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Hadron spin

Connections between decompositions

e X. Ji, PRL78 (1997) 610
fd3 %@’y”y w J dxypt {Z x (iD)} ¢ + fd3w2{:v><’1‘r[E><B]}

,i fdga:wT {:z: X A }?/) \

] . Further
qua rk spin 1§ Different definitions decomposition
| of the quark OAM of the glue AM

T =\[La}Piry+ JEa Ex D}
+ f d3a:2’I‘r[E < A] + f d3a:2Tr[E’5;'x VA’] )

“glue spin . glue OAM

R. L. Jaffe and A. V. Manohar, NPB337(1990)509



Proton spin

Decomposition from experiment

Longitudinal proton spin structure

[ @z 5977°Y | AZ(0?=10 GeV?) = 0.242,
S e—— de Florian et al., 2009

J d#zyt { x (iV)} ¢
+ [ dx2Tx[EiE x VA

SLAC

HERMES (DESY)
COMPASS (CERN)
JLab

RHIC

, L
Naive spin sum rule: J &o2Tx(E x A]

) = 1A2+AG+lf1+lfl

2 2

AG(Q?=10 GeV?) ~ 0.2,
de Florian et al., 2014




Proton spin

* The po

u-quark d-quark s-quark
gluon
J, 1/2 -1/2 1/2 -1/2 1/2 -1/2
wuark 5/3 1/3 1/3 2/3 0 0 0
model
Exp. | 1.43(2) | 0.57(2) | 0.29(2) | 0.71(2) | -0.02(2) | 0.02(2) ~0.4
q1/2 4 q—l/Z = gv, q1/2 o q—1/2 =g, — Aq

model:

Decomposition of quark polarizations

he SU(6) quark

Au—4/3. Ad—-1/3,

As—0, Ag—0

See e,g, B.Q. Ma, et.al.,, EPJA 12(2001)353

neutron

arized
decay:

Au-Ad = 1.2723(23):

attice anad
experimental PD
Au~0.80, Ad~-0.41,
As~-0.04, Ag~0.4.

n
--|--.
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Proton spin

gluon polarizations
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® Define the gluon spin EXA under the Coulomb gauge;

| ) & . A ® Boost it to the large momentum limit to estimate the gluon helicity.

n
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Lattice QCD
and QCD

April 2016

2 v Tdecays (N3LO)
as(Q ) a DIS jets (NLO)
| 0 Heavy Quarkonia (NLO)
% ] o ¢'¢ jets & shapes (res. NNLO)
® ¢.w. precision fits (N3LO)
v pp—> jets (NLO)
v pp —> tt (NNLO)

0.2

% 13(5)% s o’o. .1"

0.1}

= QCD as(M,) = 0.1181 £ 0.0011

100 1000

10
[[dAdY]O(A, ye~ 4L A@ ) Q [GeV]

[[dAdy]e~Td+ZA@.p)
Ziil @(Aia Sl//(Al)) 0

(O}

As: -4(1)%

e QCD is non-perturbative at the hadron scale;

Ad: -41(2)%

| e | attice QCD can provide first principle
N W predictions on the hadron spin
decomposition, as functions of quark
mass.

| G. Wang, et.al., yQCD, PRD106(2022) 014512




Quark spin

charmonium system

(C

Quantum numbers Mass Width
n L JFC p?5+1; Name (MeV) (MeV?)
‘ L o Lol ik hd® ‘ 1 0 0+ 118, 7(1S)  29804+12  255+3.4
[ _‘I’(LD) Tr i i 1 0 1— 1°8; Jly 3096.916+0.011 93.4+2.1 keV
I vi3s) I 1 1 0™ 13P, x.o(1P) 341476+035  10.4+0.7
Xa(2P) %,(2P) 5 1 1 1% 13P; x4(1P) 3510.66+0.07  0.89+0.05
XG872PS iy vy - 1 1 2 13P, x,(1P) 355620+0.09  2.06+0.12
—wDD _ _2MD) oy - 1 1 1+ 1P, h(1P)  352593+0.27 <1
oy (1P)" X2(1P) ‘ Charmonium under DD threshold can be treated as stable
1P)— — i particles:

. 1
° