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1.Introduction

New calculation method for QCD observables



Introduction : Sucesses of Lattice MC QCD

Z.Fodor and C.Hoelbling

G.Bali, Phys.Rept.343:1 (2000) ©Derek B. Leinweber arXiv:1203.4789
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QCD (gauge theories) in Hamiltonian formalism

How to deal with gauge d.o.f.7
(In LQCD, introducing link variable, ¢+, is compact reps. instead of —c0 <A, < x)

How to generate state? (In LQCD: PHB, HMC, RHMC)
quantum algorithm (adiabatic state preparation, variational..)
tensor network (DMRG, PEPs..)

How to measure physical observables? conceptually and technically

confinement (In LQCD: Polyakov loop, Wilson loop, smearing tech.)

hadron spectrum (In LQCD: 2pt. fn, several source improvement)

hadron scattering (In LQCD: Luscher method, HAL QCD method::-)
thermodynamic quantities (In LQCD: integration method, fixed scale, gradient flow)



New calculation method for QCD observables

In Hamiltonian formalism, different calculation method is available
Ex.) g — g potential

. Lagrangian tformalism: Wilson loop

(W(O)) = e~ V) =1r [H Ui]
ieC

T — o

Measure the product of link variables
and see Its exponent 6



New calculation method for QCD observables

In Hamiltonian formalism, different calculation method is available
Ex.) g — g potential

Lagrangian formalism: Wilson loop

(W(O)) = e~ V) =1r [H Ui]

T — oo ieC

G.Bali, Phys.Rept.343:1 (2000)
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New calculation method for QCD observables

 |n Hamiltonian formalism, different calculation method is available
Ex.) g — g potential

Lagrangian formalism: Wilson loop . Hamiltonian formalism (for Schwinger model)
ground state energy w/probe charges system
(W) me ™ =1r | [ U,

Py Measure E(¢) = (Q|H(Z)| Q) with several ¢

T — o

potential V(¢) = E(¢) — E(0)

G.Bali, Phys.Rept.343:1 (2000)
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New calculation method for QCD observables

 |n Hamiltonian formalism, different calculation method is available
Ex.) g — g potential

Lagrangian formalism: Wilson loop . Hamiltonian formalism (for Schwinger model)
ground state energy w/probe charges system
(W) me ™ =1r | [ U,

I e s Measure E(©) = (Q|H()| Q) with several 7

potential V(¢) = E(¢) — E(0)

G.Bali, Phys.Rept.343:1 (2000) M.Honda, E.I., Y.Kikuchi, L.Nagano, T.Okuda,
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Today's main subject

- How to calculate "hadron" spectrum
In Hamiltonian formalism

+ Hadron spectrum calc. u,d quark mass ~ 2-5MeV

in conventional Lattice MC proton mass ~ 938MeV

Z.Fodor and C.Hoelbling
arXiv:] 203.4789

| C(7) = (0()O()
o V (B=0.80,k=0.1590) - i i . Q
1.5 ! | >:<
> m ( \ —mrtT ! | . . E
h (T) ~ € s =
I T T A
T— &0 10F ~ ., A
- =0y |
- <+ K | N
. . I
] — 051
pion: O = yysy _ . .
| vectormeson | octetbaryon | decuplet baryon |
rho meson: O = yy,y 00
FIG. 20 The extrapolated Ny = 2+ 1 light hadron spectrum
results from the PACS-CS collaboration. Experimental data
are from (Amsler et al., |2008). The plot is reproduced from
Aoki et al., 2009a) with friendly permission of the PACS-CS
collaboration.
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Our work

To test Hamiltonian formalism, tensor network method is also useful
Density Matrix Renormalization Group (DMRG) method
(N~1000 is doable) Y'\I',::seof‘],gF?szrzman et al.(2022)

Find ground state (Matrix Product State, MPS) w/ variational
algorithm: cost fn. is , (V|H|¥),,

[ry

£—1
Also obtain excited states by modified cost fn. H-H+1) ly)w
k=0

Non-abelian gauge and/or higher dim. QF T suffers from several
problems
Nf=2 Schwinger model, namely 1+1d. QED is a good testing ground

11



2. Schwinger model



Schwinger model
- Toy model of QCD

(discrete) chiral symmetry breaking
confinement / screening potential
composite states

1+1d U(1) gauge theory (QED)

1
P = — —F F" + "2 M 4 ifry*(0, + igA, )y — mipys

w/ 6 term
sign problem in conventional MC method
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Schwinger model + 6 term (Nf=1)

Lagrangian
. 1F o o0, ) P ) Gauge Tfixing
== ~Fu T iy (0, + 1gA )y — myrys Gauss law

Open BC
Jourdan-Winger trans.

non-zero 6,: Sign problem in conventional method

Hamiltonian by spin variables

N-2 n ( 1)1 my.. N—-1 )
H=JZ_}) ZO . — +—2[ VY] +— Y (-1)'z,

nO

Nfg2a
8

kinetic term of electric field klnetlc/mass terms of electron Myt = M

Kogut and Susskind (1975)
Shaw et al. Quantum 4, 306 (2020)
R.Dempsey et al. PRR 4 (2022) 043133

g, I1s constant shift of electric field

all-to-all interaction of Z
Gaped system (even in massless case for Nf§1)



