Exploring Partonic Strucutre
by Quantum Circuits
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Proton Structures

Long last efforts

* ...

4 Parton model: Bjorken, Feynman 1969

® ...
* QCD
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Proton Structures

Long last efforts

. € Well described by 2-pt light-like correlator

> y ixpty~ n }/+ - —
9 Parton model: Jaip(%) =J o T b W(O)?W(O’y Wwo1p)
) I € Non-perturbative
* QCD * Global fitting, 6 ~ 6,,,,0n f(X)

* LaMeT, f i =CRf+ 0 (PZ_I) ,
fquasi : space-like correlation, C: perturbative calculable

Ji, 2013 + many, especially our colleagues
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Quantum Computing



Quantum Computing

do
a1
g2

as

Q4

IBM QISKIT



Quantum Computing

Input qubits
q;=al0)+ | 1)

IBM QISKIT



Quantum Computing

Input qubits
q;=al0)+ | 1)

IBM QISKIT

Quantum Gates:
unitary operations/
evolution



Quantum Computing
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X
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Quantum Gates:
unitary operations/
evolution

ip 0]

g) = 10) + (= 17| 1) a—
— X — Pauli-X, NOT '_a—
— Y —  Pauli-Y T
— Z — Pauli-Z I
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Quantum Computing

Input qubits
q;=al0)+ | 1)

Quantum Gates:
unitary operations
evolution

L[ 1
$[1 —1]
lq) = 10) + (=D?[ 1)

Pauli-X, NOT

Measurements

~Nachman, et al, PRL21

T I I
¢ - ff excluded x  Classical MCMC

Pauli-Y

04 4 steps v simulation (g12 = 0)
x \ 4 simulation (912 = 1)

Thrust (Ecpms = 91.2 GeV)

| —4— AcrerH data (EPJC35 (2004) 457ff)

1/0 do/dT

IBM QISK

Controlled-not 191:¢,) = 191,91 D ¢»)

2207.10694 -

| lllIIIllIIIIII lI

MC /Data
-+ O\ o -+ O\ Qo

BRI
|
° ; '
:F
N
. E||l..|.,,|“.u:$m .“|m|l..|.E

\b_

10



Quantum Computing

Noisier :

L imited size

do

di

d>

as

oy

(A

3

v0 wl w2

Noisy Intermediate-Scale Quantum (NISQ):
® |ow qubits limit the problem size ~ 0(10%)

®C

C

11

ecoherence limits the fidelity and the circuit

epth ~ 0(10%)



Quantum Computing for HEP

In HEP, we are dealing with n-pt correlates, i.e. S-matrix

(out| e W] in)
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Quantum Computing for HEP

In HEP, we are dealing with n-pt correlates, i.e. S-matrix

(out | e—iH[l/f]t‘ in) (na) ' <E<a!
For the LHC 10°MeV S E < 1TeV
nDsp o 1012
— ! For the hadron: 102MeV < E < 1GeV
[ ] 3 : nP» ~ 10°

— ‘ Suppose n, =2 =32

(};’) v dim = eo
Y5
v T T
D
° _ n Sp

Classically: gigantic size, diagonalize H with infinite dim , impossible/hard !!
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Quantum Computing for HEP

In HEP, we are dealing with n-pt correlates, i.e. S-matrix

(out| e HIWI | in) (na) ' SESa
For the LHC 10°MeV S E < 1TeV
Do 0 1012
— For the hadron: 10*°MeV < E < 1GeV
l...] P ~ 10°
— ‘ Suppose n, =2’ =32

Wy dim — o
v, Require qubits
L4

12
dim = (1,)""” n,LHC ~ 5% 10 1 hadron

~ 5000

Quantum computing: reasonable size
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Quantum Computing for HEP

In HEP, we are dealing with n-pt correlates, i.e. S-matrix

(out|e W in)y

decompose to a set of gates, evolution much cheaper

e "M lim [e_iH(St] Trotter, 1959

e'g' ot—0,N— oo N
R H=7,072,Q Z,
[ ] K Use the fact that | ) | @,)...|10) = | P ) | y)... | D Ps...)
o . 1 e—iH(St: —0. ..

S-S l, —iotZ l &
(:{) 0) ¢ 0)
Others can be realized similarly

o DS .
dim = (nl//)n A e.g. by using e

Quantum computing: reasonable size and operations (scales logarithmically)
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A toy model

QCZ = l/_/(l@ — I”I’I)l//+ g(f”l//)z (n() gauge, 1 —|—1 ) Gross, Neveu, 1974

f(x) = sz‘e‘i’CM’ﬂh | (2 )y tw(0) | h) = sz‘e‘i’CM’”h | e (0, — 2)e ™y y(0) | h)

€ Map the QFT on to a qubits+gates system

® Prepare the external state | /&)

€ Evolution

QuNu Collaboration

Li, et al, PRD letter 22
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A toy model

€ Map the QFT on to a qubits+gates system

QCZ = l/_/(l@ — WL)l//+ g(lﬁl//)z (n() gauge, 1 —|—1 ) Gross, Neveu, 1974

78 ¢2 Staggered fermion, _ I I | ° dan-Wi
W = —> ! Put different fermion ¢n - Zl(X T lY)n Jordan-igner
() ¢2n+1 components, flavors on I<n
different sites
E(p)
Continuum : :
fields will be
1 represented by
Lattice  —sin(pa) a set of gates.
a
W)s —1X[—1Z

Fermion doubling!!

