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Introduction to total gluon helicity

Decomposition of the proton spin

@ Ji's decomposition(Ji, 1996):
AS =

(gauge invariant decomposition) o

T i

C.Alexandrou et al.,2020

2
L. s.03 g §
@ Jaffe-Manohar decomposition(Jaffe,Manohar,1990): = 7« , =~ il 3
1 — b
. . ool "B "L "o
(decomposition in IMF) ey e
Spinofall Quarks  Spin of Gluons  Angular Momentum  Angular Momentum FIG. 24. The decomposition of the proton spin J. The color

of all Quarks. of all Gluons notation of the bars is as in Fig. 23. The second error quoted on

the percentages is the systematic error from the Q2 extrapolation
1 needed in the determination of By (0). The dashed horizontal line
—= + + + indicates the observed proton spin value, and the percentage is
2 given relative to the total proton spin. Results are given in the MS
scheme at 2 GeV.
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Introduction to total gluon helicity

From gluon helicity distribution to AG

First moment of the gluon polarized distribution gives total gluon helicity:

2xP+ 2

AG = [ dxgpr [ Ge ™ FHUPSIFIH(E)Lan(€, 0)Fy, (0)|PS), Fo¥ = 1/2e2HF,,.

total gluon helicity —<f—— <P5|(Eﬁa X /TLa)Z|PS> e o
lA+:O Boost to IMF lV~A—O ‘%EZ 7 " *Hﬁ

— — — — 0
(PS|(Es x A.)?|PS) (PSI(Es < A[PS) o

function of the absolute value of p = (0,0, ps), on all the five

|mp|ementa ble on lattice, ensembles. Al the resuls have been convrted 1o MS

Gl N 42 =10 GeV2. The data on several ensembles are shifted
uon spin horizontally to enhance the legibility. The green band shows

the frame dependence of the global fit [with the empirical form in

up to perturbative matching. =i

Ji,Zhang,Zhao,2013 Yang e} al.-2016
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Introduction to total gluon helicity

Inconsistency between different matching proposals

@ Matching between (PS|E x A|PS)| . (= AG) and total gluon helicity:
AG = Ci;AG + ngAZ + h.t.,
ng—1+asCA7|n —|—f|n ng—asCF4|n —|—f|n
@ Extract the gluon polarlzed distribution using LaMET take its first moment,

_rd d
X) = [ % Co (2,25 ) Ba(y) + [ & Coa (2. 55 ) Baly) + it
Ceg D 5(1—§)+435CA9(X)9(y—X){(2x2(_x3_xj/’;;2y ) (In v 2P2—In x> X)>—|—fm }

@ The intrinsic momentum scale in factorization is the partonic momentum.
However, in the factorization of AG, the only available momentum scale is
the hadronic momentum.

[e.e] ~ . .

o [T dxAZ(x) # CgeAG + CgqAY + h.t., the rhis. is a convolution rather

than a multiplication.
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Introduction to total gluon helicity

Motivation

@ (Previous proposal)
(PS|E x A|PS) . ™% (PS|E x A|PS),,_, = AG,
E x A is gauge-variant, for finite P,, nontrivial matching exists.

@ In Coulomb gauge, a nonperturbative renormalization is difficult to
implement, the convergence of lattice perturbation theory is poor.

@ To resolve above inconsistencies, we can choose appropriate operator O
such that the matching between (PS|0|PS) and AG is trivial.
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o Total gluon helicity from local matrix element (p|K°|p) .
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Gluon helicity from local matrix element in a fixed gauge

Our proposal

boost (pS|K°|pSH az=0, + h.t.
m—) =AG, + h.t.