Recent study on Schwinger model w/ Hamiltonian formalism

Nf=1 Schwinger model

-  Real-time evolution

Schwinger effect, C.Muschik et al. NJ of Physics 19 103020
Martinez et al..Nature 534, 516-519 (2016)
L.Nagano et al., arXiv:2302.10933

+  Finite-density

Variational algorithm, A. Yamamoto Phys. Rev. D 104, 014506 (2021), Tomiya arXiv:2205.08860
Entangelement entropy, K.lkeda et al. arXiv:2305.00996

- Topological theta term Phase structure (DMRG): M.C.Banuls et al, PRD 93,094512 (2016)

. L.Funcke et al. PRD 101, 054507 (2020)
Chlral COndensate Adiabatic state preparation: B.Chakraborty et al., PRD 105, 094503 (2022)

potential between probe charges

charge-g Schwinger model ('t Hooft anomaly matching)

M.Honda, El, et al. PRD105, 014504 (2022)
Mass spectrum  vi.csanuis etal, JHEP 11 (2013)158 M.Honda, El, Y.Kikuchi,Y.Tanizaki, PTEP (2022)

M.Honda, El, Y.Tanizaki, JHEP (2022)
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Multi-flavor Schwinger model: ordering

» Dirac fermion -> lattice fermion (staggered fermion)
2nd flavor Dirac
I st flavor Dirac

®@ ® ® ® | \c Banusetal PRL118,071601 (2017)
R.Dempsey et al., arXiv:2305.00437
O 1 2 3 M.Rigobello et al., arXiv:2308.04488

+ lattice fermion -> spin variable (Jordan-Wigner trans.)

16



Multi-flavor Schwinger model: ordering

» Dirac fermion -> lattice fermion (staggered fermion)
2nd flavor Dirac
I st flavor Dirac

®@ ® ® ® | \c Banusetal PRL118,071601 (2017)
R.Dempsey et al., arXiv:2305.00437

O 1 2 3 M.Rigobello et al., arXiv:2308.04488
Flavor ordering (n=k+N(f-1)) Staggered ordering (n=2k+(f-1))
——90—90—90 90900 0o — ——0—0—0—0—0—0—0— |

+ lattice fermion -> spin variable (Jordan-Wigner trans.)
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Multi-flavor Schwinger model: ordering

» Dirac fermion -> lattice fermion (staggered fermion)
2nd flavor Dirac
I st flavor Dirac

®@ ® ® ® | \c Banusetal PRL118,071601 (2017)
R.Dempsey et al., arXiv:2305.00437

O 1 2 3 M.Rigobello et al., arXiv:2308.04488
Flavor ordering (n=k+N(f-1)) Staggered ordering (n=2k+(f-1))
——0—0—0— 90— 00— 00—
N N
flavororder:a=0.2,m=0.1,6=0 staggered order : a=0.2,m=0.1,6=0
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Multi-flavor Schwinger model: ordering

» Dirac fermion -> lattice fermion (staggered fermion)
2nd flavor Dirac
I st flavor Dirac

®@ ® ® ® | \c Banusetal PRL118,071601 (2017)
R.Dempsey et al., arXiv:2305.00437
O 1 2 3 M.Rigobello et al., arXiv:2308.04488

Staggered ordering (n=2k+(f-1))
_—  — — — — — — N

+ lattice fermion -> spin variable (Jordan-Wigner trans.)

Conditions for Nf -fermion our choice

—o) nl
"1

H( 05 o7 local op. (isospin and so on)

e Xim) = Op Oy, . .
o A fm f,]; an * _02 N becomes only a few # of Pauli matrices
U Kfmd = o 25,1 = 0 =220 i >H< %5 01

19



3. Mass spectra in the Hamiltonian formalism


https://doi.org/10.1007/JHEP11(2023)231

"Hadron" state in Nf=2 Schwinger model

Prediction by analytical study (Coleman, 1976) at 0 =0
(1)pion (Iso-triplet pseudo-scalar meson)

— i (S =5
T <le S Wz) Quantum numbers:
JPC=17*"(J,=-1,0,1) J%,J_ Isospin

associate with SU(2) flavor sym.

(2)sigma(lso-singlet scalar meson)

() =)

]PG — O++

c =Yy + Yoy, P: Parity

G-parity (generalized C.C))

(3)eta(lso-singlet pseudo-scalar meson)

n=-—1 (l/717’51//1 T 1/72}’51//2), JPC =07

21



Monte Carlo result: Schwinger model + 6 term

+ Lagrangian

1 86 . . _
L = — ZF P 4_71-6'WFW pyH(0, + IgA )y — myy

non-zero 6,. Sign problem in conventional method

1 I | I 10: I I I I I I I I

2/3datla ..... .E| ...... S E n — ;
0.647cos’"(8/2) ---=--- L S fﬁ —o—1 ]
0.8 |- P o o =1.34fit oo i
1t w :
- é s th
: - U R D S 01¢f b -
= S R SO S .
: S = ~E\\ A -
0.01 F e E :
0.2 T 5 e 3 Fukaya and Onogi
§ : - Phys.Rev. D68 (2003) 074503
0 ! . . | \ 0.001 | | l l l '} l l
0 0.2 0.4 0.6 0.8 1 0 1 2 3 4 5 6 7 8 9
o/n X

In large 0, the signal i1s very noisy because of the sign problem
Difficult to find a heavy y-meson and s-meson
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Three calculation methods (at ¢ = 0)

(1) (Spatial) correlation-function scheme (conventional method)
C(r) = (O(r)0(0)), Iim C(z) ~ e ™

T— 00

(Ina - 0and N - o since H formula breaks Lorentz sym.)
(2) One-point-function scheme

OBC = Wall source
one-point fn. = correlation fn. with source state

(SPT phase, at ¢ = 0 iso-singlet state / at § = 2z iso-triplet state)

(3) Dispersion-relation scheme
Construct excited states and measure energy, momentum and
quantum numbers

23



(1) (Spatial) correlation-function scheme

Effective mass

In|(rm(x)r(y))|

g=10"10 1.2}
-2T . & E= 10121
Al .'a. e £=1071 _ )
iy «  £=10716 T 08
| ...'- T‘G:J
'-.. ,:70.6‘
_8- A
..,.. > .
l.. .
—10+ .,.. -
't,. 0.2
s | .
0 5 10 15 20 0.0
=y

log plot of C_(r) = (n(r)z(0))

L=39.8, N=160, m=0.1,6=0

1

Mmeﬂ;(r) =5 log

C (r + 2a)

Ca(r)

L=39.8, N=160, m=0.1,6=0

0.50

0.45

14

16 18

20 -

Flateau OT eTrective mass = plIon mass ¢
High precision calculation shows a slope....
What's happen??
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(1) Test calc. for Nf=1 massless fermion case

(1+1)d. point-point correlation tn. has Yukawa-shape

1
(7(x, Nr(y, 1)) x Ko(Mr) ~ —Mre_Mr here z = — iy yw for Nf=1

L=79.8, N=400, m=0.0,6=0

0.80 . l
fit by a/r+ M e £=10 " .
L g + £=1071 _ Effective mass has power correction:
£=10 — g :
i d 1
- 0.70 : : M (1) = log Ky(Mr) ~ F M
\E & dr 2]"
) A
< 0.65 g ' In r = oo limit, obtained M is almost consistent
0.60f ;’f : with the exact result
exact result, M = g/\/x

0200 0.05 0.10 0.15 0.20 0.25 0.30 035 0.40

1/r
Why the convergence is slow?

=> DMRG can calculate exponential correlations and difficult to reproduce 1/r
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(1) Effective mass with a 1/r correction

PION Mass

L=39.8, N=160, m=0.1,6=0

L=39.8, N=160, m=0.1,6=0

0.65 .
fit by a/r+ M
0.60f °+ €=1071 .
e=10-"2 .
* e=10"14 .
0.55 e :
> &
0.50 ...n'
0.45¢}

04900 0.05 0.10 0.15 020 025 030 035 0.40
1/r

0.8}

fit by a/r+ M
e=10"10

E=—10 -

g=10"1

g=10 '° .

=

L=39.8, N=160, m=0.1,6=0

0.90¢

'Bﬂ.oo 05 010 015 020025 030035 010

sigma mass

1/r

*

iy

. g

fitby a/r+ M
£=10"10
£=10"12
e=10"1
£=10"16

eta mass
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(2) One-point-function scheme

L=39.8, N=160, m=0.1,6=0

O-. —10

Calculate (O(x)) B L

=of e £=10714

Y (O, 1)0,,,(x = 0)) = (Vac.| 6(x) | Bdry) ~ e = . e=10718

~ — fit by —M,x +C _
) Wall-point correlation function % -
_15-
eta meson

/ / = OO é 110 115 20
T T X

L=39.8, N=160, m=0.1,6=0
O(x) ' ' '

=0 |7

sSigma meson

_10 K

£=10"10
—-15¢ D E = 10_12
* e=10"14
o0 .
— fit by =M x +C

In|{o(x) — o(L/2))|

0 5 10 15 20
X

precision-dependence 1s not observed
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(2) One-point-function scheme : pion

(n(x)) = 0 everywhere, since the ground state Is iIso-singlet at 0 =0

0=0

trivially gapped

- 7T

0=2n

Haldane phase

Haldane phase -> edge mode in OBC

Isospin =1/2 at both edges = source of iso-triplet

7

J=1/2

O(x)

x=0

e

¢

7

J=1/2

27

X=L

e

In|{rr(x))]

