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Introduction

B The differential cross section of deep inelastic scattering(DIS) :

2 2
d“o _ ZnaemyL " [
dxdy Q+

e leptonic tensor : L, (1, 1)

e Hadronic tensor : WHV(q) k/
atq” kY

. . u
decomposed into structure function : W*v = (—g‘“’ + )F1 + pp.’;

* QCD factorization : op;s ~fa/n ® 04

e The PDFs can be extracted from structure function: F; =¥, ¢ ® fu/n
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Hadronic tensor

—— A time-dependance non-perturbative quantity

B Hadronic tensor in d dimensional space-time: [ I

W (q) = j 447 €92 (] J1(2) JY (0)|)

J¥ = yYyH, is electric current when the lepton h

interact with hadron by exchanging a photon

=) The time-dependance quantities can not be directly calculated by Lattice QCD

=) QC can simulate real-time dynamics naturally
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Procedures of simulating hadronic tensor on quantum computers,

B W (g) = fdzz eldz [{h| elHt J1(0,Z) elflt ]"(0,0)|h)\

1. Map the quantum fields to qubits
Models: (1+1) D Abelian and non-Abelian LGT

2. Preparation of the hadron state

Quantum-number-resolving variational quantum eigensolver(VQE)

3. Evaluation of the current-current correlation functions
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1. Map the lattice quantum fields to qubits

B Discretization : Kogut-Suskind formalism

HKS:__Z(l/)nﬂ Unthn — hc)+z( 1" i + ZZZL% { @, - O }

r lpn l/)n+1
- , _(¥n
Matter field : ¥n = ( )
Y
o<
_ Gauge field : U, = exp(iagdh®T?), a=123 . Ru-1 (@) Ln RO L?m >
[Ta,Tb] — iEabCTC
Non-abelian chargeS' « Baryon number: \ r r 1
n n+
Zw TP, Lj=T, B = Yo (Wrtwn + ) (%) zp,m

e Gausslaw : LY —RZ_, = Qf
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1. Map the lattice quantum fields to qubits

B Map the LGT to qubits
@ Jordan-Wigner transformation : ¢, - (1_[ aﬁ;) o ,inSUQ) : o, = (1/),2) _ ( $2n )

m<n llin ¢2n+1

B Map the hadronic tensor to qubits

WﬂV(qO’ql) — fdt 22 eiqot e—iqlz <h| eth]Tlll e—th];'/l |h>, S =n—m

0 — L1y 4 43 2:1 3 4 g3
U(1)LGT:{]’; (D + ol SU(2)LGT:{]1 3 (020 + 0ni1)

— At + - = ol o + -
Jn = 05 Opy1t Oni10n Jn = 020 O2n41t 0214102n
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2. Preparation of the hadron state

—— Quantum-number-resolving VQE :

[VARY PARAMETERSH] ,v
B Target hadron state : AN <}?\\

the k-th excited state with quantum number | El: 23 =
~ Ié E g Il

) S

sa[ =]

@_ =z z CJ-

PREPARE |h)

Li et al. (QuNu), Phys. Rev. D 105, L111502
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2. Preparation of the hadron state

—— Quantum-number-resolving VQE ( J<§v\\
VARY PARAMETERS# ,v

B Target hadron state : <
the k-th excited state with quantum number | %l: 25 =
(1) Prepare k reference states |y;;), i=0,1--k—1 v2) f% I_ § ; 'ZE> %
Have the same quantum number [ as the hadron state @-i E

PREPARE |h)

Li et al. (QuNu), Phys. Rev. D 105, L111502
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2. Preparation of the hadron state

—— Quantum-number-resolving VQE ( )ﬁ
VARY PARAMETERS# ,b

B Target hadron state : AN
the k-th excited state with quantum number ! glz ﬁ =
(1) Prepare k reference states |y;;), i =0,1--k —1 v fi% I_ E § i'E} %
Have the same quantum number [ as the hadron state @_E E

PREPARE |h)

(2) Construct U(8)|: Quantum alternating operator ansatz(QAOA)

. . . Li et al. (QuNu), Phys. Rev. D 105, L111502
Divide the Hamiltonian

H = Hl + H2 +--- +Hk
e Each H; has the symmetry of H e [H;,H;;1] # 0

Parameterized symmetry-preserving operator

u) = ﬁ ﬁ exp (i6;;H;)

i=1 j=1
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2. Preparation of the hadron state

—— Quantum-number-resolving VQE ( )<§v\\
VARY PARAMETERS# ,b

B Target hadron state : = &
the k-th excited state with quantum number = 23 =
= <= I
(1) Prepare k reference states [¢;), i =01k —1 lvi) 2 e i'E} %
8 |
Have the same quantum number [ as the hadron state AH=z2 — )
PREPARE |h)
(2) Construct U(8)|: Quantum alternating operator ansatz(QAOA)
Li et al. (QuNu), Phys. Rev. D 105, L111502
Divide the Hamiltonian
H = Hl + H2 +--- +Hk
e Each H; has the symmetry of H e [H;, H;41] # 0 (3) Minimize the cost function E;(8)
Parameterized symmetry-preserving operator E;(0) = Y3 w8 H |y, (8))
14 k
Wi > wiq S>> wli> 0
i=1 j=1 (4) The hadron state is prepared as |h) = U(6%)|; k1)
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2. Preparation of the hadron state

—— Quantum-number-resolving VQE : [ )<?\N
VARY PARAMETERS# ,v

B Target state : |qg), 1qq), |Q) < —
|— O —
Meson : 1%t excited state in B = 0 sector = ; K i;
Baryon : ground state in B = 1 sector ly;) ,% I— % E @ St
1 . 3 -~ J ~ . m - :7“ i
B Conserve quantity : (Q:0)%, Qit, B, D 58 <[
=\ ) \—/
(Qtot)2: Qt::)’ot =0, ﬁ =0 PREPARE | h)
The reference states : |y5;) Li et al. (QuNu), Phys. Rev. D 105, L111502

[oo) = |0011 0011 --- 0011)

[Por) = \/% (11100 0011 -+ 0011) + [0011 1100 - 0011) 1) = U(6o) |$o0)
4+ +[0011 0011 - 1100)) lqq) = U(65) [$o1)

lqq) = U(67) [¥10)

[10) = \/% (|1111 0011 ---0011) +[0011 1111 -- 0011)
+--+|0011 0011 -+ 1111))
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3. Evaluation of the current-current correlation functions

B The current-current correlation functions

. : : Pedernales et al, Phys. Rev. Lett. 113, 020505 (2014)
O (z,t) = (h| et I} e7 It v | )

0) — H H A
) 0
u(1) : SU(2) : |h) —£
1
Jn = %[(—1)“ + 0'7%] Jn = E(O-Z?’n + 0-23n+1)
]1% = 0-1:{ Ops1™ 0-1-1|-+10-1; ]111 = O_2+n On+1t O_2+n+10-2_n
! !
L | |— QUBIT 2m
I . I L QUBIT 2m + 1
0 = _ '
— el - QUBIT 2n
- QUBIT 2n + 1
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3. Evaluation of the current-current correlation functions

B The current-current correlation functions

Pedernales et al, Phys. Rev. Lett. 113, 020505 (2014)

O (z,t) = (h| et I} e7 It v | )

|0) — H H A
9,
u) : SU(2) : |h) —A
1
Jn = %[(—1)” + 0'7%] 1(1) = E(O-Z?’n + O-Z?)n+1)
]1% = 0-1:{ On+1™t 0-1-1|-+10-1; ]111 = O_2+n Oon+1™t O_2+n+10-2_n
! |
B The Fourier transformation — L QUBIT 2m
— - | m—’QUBIT2m+1
W (g% q") = [ dt X, e'®¢ 7177 W (Z,0) T e
Z=n—m ;]#— — QUBIT 2n
— QUBIT 2n +1

