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1. Background: The Origin of Proton Spin

Quark model

€ Proton spin comes from sum
of quarks.

Proton spin crisis

e e
EMC, PLB 206,364(1958)

Rept.Prog.Phys. 82 (2019) 076201

Spin Sum rules
> Jaffe-Manohar:

ho1
RL. Jaffe etal, NPB 337 (1990) 509-546
> Ji’ssumrule:
o1
5 — 52 —|— Lq ‘|— Jg

XD. Ji, PRL 78, 610(1997)

Constrain Gluon Spin
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oo 7 p+p-jet+X
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/1 dzAg(xz) = 0.20(7)
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ool 3 DD Forianetal, PRL 113, 012001 (2014)
py [GeV] STAR, PRL 115, 092002 (2015)
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1. Background: The Origin of Proton Spin

O EIC physics in the future: precision on the total O AspininEIC:
quark/gluon helicity contributions to the proton spin

p+ée—jet(A)+ X

. . . A polarization asymmetry:
DIS:e+p—e+ X

dAaﬁp—) (jetKX) do.pp—)(jetAX)

DJetA —
. L Q?=10GeV? LL dpjrdn;dZa ' dpyrdnydZa
5 Al/As =1
05| = E.“ng‘gggf
| E;i?m,o?).dx | -- Al/AS =0
== Al/As = -1
NPA 1026 (2022) ]22447 0 0.2 0.4 0.6 0.8 1

Front. Phys. 16, 64701 (2021) Z. B. Kang, PLB 809, 135756(2020)

More baryons under study

Higher precision for proton
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1. Background: The Origin of Proton Spin

» Hadron matrix elements contain rich information about the hadronic structure;

® Protonspinpuzzle

EMC, PLB 206,364(1988)
XD. Ji PRL 78, 610(1997)

® Neutronbetadecay

p
udu

=

udd
n

B. Markisch, et.al: PRL. 122, 242501 (2019)
CalLAT, Nature 558, 91(2018),

Lattice QCD

w
sink source

51

tsep

XD. Ji PRL 110, 262002(2013)
LPC. PRI 131.261901(2023)

v' Lattice QCD provides a first-principle,
non-perturbative description of the

strong interaction.

K. G. Wilson, PRD. 10, 8 (1974),
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2. Excited-State Contaminations in LQCD

1. Imaginary-time evolution presents a serious challenge to the signal-to-noise ratio;

2. The excited-state contamination of the baryon matrix elements is serious, which will introduce systematic errors;

(H(tf)O(t)H'(t = 0)) = exp(—Eot ) (<0|0|o>+2<¢|m “Aitr N o)) —Aim-—t)—ajt+€—Aj(tf—t)—aft))

1>0 17#0;57#0
~20% gap
14 . \ . i : T T T T T T
14 Semm e 1.8F u-d 1
12 | tr=1.24fm —A— gA
tr=00(extrapolated) m—
ol 1.7¢ — + . ; 5
g of i ] I ;
6 M 15 = 1T - H
4 ~ t :
. . . . | | 1.4} ! 4k "& tf—t —>
c T T ey 0 050 075 1.00 1.25 1.50 1.75 . . . .
> Signal-to-noise ratio decays exponentially
Y.B. Yang, et al, PRD 94(2016)5, 054503 with t¢;
ETMC, PRD 102(2020)5, 054517
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2. Excited-State Contaminations in LQCD

» ChPT guides the very low-lying excited-states contamination (<300 MeV ) from N and Nz in 3-pts:
B N7 ESCin N 2-ptand 3-pt(nucleon charge)
B. Tiburzi, PRD 91 (2015) 094510 o] R Bite A 5 ig
;os i 13
© 0.0 ‘} Elﬂ @WW&&; @;
B N7 ESCinN 3-ptwith J* = gysq canbe very large; 'L_OS ! e Sinan
O i; ;: = B GEVP ratio
. ~10 B standard ratio
O. Bar, PRD 100 (2019) 5, 054507 05 —04 —03 —02 —0.1 00 01 02 03 04 0.5
T—5 [fm]
_ 5 2 _ 5 4 2
AN N N every] N1y’ ¢(@IIN) - Nlgy' a(@Q
B Nrmand Nnrin N 3-ptswith J# = g I g canbe very large; L Barca, PRD 112(2025) 9, 1091503
R Gupta, et al. PRD 99 (2019) 5 054506 v After GEVP with N7, the convergence behaviors have
beenimproved significantly for axial vector and
pseudoscalar matrix elementin LQCD;
€ Nmisnotgeneral !!!
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2. Current enhanced Excited-State contaminations

» N statesis notimport for nucleon charge at rest framework;