(P5|KO|P5)|V-A=0,

matrix element in Kt — KM+ BBHB“ under a local gauge transformation

RI/MOM scheme. Cronstrém and Mickelsson, 1983

(pSIK°|pS)|v-a=0, = AG, +h.t.
solved using generalized u boost v R 1o .
covariant condition ) Aphys = AR(E) - 5z [ (@A) (L€, O)]

7-A=0 l l AT =0

Ji,Zhang,Zhao,2013
> = Hatta,Ji Zhao, 2014

Renormalize the bare l
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Gluon helicity from local matrix element in a fixed gauge

K* and its matrix element
K = P Ty [A Fop + 2igsA,,AC,éAﬂ], after a gauge transformation:
K — K — Zwapd*Tr(U710" UA)
ngqwagTr{U Yoru)u—t(ocU)U—1(0°U)},

(Belavin et al.,1973)
“large” transform

Jacobian of S5 to G, = [d*5xQ(x) ~ [o e Tr [UT(8,U)UN (0, U)UT(05U)].

I.h.s: topological charge.
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Gluon helicity from local matrix element in a fixed gauge

K* and its matrix element

K = P Ty [AyFaﬁ + %igsA,,AaAﬂ], after a gauge transformation:
K, — Ky — Z¢,,a50°Tr(U~10" UAP)

g

—%{zawagTr{U_l(ﬁ”U)U_l(ﬁo‘U)U‘l(GﬁU)},

(Belavin et al.,1973) Cronstrom and Mickelsson,1983

“large” transform local gauge transform
Jacobian of S; to G, 0“H,q
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Gluon helicity from local matrix element in a fixed gauge

K* and its matrix element
K = P Ty [AyFaﬁ + %igsA,,AaAﬂ], after a gauge transformation:
K, — Ky — Z¢,,a50°Tr(U~10" UAP)

g

—%{zawagTr{U_l(ﬁ”U)U_l(ﬁo‘U)U‘l(GﬁU)},

(Belavin et al.,1973) Cronstrom and Mickelsson,1983

“large” transform local gauge transform
Jacobian of S; to G, 0“H,q

If three-gluon term in K* exists, the forward matrix element of K* will have
a nonperturbative gauge dependence.
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Gluon helicity from local matrix element in a fixed gauge

K* and its matrix element

(p'|K*|p) contains a gauge-dependent massless pole due to the three-gluon term:
(PIKE|P) ) aco = 4S"DG(n, P) + 22(—4(q - S)AG(n, g, P) + 5(P'S|Fr2F2 | PS)),
(Balitsky and Braun,1991)
(P K |P) g ace = 45" a1(a) + Z—Zbl(qz),
(Kogut and Susskind,1973;Veneziano,1979)

For massive Schwinger model, the pole is caused by the coupling between K* and
a ghost(one of the Goldstone dipole), in covariant gauge.

(F|Om i) = > . < >MM< LT
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Gluon helicity from local matrix element in a fixed gauge

K* and its matrix element

(p'|K*|p) contains a gauge-dependent massless pole due to the three-gluon term:
(PIKE|P) ) aco = 4S"DG(n, P) + 22(—4(q - S)AG(n, g, P) + 5(P'S|Fr2F2 | PS)),
(Balitsky and Braun,1991)

(P K |P) g ace = 45" a1(a) + Z—Zbl(qz),
(Kogut and Susskind,1973;Veneziano,1979)

For massive Schwinger model, the pole is caused by the coupling between K* and
a ghost(one of the Goldstone dipole), in covariant gauge.

In axial gauge and 1 =0 ((p'|K°|p),._,). the pole term vanishes:

<p|K0|p>Az:o =S°AG +ht <p|K0|p>V<A:0
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Gluon helicity from local matrix element in a fixed gauge

Renormalization in the RI/MOM

@ The bare result limg_o(P'S|KY?|PS). . (or (PS|K®Z|PS) ) needs to be
renormalized, we adopt RI/MOM scheme:

AGRY  (ZRIZR\ (AGg
AT ) T\ ZRzE ) \Avg )
The perturbative gauge-invariance of (PS|K%?|PS) has been used.
The conversion factor from RI/MOM scheme to MS scheme is derived at

one-loop:
S %\ 367 10
RVSRL( 2 2y _ 1 %{ | (”R) e s }
o (ks 1) +47r foln 22 36 A+ 9 )
- 2
, as Il
R%IS RI(U%@UZ) = ECF [3“1 (/7’2?) - 6]7