L=39.8, N=160, m=0.1, 6 =2nm

e £=107"10
o e=10"12

PN e=10"14
s £=10716
— fit by =M X+ C |

15



(3) dispersion-relation scheme

£—1
MPS for Z-th excited state Is given by the modified cost fn.: H,, = H + /12 VAKA

k=0
Upto 20-th excited state
L=19.8, N=100, m=0.1,6=0
] 06F | I T T | T a4+
1.0r 00 O ¢ ot i
o®0e? 0.5}
0.8r 0oeo0® 1 .2
'-'-?06- ® 6 o _%0-4' o 0 0
| . 0O 0 0 | 0.3F 0 _
60.4-.“. 5 e 0o
0.2}
¥’ qb
0.2r B 0.1t e 0 coe |
OO‘ | | . | | | . | | | | .QG'I.' | . | ... | ill | |
0 2 4 B 8 10 12 14 15 18 20 2 00,2 24 6 8 10 12 14 16 18 20 22
{-th excited state /-th excited state

Measure the quantum number (Iso-spin, G-parity, Parity) of generated MPS
to identify each meson
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(3) Momentum op. and Quantum number op.

. Momentum op.(flavor-dependent, [k, H] # 0)

A s .
1st flavor kin = @(51,n_122,n—1Zl,nZanfan — Stn-1Z2m-1Z10Z2nS1 n11)5

A i, .
2nd flavor k2 = E(Sz,n—1Zl,nZ2,nZI,n+IS;fn+1 = S;:n—lZl,ﬂZQ,ﬂZl,n+1SQ,n+1)‘

. Isospin operator (flavor SU(2) sym.), J*,J

4

N—

[H, Jz] — O Jzzzz_%ljz 12(X1nX1n X2nX2n) =

n=0

p_t

N-—1
Z Zln_Z2n
n=0

b-bli—‘

H, J% = |H, (%J,J +%J,J +J3) =0
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(3) Quantum number op.
+  Charge conjugation (broken due to OBC and finite lattice spacing)

Ni=1, m=0.125, 6=0

Ny /N-1 N-2 1.0}
C = H (H a]“c:,n) (H (SWAP)f;Nzn,Nln)
f=1 \n=0 n=0
0.5F
" O
- Parity (broken due to OBC, N=even) £ %
p._ ﬁ (Nﬁlajgjﬂ) ~0.5}
f=1 j=0
x (hz(S“T‘Ap)fi*\'—'l—’h'\"—1—n) ( ﬁ (S\V‘L\P)f:n.!\'lrt) _1.0;1'.0 ~0.5 0.0 0.5 1:0-
n=>{ n=0 Re (C) ‘
1 site translation X <=>L-X Free theory w/ PBC
p <> ap ftlip In cont. IIm., {C) = x 1
+  (G-Parity (commute with iso-spin) v

the sign of Re(C) Is
. J

a remnant of exact C
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(3) Results: i1so-triplet channel

J2

J>

G

g

Qi3

2.00000004
2.00000012
2.00000004

0.99999997
-0.00000000
-0.99999996
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-6.819x 108
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2.00000009

0.99999999
0.00000000
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0.27736066
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© 00 (O T =W N S
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RRaL 0
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ok omad
e

12
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0.99999998%
0.00000001
-0.99999999

0.27356274
0.27356277
0.27356274

0.856x1078
9.856x10~8
9.856x 1078

. :
0.09 i 6 8 10 17 14 16

/-th excited state

18 20 22

—_
J O Ot

1.99999942
2.00000052
2.00000015

0.99999966
0.00000000
-1.00000003

0.27173470
0.27173482
0.27173470

-1.077x10~7
21.077x10~7°
0%l !

N DN =
— O O

2.00009067
2.00002578
2.00003465

1.00004377
-0.00000004
-1.00001622

0.27717104
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(3) Results: 1so-singlet channel

0.6

O
I

=
‘3'4 o0 0
®
r§<\02 e 0 @
0.1 o0 0 : .“.
OO'.".. | | @
B 0 BRI SRR e N o it [ R e 16 20 22

/-th excited state

J2

J-

G

P

0.00000003

0.00000003

-0.00000000

0.00000000

0.27984227

0.27865844

3.896x10~7

1273 .0

0.00000003

0.00000000

0.27508176

D 6L 10

_|
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0.00000028

0.00000006

-0.27390909

e el

J=0 J.=0 G>0 P>0

sigma meson : J'¢ =

0+ +

J=0 J.=0 G<0 P<O

eta meson : JF¢ =

— 0

Zero-mode
P>0

zero-mode
P <0



(3) Results of dispersion-relation scheme

Plot AE, against AK> for each meson

Fit the data using AE = v/ M? + b2AK?

iy L
PO aaaliE R R =
0.8] __o- o
© a7
00 o v e e
| el
= -
w 0.4 * e ground state + M,
m /°=2,G>0 x M,
0.2¢ ¢ 12=O,G>O 3 4 M’?
A J4=0,G<0
0.0r o

Gb 01 03 DS 0t o085 DB
(K?); — (K?)o
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Three meson masses obtained by three methods

Theoretical predictions

Coleman(1976), Dashen et al. (1975)