Quantum circuit for 1, (0)

Li, et al, PRD letter 22
17



A toy model

€ Map the QFT on to a qubits+gates system

QCZ = l/_/(l@ — WL)W-F g(lﬁl//)z (n() gauge, 1 —|—1 ) Gross, Neveu, 1974

Vi ¢2 Staggered fermion, _ I I | : A Wi
Y = — " Put different fermion ¢n Zz(X T lY)n Jordan-Wigner
¥> ¢2n+1 components, flavors on i<n

different sites

1 —ixM, 7 iHz gt —1Hz
Jlx) = Z Z ar S AP 0 fields will be
] 2

1
H = Z Z [XnYn+1 o Yan+1] +H2 T H3 T H4 )4 —1H

n=cven

represented by
a set of gates.

&

\ / V)g — X112
Quantum circuit for 1, (0)

H,

Li, et al, PRD letter 22
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A toy model

® Prepare the external state | /)

Prepare the state by Variational-
Quantum-Eigensolver (VQE) 2103.08505 + ...

Potential energy surfaces

0.4 . . |
100 40
02 s @ (@ U
| _, 50
o | (@) D @ .
2 | | % [
02 ! -- o
E ' ~— =
T ' - H T
=-04 1 1=
= . o-
GC) -0.6 : qC)
L \ w
-0.8 ‘I
_:,‘“ * &
-1 - \:\- ”-.,D'
\‘~’.4:’ a
0 1 2 3 4 1 2 3 4 5 1 2 3 4 5
Interatomic distance (Angstrom) Interatomic distance (Angstrom) Interatomic distance (Angstrom)

show its power in quantum chemistry  1704.05018v2

Li, et al, PRD letter 22
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A toy model .
w0) = | [ ™) [H.Hyl# 0

Span the Hilbert space

® Prepare the external state | /)

. e
Prepare the state by Variational- Conserve N
Quantum-Eigensolver (VQE) 2103.08505 + ... quantum |
numbers

wo) = |0101...01)

w;,) = |1001...01) +[0110...01) + ...
1904.07358

(9)°7 AZININIIN
NOILVYZINILHAO

MEASURE

k
E@) = ), wiyi(O) | H|y(6))

Minimize the cost function

Li, et al, PRD letter 22
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A toy model

€ FEvolution 10)

Evaluate evolution

— Ht—=3 _i ,—iHt=3 __]
Smn(t) o <h ‘ el t“mdizze l t‘—‘ndt;]q ‘ h> ‘ %>

(+0)/1

hermitian but not unitary

Smnt) = Pn(t) — =

2

Pedernales et al., PRL, 2014

Encoding the §,  to the auxiliary

field | He ot .
f(x) — —e " h| e g, e ;| h)
Trace out the | h) field ; ; dr Bk !

Li, et al, PRD letter 22
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A toy model

€ FEvolution 10) ; n ﬂ QUBIT N
Evaluate evolution -. :

— Ht—=3 _i ,—iHt=3 __]
Smn(t) o <h ‘ el t_‘maifne l t‘—‘ndt;]q ‘ h> ‘ %>

(x0)/1
IH

hermitian but not unitary : .  QUBITN-1

Pedernales et al., PRL, 2014 . . .
[0) | hy — e=™[0) |y + | 1)e™y ey | b))

Encoding the §,  to the auxiliary
field

Trace out the | h) field

p,=Tr[...] = alO}O|+ | 1){O|S+|0)1|ST+|1){1]|(1 - a)

Li, et al, PRD letter 22
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A toy model

€ FEvolution 10)

Evaluate evolution

— Ht—=3 _i ,—iHt=3 __]
Smn(t) o <h ‘ el t_‘maifne l t‘—‘ndt;]q ‘ h> ‘ %>

(+0)/1

hermitian but not unitary

1 ' QUANTUM CIRCUIT FOR S, (f)

2

Pedernales et al., PRL, 2014 . . - o
[0) | hy — e=™[0) |y + | 1)e™y ey | b))

Encoding the §,  to the auxiliary
field

© p. =Tr[...] = a|0)0] + | 1)0]|S + |0)(1|ST+ | 1)(1|(1 —a)
Trace out the | h) field

Tr{Hp,H] = py = 1 + 2Re[S]

Li, et al, PRD letter 22
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A toy model

¥ Results

I

1 I
O.l—L I I I ‘ I I I ‘ I I I ‘ I I I I I I I I I I I I I I I J_ . ] ‘ I I I ' I I I ‘ I I I ‘ |
- -A- Re[D(z)],9 = 0.6 : | Finite volume, finite
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Li, et al, PRD letter 22
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A toy model: another application

® Light cone distribution amplitude

IS e e e E U B I S R R
. —— ED,g=02 B 0C,g=02
1 oL ED,g=0.15 0C,g=0.15 _
- —— ED,g=0.1 3 b 0Cg=01 -
- —— ED, g=0.05 D\ O 0C,g=0.05 -
FT.C0|w(xOw(y) | 7) ~os8f A -
\2 Eoeey asymptotic iz l‘{\ :
~S‘ B . )
0.4 g X 5
— @’%.\'5' ;’{/ \ r‘,j > A
OO_ i '\E"'/;'; "\\/v \: _
S X/ & -
| Lavd s l - |
2 1 0 1 2 3
X

Li, et al., 2207.13258
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Conclusion

@ A possible new tool for HEP

# Still at the proof-of-principle (toy) stage

® Very young field, young scientists can have major

Impacts

“Start training at the undergraduate level. This is a really new field anc

SO We

have ample relatively simple yet nevertheless interesting projects to w

nich

undergraduate students can contribute. This is even true in theory, where it is

often believed that one cannot do anything useful until after taking a course in

QFT. We should make sure to take advantage of this exciting opportunity to

engage very young people and start the training early.”

26
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