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Introduction on proton spin

Quark helicity in lattice QCD

Aq = (PS|Gys7 - Sq|PS)
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Lattice interpretation of gluon helicity

Gluon helicity in lattice QCD

l de™ _. o+
AG = [dxAg(x) = |dx e "
2xPT | 2x

(PS|F*(e7)Z (e 0)F} (0) | PS)
Integrating LCPDF

AG is difficult to calculate in LQCD because
light-cone gauge (L.G.) =>¢> Euclidean space!

| dx Ag(x)
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LaMET suggests that Coulomb gauge fixing (C.G.) condition become to L.G. when nucleon
to IMF, then AG « (E X A )cg. = S le With matching for their difference in UV behavior.

Xiangdong Ji et al. 10.1103/PhysRevl.ett.111.112002
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Lattice interpretation of gluon helicity

Boost to IMF

total gluon helicity (E, x AL L)

Gluon helicity in lattice QCD —
l At =0 l V-A=0
5 5 Boost to IMF 5 5
Yi-Bo Yang et al. 10.1103/ (P, > ) (E;x A,)? —— (E;xA,)* (P,is finite)
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Lattice interpretation of gluon helicity

Potential problems with AG extraction using (f X A oa

1. Should be non-perturbative renormalization + perturbative matching;

shall be parton momentum, not proton

2 Inconsistency of deg(x) + ngAG 1 ngAZ +h t Intrinsic momentum scale in matching
momentum!

Gluon helicity AG from topological current

We propose a scheme that relates AG to local topological current Ké‘ G This scheme

solves all of these problems and doesn’t require lattice perturbative theory.

Topological Current K*(x) = e""Tr[A F,, — 2ig,A A ,A;/3](X)

v pt o

Target Three-PT (PSpi i | K" | PSpoi ). < S”AG +h.t.

Zhuo-Y1 Pang et al. 10.1007/JHEPO7(2024)222
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Lattice Setup

Zhi-Cheng Hu et al. 10.1103/PhysRevD.109.054507
SEEEEEIIE N2 x N ()(MeV
i Sea Type LXNT g acing(fm) m;’(MeV) | Valence Type Ncfg Nsource
CLQCD
C24P29 243 % 72 292.3(1.0) 880 /2
0.1052
C48P23 483 % 96 224.1(1.2) 380 Volume
Clover (2+1) + c r
TITLS Ove
E32P29 323 % 64 0.0897 287.3(2.5) 890 64
F32P30 323 % 96 0.0775 300.4(1.2) 780 96

Ensemble used for renormalization has same UV properties as ensemble used for
bare matrix element calculations.
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(E x A)B>e with optimization smear methods  car29
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Performance of B.M.E. (K*)°¥¢ under different momentum

fitting result
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Almost all of (K*)’s signal
comes from ¢"**°Tr[A F pa].
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Relationship between B.M.E. ( K#)P¢

Bare Matrix Element
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Renormalization of topological current K*
RI/MOM is non-perturbative renormalization scheme on LQCD.

RI/MOM on lattice  Zhuo-Yi Pang et al. 10.1007/JHEP07(2024)222

<PS| {K@P} |Ps>tree — ZR12}1<PS‘K,0‘P5>1at n ZR12}2<PS‘Ap‘PS>lat

Coupled

| PS): Parton state (Gluon or Quark) with momentum and polarization; A” = gysy”q: Axial-vector current operator

OX8 = <g | @‘g>X. OX4 = <Q| ol q>X. Alat.,g N O, also Kee-d — Atree.g — ()

K tree..g Klat.,q
RI __ RI __ RI __ RI1
then Z7 = e’ Z5 = Tt Z7 = 0(a,) X Z};
Atree.,q
7RI _ 7RI _ — 7RI Zhi-Cheng Hu et al. 10.1103/PhysRevD.109.054507
21 ’ 22 lat A MS . oRI
Alat.q ZXI = Z, = 0.857 under C48P23
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Renormalization of topological current K# %%

RI/MOMto MS  AGMS = R ,AGR + R,AZR!,

Zhuo-Y1 P tal. 10.1007 MS
Ho-i Pang o1 ¢ . AZMS = R, AGR! + R, ASR!

JHEP07(2024)222
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Pure gluon contribution scheme under RI/MOM

K tree..g / diag/off
By definition of RI/MOM: Zﬁl — It — +
Kis TSgHAKA) S (Kree) ]
where Z, ;.. = (S sz)_ o off = (5, //tvﬁpﬁ )~ and Kee:2 = (A, (P) | K?|A(p))" = ie™efp e,
ur’'v

Discretization error of RI/MOM Is proportional to high-order correction of each
momentum component, such as gluon propagator:

> (ap,)’
Slat.(p) — Scont.(p) 1 + ¢ H - | @(Cl4)
g g ( 0 zﬂ ((apﬂ)z)z )
Select diagonal momentum mode p,,., = N x (1111) and CDER to generate Z;}:
Yi1-Bo Yang et al. 10.1103/PhysRevD.98.074506
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Cluster Decomposition of le\gs

C48P23

ZMS = R, ZR! contributed by pure gluons is difficult to see signal, so we use CDER

le\/{s in different momentum

scheme to enhance signal-to-noise ratio. Yi-Bo Yang et al. 10.1103/PhysRevD.98.074506
. i |Zl—11, MS(10.0GeV )|
without CDER
$ p=0011
4 - ¢ p=0111
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'Y .[ l'! =|'I il.

‘ I
=0 | A | :.
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21
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ie ; $h 2 2 gl
L1 !-lll =!|!! 1'"3!!

modes are self-consistent.