1.0 . . - v M, <M, <M, :U(1) problem
oneé
0.8} eta
.-.
o6l sigma | VM, =pu+0(m) (u= g\/M/ﬂ ~0.8, m=0.1)
2
£ 0.4l S
plon ey e
.ol o correlationfunction | v/ M_/M_=+/3 (within 5% deviation)
' m one-point function
¢ dispersion relation
0.0

pii sig'ma eta correlation fn..one-point fn.|dispersion
Mo/Mn 1.68(2) 1.821(6) 1.75(1)
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Short summary of scheme

Three calculation methods for hadron spectra in Hamiltonian formalism
(1)correlation-function scheme

= applicability to broad class of theories

@ sensitive to the bond dimension (DMRG) —> @ quantum computation

(2)one-point-function scheme
= heed to increase neither the bond dimension nor the system size L

@ only the lowest state having given quantum numbers of Bdry state
(3)dispersion-relation scheme
= obtain various states heuristically / directly see wave functions (s/p-

wave)
& computational cost to generate excited states/ how to implement to QC?

36






What is different from 0 = 0 (theoretical predictions)

Sign problem appears in Lattice Monte Carlo

operator mixing between Scalar and Pseudo-Scalar ops. occurs,
O = CgS + CpPS

loss of quantum numbers (G-parity is broken, y-decay is no longer prohibited)

decay mode: » meson -> 2 pions

n meson I1s not a stable particle

(almost) conformal theory at ¢ = = (level-1, SU(2) WZW theory)
DMRG is hard, shape of correlation fn. is changed

38



Two calculation methods (at 9 + 0)

(1) 2-pt. correlation-function for mixed op. and find the mixing angle
C(7) = (O(7)0(0)), for O = CS + CpPS

+ (1°) One-point-function scheme
one-point fn. = correlation fn. with source state

(SPT phase, at 9 iso-singlet state / at 0 + 2z iso-triplet state)
near 0 = r, a shape of corr. fn. change to CFT-like

(2) Dispersion-relation scheme

Construct excited states and measure energy, momentum and
(approximate) quantum numbers

exact sym. is only isospin, e.g. iso-singlet and iso-triplet
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(1) correlation fn. scheme

Operator mixing between Scalar and Psuedo-Scalar ops. occurs, 60 = C¢S + CpoPS

Diagonalise 2pt. correlation matrix: C.(x,y) = (

_2-
N
=
X -6
E
< 79

-10
_1%

(

(o(x)a(y)),

xK K

0

0

(m(x)7m(y)),

_pion
“ T
3;‘::: <<<<<<<<
“‘i <<<<<<<<<<<<<<<
$324, "y, .
EITTYINALTT
........
TeleattaL, T,
6/2n ":: 000000
0.0 0.3 fagte
0.1 0.4 figl
. . l’
02 <« 05 Preliminary
1 1 1 1 1 1 1 (]
25 50 75 10.0 125 15.0 17.5 20.0

4444444

A
A“
A
""""
.
*e
.
.
.

X —y|

The slope I1s slower In the larger 6.

0

0
(nOn(y)).

(S (0)S:(¥))c

<PSi(x)Si(y)>c <PSi(x)PSi(y)>c

<Si(x)PSi(y)>c

)

)R+ for Iso-singlet mesons

1=39.8, N=160, m=0.1, £ = 10~16

| -
STPO sigma meson
Sl B 1 90 S R PP 1 =
o ‘A <<<<<<<<<<<<<<< 2
> L TTYORSETE N
B R TTTIOORRAARTR IS
=10+  TEge A, Vv, —
E TS PUURRAR AT X
o) Sagte, ., <
-~ e/2mn ';’ OOOOOOO -~
£ -15 0.0 + 03 Tlygte., <
0.1 v 0.4 I RN
02 <« 05  Preliminary -
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X =yl
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(1) correlation tn. scheme

Effective mass as a function of 1/r at large @

(large mixing angle, near conformal)

ploN sigma meson eta meson
62 =0.4 6/2n=0.4 8/2rm=0.4
0.40 | i | | 0.60 -
. . 1.2 .
0.35 : I . ‘ _ .
—_ s " . —~ 1.0 . ® o
) - = 0.50¢ , = sst? -
i < | & s = P fit by a/r + M
3(1:) 0.30 o v » : o 0.8Ff |
= Y fit by a/r+ M Eb‘ 0.45 | o . fitby a/r+ M _ = L fit by a'/r + M’
S I ot e £=10710 | o e £=10710 S . e£=10-10
0.25 / i £=1O_12 0.40_ y. . £ = 10—12 1 06_ - E=10_12
o o g=10"1 o e £=10714 o . e£=10"14
0.20¢F Preliminary . e=10-16 0.35| Preliminary . £=10"16 | 0.41 Preliminary c—10-16
0.00 0.05 0.10 0.15 020 0.25 0.3 0.00 0.05 0.10 0.15 0.20 025 0.3 0.00 005 010 015 020 025 030 035 0.4C
1/r 1/r 1/r

The mass becomes smaller (pion and sigma)
-ta meson decays Into a lighter mode over long distances.
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(1°) one-point fh. scheme in 8 < =

