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ABSTRACT

Within the framework of lattice quantum chromodynamics (LQCD), we primarily ana-
lyze the hidden charm and hidden strange hexaquarks, p-n and p-A scattering, as well as the
p-A interaction.

This study first introduces the path integral formalism for computing expectation values
of physical observables in lattice QCD, including quantities like configurations, gauge links,
etc. We derive the discretized lattice QCD action and demonstrate the Markov chain Monte
Carlo simulation process using the examples of 1+1 dimensional U(1) and SU(2) groups.
Additionally, we outline the general method for calculating hadron spectra in lattice QCD,
providing a theoretical foundation for subsequent research.

Our focus is directed towards the hexaquark system. Under four quantum numbers, we
construct hexaquark operators with the hadronic component u s ¢ d 5 ¢ to construct the cor-
relation matrix. By analyzing the time dependence of the matrix elements, we extract the
effective mass of this quasi-hexaquark particle from the two-point correlation functions. In
this process, we employ Jackknife and covariance matrix to handle the data and describe un-
certainties. Furthermore, we use constant fits, two-state fits, and the Model Average method
on the generated two-point correlation matrix elements to obtain the ground-state energy.
The final hexaquark ground-state energy lies within 3.9-4.4 GeV, providing a signal range
for experimental exploration of hexaquarks. This could enrich the multifunctional structure
of multiquarks and is an indispensable step towards unraveling the non-perturbative nature
of fundamental quark and gluon interactions.

This study also focuses on p-n and p-A scattering. By mapping color-spin indices to
weight indices, we reconstruct single-nucleon operators. Based on different contraction prop-
erties, we construct four types of two-point correlation functions to form the correlation ma-
trix. We test the p-n and p-A correlation functions and effective masses under different
sources, then perform two-state fits on the p-n and p-A two-point correlation functions to
obtain effective mass ranges. Additionally, we conduct a variational analysis on the p-A
system, extracting the ground state and first excited state. We focus on the p-A interaction

in the 3S; channel, where we extract the NBS wave function from the four-point correlation

II



function. We then employ the HAL QCD method, performing operations such as taking
derivatives on the NBS wave function to extract the leading order of the effective potential.
We fit the leading-order potential to a Gaussian potential, yielding good fits within the finite
lattice length.These results will be used in future studies to calculate the scattering phase shift

and the scattering length.

Key words: hexaquark, dinucleon, lattice QCD, effective mass, interaction
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TR E TR AL SEEAF, 4 IAEX PUAD R TH (J7C) Ml B 58 AR PR B g
BaPF N A

0" : 0, = &% [l Cyss;,] [daCysst | x [¢ree]

07" : 0y = &S [ul Cyssp] [daCyssi] X [Crysee]

1" : 05 = &% [ul Cyssp) [daCyss. | X [Cryiysee]

177 : 03 = 6%/ [ul Cyss;) [daCys5, | X [Eryice] (3-6)

SR e AN ER— P B R e S TR R BGEA T  1 5
Ca.i(1) = (0]0;(1)0}(0)|0) 3-7)
2 Ja R AR R ) e i R AE T 5 AR 7 R AT
312 FHRERHER
BAVRGERE E V5 2 T DA UAE AR,
ih%‘[’(x, 1) =HY (3-8)
I Hifad Biksr, FATRT ASKAS i v R AT DA A :
P(x,1) = e W (x,0) (3-9)

FEK LA, FoA TR REL ¢ 24 O TR B, TR SR A, shi p R aeHE
IR TR B, FRZ MEEE TS24 (Schrodinger picture) 5522 X I (2 ¥ AR E8 2 5

11
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(Heisenberg picture) , PR A9 i i R ECAN M T B ], - 1717 JH Al 2 A0S s 1] -
P ~ time — dependent, Og ~ time — independent

¥y ~ time — independent, Oy ~ time — dependent

JERBAERI A 2 S By, IRBESN @SR, W — AR AR R AR, X
W=, X Pa _E— SIS EAR S Tt el ARG P, Tt HASEAF, RTAA AR
LSS

Wy = e~ Wy, Og = e # Ope'™ (3-10)
TR AR Hn) = Ealn), HSE Ml LER A
2, Inynl =1 (3-11)
T A TR 2 B PRI TEIAT] 56 5 T LB T 58 S TR AR Ca () Ky
Co(t) = (Ou ()0 (0)) (3-12)
SRR AR B O (1), FRATATAZS RS I
Ou(t) = e 10yt = 0)e' T (3-13)

il
Ca(1) = (e O (1 = 0V O (1 = 0))
= (™" 0u(t=0)e™ (3 Inyn) O (1 = 0)) (3-14)

NEGEW] ¢ n) = ¢ |n)
i et HEATA IR

(3-15)

R A -
i .\ iHt .\ i (iHt/h)"

n!

)n)

-ty G

=" |n) QED

12
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BTOALE b ORI, IR T DA
Cx(1) = (e 041 =00 H QIO = 0)
=2 H 01 = 00"t In) (1l On (1 = 0))
:Z<1|e W 0u(t = 0™ In)(nlOu(r = 0)11)
= 23 1e” 0t = 00 InynlOn (r = 0)]1)

= 2T U0 (1 = 0)m) (ulOn (1 = O)]1)

n

:Ze@< N ) (3-16)

Hor (N ) =(110u(1 = 0)|n)(n|Op (1 = 0)|1)

FEARIRNTE L RERF M AR IR R B S HUL S BN TRITE B (3-16) 3, (H2RiZ
RIS, WERIRNTEGN E, > Er, 38RO 08— A, BT INE
ARG R — DI SC R R BUEL, BTA, SLARERSTR], BP

t=it (3-17)

i
=Y e T N ) (3-18)

Waewe— N EE, &REESHE R TIERER A, JATDSH BRI R
B, HOREHEAE:

(21)

G(r)=(N=1)+e

N HIFRATERFAEEL (B2 — Ey) FBGEA: T B3, AP B A%, 5
HoprpEm T 0, A B AR T (N =1), [

(N=2)+- (3-19)

C(T) s = (N =1) (3-20)

—(Ey-Ej)T

TRAGHEIL LKL Co(7) = Co(1)~(N = 1) AL () BT e 7 (N =
2), [H3E

13
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—(Ey-Eq)T

Co(T)|mer =€ 7 (N =2) (3-21)

H2 A a1 Jogy R, AGXAMERSET 0, R A LRE TR,
RIS FATTHER T T 1 4 A

&) e
5 |7 e = In EEEn
C2(T + 1)
(E> - Ey)
_ 322
- (3-22)

FTPA, AR FEATRERS 2 W p B R B, T DAE S IR, T A R RE
s, FIRRRENHE E = mc?, FRAVE ] DAMSEIR T 1A 805 & -
3.1.3 #iB5S#T & Jackknife EREE

M E R G152 TARASHEDE, N7 7 %N RRHES:, FAIM T a0
THYE S AEZRIRTHE T, AT EHE TR TR, AR EEA T B2 55

Symbol Definition

Neonf HEEL

1 R[]

T B[R]

Co(1) P T P T 5 S IR R
ACy(1) Gy (1) HIIRZE

M(1) TE t N2 AS 2 1A R R
AM (1) M (1) By

a S [ KS AR TE] B (0.108 fm)

a0 PALTIRE B R (e /a = 0.197/0.108 GeV)
Cy(t) 23t Jackknife fbFH T f 1 257 S BBk R R

AC;(1) Cj (1) W2
M’ (1) Ze3 Jackknife AbHLT YA R T B
AM (1) M’ (1) [)iR2E
oY e ()
_ _tull) ]
M;(t) = agln R (3-23)

BORS RS TR AN HAS, I i fe i ) ) B RS2 7 (T - D) DA RUn R, Al
FE [l ANEAR RUERTE , AE XA R T T Neony W, dBLIRATRI AT

14
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B A RO B SR IE TR BT RS R —— PR R IR RR R, T AR T[]
AL

_ 2iMi() | Zi(Mi(1) — M(1))?

M(t) B Nconf ’ AM(I) B \/ Nconf (Nconf - 1) (3_24)
_2:Ci(1) | Zi(Cai(2) = Ca(1))?

CZ(t) - T’ ACZ(I) - \/ Nconf (Nconf - 1) (3-25)

{E 2 4 FATRE I TR RS SR e, FRATTIY B R B R (Lt AR BT 0,
FESR PR SR A 5 B Coi(1) < O BREL,  IMFRATHS T SRR R 0L 75 B0 T
PO R4 E, andf U MR FR Y S B il s A R8s, — D5 AT AN 5350 0
Bdls, PRI R @A RGBSR . I, FROTHEORR—EHEE (i)
X AR A B VAT AL B, T — MR EFAY T VA2 Jackknife HERAE. FRATH T4 —
G BRI 20 A R AT AR 4

NconfCZ(t) - CZ,i(t)
Nconf -1

Cs (1) = (3-26)

FERXAFOLS , FATH A BAda i H B AR R, A A A i X 8
. B2, Gl BREBEAG, FRATAE R I Bk R Y TR g k.

. / \ ——
0.2 0.3 0.4 0.5 0.6 0.7 0.8

Bl 3-1 % Jackknife fij)is 5041

EHTRAE AR AL, AREZAR/N, PO s R B p b e 2, 3
1A ERE AT R I AL B

2:(Cy, (1) = C5(1))?
Nconf

AC(1) = \/(Nconf -1 (3-27)

15
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X g S K pR RS 1EA T Jackknife AbBEJSFATHFIATARBOR R AT, (3R] DARES
A BRI, ARRHOBEAR TR AR Neons EIIEEK
314 FHREHERMEFXEKUE

BRI T AL, AT By = 0. @i FakAb B, FRATREMEAT AN ] i [a] 4%
RALH) TR, (R (3-28) I, FATKEL, 4 7 BUNRY, JEZHR B I H
T 0, TR XA R R 2] —E B o

—(Ey

Cy(r)=(N=1D+e T (N=2)+--- (3-28)

HHFATEATHE TS, RIS IR B, BIR T SR B (R
UL, PUESFTARE, X—RIERGMESE A AL, SItREE, R A ok
MR ITE T, A EIATBRAURT AR T, AR Z R SE M TR B TP, (A A
BFM e =0M 1t =T WA RS LS, B, AT B 0PR CHR e
Bt

Ca()= Y e H( N ) (3-29)
B AR

En(T-7)

Co(r) =Y (e H+e™ ™) N ) (3-30)

F AFRA TR BB A A U5 B AT REUU G R e, RERFEC LB T,
%ﬁ?&ﬁﬁ” EP'L‘Jﬁﬂg%&TEy E%%?ﬂé{\ﬂg@/ﬁ Umin *ﬂé@)f—i Umax ZE; ﬁzﬁn_l;‘é/‘]ﬁ%/ﬂza
T AT DAY 2 %05 & 1) R BEU A 1A

oo Sy Mi(1)

i=0 Imi
min 3_31
Nconf(tmax - tmin) ( )

Meffect =

Ncon,f Ztmax Mi(t)

"min

Z,'—() 1 o effect)2
AMe » — - max~— ‘min 3_32
Jrect J Nconf (Nconf - 1) ( )

ZHTFATR AIARHEZE RS DRIEVEA T A, M 1 AN ) AELASRIAN [ s i) 14 20 1) )
MEZW, EAVTCERMR, M TRENHS (Neons), BRI 1 X 6 LRS00,
AT AR SR RN . HIHATT AT ZZHFE il s a) i o5k

16
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0 t., tz- t; t; t
Pl 3-2 i kel

TEH—I AT R s X = (o, %0, X3.0008,,,,) T MBI 22T RT3 (nt = T):

Cl,l .o Cl,nt
C=(Cij)nixm =| : (3-33)
Cnt,1 " Cutnr
Her
cij=Cov(X;,X;) (i,7=1,2,3...nt) (3-34)

HMTEBUAHL, FEBATRRE, BER AR &M, HFHREETR, 2
P HAT T Y R A O IR R RS R 1 X

Cy (1) = coe ™0 (1 + Ace™ Mm@y 4 e T=D/a0 (1 4 fee=AmT-1)/a0) (3-35)

F BT FATAEDTFE 0 51 DI pR R R A I, 6 LR 22 R A e 22 IR el pp 5 220
REIEATIE , FATHE S AU Z 1 w5 2R D ANRZE AL gvar BURE, PABET
JEEEE o

TRENCEA HARRBAREERE, 2 T RBATH LR &P A2 80k
EHME, O 1 REE B MER AU A I RCR AR R, X LA T TR0 (E A o (E R 5
ZEAMEBWH R, P10 mo BRI AR AR R, 10 co (170 B ZEA R
B are R — 8.

PERN BRI ATE R, a3, SRl TP %, —J7H
CERER, A REVREICR, RPU IR AT L 5, BrARAZE 1 1,
FAM LRI T BERE G AT LS RS, DA ¢ AOEAN REKES T IR a] o

fit = lsqfit.nonlinear_fit(data=(xfit, yfit),

svdcut=1e-3, prior=prior, fcn=fcn2pt)

17
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2 JFAAIIRA Isafit F P AESERERL C O BBCEN T, nonlinear_fir SRR L HE T
PTG, ATDLKRE O IRIEDM T X (A AT IR R AL B, ek
svdeut Jy7:% , prior WAARETISHL . fen Jofleriy HARRUACED (3-35) 3.

RO A 2 I B A T R A P R 53 795 25 305 o
. RTS8 R RO R TR TS, IR, Bl T Ay
AR (L5 BOBCR 15%) | AESCRERRE L3R T R4

TEBCRIEBL T | Foll— Iy TR HBSR R R , — T Bt K A & B iy
B IRE R RS, IS AT ] A Model Average Jr!

_ —— B
tmin ) cuf ... tt

max

P¢] 3-3 Model Average Jj i3 &P

X4 Jackknife %M, FATVEAE —FERIGH AP OERIRE, ZJE3RA1%
T MUGEA 6 ML, BeS5HEEARRNE, TATED X 6 ~ 1, (L +1) ~
te, (6 +2) ~ t oo BTG, WA RRFATARZ R " cur” cut BUELH MW FATH
BgeE , MR E SCN New , WK, FATEEN T New + 1 HSEHOME
RARZE

AT AU G BREL f (x, c1, ¢a, 03, .. ci) MFENSEL ci(dey), IRIGA [F] )L
AR c; FE5 TR T G AR SR AN FRY, BT AFRATT 45 Hh A O A -

prj — e—%(/\/z’j+2k+2Ngm) (3_36)

Hof kI BEOE, 12 A AU A SR . SRR New + | ALRGAIX U E

AT — AL AT 2 A XA .

__prr
Zj pri

(3-37)
2RV A B R 2%
G=) pei Aei= ) p((der) +(c; = E)°) (3-38)

32 BEVAESERIH
Felr I T B s LA o T A S A 4L (CLQCD) 424k, AR B4k

18
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46 3-1 AWFFePEIRALE. b pOURG RE, L x T AR UK IE CRECh o), a Ak
i, m. HEEAEPN 7 S FBBORE, myse WS, s Gy ¢ SR BB

| B L’xT

C11P29S ‘ 6.2 24°x 72

alfm
0.108

my my/MeV my me

-0.2770 285(2) -0.2400  0.4780

321 7 HF
FATXF 70 A>T HY T 1 I R B AT Jackknife ABRAIFTAAL (18] 3-4).

0.40

”s [ $ 2pt of pion 035 ¥ pion
-2 ackknifed Data -2
- o . i IIHHIIHHIH
030{ yilt 13311
201 4 i 33
L >
L 0.25
=154 ° = O 1
L1 . 5 020 If
O = . @
101 = . = 0151 [
= = {
* = 0.10
0.5 { % & I
b‘ i’di 0.05 - I
0.0
wwwwwwwwwwwww 0.00 s e e e e A S
1 6 11 16 21 26 31 36 41 46 51 56 61 66 0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34
t/a t/a

Pel 34 7 SR SORIK B BORIAT 30 i

PR R IR R B K T T/2 S AR AR, AR BRI O B T/2 i, B
HUEVATEEC I, WIMEAE 10° 59, HRFET/2 C& %A T 0, [F#lid Jackknife
REPRS, IR B TS AR R D EARZE , Z eI R R R, 52
THRB MG, RESRNERENHSHN 7 N T SERAERIEEE N B A —
2.

* 32 m A PR R R O

‘ Effective Mass|/GeV

Pion \ 0.286(10)

322 /¥

FATH N Z Bt IR T RAF , KF A% B QDP++ 2 rp 45 i 4 ek K 1 5tk
Friefay, BTSSR I R0-2,

19
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LAt chroma R 5 5 5 ek A E AT HC TR0, A9 B BT A R R R R A (1
3-5), I HHEBIUARRIR FRA R R, 5950 {E 938M eV R4,

2.00

§ $ 2ptof proton [ Fitted Mass
1.75 |
25 § proton
1.50 |
2.01 2 125
— 3 o
=1 =100 o ea P p g T
@) a ] i { t
© ®
1013 S o5 f
0.50 |
0.5 1
b 0.25 |
0.0{ oo
“““““““““ 0.00

4 9 14 19 24 20 34 30 44 49 54 50 64 69 o 2 4 6 & 10 12 14 16 18

t/a t/a

Pel 3-5 o1~ FA WA X OR K PR BORIA T 20 R

TESC B B B DA & B, AR B IRZEAE t = 15a DAJRAALIOR, FRATH
BETEFE A TAT A4 PR RU A T L6, Xt S et A Tt o T 5P 35 SR UL A R R i
KAE—ERRE EAGE, Wl BOS T3 A T R AR SRR, X ATk —
SEARTATHE L, (H2 A R P R IR R AT LSS, FRAT A AR BB A s R
PRI TG SEALHE, 0 3] T/2 BYER M BEAE TN TS A R B, XA n] DAskE
A BB BA T R S o

A 3-3 TR B R 0

‘ Effective Mass/GeV

Proton \ 0.9429(237)

323 BRRAURIFAETRGEFR

AT B8 2 B ) 3 0E A T 9 Bk pR SRS b ) A i, EL R AE AL RS 1) 1t A R R 2 i
T EAE R —Fh AL 3 (Jackknife FIAG 30T B FEEEUE ), REIRANTE TR BN
b7 2 R | T P 9 IO A 0 T L A TR R DL A, HErp B2 T30 (1 R
A (EREHRE) ik,

oA B B A 10 25 0 PR R ) Bt S P, PR S &g 8 (%
3-4)
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8
oo
7 1~
] oo+t
6 ++
~ 1
9 s
s INTLH I TH I
§4 33558$£$$§g£§$ 5 E (.3 {ﬁ!;‘ z
: F
3

N
|

[

2 4 6 8 10 12 14 16 18 20 22 24 26 28
t/a

Pel 3-6 DUBNE B /N5 s ik RO

(=]

% 34 ANHRERR PO SIS S8

| mass/GeV  x*/dof fitrange/0.108 fm

107) | 3937(94) 026 4~20
11) | 43231 0.82 5~18
10%) | 438524) 098 8~ 22
1(1%) | 405324) 035 12~25

(RN BATAGE N 17—/ Nl R R B TS, 2RSS, RN
THRBIMERER Y, BEEERPIGR, FILERATRA Model Average 1177 ¥A2E T
e

AT A ZL S IR A TR AR IRGE (1 3-7)

#¢ 3-5 Model Average 132754 vi JE A

1o | ) | oo |1

mass/GeV | 3.924(58) | 4.39(13) | 4.22(20) | 3.950(31)

AT T Model Average [ pr {H, #FEIXERA RIS A f, Fi1x
P X AT R R AW A D B AT DA T ARG . AR RINEER S 5%
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] : /\
o o
0.0 4 T T T T T u T t T 0.0 4 T T T T T i u * T
0 1 2 3 4 5 6 7 8 9 10 11 0 1 2 3 4 5 6 7 8 9 10 11
t-min/a t-min/a
(@) 07" (b) 177
0.5 — pr 0.5 1 —pr
- N /\
o o
0.0 ‘— T 0.0 —t  —
0 1 2 3 4 5 6 7 8 9 10 11 0 1 2 3 4 5 6 7 8 9 10 11
t-min/a t-min/a
(c) 0** (d) 1+

P 3-7 RIS (t-min) XPREAREF T (pr)

MAEERIEA . EEEAEER SR, RINGHAGERA) uscdsTH
NE LSS MR 4.938GeV AH LA 700-1000 MeVPY  [a] s} 5 3 e (R AH ELAE )
MR P TI A T R B, B mo- = 3.815GeV Fil my— = 4.005GeV ¥ 0 Fil 1-~
N5 SA RRMEE G EER . 1 HIRAE B A S WS 5L = A1 S0 EE T
R, AN KK ne HEE R 3.971 GeVPY . FRATT TGV T/ R M 25t 7E S0 AR
NG SRR RS, H T USSR AN A) S PR R BR ], FeAT AU E S Rl &
PAS A B2 A HRAS 3 T RSN S AU &, TR —2, OTEZAEARF TR
WESHORAFASIE N T8, il F AR SR RN N2 S, 4
FEIAERA A A5

33 AREING

ARFERIRIFEN B RSB A /8% s SIS L, R R T 7 /1. i
T ARSI R RV TERFIE o TR, BEAT TR IR R B TR
HRHAEAT Jackknife ALPEAIAT AL, 38 AU AR ARFE] TEANWARTE .
RUPRE ST ASIERRAOIIE, FAFEPUR R TGS T RAE T RE T
RANE EA, HEWHN N uscdse, FUEIE T e S BE R, I H.
AT T ARZLIE LA AT Model Average 7pifr, 138 T NS ek RS, 459 ERAH
NG VUSRI E 3.9-4.4 GeV JuEI N, X5 R EE DA R e R 1 U0 4>
P, A BT SR AR RS . (H B AU B A T, B
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TEIEAMAT FAEMIESEAR BRAMEE , 7 AR RGBS IAMNE —TT 0, 45 Hh B A B R RFAE
ffe, AR A BE Y B S B {1t T S RIS Bt
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BME p-—n¥lp- AFG

4.1 IRiBIELE
4.1.1 BEFERHME

FANTHEAITE R ARHER BT 38AF, W T RO B 73585, FATTLE Draic basis
R T AR
po(x) = 8“”C%[MZ(X)(C75P+)4§¢1’§ (x) = dg (x)(CysPy)eug (x)]

X [Po(1 = (=1)7iy1y2) ] cauy(x)

= e Lt () [(CysPy) - (CysP)]ced? (x)

\2
X [Po(1 = (=1)7iy1y2) ] cauy(x) 4-1)

Hrra,b,c e {1,2,3} 2 SUQ) Ziadsibs, {.£,4 € {1,2,3,4} 24 Draic H igf5h5. vu
SRR LG A F) R ) Gamma FFE, W2 v.' = ¥ (v vv} = 261, C = vava,ys =
Yivaysva , Hor Po = B2 ORIE TG ENS . EEE AT P ST, i
SR 2 AR, DU B-1) 2 s A R -