2 s | = 0-86(18)

MS o 7MS
AG™ ~ Z2PAG”

AGMS:10GV ~ 0.179(40)
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Summary and Outlook

Summary

\\

Center for Frontiers
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1. Distillation + Momentum smear (for B.M.E.) and CDER (for Renorm.) scheme.

2. After non-perturbative matching,

AGM_S,l()GeV2

o105~ 0.18, which accounts for 36 % of

proton spin, which is latest result from scheme designed entirely for LQCD.

Outlook

1.
2.

Need to calculate dependence on off-diagonal renormalization under RI/MOM.
Continuous extrapolation and systematic error analysis is heeded.

Lattice methodology for O.A.M calculations is required to give accurate results for
proton spin components. 3



A

Center for Frontiers
In Nuclear Science

HEP XK ZCRI
The Chinese University of Hong Kong, Shenzhen

THANKS FOR LISTENING!

Speaker: Dian-Jun Zhao

In Collaboration with Hong-Xin Dong, Liuming Liu, Zhuo-Yi Pang, Peng Sun, Yi-Bo
Yang, Jianhui Zhang, Shi-Yi Zhong et. al.




A

Center for Frontiers
In Nuclear Science

AP LK EFCRID
The Chinese University of Hong Kong, Shenzhen

Backup




Derivation on RI/MOM helicity renormalization
S,(p) = D, e P (y()p(0))

PS|{K?,J*} | PS)" = Z{,, (PS|KP | PS)™ + Z{{,,,(PS|J?| PS)" -
< > 26 > L2yt (q0g) = ), e PP () O0)F())
K tree..g K tree..q Klat.,q K tree..g b Klat.,q
J¥-8 — 0,also K"™7=0  thenZR' = . 2y = = Z\ « a,Z
Klat..g Jlat..q Jlat..q Klat.,g Jlat..q
tree.,q
Jia-8 — 0, also JU¢8 = () thenZy =0, Z3 =
Jlat..q
o) lat. 2 D lat.
K—1hatg — % where Z, = (S,p*)~"  then K¢ = p{eke)™ — F Im{<A”K A }
Tr[S; 1 (gKg)-S; 1] e (S,) (S,)
Z Klata  Tr[S 1 (gKqg)a-S 1] Kee.g _ o
o~ Hatd = 1 ! where Z, = S 'p then — = ! 1 — ql v
—Tr[S;!(qOq)\t-S; "] Jaa - Tr[S;glg) S, ] JUeesd = yhy 5
<A K At> | p=1010" <A K At> | p=1100" <AxKyAt> ‘p=0110’ <AzKyAt> ‘p=11ooa (A KAt> | p=0110" (A KAt> | p=1010

<AXKfAy> ‘p=0011 ’ <AXKIAZ> ‘szlOl ? <A}’KtAZ> ‘pleOl ’ <AYKXAZ> |p=1001 ? <AXKYAZ> ‘szlOl ? <AXKZAY> ‘p=0011

All of these 12 Three-PT calculate ZR!, reduce error to 1/4/12 of each configuration.
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Z " ug) =

Notes on Z,, Statistical Fluctuations

p*(Im{K"Tr[A,(p)A,(—p)]})

ePHovp { Sg> p*=up.pFv#p#o.,p,~p,=0,p,#0

~ pXIm{(K” = (K"))(Tr[A,(P)A,(-P)] = (Tr[A, (DA, (-P)ID})

(

PHp,(S,)

KH)

120 -

100 -

801 T

60 -

40 A

20 A

Statistidal fluctuation of K*
IS zero within

error range.

_20 .

0.0

1.0

2.0

3.0

p*=pp-pFv#p#0.p,=p,=0,p,#0

b ' 2 2
Su(P7) = N 1)VTl'[z4,4(1!9)z‘\y(—p)]

Transverse off-diagonal mode
Tr[Aﬂ(p)Ay(—p)] , so the vacuum
expectation value is originally O.
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Cluster Decomposition Error Reduction
Consider 3PT {Tr[AA]O }(p)

Cut operator @f&‘t)(x) = J d*rO(x + r)

‘r‘<RSO

O(p) = F(0(x)), f(p.Ry) =F(f(x,Ryp)) = F(OR,, — |x]))

F(0H) = 0p) - fip.Ro). O =F'F(0%) = | o

[rl1<Rso

Cut gauge potential A(x) for 3PT
B(x) = A(x)0O,(x) B(-p)=F (Bx))xV, A(p)=F(AW))

g(x, Ry) = ORy — |x|)  {Tr[AA)O} (p) = F{F ' (A(p) - B(=p)) - g(x, Ryy) |
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1 — loop approximation of AG’s off-diagonal elements

_ R Kl—loop.,q Klat.,q
AGMS —_ RIIAGRI —+ RleZRI, R12 — 2 _ ~

_ Rll o Al—loop.,q ™~ Alat.,q

Define ZF = RHZEI

lat.,
AGMS = R, ZRI(AG? - K
— 11711

B RI
T AT ) + R),AX

= {ZM5(AG® — R,AXB) + R ,ZRIATE) | —toop

= ZMSAG?E + (ZR' — ZMS)R ,AZB

~ ZMSAGP
AGMS = R\ AGR! + R ,ZMSASB "= ZSAGB 4 (2 — 2SR, ASB & ZMSAGE
ATMS = R, AGR! + R,ZMSASB '"2%P R ZRIAGB + (ZMS — R R, ZR)AZB ~ ZMSAYB
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