Need to increase neither the bond dimension nor the system size L

To find the mixing of ops., 6 = CS + Cp.PS, we use the rotation

matrices by the 2-pt. fn. scheme : (6(x)) x e ™* for O < =

(x(x)

(G(X)
1(x)

):
>:

S_(x)
i (PS_(x))

5, (x)
R+ (PS+<x>)

L=79.6, N=320, m=0.1
pion sigma
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(1°) one-point fh. scheme in 8 < =

- Need to increase neither the bond dimension nor the system size L

»  No longer an independent scheme
To find the mixing of ops., we use the mixing matrix by the 2-pt. fn.

scheme : (O(x)) x e™* for @<
pion sSigma meson eta meson

1L=79.6, N=320, m=0.1 . L=79.6, N=320, m=0.1 [L706 NS390 20
T T T T T " T T T T T T 0 | | . l, | ’ : l. |
8 _ - . . ~M . . . .
_2,55_: f_ Preliminary 1 s Preliminary Preliminary
.0 . —— —5 - v ~°- o - S
— 2 —5 i
—5.0 N \ o
e -~ . |
= . B —10 =
> | : = —10 .
= . 6Rn=0.0 ' | . 6Rn=0.0 5
= —10.01 . g2n=1.0 X —15¢ - 62rn=0.1 i % —15} - 6rm=01 -
= . ern=11 5 + 62n=0.2 = . 6Rn=0.2
—12.5¢ . eR2n=1.2 — . 6R2n=0.3 Saa® '
R, =20 — .« 6Rn=0.3
. 6/2n=1.3 % = + OR2n=0.4 = 201 _ epn=0a4
—15.01 0/2n=1.4 i . 6R”n=0.5 R _....,::_*é'}_f',:-..' . 6Rn=0.5
1 1 1 1 ! 1 1 —25 1 : : L T L. T A - l 1 L -l o apl ,, . *vi3
O =5 105018 =20 =25 3035 - 40 Uoona e dBoka el g 30 89 5 20 P05 R 40 a5 000 25030 55 40
X X
X

0 = x I1s difficult 4s In middle x regime, there Is a cusp



(1°) one-point fn. scheme at 0 =

Analytic form of one-point fn. with OBC (o(x)) ~ L
' \/sin(zx/L)

L=79.6, N=320, m=0.1,60=n

~0.05-

~0.10¢}
o _oasl] ct.) 2-flavor Schwinger model at 6 = =
’>; 20,2 .
5 . a small mass gap ~ e remains
~ —0.20¢}

(Not exact CFT If m # 0)
—0.25¢ Dempsey et al., 2023
Preliminary
—0300~—% 30 15 20 25 30 35 40

X
The data is well-fitted !
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https://arxiv.org/abs/2305.04437

(2) dispersion-relation scheme

o 0.5¢
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0.0

]

02m=02
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0.6

0.4f

0.2

0.0
0.7

0.6

0.5}

0.4

0.3

0.2}

0.1}

0.0

|so-triplet must be pion
We cannot distinguish between eta and sigma
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G-parity is no longer exact quantum numbers
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(2) dispersion-relation scheme
. fit the data for each meson using AE = \/M? + b*AK*

L=19.8, N=100, m=0.1

121 6/2m=10.0 e M eRn=0.1 g e Ml enrn=0.2
————— - == _ - _-="
I S o ! _A--T - ] I K 2 _
10f T 1OF - - 1.0 L
& o - ri& ‘/,/’ __m-T T m
_0.8F o e 108F o T 1 0.8} e e
L] e e » et
| 0.6} o 10.6f 10.6F % o
=2 - ,4.' /’
m _F.,, +l” ',,,I
0.4r e ground state + M, 104 1041 i i |
. pe2620 % M Preliminary
0.2 o J=0.G>0 v M, 102} 10.2} :
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0.0} o | s J < {o0.0} e | | | “{0.0} e | | | B
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12 g2n=0.3 | [ ern=04 | 14[ 6/2m=0.5
1.0 o . . {10t " AH1o0f o
Jttanl S e ,/”/ """"" /,/”::——"
0.8} e A 10.8} P ol 10.8} ¥ T
o - ”.’ _ - ////””4
u'l ////‘ ,/” //// ”,’r /‘/:-”/
| 0.6 & o 1 0.6} e 1 0.6} JPatAs
=2 X ,/’ /// - ’/./”/
u-l /' /’ //’ //:/’
L o7 - L R y | - -~ P
0.4F 0.4 0.4 o
¥ /' ///’,
0.2} 102} 102 /a
)IQ/
0.0} ® | | | ~10.0f ® | | | 10.0f 4 | | | =
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(K2)y — (K?)o (K2)y — (K?)o (K2), — (K?)o

n disappear 6/2z > 0.2

sigma (singlet) and pion (triplet) are degenerating at 0 =nx
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Summary plot
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correlation-fn. scheme
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dispersion-relation scheme

L=19.8, N=100, m=0.1

n gets an unstable particle in large 6

m_=+/3m_is valid around 6 = =
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Comparison with Monte Carlo