0 -2 00
12000
(CysP,) — (CysP,)" =
0O 0 0O
0O 0 0O
2 0 0O
N 0000
P.(1 - (=1)%iy1y2) = 4-2)
0 00O
0 00O
0 0 0O
5 0200
P.(1-(=1)'iy1y2) =
0 00O
0 0 0O
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h T T G AU T B bR 5 2 4 I R, S5 B - ek EE w17 (Spin-
color weights)B6, Hit o € {1,2,3.. NN}, E535m ﬁﬁﬁf‘ﬁéfﬁﬁﬁéﬁ Siijk,
Wi = (¢, a) EF B HEMBEIHTE B, Km0 wiNlo #02 0, M—ANFRsi
4

wETEE L, AR, M A RELTIES (map) 2 HE-Ei@Ighs L,

po@) = 3 w7 @ (0t (x)

no(x) = Y wiV7d @ (@ (x)d! ) (x) (4-3)
Ag(x) = D wINIZ @@ ()u (@) () sK() (x)

XN TR o, B {0, 1,22 A 6 MHESIT S, AR T B FAR(E AT 2 Fh
o, B NG = 12 AR, BRI AR E B (6 bR X R
FILPHR0.3. BeAh, FELARAYLAES, N TR, AT S 5w S i
BT Bk FME A T

412 WNEFHN/SREFHLE

XF p-n RGE, K 5ed 7k udu ﬂl dud, MXT p—A RGt, HETH N udu
M dus , FATFREAEE W= TR, 4G B — @ PR p—n fil p— A BE
THANSTEAT ﬁf‘ﬁ&ﬂﬁﬁfﬁ/\ﬁﬁﬁﬁ, PATRAEAE Hpeg (1), Ho p € {0, 1,2,3}
NAFEERFE TR, ¢ FRBAPRAFULEIER, ¢ LnBAINS wH LM
JEAAE 1) Gaussian-smearing, H5E L f B8

i(a)i’

COEDIDY ]_[ 9"z 1) (4-4)

ZeA TV

o A g S T A AR, TTEY W FEHE N g 1) Gaussian smearing kernel.,
SAET = 1,1 =0 (R =ES, BERS) MI1=0,1 =1 (FEERL,
HIEZEDS) N, AT DAE pog Al nee MIESETHLF (VA p —n Aflp —A X
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SO/ n FATEH A SFATHIAD:

Hocg (1) = Z YL (x) [pog (X, D)nig (X, 1) = nog (X, 1) pig (X, 1)] (4-5)
XeA;

Hieg() = ) 0l () V2L pog (%, 1o, (%,1)] (4-6)
X€Ag

H2cg (t) = Z L[’L[H](x) [POg()_C: t)nlg()_c)’ t) + p]g(f, t)nOg()_C)’ t)] (4'7)
XeA,

H3cg(t) = Z WEH](X)\/i[plg()_C), t)nlg(fa t)] (4'8)
XeA,

ol A, = (122,010 0 < Loy = 0(mod )}, RAVMARHAASH S =1,
As IR At R G EAR R , 9L () = P, 2SI M

K, AEBTCBRELL, BRI L AR B AH L, I075%5 Se
FFSE SO

mg%H_E]wmmELHWwwunwmu»qun

XeAg
X di (X, Oup @ (X, 0)di ) (X, 1) (4-9)
Hpeg(Dp-a = > wlI(@) Y wileullo) &, af( &, nul'@ 1)
X€Ag a
X dil (X, )ul ' (X, )58 (X, 1) (4-10)

ek, 3T p - n iR R, BEIEETS A NS = NP = 20, N = N2 = 32,
ST p - ARE, WEIEBTS G NS = NP =48, MO = NP =96, Rk
R AT 2 28 A ASCER DL P 502,

T AU TR 2, BT Dy (1) Fotlt m BB Py, WET

BT SANEWEATA R E e T, i)a B TS e EA R AR (X1, X%), H
YA 25 (AL R ) (31, %2) HAT B1 o X WOUFRIE . WU TR SR (PAp—n
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i)

Do (1) = OV (7, ) [Poe (K1, D)1 (Xn, 1) — g (K1, 1) Pre (55, 1)] 4-11)

Omg o (X1, X2) [Pog (X1, £)ngg (X2, 0g (X1, 1) p1g (X2,
)a,fze/\s

Ding() = > WP, ) V2L pog (1, 1)gg (%2, 1)] (4-12)
)?1,)?26/13

Doy (1) = PV, 35 [Poe (K1, D)11g (Xa, ) + P (X1, e (X5, 1)] 4-13)

2mg U (X1, X2) [Pog (X1, 1)1y g (X2, Pig (X1, 1)ngg (X2, (
x],x}eAs

DSmg(t): Z w,[nD](flai)Z)\/z[plg(fl,t)nlg(fZ’t)] (4'14)
)E],x}eAs

T2, WETEAHES R LR T /N2 e iE i

Domg(p-n =" > wiPUE, ) D wiPWull® (6, 0)d) ™ (i, k@ (i1, 1)

X1, €A a
X di\ ) (%, u P (5, 1)d2 ) (305, 1) (4-15)
Domg(p-a= > WPVE,5) D wiPPull™ (i), 0)d] @ (5, Dl (5, 1)
X1,X€Ag @
X di (30, ul ) (5, 1) 572 (B, 1) (4-16)

B B R G TS s A B AR, B TR 2 0% S AT Hex B, &2k
LA R X TR R, REIERTE NPV = NIPP = 144 NP1 =
NIPIZ — 788,

4.1.3 XBXEH
SR SO

See (X,1:3,0) = (g, (%, 1)q,,(3,0)) (4-17)
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JoT T PR LRI BR R T AT v A% 36 T I S B R Aok e, T Wick @ BESRFOR
o

s N - N - * N /*
Loy == > M@ (MG Y wiirwlle
a,a’

X, yeAg
i(@) (= (@) (= k(@)= (@) = J(a@) = k(') =
x(ug (%, 1)l (&, 0)ub@ & )l (5,00d2 ) (5, 0)u, (y,O))
N],= Nl " o. [N]o"'x .
= Y M@ NG Y w1 S sign(p)

¥3ed, PePIN]
% S;;[/i((l)]i'(a') (f, r 5)” O)Szr)g[,](a)]]’(a') (f’ t; y’ O)S‘Z’)g[,k((l)]k’((t') (f’ t; i’ 0)

(4-18)

Hp A1 B ¢ = ¢’ =0, FEFOLR TR Pe = P =0, AT RAEE FARMBIFD,
AT FRBEAA R HEINB e e, 0™ @ {00V D] 9000 1, WL
5, B EAEHER A RIS, 4T N TS0 SR B T, i
TR R R — (L FA, MBI A O B4R S5 SRR B2 W . BEME 10
FHREECT , AT T4 SEHEE PV 05 S0

R koo +19)
i jok)\i g ok

HrpiRhHE T 2R, FEITE IR EGE T, u B FEIRGE . pn AR
()75 %5 S A I A p S TR R S, P DA (U b 3 Wick 72 FL45 H -
Clome = > vl {l/,([)Hl(;)}*legnpwgg]p'* S sign(P)

X,yeA Peplp-nl

X SN (3, 15,0087 OV (7,155, 0) S ) (7,1:5, 0)
y S;?g[ll(a)]l,(a,)(f’ t: y’ O)Sg?;[/m(a')]m’(a/)(f’ t: y’ O)S;)g[,n((l)]n’(a’) ()_C), t 5;” O)
(4-20)

HA T p—n 258, BILH A} x A} =36 f& sty Plel g 3Ok

plp—nl — {

Hor S o E T —H=A TR FRRE. T p - AR, RS AHN LN
udu dus TG E IR, 756 58 KIBCRR BB G 07 Sl A3 x A, = 12,

i J k [ m n
Pu@) Pa(j) Pulk) Pa(l) Pu(m) Pa(n)

Pu,Pa € 53} (4-21)
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E AN :

plp-41 — {

ot 5, FAME TP TCRIORFREE . R, RAVHIET p-n KRR, BAs
AR source, NI THEH sink [T A SR

C,E()Dg’;{(])g/(f) = Z ‘ﬁ([)D]()a,fz) {$(EH](§)} Z wlPloy, P Z sign(P)

X1,%2,V€A a,a’ Peplp-nl

% S(Z(’g[,i(d)]i'((l')(fl’ t: )-;’ O)S;[,j(a)]j/(a/)(fl, t: y’ O)S;[,k(g)]k,(a,)(fl, t: y’ 0)

i J k [ m n
Pu(i) Pa(j) Pulk) Pu(l) Pu(m) Py(n)

P,,, € S3,Pd (S Sz} (4-22)

% S(Z;[,l(a)]l'(a') (fz, t: y’ O)S(:(’g[,m(a)]m/((x’) (?72, t: y, O)S;[,n(a)]n’(a’) (3?2, t: )-;, 0)
(4-23)

b R SR B % S AL B THE T A 412 55 € Draic $5 471 H(sink)H(source) i
A . 2800, FRATAEAEH S OB EE TR source, N TiffEh sink fH 3¢
e pR KL

Clnoay (1) = Z (%) {w([)DJ(yj’y})}* Z wlH 1oy, 121 Z sign(®)

)_C),)?l,)?zEAS Peplp-n]

% S;[/i(a)]i’(a’)(f’ £y, O)S;[,j(a)]j’(a’)(f’ Y1, O)S;[,k(a)]k’(a’)(f’ £, 71, 0)
X ST (@1 5 00 ST  (F, 1 5, ST (R, 12, 0)
(4-24)
BRUE2 A1, BT T HIRUE T source il sink (7 5 X BB

D.D Dl/> = Dl,» -+|" Do’ * .
C;Eng’(])g’(Z): Z Wil (3, %) {tl’([) ](y1,yz)} ZWLD]"WE,, e Z sign(P)

X1,X2,¥1,Y2€As Peplp-nl

><S;[,i(a)]i,(a/)(fk,t;)71,O)S;[,j(a)]j/(a/)(fk,l;)71,0)
Plk(a)]K (o) = . — Pli(a)l (@) ;> .. -
ngg[, (a)] (a>(xk,t;y1,0)8gg[,(a>] (Q)(xk,t;yz,O)

X SN D (B 1 70, OS82, 0) (4-25)

Hrx € {x,x2(total 3)}o FEp—n Ml p— ARG, A LRIPIRcA AEFAT Y
W4 T ARZ R BRI, F BT 7 20 T B g . HOHAA EAE A
HIBIFSE
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4.1.4 Nambu-Bethe-Salpeter 3 ¥ #§

NBS 6% B 40 SR RS T {2 o P AR % SEALR 9 845
Gi. AR MR NS BB IS 0
d'pi d'p
@) 2

Sy SIS FHORIAREASER . pr. pa ALPIALS THINIENRE, (1. p2)
J& NBS B O30 R 2510 925, 77 BIE NBS T B AR

MRS I TR NBS WBEL FTOABRSEA T T4 4 R TAS O HEAR
NBS BT EiE: T4 F RO T — A 1 50 B 74016 EAE, FF R
BT IS T T AR

ER AT (530 T, Sk TR NBS SR, TRATHIHS Tk = 41
S

P (X, X50) = X (P, Pr)e P emiPr® (4-26)

Cpa(Fo1) = > (0Ip(E, ) AE +F, 1) Hpeg (0,0)[0)
= AP (Fe B (4-27)

Sb p, A S BIRITEFEAR A B, RAOTNE SHAE N EREREU0 IR, E, =
o2 + Ky 4 \ma? + ka® S5 0 ASBERAGE, A, = (EapA.0H(0,0)[0). KUl
. FATHEAE CRRIH I BV TR Eo 195, (FURSERR b, RN
ML AR 2, T B H U T8O 36006 B B 7T T A0 SR B e, S
SUBERE, DMIEUR KR, R, Tl 14t NBS IRy

Coa(F, 1) _
Cp(1)Ca(2)
Hwr, 4E, = E, —m, —my,A, = A,/C,Cs f£ HAL QCD J5ikHr, FATM FiRH) NBS
WS I s B . RERE A0S, WL T AR

¥, (F,1) = DALt (et (4-28)

(Ex — H)¥(F) = J drUF, PP () (4-29)

HHE = £ Hy= ~ T = e G e SEORIF, W U, F) = V(P)S (7 -7)

o TRARG V(F) Bk 2 -
1 V2, 4(F, 1) _(9/0n¥pa(F. 1) L(az/aﬂ)arf,m(?,z)

VO () = — ~ & + K
R P N R NEN B P N

(4-30)
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42 HERURERIHT

FANHE H AT REFE P AT AORS ST AR, B T S R A 4L (CLQCD) 7R
—EAL, HiknZ8ant.