W (g% q") = [, dt 5z 707 R (Z,1)
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Results of the hadronic tensor

B The current-current correlation functions ,————————- .
Il SU(2) baryon |
— — iIHt 4 —iHt |
O (z,t) = (h| et I} e7 It v | ) | L=20, |
| — : : : :
, m=0.5, | 160f L Onl5 S om
L 9=10, ! — m=70a
u(1) : SU(2) : | | sol  mm100a
1 =
J2 =2 [(-D" + 03] Jn =303, + 03n41) | Maq 1'25//' o N exact energy
]1% = 0-1:{ 0-1;+1+ 0-1-1|-+10-1; ]111 = O_2+n 0_2_n+1+ O_2+n+10-2_n 168- : : : , ;
o ! q'a=1xl5 n=30a
T o0p I
B The Fourier transformation — =104

----- exact energy

V(0 1) — ig°t ,—iq?! Vs
W (g% q") = [dtX; et e 2 OMV(Z, 1), Q= D
= ' Lay=2x/5 _
Z=NnN—-—m ! qa n=30a;
120_ ! — ”t=70al
v 0 1y — (Mt Aiq°t o-iqlz uv o 80} : — m=100q
w (q »q ) - f_nt dt Zze e 0 (Z' t) . A ----- exact energy
0F———= e~ Aj\ ............
0.0 0.5 1.0 1.5 2.0 2.5 3.0
qoaz
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Results of the hadronic tensor

B The current-current correlation functions  ———-----—- N
Il U(1) meson |
N . C u —i |
Ok (z,t) = (h| e I e I |h) | L=22,
| M =045 |gpr
- g=06 || ! ¢'ar=la/ll n=50a
u(t) : SU(2) : | M — n=100q
1 ' mo-a=1.2 | — m=125¢q
J9=2[(=D" + 6] Ja =35 (030 + O3n41) N Jal A ----- exact energy
,]7% = 0-7;- 0-7;+1+ 0—;,:_10-7; ]% = O-2+TL 0_2_n+1+ O_2+n+10-2_n oy (8)' — :/:\I — A_:M-—’-:‘ ettt
| i gla;=27l11 n,=50q
. . o:_; o | —— n=100a
B The Fourier transformation 4  p—1254
o r 1
& 2t N A 0 - exact energy -
: 0 i1 N I
W (q®,q') = [dtX;e'TFe™ T2 01V (2,0), < 0 e —
2 = NnNn—-—m 6'- q'a;=3n/11 n,=50ay
| — n,=100q
n : 0 _iql - L
WMV(qO,ql) — f t dtZze‘q t a—1q 2 0¥ (Z,t) 41 — m=125q
—Ng oL A1t exact energy -
0 . . . . .
1.0 1.5 20 25 30
6]06!1
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Results of the hadronic tensor

B o) = j d27 €92 (] JE(2) ¥ (0)|h)

Inserting a complete set of | _ ZJ AT, [X)(X] st da=1z11 m=50a
intermediate states : 6f | o
I ! n,=100q;
.. . (D-p) 4t ! — n,=125q
translation invariant : (k| J#(2)|X) = e'P7Px)Z (h| JH(0)|X) 2’_ E A _____ T Y
o— A N
00 1 ) 0 0 ’; i q'a>2l1 n=50a
W (q% q") = Zjdn 5@ (g +p = px) (k1 J°O) XX J°0) 1h) & 6 | — =100
N i — m=125q
Cé 2+ S o U N — exact energy -
One-particle final state : |h'(p")) € |X) ~ ol . , /\-/\"’\""’“ . .
2T 8-_ gla;=3n/11 n=50a
= ) 5—8W(q° +p° —p"” (h1J°(0) |R')R'1 J°(0) | Ji — =104
2E "l=ql+pl
4 20 4t — m=125q
2 o1t H exact energy
Two- or multi-particle final state : continuous spectrum o

10 15 20 25 30
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Extract form factor from hadronic tensor