131, 346 MeV gs casPns 15 sl
m, = , e 5r
! 2‘505 I sD fitted gs F L RPYfrom N | RYfrom N — Nm GEVH
- - 2.25E | N—NmGEVP W ga from multiple Ne
L . ] —_ % k3 3 =L
7431‘;-7; Direct = _E;Enn 1153511 2.00F :
- e, EAEEESEEE S SRR a - m, = 135MeV
S 21 *Rag 1 S| TE33iisss Y% m, = 135MeV 13p "
S Faa wal LR 2k 3 3] 11.0 1.50F n -
f>~ * ¥ |m ' [ : — i I i l
Im & L 1.2F 5 ~ L £ 4 1 } 1
1 - = | I 109 1.2 &h},% [ P
. . . . . 1.00F T L 1 r S
—04 0.0 +0.4 -0.4 0.0 +0.4 ; I 11k .
T—1/2 [fm] 5 T —1/2 [fm] (RE S : ! 2
Vector channel « G Tensor channel ! . . . . . - . . . . . . .
Q") 8 05955 0.5 10 15 2.0 25 L0566~ 025050 0.75 1.00 125 150 1.75 2.00
b (fm) t (fm)
ETMC, PRD 110 (2024) 9, 094514 CLQCD, arXiv:2511.02326

» Current enhanced Excited-State contamination; ‘lorenzo Barcal PRD 112 (2025) 9, L091503

2-pt 0 3-pt o .:::. 7,0, - if (O|m,0,--+>#0

<NINm,No-->~1/V
N N N+<_:>N <N|OINT,Ng--- >~V

> After volume enhancement, nucleon matrix elements get O(1) excited state contamination;
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2. Current enhanced Excited-State contaminations

v" GEVP removes leading order excited contaminations;

R§°(0, 6) =g g+d

0 7 ¢ GEVP
3 T4 11 ' ¢ STD - ~ 2y
gEEmETEIETTEes i IRITRINE L Gy v.s. Np (N(B)|TO)N (7)) o g
gsVvs.No . =sesssasss : 1.001 4
ESEs=aay
: [FErfg®
15 ; 0.90
=6 -1 2 (T_(;/g)/” 2 I 6 0.85 1
Lorenzo Barcal, PRD 111 (2025) 3, L031505 0.80
2.5
2.0
151
G, vs. Nm -
0.51
° 01 02 03 04 05 06 07 08 09 10 Lorenzo Barcal, PRD 112 (2025)9, L091503

T [fm]

Lorenzo Barcal, PRD 107 (2023) 5, LO51505
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3. Application on nucleon matrix element: GEVP

q ® Protonspinpuzzle

h 1 v' Major excited-state contamination comes from N'f; scattering
q XD, Ji PRL 78 610(1997) f,(1285) width 23MeV
» Quark spin can be extracted from the
local matrix element g4 *¢*s; N = Pru(uCy®d)
3x3 GEVP based on the operator basis (N, Nf;, N'f';) 1

f1= 7 (uysy'u + dysy'd + 5v57's)

O Q 1 . — . .
é ‘Q f1 = —=(uys7'u + dysv'd — 25v57"s)
(a) (b) © \/6

’ T T v" The s-wave scattering of nucleons and f; (1*) mesons can

@ @ @" couple to the nucleon (1/2*) representation.

(F)

v" The Full GEVP analysis need 0(1000) Wick Construction;
v “Blending” method realizes all-to-all propagator. Z.C. Hu [CLQCD] arXiv: 2505.01719
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3. Application on nucleon matrix element: GEVP

Co,ap(t) V5 (L, t0) = N (t,10)C2,a8(to) V5 (L, to),

eigVec |v!?| on F64P13 _ F64P13
10 == final value - N NF; NF, 4.5 :_ N NF1 = NF; (before GEVP)
O t,=0.23fm - - NTp:S-wave & State 0 (after GEVP)

1o mﬂ- = 135Me M to=0.30fm 10tk a0k I W W (before GEVP) I State 1 (after GEVP)
= A t=0.38fm F “k N, AT, (before GEVP) &  State 2 (after GEVP)
o_, L N
Shwfp-mnooo- T e A o oof - asf

wfo© 5 x I —.f . My =135MeV]

— 10| i 3°F a
107 A BRI R TR ST ETATEN S rET A ST SR B =5 925:_ : N
1ot == final value 2 L 5 E & “ ‘! | 1 {
O t=0.23fm 102 S > ok

10 M@ to=0.30fm 3 “k
= & to=0.38fm N
9’:,”10*3 10’35 1-5:_ e
= g .

el T T T T g ___#__#___&__@__ﬁ——ﬁ——ﬁ—— Lo-¢ I 1.0:— ] ° . . . N .