4 4-1 413 C1IP29S iy S 8. Hob B &8, L x T AR UK CAfih o), a
AR, my G EANENE 7 T BB, myye RS, s SR ¢ SRS B0

‘ B L’xT alfm my my/MeV g me

C11P29S ‘ 6.2 24°x72  0.108 -0.2770 285(2) -0.2400  0.4440

4.2.1 JE¥iLieiE

FANTE Seiiad 223 (3-22) X1 1 s IR ol Bl E AT i, A R bl b A7k
A Z AIAE] QDP++ w4 ek BCIEA T (0 i B AR AR EA T A O A SR HEA TR L, 1 4-1
MISER TN, PIE RS, XTI G B AR, BT IR A0 4 10 7574
AR AL TR

1.1
¥ I qDP++ H
201 I Wweight Map 1.0 E H
0.9 4 B H
1.5
¥ 2
s o 0.8 4
S 1o 2071 .
3 o=
=
0.5 = 061
= o054 F QDP++
001 T R e e e ke oo b weight Map
o 2 4 6 8 1o 12 14 0 2 4 6 8 10
t/a t/a

Pl 4-1 T emi Rl Ji ik B iammi ORI e gL (k) Asdmis (Fil)

422 p-nflp-AK%

FEAS R T O DA BET R, D TR AR, FROTEE S A Wall-
source Y2 “YR”, RIAME RN 4 AL BT S, HE SO

g (1) = q(%1) (4-31)

XeA
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X p-nfkF&, FATTHE Wall-source FXJ H#47 7 HH,DH A1 DD U4, 152 EA]
HIW SR E, 254 MBI ROUT R . ] DAE B =R g iR AR TE t/a>3
ZIEHRELESNES, RIFRATEX AT BTG, PAEBCE 3R .

N
wn

N
=]

=
e

=TEpr ; L “ ]l

Mass / GeV

=
=)
’

1 F deuteron_DH l
deuteron_HH
7 F deuteron_DD

o
v

o
o

0 2 4 6 8 10
t/a

Pl 4-2 p — n & Wall-source  HH,DH Fll DD 4 hl 5 200 415800 i

42 p-n ERMENS GEENE -BERE) UaTHEINR RS SE

| mass/Gev  x*/dof fitrange/0.108 fm

Cun \ 1.939(95) 0.65 5~18
Cou \ 2.112(80) 1.00 5~18
Cob \ 1.844(76) 0.82 5~ 14

B2 B2 R i ) g2 Wall-source s&— M EE@ AR, FHAERIE FRATR
EEIESE AP E I AL E S B TEXFME LT, AT DD i 4Bk
) DH g5 miE ot . FA14 3IHE Wall-source Fil Point-source FXf p — A (K RZFAT T
HH,DH F1 DD W4, 133 ENTW R RE, Z 550 AR T b 1r A 20m &

FATHI T Wall-source F1 Point-source i =l 4 43 B A %05 &, FE(l
M Wall-source 5231 DD Wi}, R Toiks source BIALE /- FF, FrAFE DD 1)
KIERPRHS HD A XBERBMIZEZ V2 15 (A TRCEMUST X R S8) . AR
HAFES, HEM T Point-source, ¥ source 43 B3| WM B 2 J5, HD #1 DD [
oI B . SARE, &I DD i HD YR 45153 1) KRR £ 5 5 2 e s T
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1 ¥ p.ADH 11 ¥ pADH
2.6 p_A_HH 12 - p_A_HH
¥ A_DD 13 A_DD
2.4 P P
> > 10+
O 2.2 G}
~ T ~ 8
8 2.0 gt f B kA H ” @
© H ©
= s ¢
1.84
167 & 41
1.4 5 = x5, § L
0 2 4 6 8 10 0 2 a 6 8 10
t/a t/a

B 4-3 p — A 43 5i{E Wall-source (/:F¥) 1 Point-source (£7P&) FA494 %1 HH,DH 1 DD I
AR BIN A ROT R

HH, EN2IAA R F-G B 2R R b,

Cuy C
C:( b (4-32)

CDH CWDD

BEAh, AT p — A PRI R BGEREHEA TS 40P, X AERETC A HH Y451 DD I
AT BN REE R AL, RN ATl DH YRR 4L, £ Wall-source F1 Point-source 1%
B HAAEE , 455840 4-4 &, X1 Wall-source [F15 0, B R (=545 T Point-source
o7 (A KB R AR R T-5 ), (B ER A AE(E R B 5 355 6a 2

JEMEAE A, U ARSI BSOS E S BN, R Point-source
J&, FIAE BB AAEME R 7 B AR, A — MG RAT

4-3 p - AMRRMENS GEEME-HkE) MARSIMTREINASE

| mass/Gev  x*/dof fitrange/0.108 fm

Chn | 2.064(40) 0.59 3~16
Con | 1.996(50) 0.17 3~13
Cob \ 1.986 (59) 0.19 3~15
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261 f E1 b F E1
I EO 127 =« I E0
2.4 1
101
32.2’ E
o S O 4]
~ 2.09 b4 -
wv 2]
0 ¥ [ 0
(] ]
= 184 H 2 6l
¥
1.6
2l
1.44 4
X 2] X
o] 1 2 3 4 5 6 7 8 9 4] 1 2 3 4 5 6 7 8 9

t/a t/a

Pl 44 p — A 43 HI{E Wall-source (/&) Fl Point-source (£7F) FRICIHEMERIARMER . o
SRR RS R BARAE, 2L RIS EARNE .

423 p- AHEERANHR

FARIHEAE Wall-source Fl Point-source "~ 437l p — A {& R [WAHFAEH #4700
i, A ARSI R R A A A S R R

T 47 Point-source v, FRATT [ BT 1L HE 1Y sink 7 #, KF sink &b A fLHETHE
Ji1 (0,0,1) EANWIEESN, HAARUR SRS ASEAT, FE Point-source ', AL
JRERAE ta=6 Z J5EIik G, EIIRATE Sext T Y] f timeslice=6,7,8,9 1) = s
KIK KA AT M. FATHURA R 2 5 r To kW), FEAIH Point-source #4755
BRI FE T, X —E5BFAE ta=9 A A BT, BORTET: FE r BU/NARHES R &
S R SR, 78 o WG R A b, SRS sE o BRI B . s,
4-6 &7~ Point-source T[] = S KRB EOF AR IR AN RS, Wt B2 m T
LA, X — S RATHEZ S5 I TR

-
o

=
)

Mff | GeV

o N & o ®
bt ot Pt ot b o o bt b b et b
L LT AL

®NOUAWNRE O

t/a

K 4-5 p — A 1 Point-source [ A[] 7, % A4 2500 B

S5, FATE Wall-source T AT T B FIAY AR, 20 BIKAG TR ro N

34



IRl S SVUE p—n Al p — A HUL

11111

I . + [ {‘H -+ } { H} o
S ; I
,,,,,,,, Lf‘~£»-{ 0zs H
(a)t/a=6 (b)t/a=7 (c)t/a=8 (dt/a=9
4-6 p — A 1t Point-source FA[H] ry 18— 85 G I0E s B e

AR R . AT, A BRSBTS I AL A58 T AR B, I
H.i1 T Wall-source B AR S EMLAIEL, FRATHBUWA RS EFE t/a=3 BIE|K-F
G, X HRATGLETHE NBS 3 R AL T 3 2 108 OB -

-

~

L |
e} w N

|
= PP
N H O

ot
1
'
o
=
ra
&
)
==
E
=
==
1_‘

2 4 6 8 10

Bl 4-7 p — A {¢ Wall-source F A o %W 947 2007

FATFIH (3-30) Ay AT t/a=2,3,4 41 NBS K%L, &K IA[RT Point-
source [ IZESR, LI RACE I TIRATHUN” S8 5, BT (CFR) " %, T
MR AESEI BRG], FATEE RS SARAR Xmax = 24, FF HIRATAEARAR 23[R R ] JH
DR (PBO), R sREFE T E 2R T ry = 12 XFFK. WX T Pifh source
24 MR B R SE A, FATIN X2 Wall-source EHAF 5528 p — A
B EASR . RATH BIMTFREEAE LS p — A 7E S, i F NBS SR %01 S 35
= (14 4-8).,

FATFHE BT HET Wall-source 45 H )45 F . 7E1H 5453 NBS il K2 5,
FA1o3- B (4-30) BBk B H = A 2H BG40 A T BB TR R 43 IR 9T I pE B4R
RS (BB ) 15T (&1 4-9).

B THE t BN R G fE B R AT, FRATIESEEX) t/a=4 1¥) NBS i1 i
B ATA B BUE T EMLA, B 4-9left) 57 I oK B I ) (RO 2 A 7T 2208 1
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le-3

- ta=3
fERRER:
507 -§- ya=5 %/%’
= tla=6
-E -§- ta=7 %
0 4.5
£ % B
w F
/ eI S .
2 4.0 %» x - E * -
g I ¥ SR EE Bl o SR
o 3.5 % 'm’ I
& “x
=
3.0 i . 5 %
v E
¥
00 02 04 06 08 10 12

r/fm

Pl 4-8 p — A £ Wall-source [ Aw] r 1Y) NBS Py S desrai: P
(1,0,0),(0,1,0), (0,0, 1), (—1,0,0) Jj ity A% AT S BEBGERHE], Neony = 432

S ) — 3 (R B R ELAEAT BRAR R S 8] P e RSP, I LB Ho WA 32
Tk FAMBRBARBISTELEr B B A m e

V(r)Gaussian = Z ane_am—lr2 (4'33)

n=1,3,5,7

TSR R B, FAT 2 R R R A R 2, DR AL R 5
B R

V(}")PBC R Z an(e—amlrz n e—an+1(L—r)z) (4_34)

Gaussian
n=1,3,5,7

H L = 24a HiZEHASHOKESEKE. TRIEMEE] p — A £ Wall-source FH %L
%E’J EHTE L G 45 R (GR 4-4 FIIA 4-9(right)).,

#& 44 p — A {F Wall-source A5 8CA% LB Wi A S50, WATERE r € [0.108 fm,2.484 fm],
x*/dof 018

asg

as

de

as

ay

as

as

0.419(53) \ 53(18) \ 0.02(11) \ 10.00(10) \ 0.43(84) \ 1.68(94) \ -0.59(84) \ 1.08(37)

a
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0151 ¥ -§- Ho 0.10
\ . . -§- Total
0104 % Timeslice=4 _3- 1, 0.05
> 0054 4\ >
Q ’ vy ] ]
) . & o000
= 0.001 E_l‘,,l*__-,-d,--qﬁ_{f__,.__:yz:*,--,s—_ttl‘:--i %
S O - =
s IR - < —0.051
< 0051 L T =
i fw} i
Q —0.10 v ‘--[.__{ q —0.10
| S
-0.15 \‘{\ {.‘ i ‘:}»-?--_f;;:—f"’H -0.15
-0.20 _Pﬂ T
: : ; ; . -0.20 ‘ ‘ ; ; .
0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.5 1.0 1.5 2.0 2.5
rffm r/fm

Pl 4-9 (iPDp — A £ Wall-source F V5O (r) FIgeBivimk: Hrbba%e Ho(li ) b Ho M, T1(4k
) A T20K ) ikl —Br A B 300, Total(2L ) Jufi 8 kB am, ol R 1 i
VAR EALE PO EI0R TS5 0.99 GeV Fl A TS H 1.23 GeV
(fik)p — A £ Wall-source F A7 AL B WA AR (1/a = 4, Neons = 432)