MS, «

RW,RI 2 2y 1. . .
oo (R 1) Martinellicet ak, 1995.
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e Total gluon helicity from gauge invariant nonlocal matrix
element
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Total gluon helicity from nonlocal matrix element

@ Besides local matrix element in a fixed gauge, one can choose specific
gauge-invariant nonlocal matrix element, the matching between its first
moment and AG is trivial in MS scheme.

it2, xd.o.f. = ¢ p—041GeV] #== Pseudo rITD
FUezfido =13 5 082 GeV = Matching with 0.
p=123GeV| = Matching with

. #ﬂ

@ Previous lattice calculations of the gluon helicity distribution have large
systematic uncertainty, the effect of matching is also large (Egerer et
al.,2022).
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Total gluon helicity from nonlocal matrix element

Basic workflow

- 1 hybrid scheme - Zr e J dz
h(z,P;,3) ——>  hy"(z,P,) —> h¥5(z,P,) —> AG

((PS|F3(z)L(z,0)F2(0)| PS))
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Total gluon helicity from nonlocal matrix element

Basic workflow

- 1 hybrid scheme - Zr e J dz
h(z,P;,3) ——>  hy"(z,P,) —> h¥5(z,P,) —> AG

((PS|F3(z)L(z,0)F2(0)| PS)) l

he(z,P,) = %e( — |z|) + Tee 0mlh(z, P,, 1/2)0(|2| — z),
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Total gluon helicity from nonlocal matrix element

Basic workflow

- 1 hybrid scheme - Zr e J dz
h(z,P;,3) ——>  hp"”(z,P,) —> h¥5(z,P,) —> AG

((PS|F3(z)L(z,0)F2(0)| PS)) l

Zr(p, z,z5) = 0(zs — |z|)(1+235CA( Inm—l— ))

Zhuoyi Pang Total gluon helicity without effective theory matching



Total gluon helicity from nonlocal matrix element

Basic workflow

- 1 hybrid scheme - Zr e J dz
h(z,P;,3) ——>  hy"(z,P,) —> h¥5(z,P,) —> AG

((PS|F3(z)L(z,0)F2(0)| PS)) l

Matching coefficients between AMS(z, P,) and hMS(z, P,):

Cagle 2,1) = 8(a) +22,Co{ (40 + 2[Z] ) (L, — 1) + 60 — 4[]
Cooler,z,pt) = A{ ~2a(L, +1)—4a + Lzé(a)}.

Matching between AG and AG is trivial:

AG(P., 1) = 55 [~ dzh(z, P2, )

+(~3L, +2)3(a) .

= [ ANy [ Carlor 2 ) B 1) + Coals 2 1) (A p1)] + hot. = AG + ht.,

Zhuoyi Pang
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Total gluon helicity from nonlocal matrix element

Relation to the topological current

® (PS|F3(z)L(2,0)F%(0)|PS) has a simple relation with (k°), in the axial gauge:

Jo~ dz(PS|m**%|PS)|,._, = (PS|A'B'|PS)|a==0 = (PS|K°|PS) |a=0
The matching is trivial to all orders in s, due to the perturbatively gauge
invariance of (PS|K*|PS).

@ We can construct integral of other correlations, which reduce to (PS|k*|PS)
in specific choice of gauge and pu:

Ji* dz{PS[3 (mO 4 o) |PS) = (PS|SA- BIPS) L + (PS[key (P4 — 3A°FT ) PS)
J° dz(PS|mPudu|PS) = (PS|e,-jF"°Af|P5)‘AO_O

AZ=0

Hatta et al.,2014
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@ We have proposed two approaches to extract the total gluon helicity from
lattice QCD. The matching coefficients are trivial in MS scheme, thus
resolving the inconsistency between calculations based on local and nonlocal
matrix elements.

@ The conversion factor is calculated in the state-of-art scheme (RI/MOM
scheme for local matrix element and hybrid scheme for nonlocal matrix
element).

@ For lattice calculations of gluon orbital angular momentum, whether there
exists a proposal with trivial matching relation is under exploration.

Zhuoyi Pang Total gluon helicity without effective theory matching