Nf=2 Schwinger model w/ 9-term

T Mass

Result by Monte Carlo

1 I I I I
2/3data - .El ...... S
0.647cos’ "(6/2) ---=---
06[i e E!“E}‘E]‘“El“sw\\.. E] E] EI : -
N
0.2 | _ S
Fukaya and Onogi
Phys.Rev. D68 (2003) 074503
0 | | I | \
0 0.2 0.4 0.6 0.8 1
O/m

In l[arge 0, the signal is very noisy because of

the sign problem
Difficult to find a heavy n-meson and s-meson

0.8

0.6

0.2

0.0
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5. Summary

Our calculation methods for hadron spectra in Hamiltonian formalism works
well even at 6 # 0

(1)correlation-function scheme (2pt + 1pt)
resolve the op. mixing and obtain a precise result

(2)dispersion-relation scheme

Future direction
- Apply QCD theory w/ finite-density
(op. mixing and loss of quantum number occurs!)

- Efficient quantum algorithm to generate excited state (for dispersion-
relation scheme)
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Please come to Kyoto this autumn!!

Invited speakers for 3rd and 5th weeks

e i e Zohreh Davoudi (Maryland U.)
Hadrons and Hadron Interactions in QCD (HHIQCD 2024) e Erez Zohar (Hebrew U. of Jerusalem)
-- Experiments, Effective theories, and Lattice.-- ° MUh amma d A g9 dLIZZ aman (U Of I OW a)
.+ lath Oct. - 15th Nov,, 2024 | * Yahui Chai (DESY)
. . Yukawa In‘st.itut?' for Theoretical Physics,.Kyoto University, Japan ?..’ ° T()m()ya Ha}]a ta (KelO U,)
e Marc Illa (U. Washington)
® David B. Kaplan (Washington U.)
Registration opens! Here e Scott Lawrence(Los Alamos Natl. Lab.)
e Akira Matsumoto (YITP, Kyoto U.)

® [ndrakshi Raychowdhury (BITS, Pilani)
3rd week : symposium for all subjects ® Pietro Silvi (Universita di Padova)

. ¢ Judah Unmuth-Yockey (Fermilab)
4th week : hot and dense QCD e Uwe-Jens Wiese (Bern U.)

e Arata Yamamoto (U. Tokyo)

¢ X1aojun Yao (U. Washington)

® Torsten V. Zache (Innsbruck U.)
50 ... and more

1st and 2nd weeks: Hadron interactions, scattering

Sth week : Formal aspect and quantum computations


https://indico.yukawa.kyoto-u.ac.jp/event/27/




Introduction

- QCD phenomena has been well
50 éears TP f understood for this 50 years
CD &
_8 - Asymptotic freedom

May 3, 2023

Topological objects
Hadron mass

Nuclear force

Phase transition at finite-T
Thermodynamics

May, 2023 @ U. of Minnesota
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From & to # tor Quantum computer

Ex) Schwinger model with open b.c.

Lagrangian in continuum PBC: Shaw et al. Quantum 4, 306 (2020)
1 o 86, L | . arXiv:2002.11146
L = — ZF Y dast A €, "+ 1wpyH(0, + igA )y — mypy
Hamiltonian in continuum
H,, = ndx —(H ge()) — Wy (0, + igA )y + mz/‘n//] Canonical momentum: I1 = gyA' + 8¢
2 27 2T

Hamiltonian on lattice (staggered fermion, link variable) .y
Link variable: L, « —TI(x)/g, U, < e84 )

N-1
H=J Z <L +_> - IWZ Unnst = Xy Uizia) +m ), (<D0 1, Staggered fermion: % [¥ulx) n:even
- \/5 w,(x) n:odd
Remove gauge d.o.f. (OBC and Gauss law constraint)
o ( by N N Gauss law: = (=1y
H=1J Z (e |+ Z (}( Xi— > 27[) —iw Y (Vs — 2 Hn) £ Z (=125 1 0=0Il+gy'y—L,—L,_ =xx— >
n=0 n=0
Spin Hamiltonian using Pauli matrices(Jordan-Wigner trans. _ X, -V, ¥, .
P J . ( J ) Jordan-Wigner trans.: X, = H(_lzi)
Z+ni 9, wiE 2
H = ]Z Z T +_Z [X Xn+1+ n n+1 +_Z( l)nZ i=0
2 2T 2 - . . . .
| i=0 i n=0 Apply quantum algorithms to this spin hamiltonian.