4.3 EAEING

TERG ST O A HEZT, NS TR -7 (p —n) IR T8 T (p - A)
B AR . BRSO, AT T T AN SR E AT, T T
RKIRRRHL. AN, FA 13T T Nambu-Bethe-Salpeter(NBS) i bR HH -l HR 1A RO HLAF
Jik:

BUE TR T, T TAFET p—n Flp — A WP R RBCREL IR PIES
WETTEAHT TENEERIE . 3T p - ARG AT AT 720 73 ASRAS
HEGSHER . @Edwse p — A MEAEAL, FATAMIC T NBS 3R %, HAEA IR R E
T T REABHA UG, XA TRE SR A — P U K
TR

TN AR AR QCD F A% 1A% 1 -t 1R A T R B SR L T — o
EAe . I RGEHIPFFEA ] N-NY-N R GE R 5T, AT AT DASE fef i P g 1) 5 i)
AR IO, Ao ok A e B TR A RO 2R 2 B
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51 FESIR

AR B R EAT I TAE— A% S R T adh 5 r ] . RERRA S
SIS p —n F p — A B

T, RAVRGHMIE T IR S0 B SR BER R . MR a1
R &, TS T AR L) 3 B (A 7E A% 5 QCD it A, I8
LR 2 g QCD /EH & B HUb kg SEHEIE. AT T il S R P
LA B S S S A A A (ZHAS) ¥ DA 141 2 U(D) 1 SUQ) BE M,
HEAN IR T SR PTRBE SRS R B DU SE B L RE, TE AN [R] B & 3 BRI A% K B R 44
H SUQ) B sS A ZS I i/ NBUR MBI S5 3 . BRILZ Ah, FRATARA T 7E4% 55 QCD
RS FISH)— O, ARG RIS S AU T R 50 % G 2L 57 B4 e HE
e EL .

TN, BATHERS SBT3 ) IIREZE TR R R A2 i SH T . AT
Wi T 7 A F. T MUAME TS W SHER, HhAEwSmEwadnsh
uscdsé, HHLEH T I TE BT SRR B HE SRR, I B O s Bl A T
ZHb, PASAIBCE U 855 — RSV BUA T A BIR AL BT v o i o T
B P BT R AT YETRIE, I B2 RS 2 R e, FRATT5IA T R
Wi, TRIEHSEH T8 RS IS ROSGS B, B 28 T IE R, FA151A Model
Average (75, IR ZASE AR B TN E S IARUR RS AiTE 3.9-4.4 GeV {5
P, X5 R DA R BRI AR T T i, A BT SL e SR AR T
=

Bh, WANRET p-nflp - ABG. IROTWETHREEZT. ANERANETH
5, FEVTSE TR R R R 2. teAh, FRATTHES: T Nambu-Bethe-Salpeter(NBS)
PRBOT I T A RS EAE . FEF R Bt iR s A TR 2 S, AT
ML TAFIET p —n Fl p — A W AURIREREL, IR HPSELE A5 T BT
BEEHE . XFT p— ARG, WATHE— L HEAT T80 0t AP H IS RE & . ISR
p— A FHEAEM, FATHET NBS 3 R, HAEA R K T A1 T R0 i
UAELER
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B\, X AE T AU, — AR EE SUG) 4
PP AR AR, AR A IR E DA R T BT S A bR g, Fe5 Hbay ) M B X S 21
SHSEAEFA S S QCD FF5Eh AAERE A M GBI EAT: B—m, &
MTEHR T2 RENS A BIMLAR 2% 2] B 28 190 4 S AR R R Rt = A G I BEAR A 4
A, HRHATRRBEIETT BT, DO S A TEHHS R G T
Feo

H, MTRERMET AT MRS, BTN R—EHEN S 80t
IR BT, ToYAE A R A% BER AT 1 it e S T AR AN R SEAR B AP
R TAET, BATACER FR R S SHGHTE KRBT, R 3
MGETt &, I HEXZ M1 5 KRB R BCRA R0 B AT BB T A HAN 2
HPEATIER, BRItz Ah, BATREAEAFZ & N AN T 'R TR ies
TR, IR HEARERR, RN R R G T — 2D IE. X A%
AHIER, BT AR T RETR, OB —E TE TS =11
R NE AT, DA R R BOE M AR R B 2 Fh 25 S, A EBRES AL 5
X e T o SR HER R IEF S

IeAh, JATERT p—n Fl p - A HUNBIBESE H BIALEGRSE, FRATHEA FIATAE
R AR —FE, IRATFRER AR WA SIS EE T8 KT R, PARERS KT
THRIAT AR SR RO, S 2 HlICEI 8 A R r 35 B

T p— A BETFRE Z ETIHRR . KNGS HABXR ., SUTKESEY
PE ATV, RIS T Ak Wall-source F 3 5 S 14 FIraly > i 1y B I AN HERA 1Y
[F] &A1 Point-source "~ {F M H AR, FATH Rigs AP 5: (D) i &
Smearing ] Point-source #4715 ; (2) fifiJf] distillation (ZE1EYE) I & SHONY DA
HEAENRLE . (EARTEERZ, TERFSE p — A HURIE, p - 2 BG5S 2B
IR R, RIS p -2 5 p - AIREGHIBIEN.

TEARRMEIT p — A M EAE NI, FATA TR EER AR & B A7) IS 40 R 5 BRI
AT, SEPRS A S R PR AR T, T H AT A RS B S | AR
KB, PAZT p— A MEAEHBE M AR . 5O RITIEAEHTT p — A AR
FERPHTIHE, ARG R T XA AR MBI R TR AT R .

SR, BAATEARS A QCD HEZR R i 7N 4 SR 2R A9k v R 3L S 5 v ARG
PN T — @ W BIS AR, (A0 A E WA ER B Pk, FATR TN %

39



TR RN RVTER L, AR PR F RGN Rl 2 2808 . (AR MKIFH
F. AEARARRRR, BEESI AR AR R PSR S8 AT S K
5T EH M R TINE 2 RS , SO S R 95 | A B BB HE R LA TR i
FANTZAF IO T, H SRS I KB T PR 2 K

40



IR KA L 275 30k

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

2 % X M

RUBBIA C. Experimental observation of the intermediate vector bosons W+, W-, and Z O[J].
Reviews of Modern Physics, 1985, 57(3): 699.

AAD G, ABAJYAN T, ABBOTT B, et al. Observation of a new particle in the search for the
Standard Model Higgs boson with the ATLAS detector at the LHC[J/OL]. Physics Letters B,
2012, 716(1): 1-29. http://dx.doi.org/10.1016/j.physletb.2012.08.020. DOI: 10.1016/j.physletb.2
012.08.020.

SCHOPPER H. Particle Physics Reference Library: Volume 1: Theory and Experiments[M].
Springer Nature, 2020.

WEYL H. Electron and gravitation[J]. z. Phys, 1929, 56: 330-352.

WILSON K G. Confinement of quarks[J/OL]. Phys. Rev. D, 1974, 10: 2445-2459. https://link.ap
s.org/doi/10.1103/PhysRevD.10.2445. DOI: 10.1103/PhysRevD.10.2445.

BERNARD C, BURCH T, ORGINOS K, et al. QCD spectrum with three quark flavors[J/OL].
Physical Review D, 2001, 64(5). http://dx.doi.org/10.1103/PhysRevD.64.054506. DOI: 10.1103
/physrevd.64.054506.

BAZAVOV A, TOUSSAINT D, BERNARD C, et al. Nonperturbative QCD simulations with fla-
vors of improved staggered quarks[J/OL]. Reviews of Modern Physics, 2010, 82(2): 1349-1417.
http://dx.doi.org/10.1103/RevModPhys.82.1349. DOI: 10.1103/revmodphys.82.1349.
NEFEDIEV A V. X(6200) as a compact tetraquark in the QCD string model[J /OL]. The European
Physical Journal C, 2021, 81(8). http://dx.doi.org/10.1140/epjc/s10052-021-09511-z. DOI: 10.1
140/epjc/s10052-021-09511-z.

JIT, DONG X K, GUO F K, et al. Prediction of a Narrow Exotic Hadronic State with Quantum
Numbers[J/OL]. Physical Review Letters, 2022, 129(10). http://dx.doi.org/10.1103/PhysRevLett
.129.102002. DOI: 10.1103/physrevlett.129.102002.

BASHKANOV M, WATTS D P, KAY S J D, et al. Signatures of the d*(2380) Hexaquark in
d(y,p Z) [J/OL]. Phys. Rev. Lett., 2020, 124: 132001. https://link.aps.org/doi/10.1103/PhysRev
Lett.124.132001. DOI: 10.1103/PhysRevLett.124.132001.

GELL-MANN M. A Schematic Model of Baryons and Mesons[J]. Phys. Lett., 1964, 8:214-215.
DOI: 10.1016/S0031-9163(64)92001-3.

JAFFE R L. Q**2 anti-Q**2 Resonances in the Baryon - anti-Baryon System[J]. Phys. Rev. D,
1978, 17: 1444. DOI: 10.1103/PhysRevD.17.1444.

LIPKIN H J. New Possibilities for Exotic Hadrons: Anticharmed Strange Baryons[J]. Phys. Lett.
B, 1987, 195:484-488. DOI: 10.1016/0370-2693(87)90055-4.

CHOI S K, et al. Observation of a narrow charmonium-like state in exclusive B* — K*n*n~J /[y
decays[J]. Phys. Rev. Lett., 2003, 91:262001. arXiv: hep-ex/0309032. DOI: 10.1103/PhysRevLe
tt.91.262001.

ACOSTA D, et al. Observation of the narrow state X(3872) — J/yn*n™ in pp collisions at
Vs = 1.96 TeV[J]. Phys. Rev. Lett., 2004, 93: 072001. arXiv: hep-ex/0312021. DOI: 10.1103/Phy
sRevLett.93.072001.

AAIJ R, et al. Observation of the resonant character of the Z(4430)~ state[J]. Phys. Rev. Lett.,
2014, 112(22):222002. arXiv: 1404.1903 [hep-ex].DOI: 10.1103/PhysRevLett.112.222002.
ABLIKIM M, et al. Evidence of Two Resonant Structures in e*e™ — n*n~h.[J]. Phys. Rev. Lett.,

41


http://dx.doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.020
https://link.aps.org/doi/10.1103/PhysRevD.10.2445
https://link.aps.org/doi/10.1103/PhysRevD.10.2445
https://doi.org/10.1103/PhysRevD.10.2445
http://dx.doi.org/10.1103/PhysRevD.64.054506
https://doi.org/10.1103/physrevd.64.054506
https://doi.org/10.1103/physrevd.64.054506
http://dx.doi.org/10.1103/RevModPhys.82.1349
https://doi.org/10.1103/revmodphys.82.1349
http://dx.doi.org/10.1140/epjc/s10052-021-09511-z
https://doi.org/10.1140/epjc/s10052-021-09511-z
https://doi.org/10.1140/epjc/s10052-021-09511-z
http://dx.doi.org/10.1103/PhysRevLett.129.102002
http://dx.doi.org/10.1103/PhysRevLett.129.102002
https://doi.org/10.1103/physrevlett.129.102002
https://link.aps.org/doi/10.1103/PhysRevLett.124.132001
https://link.aps.org/doi/10.1103/PhysRevLett.124.132001
https://doi.org/10.1103/PhysRevLett.124.132001
https://doi.org/10.1016/S0031-9163(64)92001-3
https://doi.org/10.1103/PhysRevD.17.1444
https://doi.org/10.1016/0370-2693(87)90055-4
https://arxiv.org/abs/hep-ex/0309032
https://doi.org/10.1103/PhysRevLett.91.262001
https://doi.org/10.1103/PhysRevLett.91.262001
https://arxiv.org/abs/hep-ex/0312021
https://doi.org/10.1103/PhysRevLett.93.072001
https://doi.org/10.1103/PhysRevLett.93.072001
https://arxiv.org/abs/1404.1903
https://doi.org/10.1103/PhysRevLett.112.222002

IR KA L 275 30k

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

2017, 118(9): 092002. arXiv: 1610.07044 [hep-ex]. DOI: 10.1103/PhysRevLett.118.092002.
ABLIKIM M, et al. Observation of a Near-Threshold Structure in the K* Recoil-Mass Spectra in
ete™ — K*(D;D* + D:~D°)[J]. Phys. Rev. Lett., 2021, 126(10): 102001. arXiv: 2011.07855
[hep-ex].DOI: 10.1103/PhysRevLett.126.102001.

