register : U;(x) -—P 9)

D4 group: 4 rotations, 4
reflections

group element g: ‘CLbC>

- qar 1 2b+c
01 1 0

10 0 —
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-Now-: precision measurement

B Proton collider

M Electron collider

[] Electron-Proton collider
mmm= Construction/Transformation

500 GeV Preparation

Possible scenarios of future colliders

Japan

© il CepC: 90/160/240 Gev M. a
. I g -
E { oy : 16/2.6/5.6 ab-1 — SppC aim similar to FCC-hh
(@) ORRRRREE 11 years )
R— FCC hh: 150 TeV =20-30 ab-
FCC-ee: 17 a1
90/160/250 GeV
100km tunnel 150/10/5 ab+! 11 years

g FCC hh: 100 TeV 20-30 ab?

ey FCC hh 100 TeV 20-30 ab 1

" e

8 years 5y, _..si
100km tunnel

P 8 :
o HL-LHC: 13 TeV 3-4 ab-1 ¥
@)
2years 6years |LHeC: 1.2TeV
E— ) 55 | ab-10 FCC-eh: 3.5 TeV 2 ab!
5 years 7 years .
(1:L5IC.b3180 GeV — 2Tet\)/1
11 km tunnel .5 ab- ab-
29 km tunnel 50 km tunnel [Heather M. GraY/ 2021]
| O [ o ) O O P ) ) o O ) e s ) O o ot [ [ [ [ o O PO O Y (i [

2020 2030 2040 2050 2060 2070 2080 2090
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-Now-: precision measurement

HL-Large Hadron Colliders
(LHC)

HL-LHC CMS & ATLAS (3 ab—1) in %

Sy 4.20 Sy 12.8 S~ 13.9 Sy 23.3 S~ 9.40
Hagh 452 | HVBF © gg3 | Hwh 141 | Fzn 165 | Mtk 8.92
400 | . 134 | . i ars | .. T tse | .. 216 |
ZZ ZZ A Z7Z Z7Z
Fagh 464 KVBrR = 11 | Fwh 4338 Hzh g3.3 | Fith 197
LW 3.70 ww | 730 ww | 13.8 v | 184 ww | 970
ggh 616 | PVBF = ges | Fwh B Hzn B Hitn 114
————— 550 | | 440 149 |
IJITT TT TT
ssh | gr9 | FVBF | g6 Puh 733
13.8 54.0
o o
Fagh 185 | “VBF | 361
Z~ - Z~ -
Hogh = 333 | FVBF = gg9
24.7 9.40 6.5 11.6
bb bb bb bb
U
ggh - Hwh 101 | Fzn 5.85 | [tk 14.8
[Jorge de Blas, et al, arXiv:1907.04311]
~ O(10%)
40
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_E,f(a:), A?(y)_ 103 0apd (T — Y)

Ai(@), Ay)| = |Bi@),Eiy)| =o.
1 a/2 R

Al — —/ thz(.’B-Ft’L),
aJ_—a/2

1 a/2
- " [Az-<w>+taz-Az-<w>+§t2a%Az-<w>+0<a3>

aJ_—a/2
_ A-(m)+a—282A-(m)+ a* 82 A;(x)
- A 947 1920 ¢ W -
d—1 2
£ (@) = - T~ |Br(@) - 3100 E7 @)

:ﬁ?(x)v UZ(X) — )‘aﬁi(x)v
L (x), L7 (%)] = —ifabe L (%),

‘9,2 P > ¥ ! R
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Discretization of space

:Ef (w),A?-(y): = 10ij0apd (T — Y) L (x), Us(x)] = AaUs(x),
Ax(@), Aly)| = |Er@),Bw)| =0 [L{(x), L}(%)] = —ifabeL§(x)
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Gate counting for D4

TABLE I. Gate requirements for the propagation of a lattice
with Np plaquettes and L hnks for a time T with time-steps
of size At A ST A o

Number

=
7
3
>
Jan)

D—e H
H—T*IGLH-T—T-H—
e an<ralal H

S

¢

U° oo o U°

Ul ® Ul

U2 ° U2

Ve +— uv)°

v — 00— (UV)!

% —&b— |(UV)? [H. Lamm, et al, arXiv:1903.08807]
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Discretization of space

=¥ v - [

A

CVNFERAZLL* G Y-Y ll
="/ University of Science and Technology of China . .

L3 (x), Ui(x)] = ToUs(x)
L (x), L (x)] = —ifapeL§(x)
R} (x),Us(x)] = Uiy (x)T,

4

[J. Carlsson, et al, hep-lat/0105018]
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Anisotropic Parameter Renormalization

Moreover, one-loop calculation of the renormalization effects on the Euclidean side

U: < lfj
SE ¢ > T(ao) = e_aOH(a’G'O) ~

SU(N) For £ — 00 [C.]. Hamer, Phys. Rev. D 53, 7316, ...]

For finite £ in 3+ 1  [F Karsch, Nuclear Physics B205 (1982) 285-300, ...]

Background field method at one loop order [R. Dashen and D. Gross, Phys. Rev. D 23, 2340]

_ _degrpa,(z)77(0) (0) _ tea, Ay (x
UQZ,CIJ—F,LL e E M( )Ux o Ux7x+u — e M .u( )

Sgr = aPla, ZTI‘ (ZD—(,,,O)QM(:C))Z Sgh = 20" "a, Z H[(D,SO)¢(x))T(D£O)¢($))]

x w T,

" /\Gv\ Q ozu / gb running in the loop 'fij

Independent of regularization AS. g = S(f 1) S(S#l) 0
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