2T

W (g% g1) = S (g0 + 0 — p'°
. (q q ) - ZEh’ (q p p )|p11=q1+p1
x (h| J°(0) |n"){h'| J°(0) |h) + others S —
67 n;=50q
Integrating over a region R in q° to extract the Al L
matrix element square : [ — m=1Ba
2t h fp A 00 exact energy
0 14700 2 0 / 1 70 0-
dq® W0 = =—— (kI J°(0) [}k’ /°(0) k) ~ S
R h' S 6- n,=50q
: S| — =100
The first peak ~ (h(p)| J°(0) |1h(p")XR(p")1 J°(0) |1(p)) S 4 e
O& 2- ----- exact energy
& 0l
8_
i n,=50ay
Ji —— =100,
4_' — n,=125q
2r --- exact energy -
0

25 3.0
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Results of form factor

2T

25500 @+ =) . _,

W9(g0 q1) =
N (a°.q°) 2, e

hl

X (h| J°(0) |h"}R'| J°(0) |h) + others

Integrating over a region R in ¢° to extract the
matrix element square :

R 2T R 100) [R')(R'] 190 [h)
. 2B,

The first peak ~ (h(p)| J°(0) [R(p"))}h(®")] J°(0) |h(p))
B In the case of scalar particles :
(h(p"1J#(0) [h(®)) = (p + P )*F(Q?)

F(0) = charge

Dairui Zou (SCNU)

U(1) meson :

SU(2) baryon :

SPIN2025 @ Qingdao

015 e
I O extract by hadronic tensor
| x direct calculation
r ®
0.10 _
(I
~
&
W) ®
p—
T
R 0.05F -
®
0'00_? L 1 | \ 1 | L]
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0
[T T L ]
40-% extract by hadronic tensor
! x  direct calculation
351 .
:7\ il ]
[ x
g I 1
S 251 f
A ]
20 —
r 2 1
1.5F .
| 0: L. 1 A I B
0.0 0.5 1.0 1.5 2.0
Q%a}
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Summary

e We simulate the hadronic tensor of (1 + 1)-dimensional LGT by quantum algorithms.
e meson state in U(1) and SU(2) LGT and baryon state in SU(2) LGT

e extract the form factor from hadronic tensor

e The results shows the ability of QC to study nucleon structure and scattering.

e The study of larger energy transfers requires an increased number of qubits.

Thank you!

Dairui Zou (SCNU) SPIN2025 @ Qingdao 15 /15



Back up



Extract form factor from hadronic tensor

2T
B W% q) =) ——8D (¢ +p°—p) U(1) LGT :
n ZEpr p't=q’+p’ 10" .
—2[ [ ] q'a,n=1m’11 ]
x (h|J°(0) IR')h'| J°(0) |h) + others p na=sit
— 3 A g a=3m E
W 107 A A A
Integrating over a region R in g° to extract the o~
matrix element square : S I
) 50 60 70 8 90 100 110 120 130 140 150
T -1
|| da®wo® = (41 1200) IR °0) [
R ZEh/
The first peak ~ (h(p)| J°(0) |h(p")){R(p")| J°(0) |h (D)) SU(2) LGT :
. . o =i |
B Relative error for time truncation : 10 T aons
2 107} ° q:a;ilm’S-
| |Tpc|” = 1TAr ] 3 107 S
Erel = 0 12 W v
|Ibcl 10 e ’
s s
105030 40 50 60 70 8 90 100 110 120
ntal_l
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Quantum alternating operator ansatz(QAOA)

;N1
_ + 3 -
Hyn = — 2_035 (Uzn02n+102n+2
n=0

B SU(2) Hamiltonian:

3 i
+ 02n+102n+102n+2 —h.c.),

n=0 |%>
N 2
T 9 ai a
R 5 ol ST
a mn=0 Lm=1
;N1
Divide the Hamiltonian: H, = — o n:;en((;;La'g’%1027,1+2
+ O-;n—i-lo-gnJrlo-Q_n—kQ — h.c. ) 3
HZ :-Hm:
Hs = Hqi(n =even — n = odd),
Hy=H,.
Satisfying : [H;,H;41] #0, [C,H;]=0, [T,H;]=0,
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[VARY PARAMETERS®?