ZWEIG G. An SU(3) model for strong interaction symmetry and its breaking. Version 2[M]
//LICHTENBERG D B, ROSEN S P. DEVELOPMENTS IN THE QUARK THEORY OF
HADRONS. VOL. 1. 1964 - 1978. 1964:22-101. DOI: 10.17181/CERN-TH-412.

ABLIKIM M, et al. First study of antihyperon-nucleon scattering Ap — Ap and measurement of
Ap — Ap cross section[J]. 2024. arXiv: 2401.09012 [hep-ex].

HAIDENBAUER J, MEISSNER U, NOGGA A. Hyperon—nucleon interaction within chiral effec-
tive field theory revisited[J]. Eur. Phys. J. A, 2020, 56(3): 91. arXiv: 1906.11681 [nucl-th].
DOI: 10.1140/epja/s10050-020-00100-4.

MIHAYLOV D L, HAIDENBAUER J, SARTI V M. Constraining the pA interaction from a com-
bined analysis of scattering data and correlation functions[J]. Phys. Lett. B, 2024, 850: 138550.
arXiv: 2312.16970 [nucl-th]. DOI: 10.1016/j.physletb.2024.138550.

KNOLL M, ROTH R. Hyperon-nucleon interaction constrained by light hypernuclei[J]. Phys. Lett.
B, 2023, 846: 138258. arXiv: 2307.11577 [nucl-th]. DOI: 10.1016/j.physletb.2023.138258.
BEANE S R, BEDAQUE P F, PARRENO A, et al. Two nucleons on a lattice[J]. Phys. Lett. B,
2004, 585: 106-114. arXiv: hep-1at/0312004. DOI: 10.1016/j.physletb.2004.02.007.

BEANE S R, BEDAQUE P F, PARRENO A, et al. Exploring hyperons and hypernuclei with lattice
QCD[J]. Nucl. Phys. A, 2005, 747: 55-74. arXiv: nucl-th/0311027. DOI: 10.1016/j.nuclphysa.20
04.09.081.

ILIOPOULOS J, ITZYKSON C, MARTIN A. Functional Methods and Perturbation Theory[J].
Rev. Mod. Phys., 1975, 47: 165. DOI: 10.1103/RevModPhys.47.165.

GATTRINGER C, LANG C B. Quantum chromodynamics on the lattice:an introductory presen-
tation. $ FJiix [M]. Quantum chromodynamics on the lattice:an introductory presentation. 5
i, 2014.

METROPOLIS N, ROSENBLUTH A W, ROSENBLUTH M N, et al. Equation of state calcula-
tions by fast computing machines[J]. J. Chem. Phys., 1953, 21: 1087-1092. DOI: 10.1063/1.1699
114.

DUDEK J J, EDWARDS R G, PEARDON M ], et al. Toward the excited meson spectrum of
dynamical QCD[J/OL]. Physical Review D, 2010, 82(3). http://dx.doi.org/10.1103/PhysRevD.8
2.034508. DOI: 10.1103/physrevd.82.034508.

COLLABORATION A, BLOSSIER B, MORTE M D, et al. On the generalized eigenvalue method
for energies and matrix elements in lattice field theory[J/OL]. Journal of High Energy Physics,
2009, 2009(04): 094-094. http://dx.doi.org/10.1088/1126-6708/2009/04/094. DOI: 10.1088/1126
-6708/2009/04/094.

JAY W I, NEIL E T. Bayesian model averaging for analysis of lattice field theory results[J]. Phys.
Rev. D, 2021, 103: 114502. arXiv: 2008.01069 [stat .ME]. DOI: 10.1103/PhysRevD.103.114
502.

ZHANG Q A, HUA J, HUANG F, et al. First lattice QCD calculation of semileptonic decays of
charmed-strange baryons Z ¢ *[J/OL]. Chinese Physics C, 2022, 46(1): 011002. http://dx.doi.org
/10.1088/1674-1137/ac2b12. DOI: 10.1088/1674-1137/ac2b12.

MOHR P J, NEWELL D B, TAYLOR B N. CODATA recommended values of the fundamental
physical constants: 2014[J]. Reviews of Modern Physics, 2016, 88(3): 035009. DOI: 10.1103/Re

42


https://arxiv.org/abs/1610.07044
https://doi.org/10.1103/PhysRevLett.118.092002
https://arxiv.org/abs/2011.07855
https://arxiv.org/abs/2011.07855
https://doi.org/10.1103/PhysRevLett.126.102001
https://doi.org/10.17181/CERN-TH-412
https://arxiv.org/abs/2401.09012
https://arxiv.org/abs/1906.11681
https://doi.org/10.1140/epja/s10050-020-00100-4
https://arxiv.org/abs/2312.16970
https://doi.org/10.1016/j.physletb.2024.138550
https://arxiv.org/abs/2307.11577
https://doi.org/10.1016/j.physletb.2023.138258
https://arxiv.org/abs/hep-lat/0312004
https://doi.org/10.1016/j.physletb.2004.02.007
https://arxiv.org/abs/nucl-th/0311027
https://doi.org/10.1016/j.nuclphysa.2004.09.081
https://doi.org/10.1016/j.nuclphysa.2004.09.081
https://doi.org/10.1103/RevModPhys.47.165
https://doi.org/10.1063/1.1699114
https://doi.org/10.1063/1.1699114
http://dx.doi.org/10.1103/PhysRevD.82.034508
http://dx.doi.org/10.1103/PhysRevD.82.034508
https://doi.org/10.1103/physrevd.82.034508
http://dx.doi.org/10.1088/1126-6708/2009/04/094
https://doi.org/10.1088/1126-6708/2009/04/094
https://doi.org/10.1088/1126-6708/2009/04/094
https://arxiv.org/abs/2008.01069
https://doi.org/10.1103/PhysRevD.103.114502
https://doi.org/10.1103/PhysRevD.103.114502
http://dx.doi.org/10.1088/1674-1137/ac2b12
http://dx.doi.org/10.1088/1674-1137/ac2b12
https://doi.org/10.1088/1674-1137/ac2b12
https://doi.org/10.1103/RevModPhys.88.035009
https://doi.org/10.1103/RevModPhys.88.035009

IR KA L 275 30k

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

vModPhys.88.035009.

ZYLA P A, et al. Review of Particle Physics[J]. PTEP, 2020, 2020(8): 083C01. DOI: 10.1093/pte
p/ptaalO4.

LIUZ, ANHT,LIUZ W, et al. Where are the hidden-charm hexaquarks?[J]. Phys. Rev. D, 2022,
105(3): 034006. arXiv: 2112.02510 [hep-ph]. DOI: 10.1103/PhysRevD.105.034006.
PARRENO A, SHANAHAN P E, WAGMAN M L, et al. Axial charge of the triton from lattice
QCD[J/OL]. Phys. Rev. D, 2021, 103: 074511. https://link.aps.org/doi/10.1103/PhysRevD.103.0
74511. DOIL: 10.1103/PhysRevD.103.074511.

BASAK S, EDWARDS R G, FLEMING G T, et al. Group-theoretical construction of extended
baryon operators in lattice QCD[J/OL]. Phys. Rev. D, 2005, 72: 094506. https://link.aps.org/doi
/10.1103/PhysRevD.72.094506. DOI: 10.1103/PhysRevD.72.094506.

GUSKEN 8. A study of smearing techniques for hadron correlation functions[J/OL]. Nuclear
Physics B - Proceedings Supplements, 1990, 17: 361-364. https://www.sciencedirect.com/scienc
e/article/pii/092056329090273W. DOI: https://doi.org/10.1016/0920-5632(90)90273-W.
AMARASINGHE S, BAGHDADI R, DAVOUDI Z, et al. Variational study of two-nucleon systems
with lattice QCD[J]. Phys. Rev. D, 2023, 107(9): 094508. arXiv: 2108.10835 [hep—-1lat].DOI:
10.1103/PhysRevD.107.094508.

WATANABE K. Quark-diquark potential and diquark mass from lattice QCD[J]. Phys. Rev. D,
2022, 105(7): 074510. arXiv: 2111.15167 [hep-lat]. DOI: 10.1103/PhysRevD.105.074510.
IRITANI T, AOKI S, DOI T, et al. Systematics of the HAL QCD Potential at Low Energies in
Lattice QCDIJ]. Phys. Rev. D, 2019, 99(1): 014514. arXiv: 1805.02365 [hep-1lat]. DOI: 10.1
103/PhysRevD.99.014514.

43


https://doi.org/10.1103/RevModPhys.88.035009
https://doi.org/10.1103/RevModPhys.88.035009
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://arxiv.org/abs/2112.02510
https://doi.org/10.1103/PhysRevD.105.034006
https://link.aps.org/doi/10.1103/PhysRevD.103.074511
https://link.aps.org/doi/10.1103/PhysRevD.103.074511
https://doi.org/10.1103/PhysRevD.103.074511
https://link.aps.org/doi/10.1103/PhysRevD.72.094506
https://link.aps.org/doi/10.1103/PhysRevD.72.094506
https://doi.org/10.1103/PhysRevD.72.094506
https://www.sciencedirect.com/science/article/pii/092056329090273W
https://www.sciencedirect.com/science/article/pii/092056329090273W
https://doi.org/https://doi.org/10.1016/0920-5632(90)90273-W
https://arxiv.org/abs/2108.10835
https://doi.org/10.1103/PhysRevD.107.094508
https://arxiv.org/abs/2111.15167
https://doi.org/10.1103/PhysRevD.105.074510
https://arxiv.org/abs/1805.02365
https://doi.org/10.1103/PhysRevD.99.014514
https://doi.org/10.1103/PhysRevD.99.014514

IR KA L Ff SR 1

B ELESHRE (R 1)

0.1 Wilson ¥SE{ERHENERL
TR T IR TIE PN E R S A, B 2 -

eAeé — e(A+l§+%[A,l§]+) (0_1)

H s FATE R

U,(n) = exp(iaA,(n)) (0-2)

R HACAF plaquette fYT1H Y4

U, (n) = expliaA,(n) +iaA,(n+f) - %Z[Aﬂ(n), A,(n+ )]

—iaA,(n+7)—iaA,(n) - 2[A (n+7),A,(n)]

2

e LA+ @), A+ 9)] + 2[4, (). A, ()]
2 2
+ LA, Au(n + 9] + A (14 D). A+ 0@ (©03)

FATHIR T AR 37 B A e AU X
A, (n+f)=A,(n) +ad,A,(n) +0(a’)
TEFATH) plaquette FF R A a7 A

Uy = exp(ia*(8,A,(n) = 8,A,(n) +i[Au(n), A, (n)]) + O(a’))
= exp(iazF,,,, +0(a?)) (0-4)

T2, B LEAACE Wilson BBIEH &G, BHESNSWERRBEET .