General problems of quantum computer

»  Current quantum device
Small qubit size (N = 10 — 30)

Quantum errors Depth of circuit
1e+05 - @(NZ)

10000

# of qublits 100
(N)

problems
people want to solve

&
quantum

supremacy

100

10
Current

devices
1
1 0.1 0.01 0.001 0.0001 1e-05 le-06 le-07 le-08

Gate operation accutracy



Lattice QCD: relevant users of supercomputer

o Slide of Lena Funcke @ Lattice2022
Confinement | |
Supercomputer usage for different fields (INCITE 2019)

— Lattice QCD: ~ 40%

Hadron mass
composite particles of quarks

Nuclear force/structure

Thermodynamics L attice QCD

Figure credit:
. . Jack Wells, Kate Clark
Nonperturbative calculation

= Astrophysics = Biophysics = Turbulence Combustion

fOr the Standa rd mOdel = Al-Materials = Plasma Physics s Materials/Chemistry

s Nuclear Physics s Seismology s Subsurface Flow s Weather/Oimate
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Lattice Monte Carlo QCD

we want to know: (0) =

dof=6 x 10° in current calc. on supercomputer

ex.) Area of fan shape: S =

1

1 — x?%dx

0

(1) Generate two sets of random number (X,y)

(2 ) Count # of dots

total #
= lim s(N)/N

N— 00

C is faster algorith

iInside fan shape = s(N)

of trial =

m for multi-dim. integral

an differentiation of product method (X%':
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Sign Problem in Lattice Monte Carlo

Sign problem if S, becomes complex

real-time evolution
finite-density QCD
topological theta-term

»  Sign problem is NP-hard

Alternative methods....?
=> Simulation w/ Hamiltonian formalism

Quantum computing
Tensor network (DMRG, PEPs...)
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https://arxiv.org/abs/2108.12423
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.94.170201

Multi-flavor Schwinger model: ordering(2)

+ staggered fermion -> spin variable

ek

n_

NT=T" {yl 2} = 6m P
S

) = xhxi} =0 j

(~ic?)

|
-

T V=S,
N =2 {)(f,na)(f,m} —5f,f5n,m

Y — [T LT —
{)(f,na)(f,m} — {)(f,n,)(f,m} — O

local op. (isospin and so on) local op. (isospin and so on)
expresses highly non-local Pauli matrices becomes only a few # of Paull matrices
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Multi-flavor Schwinger model: ordering(2)

+ staggered fermion -> spin variable

[

n_

NT=T" (i) = 8o P
S

) = xhxi} =0 j

(~ic?)

|
-

o 1= S5 .

Y — [T LT —
{)(f,na)(f,m} — {)(f,n,)(f,m} — O

local op. (iIsospin and so on)
expresses highly non-local Pauli matrices

matrices




Why QCD in Hamiltonian formalism?

So far, Lattice MC QCD is the most powerful tool (6) = I’

. In Importance sampling,
Signh problem emerges

real-time evolution
finite-density QCD
topological theta-term

e~ : Boltzmann weight

Should be real and positive

Sign problem is NP-hard

Alternative methods....?
=> Simulation w/ Hamiltonian formalism
Sign problem is absent from the beginning
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.94.170201

Hamiltonian formalism for Gauge theory
Kogut-Susskind Hamiltonian of gauge theory (1975)

Review on Quantum Computing for Lattice Field Theory
Lena Funcke, arXiv:2302.00467

~=Natural formula to see real-time evolution : |y(?)) = e | w(0))

~=No additional difficulty emerges by finite-density and topological theta-term

< co-dim. of Hilbert space of gauge field
- truncate Hilbert SpaCe (naive truncation breaks gauge sym. / g-deformation Zache et al. arXiv:2304.02527 )

- change the continuous gauge to finite gauge group (Zy, Dy, -+)

. Quantum computer will "solve" this problem?

N-qubit system describes 2"-dim. Hilbert space 1-qubitjy;) = (*)

cf.) classical N-bit : O(N)-dim. | -
) M) N-qubit: \‘P>=\l/fl>®---®|l/fzv>=(i>

o1



Moore's law for quantum devices

# of qubits

Quantum
Computational
Supremacy

22222222222222

Hello quantumworld! Google publishes
landmark quantum supremacy claim

The company says thatits quantum computer is the first to performa
calculation that would be practically impossible for a classical machine.

....................................................................

lonQ 32qubit
QV: 4x1068

106 IBM released
i 5 cloud QC.

https://www.forbes.com/sites/moorinsights/

2020/10/07/ ong-releases-a-new-32-qubit-tra pped
ion-quantum-com puter-wi ith-massive -quantum-

volume-claims/?sh=632a 87163b39

104 Google started QC
| device

development.
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Figure given by Keisuke Fujii @QIQB, Osaka U.
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>100 qubits

Breakthrough-127-Qubit-Quantum-
Processor?Iink=jphpv18I1&Ink2=learn

.......................................

IBM

https://jp.newsroom.ibm.com/
2021-11-17-IBM-Unveils-

IBM
>400 qubits

https://newsroom.ibom.com/2022-11-09-IBM-
Unveils-400-Qubit-Plus-Quantum-Processor-and-
Next-Generation-IBM-Quantum-System-Two



Moore's law for quantum devices
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Quantum ;. =
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>100 qubits
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N qubits = 2" Hilbert space

F u g a k u S u p e rC O m p u te r ur‘im/érticles/d4 éés-o;g-bémL

(No.1 or No.2 in world ranking) IBM
>400 qubits
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Figure given by Keisuke Fujii @QIQB, Osaka U.
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