[ 1 1 L L 1 L 1 L 1
10 ..&....|.\..|...\|.\..|....|...|\.J F ‘ 0.2 0.4 0.6 0.8 1.0
0.3 0.4 0.5 0.6 0.7 0.8 0.9 State 0 State 1 State 2 t(fm)
t(fm)

v" GEVP vector can be uniquely determined by solving the GEVP equation and by the imaginary-time
evolution;

v’ After applying the GEVP, a state with an energy near the no-interaction Nf; threshold is obtained;
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3. Application on nucleon matrix element: GEVP

v Applying GEVP to 3-p function, Convergent behaviors are largely improved after GEVP;

Csaplty,t) = (Xalty) As(t)X5(0)), - of

Cs,00(ts,t) = VIt t0) Caap(ty,t) Vi(t, to),

F64P13
tr=0.23 fm original I tr=0.54 fm original ty= 0.85 fm original
B I. t=0.31fm original @D tr=0.62 fm original ty=0.93 fm original
- t=0.39 fm original 1. t;=0.70 fm original t=1.01 fm original 0.7
0.7 - [M tr=0.46 fm original tr=0.77 fm original tr=1.08 fm original '
0.6F ! 0.6f
}I‘ILLLLLLlulI-I‘[ g
()] ¢ | w -
SITITRTINE 2 ot
ko] | )8 i 4 | E~] |
+ [ | i + -
S< gy, Sy .*_.‘_.ﬁ e (i Syl 4 :5110 4
©0.4F ' IFe ¥R i LIS D ; “F
: ¥ ¢¥e ORI Y [
0.3F 0.3
ty=0.23 fm with GEVP @ i =0.62 fm with GEVP tr=0.93 fm with GEVP
B A tr=0.31fm with GEVP A =070 fm with GEVP tr=1.01 fm with GEVP 0 2
0.2 ~ tr=0.39 frn with GEVP ty=0.77 fm with GEVP ty=1.08 fm with GEVP '
W t=0.46 fm with GEVP B t=085fmwith GEVP Bl AlC-average
B | @ t=0.54 fm with GEVP |
-0.4 -0.2 0.0 0.2 0.4
t — ti2(fm)

F64P13
B best-fit of GEVP data
B — AlC-average
:_ mﬂ- — 135Me @ Original

¥ GEVP-Optimized

v' Eventhough the overlap is only about 0.1%, it plays a very effective role in the 3-p process;

v' Theresult with AIC on fit windows is g¥*%*S(a = 0.077fm) = 0.417(17), achieveing world leading precision at physical point

directly.
Ensemble L T a(fm) mz 7Nk 9% g4 | Inversion | Inv.to 4% g% 9™
PNDME a09m310 64 96 0.09 138 847 | -0.047(27) - 8.8 M -
ETM17 cA2.09.48 48 96 0.09 135 2136 -0.021(5) 0.402(35) 7.2 M 34.1 M
ETM19 | ¢B211.072.64 | 64 128 0.08 139 750 | -0.046(7) 0.382(31) | 1.37 M 5.63 M
This Work F64P13 64 128 0.078 134 46 | -0.0409(37) 0.416(17) 0.39 M 0.39 M
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3. Quark spin at continue limit

> Continuum extrapolation based 4 ensembles(a — 0) 06F § N, gyrdts  AY

£l 1
alfm] L°xT mx [MeV] mzL Negg S<odl QL JR—— A2 =39(2)% S,

C32P29]0.105 32° x 64 292.4(1.1) 5.01 160 T , 2
C48P13|0.105 48° x 96 135.5(1.6) 3.47 53 E 5 N, o
3 C » 9a AS
F48P30|0.077 48° x 96 303.4(0.9) 5.72 40 e —0:025F g 1
F64P13|0.077 64° x 128 134.1(1.5) 3.37 43 SO SE— g 5 As = —5.5(6)% S,
E_-—I 1 1 1 | I I 1 1 1 1 1 1 1
0.000 0.005 0.010 0.015
__ ,phys 2 2 2
gala,mz) =gy > + c1(my —my uys) + 0207 a?(fm?)
u d S
ga(Au) ga (Ad) g4 (4s)
. — PNDME 20 ” PNDME 20 E e PNDME 20
: ETM 19 : d 00— ETM 19
~ ——i I e ETM 19 ~
g — co—— PNDME 18A % V-5 PNDME 18A = ~ye PNDME 184
o~ CLQCD 26 4 CLaCD 26 . —e—2 CLQCD25
— — : . Mainz 19A
: - e 4-Mainz19A : - Mainz 194 )
" l = e XQCD 18
= ; . . XQCD 18 = XxQCD 18
0.70° 0I75 OI80 0235 0I90 IIIIII _0_I45 _0_|40 _0_I35 _0_|30 -0.07 I—O.IOSI I I—O.IO3I | I—O.IOll —0.01
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3. Quark spin on Octet baryons

v For the first time, the quark spin of the hyperon was obtained at the physical point;