ZZRe tr[1 = Uy (n)] = 22221‘1’ Fu(n)?1+0(a  (0-5)

neA u<v neA u<v

44



IR KA L Ff SR 1

0.2 FRFHIXRBEBNLETE
EKTF (0,(0)0,(V))aa MEAEITERIER, ATV QDP++ ) — 28 i BT
HEz
The First Term
= & e (CY5)ap(CYs)arp (Pi)yy (D) (%, )5 X (D) (x, )54, (D) (x, )55
= 2P [(D;) (%, 1) (CYs)i] - [(Cys)(DF) 0 W1 (P2 (D) (5. )55

= quarkContract13(D}' x Cys, Cys * D;)E%/(Pi)W(D;I)(x, y);/;
The Second Term:

= &6 (Cy5)ap(CYs)arp (Pi)yy (D7) (%, Y)p X (D) (3, )35, (D) (x, y)5
= e [(Cys) (D) (6, Yo ] - LD (6, ) (Cys)sf ] (Pa)yy (D) (1, 9) 55,
=~V [(Cys) (D) (6 y) g ] - (D) (6, 9) (Cys)5p ] (Pe)yy (D) (x, ),
= —quarkContract24(D,' * Cys,Cys * D)%% (P.),y (D; ) (x, y)4%,

The Total:(Final)

(0p(¥)a0p(y)a)

= (Py)y, (D, H(x, y)w,quarkContracﬂS(D Vs CysP,, CysP, * Dy )ﬁﬁ,
+(Py)yy (D) (x, )y " quarkContract13(D;" * CysP,,CysP, x D' ‘Zg,

=Tr[P, = traceColor(D; = traceSpin(quarkContract13(D; * Cys, Cys * D;)))

+ P, «traceColor(D; * quarkContract13(D; x Cys, Cys x D;)] (0-6)

Hodr i H 219 QDP++ pREHIAE FH 35 A T 3% 1) 2 R TR AL, Hid traceColor
Al traceSpin 43 Fl 2 X B H B EfgdnsKilk, Contract pREE LANF -
(1) quarkContract13(a,b)

targetaﬁ = glkglI'k 4 source o ¥ sourcepﬁ, (0-7)
(2) quarkContract24(a,b)
targetaﬁ = gkgl Tk sourcewp * sourceg; (0-8)

45



IR KA L Ff SR 1

0.3 MEBRFFRIE

@ i@ jl@) k@ wiM a i@ j@ k@ wi'
1100 1,1 02 -2V2 100 1,1 1,2 =-2V2
2100 1,2 01 2V2 2100 1,2 1,1 2V2
3101 1,0 02 2V2 3101 1L,0 1,2 2v2
4101 1,2 0,0 -2V2 4101 1,2 1,0 -22
5102 1,0 01 -2V2 5102 1,0 1,1 -2v2
6102 1,1 00 2V2 602 1,1 1,0 2V2
7110 01 02 2V2 71,0 01 1,2 2V2
8 | L0 0,2 0,1 =-2V2 8 | 1,0 0,2 1,1 -2v2
9 [ 1,1 0,0 02 -2V2 9 | 1,1 00 1,2 =-2V2
10/1,1 02 00 2V2 10]1,1 02 1,0 2V2
11| 1,2 00 01 2V2 11| 1,2 00 1,1 2v2
1201,2 01 00 =-2V2 21,2 01 1,0 -2V2

2 0-1 ERAG RSB AAEH T o =0, 1 F5 PSR w7

YT TAERTA E I NIV = 12 PR R 94 R 0 0-1 R, W p—n
ANEFIRET p = 0,1,2,3 S PUFERZ AR EBLET 5 7 324 910132 0-2/0-4/0-3/0-5 fif
TN o

NTHEFR, WFNEFRRORERNE T EEEEAN, RIS S
S TS a (a1, an), RIS AR FRAF AT, AT 1824 v A8 B
M, BT o = 1,3 fl s NPT = MPP = (vE)?,

a=(a - DN 4+ o (0-9)

T p = 0,3 IS NG = AR = 2 (N2

a= (NN 4 (o) - DN 4 @, (0-10)
PR AT ] AR Y BB A A B B R 1 A A T
[D]o:_L [N]1,,[N]0
a \/iwm [e%)
W%D]l w[ ]owgv]o
EZD]Z _ %Wgz?/]lng]o
wlP1 =y VI, LV (0-11)

a [e2)

46



IR KA L Ff SR 1

JT p- AR S, HAS SCEAFAEY S p—n RlF, HAKWEN (K
ARG B L FATHFRYE ), TTHAS ARG o (0, @) 7R S50E T
KM, HEHIEF u(p) © u(A),d(p) & d(A) BIXIFREE, HHER ST 2RBH
A a(a, ) T, HRH T RATERE wh P

[H 10 N1 0
pall _ w[ ]WExz]
[HpA \/_w N]O

WElIiPA] W[N]lw[ 10

@

wh Pl = Ay VI, IV (0-12)

47



Ff SR 1

#0-2 p—nA%E¥ p =0 FRELE w

[Hpn10
a

o |1@ j@ ko) |l@ m@ n@ |wy™"
1 0,0 0,0 0,1 1,1 1,2 1,2 40
2 0,0 0,0 0,2 1,1 1,1 1,2 -40
3 0,0 0,1 0,1 1,0 1,2 1,2 -40
4 0,0 0,1 0,2 1,0 1,1 1,2 16
5 0,0 0,1 0,2 1,0 1,2 1,1 24
6 0,0 0,1 0,2 1,1 1,0 1,2 24
7 0,0 0,2 0,1 1,0 1,1 1,2 24
8 10,0 0,2 0,1 1,0 1,2 1,1 16
9 0,0 0,2 0,1 1,1 1,0 1,2 24
10 0,0 0,2 0,2 1,0 1,1 1,1 -40
11 ] 0,1 0,0 0,2 1,0 1,1 1,2 24
12 1 0,1 0,0 0,2 1,0 1,2 1,1 -24
131 0,1 0,0 0,2 1,1 1,0 1,2 16
14 | 0,1 0,1 0,2 1,0 1,0 1,2 -40
151 0,1 0,2 0,2 1,0 1,0 1,1 40
16| 0,0 0,0 1,1 0,1 1,2 1,2 -40
171 0,0 0,0 1,1 0,2 1,2 1,1 40
181 0,0 0,1 1,0 | 0,2 1,1 1,2 24
191 0,0 0,1 1,0 | 0,2 1,2 1,1 -24
201 0,0 0,1 1,1 0,2 1,2 1,0 -16
211 0,1 0,0 1,0 | 0,1 1,2 1,2 40
22 1 0,1 0,0 1,0 | 0,2 1,1 1,2 -24
231 0,1 0,1 1,0 | 0,2 1,2 1,1 -16
24 1 0,1 0,0 1,1 0,2 1,2 1,0 -24
251 0,1 0,1 1,0 | 0,2 1,2 1,0 40
26| 0,2 0,0 1,0 | 0,1 1,1 1,2 -16
271 0,2 0,0 1,0 | 0,1 1,2 1,1 -24
281 0,2 0,0 1,0 | 0,2 1,1 1,1 40
291 0,2 0,0 1,1 0,1 1,2 1,0 24
301 0,2 0,1 1,0 | 0,2 1,1 1,0 -40
311 0,0 1,0 0,1 1,1 0,2 1,2 -96
321 1,0 0,0 1,1 0,1 1,2 0,2 96

48



Ff SR 1

#0-3 p-n AW p=2 FRELE w

[Hpn12
a

@ |1@ j@ ko) |l@ m@ n@ |wi"?
1 0,0 0,0 0,1 1,1 1,2 1,2 24
2 0,0 0,0 0,2 1,1 1,1 1,2 24
3 0,0 0,1 0,1 1,0 1,2 1,2 24
4 0,0 0,1 0,2 1,0 1,1 1,2 -16
5 0,0 0,1 0,2 1,0 1,2 1,1 40
6 0,0 0,1 0,2 1,1 1,0 1,2 40
7 0,0 0,2 0,1 1,0 1,1 1,2 40
8 10,0 0,2 0,1 1,0 1,2 1,1 -16
9 0,0 0,2 0,1 1,1 1,0 1,2 -40
10 0,0 0,2 0,2 1,0 1,1 1,1 -24
11 ] 0,1 0,0 0,2 1,0 1,1 1,2 40
12 1 0,1 0,0 0,2 1,0 1,2 1,1 -40
131 0,1 0,0 0,2 1,1 1,0 1,2 -16
14 | 0,1 0,1 0,2 1,0 1,0 1,2 -24
151 0,1 0,2 0,2 1,0 1,0 1,1 24
16| 0,0 0,0 1,1 0,1 1,2 1,2 24
171 0,0 0,0 1,1 0,2 1,2 1,1 24
181 0,0 0,1 1,0 | 0,2 1,1 1,2 -40
191 0,0 0,1 1,0 | 0,2 1,2 1,1 40
201 0,0 0,1 1,1 0,2 1,2 1,0 -16
211 0,1 0,0 1,0 | 0,1 1,2 1,2 -24
22 1 0,1 0,0 1,0 | 0,2 1,1 1,2 40
231 0,1 0,0 1,0 | 0,2 1,2 1,1 -16
24 1 0,1 0,0 1,1 0,2 1,2 1,0 40
251 0,1 0,1 1,0 | 0,2 1,2 1,0 -24
26| 0,2 0,0 1,0 | 0,1 1,1 1,2 -16
271 0,2 0,0 1,0 | 0,1 1,2 1,1 40
281 0,2 0,0 1,0 | 0,2 1,1 1,1 -24
291 0,2 0,0 1,1 0,1 1,2 1,0 -40
301 0,2 0,1 1,0 | 0,2 1,1 1,0 24
311 0,0 1,0 0,1 1,1 0,2 1,2 -96
321 1,0 0,0 1,1 0,1 1,2 0,2 -96
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[Hpn]1

%04 p-nAEyp=1FHEE w,

@ [1(e) jl@ k@ |1 m@ n()|w"
1100 00 0101 1,2 12| 48V2
2100 00 01]02 1,1 1,2 /| -40V2
3100 00 0,1]02 1.2 11| -8V2

4100 00 02101 1,1 1,2 -82

5/100 00 02]01 1,2 1,1/ -40vV2
6 |00 00 02102 1,1 1,1/ 48V2
7100 01 01102 1,0 1,2 40V2
8 100 01 0,1]02 1.2 10| 8V2

9 100 01 021]02 1,0 1,1 | -40vV2
10/00 01 02102 1,1 10| -8V2

1m{o1 00 02101 1,0 1,2 82

1201 00 02101 1,2 1,0 | 40V2
13/0,1 00 02102 1,0 1,1 | -8V2
1401 00 02102 1,1 1,0 -40V2
1501 01 02102 1,0 1,0 | 48V2
1600 00 01|11 02 1,2] -32V2
17100 0,1 01|10 02 1,2 32v2
18100 0,2 01|10 02 1,1 -32V2
19/100 00 1,101 1,2 0,2 -32V2
20001 00 1,0 |01 1,2 0,2 ] 32v2
211 0,2 00 1,0 |01 1,1 0,2 -32V2
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[Hpnl3

#0-5 p—n A%y p =3 FHIELE w,

@ [ 1(e) j@ k@) |l(@) m@) n(a)|wl?”
1100 00 1,1 1,1 1,2 1,2 | 48V2
2100 01 10| 1,1 1,2 1,2 | -40V2
3100 01 1,1 |10 L2 12| -8V2

4100 02 1,0 1,1 1,1 1,2 ] 40V2
5(100 02 1,1 |10 1.2 11| 8V2

6 |01 00 10| 1,1 1,2 12| -8V2

7101 00 1,1 |1,0 1,2 1,2 | -40V2
8 10,1 01 1,0 | 1,0 1,2 1,2 | 48V2
9 (0,1 02 1.,0]| 1,0 1,1 1,2 | -40V2
10(01 02 1,010 1,2 1,1 | -8V2

1102 00 1,0 |11 1,1 1,2 ]| 82

1202 00 1,1 |10 1,2 1,1 | 40V2
1302 01 1,0 |10 1,1 1,2 -8V2

1402 01 1,0 |10 1,2 1,1 | -40V2
1502 02 1,0 |10 1,1 1,1 | 48V2
1600 1,0 01 |11 1,2 1,2 -32V2
17100 1,0 02|11 1,1 1,2 ] 32v2
1801 1,0 02|11 1,0 1,2 -32V2
91,0 00 1,101 1,2 1,2 -32V2
200 1,0 0,0 1,1 |02 1,2 1,1 | 32v2
21 1,0 0,1 1,1 |02 1,2 1,0 | -32V2

51

Ff SR 1



IRl S O 3 [A) 2 ARAE SRR H 5%

BUgF AR F AR IR ILFIRIF R A R

[1] Liu, Hang and Liu, Liuming and Sun, Peng and Sun, Wei and Tan, Jin-Xin and Wang,
Wei and Yang, Yi-Bo and Zhang, Qi-An: = — Z.~ mixing from lattice QCD, Physics

C C

Letters B, 841:137941, June 2023. 10.1016/j.physletb.2023.137941.