<
=
S I
-

(@) IZININIIN
NOILYZIWILdO

PREPARE |h)

(

Li et al. (QuNu), Phys. Rev. D 105, L111502



Solve the Gauss law in PBC

B Gauss Law in lattice: L2 —R2_, = Q2

1 average electric field: ¥, 6L =0 (1)

average electric field: &£=—) L%, then: L} =& + L5, _
N n a adj. cr1a a

gauss law: 6L% —U,~7 6L% 1 =Qf (2)

- 4 N h
[ from (2) , recursively : 518 = (U9 . y2¥)518 + z 0% (3)] substituting (4) into (3) :
N-1 n
m= 1
p J =g ) (N -mek + ) 08
) a _ adj. ad] a m=1 m=1
then (1): ) 818 = > (Un .. UusY)o15+ ) Z 0% ’
n n n m=1 1
=3 z (m — NOp>n)Qm
ad] ad] N -
= N(U2Y . U818 + z (N — m)QS, m=1
m=1
1 N-1 1 N
We can get: (U2 ..USY)6LE = - z (N-m)Q%  (4) [n=€+5 z (M — NOpm>n)Om
\_ m=1 AN m=1 )
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The lattice gauge theory in (1+1)-dimension

B Eliminate the d.o.f. of gauge fields

@ Solve the Gauss law in lattice: L% — R%_, = Q& @ Gauge transformation :
N
1

1§ = €%+ = ) (m = NOpsy) O o = (1_[ Um)wn

m=1 m<n

1

HP o . a — a

average electric field : €% = Nz LS, I—> W Untby = W) 1 n
n

B Map the LGT to Pauli matrices

@ Jordan-Wigner transformation: ¢, - (1_[ 0%) o where ¥, = <¢Z> _ <¢¢2n )
2n+1

m<n n

B The hadronic tensor mapped to qubits :

Jn = z (023 + 023 +1)
. . . . n n n
WHv (g0, q1) = %ﬂzti eld°t o-igq'z (hlelHt]#e—lHt]mh) 2

1 _ _+ - + —
Jn = 035 Ogni1t O2n+102n
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Extract form factor from hadronic tensor

W (q) = [ 2z e (hlj ) 1Ry 4SS
Inserting a complete set of ¢ _ zf ATl | X MX] :
intermediate states : s X h X o X h
WH(q) = Z fdzZ dlly e9%(h|J*(2)|XXX|]”(0)|h) I
X |X) = |h'(p"))
o and 5V (¢ +p°-p°)| ., ,.
=" [ @2z dny el ®poz i) X)X Ol l e
X

= f dlly (21)26@ (g + p — px)(RHO) XN ¥ (0)[)
X

I
I
I
q I
One-particle final state : |h'(p")) € |X) ié ! %TQ

=D 8D@ P =p ), (RUHOIR GONK GO ©)IR) + others i
h' |
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Results

« Hadronic vacuum polarization:

HVP: TI# = [d?z 9% (Q| T{J*(2) J¥(0) } |1Q)

gia=1n/11 gia =3m/11 gi1a=>5m/11
T T T
1.00 1
0.10
0.75 - 2
0.05 - 0.50 1
l -
g 0.25 - e
T 0.00 T T
] 0.00 0 \//\
| | 4 /)
~0.05 1 | —0.25 - : |
| | 1 |
| —0.50 1 | |
| | |
-0.10 , 075 | , ,
I " I I
T T T I T T T T T T T T I T T T _2 T T T T I T T T
0.0 0.5 1.0 15 2.0 2.5 3.0 0.0 0.5 1.0 15 2.0 2.5 3.0 0.0 0.5 1.0 15 2.0 2.5 3.0
Goa Goa Goa
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