=0(uss) Spin on C48P14

—0o% @ 0k ¢ ® The contribution of the sea quarks is significantly non-zero;
§§—0.08;— @HEI) %’Eb ﬂﬁj ﬁﬁ) flfébfbl\ 1. N (uud) with As = —5.53(64)%Sp:;
—0.10F fit tr=0.948fm (D tr=126fm
- t;=0.632fm ¥ tr=1.05fm A t=1.37fm
onsf I T BT 2 S*(uus) with Ad = —10(2)% Sg
S v S— — 0/20(f ) v v e—
t—t m .
f 3. E%uss) with Ad = —9(1)%Sx;
I u [ s EEE u,DI B s,DI
—d 0 u+d+s E25 d,DlI B u+d+s,Dl
—~ 1l N{uud) Z(uus) =(uss) No(uds)
<] - = = — 2 Au, Ad on A, aresli nificantly non-zero {00;
g 0 g y
B 0.5 39(2)% 39(4)% = 44(3)% Au = Ad = —13(2)%SA
0
0
-0.5F
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3. Quark spin in octet baryons and SU(3)-flavour symmetry

5 nucleons » Quark Spin could be extrapolated to Hyperon

n(ddu) p(uud) .
From nucleon databased in SU(3) ; symmetr
5=0 R @ SU(3); symmetry (3)r sy y
4 t P
. y ) Barvon AU AD AS
. ¥*(uus) ® sospin vector: p 0.83 + 0.03 | —0.43 + 0.03 | —0.10 + 0.03
._, ’ n —0.43 4+ 0.03 0.83 £ 0.03 | —0.10 £+ 0.03
’ I »t 0.83 + 0.03 | —0.10 £ 0.03 | —0.43 4+ 0.03
S - —d -d
N g}i,pd + gﬁf,so - giy =0; Y- | —0.10 £ 0.03| 0.83 £ 0.03 | —0.43 £+ 0.03
=° —0.43 + 0.03 | —0.10 4+ 0.03 0.83 + 0.03

=" —0.10 £+ 0.03 | —=0.43 £ 0.03 | 0.83 + 0.03

® Flavour singlet: =
g ye 0.37 4+ 0.03 0.37 £ 0.03 | —0.43 £+ 0.03

+d+s . utd+s . utd+s . utd+s. A | =017 4003|017 £ 003 | 063+ 0.03
®(uss) hyperons gz,N S = gX,E S = gjzlt,f. S = gX,A S’
D. Ashery; et.al: PLB 469.263-269 (1999)
. D > (mg —my) drives the breaking of SU(3), symmetry;
N(uud) 2(uus) =(uss) No(uds) N v+ =0
~ 1 - i sui—d _ TAGu—d) T IA(u—d) T JA@u-a)
oy - ex
S i Fit:x? 18 S 94 ’
= 0.5 39(4)% 27" - Fit:x* 6 = Cxa {’ :g%g =11(1)%
. - - Mp=135MeV Jo0.10
5 | @ a=o0.105Mm % : 4o.08 tdt tdt
3 u S U S
: 0.02 Su@E) utd+s u+d+s
0T 02 03 04 0500 (gA,E TY9an )/2
05k x=(mg—m2)/(2mi + m?) — 24(1)%
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o 4]
4. Summary &N
“IMP,
- F64P13 ‘ ’
1. We completed GEVP-analysis based on nucleon and f; orf = acawnoe
scattering state to improve convergence behaviors of 3-pt b | A
effectively based on the idea of “Current enhanced o osk
excited state contaminations”; SSodf
0.33
0,22—
gz 12""054"'ofet(]'c)"ofs"'lfo"
E —e—i ETM 19
3 : 2. We achieve world leading precision of quark spin AX based
o oo on the “Blending” method and the GEVP analysis.
fﬁ“ o Mainz 19A
= XQCD 18
T Y T T T 0 u s B u,DI s s,DI
0.70 0.75 0.80 0.85 0.90 T d 0 utd+s =9 d,DI EEE u+d+s,DI
— 1+ Nuud) T (uus) =(uss) No(uds)
() - = ™
3. We obtained the quark spin on octet baryons systematically; 27 o B
& 0.5( 39(20% 39(4)% x e
= I
l?c / O womm
éwz@aw. $ FE"
-0.5F
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