52


http://dx.doi.org/10.1016/j.physletb.2023.137941

IR KA L Bt

S S

AR BB IR b, BRI R A AR ARy, URATTHEZHR
ONASRSY T TR 2 AT v T AR I /N R, 298 B e Ao — MR “ G B (el ok
— k. K—TF. K=k, RZF R=EEDRETF R B RIUF”, s, R
BNk, IR W 2 b A LR BN K, XEE X A AL A B RE X R
fayfal LB 23« MR, ARSI A R — By ? A —E R A RERE Y,
WURIE VY AT LR IR s AN B A W Tz 1, SCCETE B B BERR B it AR A KRS
SN, FERERN I 2HE. 5 AT AAE, AACHE”, al3REAR A Ok
ARz, BE - wS, BUBBESERS B, 2R, TRy 7 HRM
i BRI ERORE S, AR AR R, R E R TR, X Bk
FHEAANT, IO, B B A AN, iR a5 i W YF 45 YR .

Poiim & XL T AR ar O, FRITIRIRE EARZ M4 8 T s 2 A
KAH, TABIER, Mz BRI A R, BEEXAY, BEZIN—ES S
T, UEPEES, IEFAEAR R SR R R RN, AT RO, X1k
YA BRI, SHREIIRREAN R, TRE T ESL, HERETE
X FEI AR KIS A W R R AT . B2 E RN 1 3 T RS, k)™ i
TRAGHIR & AR BIPRER. T RO TARSEE AR 2B K BTy
X, WO T I BIYRE PRI SR, B FEREAR A, M A T. SR
847, EARICZAERF? AR, AU IR, B £ 2 i—% bR
S LN RS

TEEMAEIR S, BaBB] T —REFERERE . BT HI PRI AR R ol 22 i
filo SRS AR L, AR B IR G AT BEF G R, — N PR
A U E U — RS, ARSI D R AR T
AR F R RRT B B L, RS2 Rhe PR EIE GRS,
BT BOSET HLA H H O WA A R R T 0% o RO AR TS , SR A X
KA TR/ 5 140 E % o o7 2T b USRI RN Z A, 2 L 5 32 Be fi
2, RO R S IR R, SRR, RATEA MO AR .
Ui L R RIS AR AR AT AR — Pk, TH R T ok, 35 BB PR A A KR E - Ik
Wi, MR VRN MR TR 5 A IR E ISR ke i AU, TE S5 bt AT

53



IR KA L Bt

MZ e, IR PR ™R U, e TR R, A FRGE SR
A S . R R LA S 55 AT AR TAE A B, AT DRV R, AT, 4Ok
R RS RE RV N T

WY AZ R R I RN, A IFEF A 32 KN I 22, AEFR IR E S
WA, MATTICI T2 T IRAGAE Sl SRR R R, (EL AT RS AR 2 Y 1T 4
oo AATRE— T IR AETE DT IR 2 H iy, A5 BT s AEFRIDR A L
i, ANEIS LB, AT F B PIAR A % 727, THO IR AR B2 15 1%
B WHAMRNT, FARANT, BEARNIMSEE . Bt , Fazmnfirit, foixin
R HIAT -

FOL TN, R EACARE . SRR, MR LV REE T
BANROR SR, AERAEE T TAEZ A, BEREWIRIEIE, B0t , X5 bRy
B HATT VIR & o FEXBARE S, SO ABRZ AT, AT
FLORRER . STEA. BR—MINEETHE S B TN, RIS M
T 2 UETE TR A BERE FR AL BRAE 27 > FIAE 15 v 38 21 A 1 UM TR, v Lok, R o
W, EHETGE ARAT, BILRNT, BB T B ERRL. fE5 ] iR I 8
) LERORZER A 8, SRR 2 O AR i OB ey AL LR AR (R A 8 e, ik
o0k G A — F5 NG I TR AZ i BE VK o I Je BB IR I AR MG . SRR ke
B BRPES AR, ARMTBCY IR AT PRI, A Feeis ol , sORIE sGm
PRI A BB BRI AR b T TR B o

A, IR MR TR 18], FA B DR IRNTREE, X3
TRIBADAINE, S FESL A E L MASEAEd T HIL, B ERFRAE TR (]
AR, SRl ARG A B BRAY LR, KA AR D ) B3 e/ AR e, X
Yo NAIFAZGUN T4, TRIERSEAE | FAY O] o JEHARAT], A e — ok iy
AT, Al TSk, FATE SRR, FRABUEARAT AR A el !

54



EXPLORING HEXAQUARK/DINUCLEON FROM LATTICE
QCD

In lattice QCD theory, the four-dimensional space-time is discretized into a finite lat-
tice network, where quarks are placed on these lattice sites, representing the positions of the
fermionic fields, while gluons exist on the link lines between adjacent lattice sites, called
gauge links. This discretization method makes it possible to use computer simulations to
calculate various strong interaction processes and properties. In lattice quantum chromody-
namics, the quark fields and gluon fields are discretized into finite space-time lattices, al-
lowing us to perform numerical calculations using the Monte Carlo method. Particularly, by
calculating the Euclidean time dependence of the correlation functions through this method,
we can determine the discrete spectra of various hadrons. Therefore, lattice quantum chro-
modynamics provides us with a technique akin to first principles for exploring many physical
quantities, such as the hadronic spectra, scattering phases, and radiative transitions.

Within the framework of lattice quantum chromodynamics (Lattice QCD), we primarily
analyze the hidden charm and hidden strange hexaquarks, p-n and p-A scattering, as well as
the p-A interaction. These studies will not only aid in capturing signals of relevant particles
in future high-energy physics experiments but, more importantly, lay a reliable theoretical
foundation for investigating N-N/Y-N scattering and Y-N interactions.

This study first introduces the path integral formalism for computing expectation values
of physical observables in lattice QCD, including quantities like configurations, gauge links,
and minimal Wilson loops. We derive the discretized lattice QCD action. For numerical cal-
culations, we analyze different Markov chain update methods for the 1+1 dimensional U(1)
and SU(2) groups, illustrating the Monte Carlo simulation process in detail. For the U(1)
configuration, we qualitatively provide the relationship between step size and convergence
rate; for the SU(2) configuration, we calculate the minimal Wilson loop values for different
coupling constants and lattice discretizations. Finally, we outline the general method for cal-
culating hadron spectra in lattice QCD, establishing a theoretical foundation for subsequent
research.

This study focuses on the hexaquark system. We parametrize the correlation functions by



analyzing the time dependence of physical observables in Euclidean space-time, deducing the
process of extracting effective masses from lattice QCD. In numerical analysis, we employ
the Jackknife technique to reduce data fluctuations and the covariance matrix to describe
strong correlations between data. Simultaneously, for the generated two-point correlation
function matrix elements, we use various fitting methods, including constant fits, two-state
fits, and the Model Average method, to obtain the ground-state energy. First, we construct
two-point correlation functions for pions and protons, extracting their effective masses. By
comparing with the pion and configuration parameter masses, as well as the fitted proton
mass with the experimental value, we demonstrate that our configurations and methods can
reasonably describe them.

Under four quantum numbers 7(JF€) = 1(0*), 1(07*), 1(1**), 1(1~7), we construct hex-
aquark operators with the hadronic component u s ¢ d 5 ¢ to form the correlation matrix. By
analyzing the time dependence of the matrix elements, we extract the effective mass of this
quasi-hexaquark particle from the two-point correlation functions. Ultimately, through two-
state fits, we obtain the hexaquark ground-state energy in the range of 3.9-4.4 GeV, further
validating the fitting results’ accuracy using the Model Average method, with both methods
yielding consistent results. This energy range is close to the expectations of certain threshold
models and other theoretical models, providing a signal range for the future experimental
exploration of hexaquarks. Revealing the existence of hexaquarks could not only enrich the
diversity of multiquark systems but also aid in unraveling the non-perturbative nature of
quark and gluon interactions, a crucial step in developing QCD theory.

This study also focuses on p-n and p-A scattering processes. By mapping color-spin
indices to weight indices, we reconstruct single-nucleon operators. Based on different con-
traction properties, we construct four types of two-point correlation functions at the quark
level: H(sink)H(source), H(sink)D(source), D(sink)H(source), and D(sink)D(source), form-
ing the correlation matrix. We test the forms of p-n and p-A correlation functions under
different sources (Point-source and Wall-source) and extract their effective masses. We then
perform two-state fits on the p-n and p-A two-point correlation functions, obtaining the ef-
fective mass ranges for three different contraction schemes.

Furthermore, we perform a variational analysis on the p-A system, extracting the ground

state and first excited state energies. We compare the advantages and disadvantages of using



Point-source and Wall-source. The Point-source can clearly separate the ground state and
first excited state, while the Wall-source, although faster in ground-state saturation and with
smaller noise and more stable signals, has difficulty separating excited states. To combine
their advantages and eliminate their drawbacks, we propose an optimized approach: (1) using
a Smeared Point-source for the calculation to obtain the ground-state signal faster; (2) em-
ploying the distillation method to reduce excited-state effects and increase the signal-to-noise
ratio.

We focus on the p-A interaction in the 3S; channel. We extract the NBS wave function
from the four-point correlation function and perform mathematical operations such as taking
derivatives on the wave function using the HAL QCD method to extract the leading-order
effective potential. We test the forms of the NBS wave function using different sources (Point-
source and Wall-source), finding that the Wall-source, due to its larger spatial range source,
allows the wave function to reach ground-state saturation faster. Considering the statistical
limitations, we ultimately choose the NBS wave function at the time slice of 4, and for the
obtained leading-order effective potential, we perform a Gaussian potential fit, yielding good
fits within the finite configuration ensemble.

Overall, this study systematically explores the microscopic properties of hexaquark bound
states, N-N/Y-N scattering processes, and Y-N interactions within the lattice QCD frame-
work through numerical calculations and analysis, laying a theoretical foundation for future
experimental detection of relevant particles and the description of N-N/Y-N hadronic forces.
Looking ahead, we can further improve statistical precision, repeat calculations in larger
physical volumes, employ different configuration parameters for larger-scale computations,
perform chiral and continuum limit extrapolations to extract more accurate physical infor-
mation. We need to numerically calculate correlation functions and effective masses for
various mesons and baryons and compare them with experimental values. Additionally, we
should generate meson and baryon propagators at different momenta to study their disper-
sion relations through contraction calculations. In the study of the p-A interaction potential,
we need to extend the scalar distance to the spherical surface for calculations and introduce
the time-dependent leading order when computing the effective potential to provide a more
reasonable description of the p-A interaction potential. Moreover, we should perform par-

allel calculations for other p-A coupling channels, aiming to comprehensively explore this



unknown system.
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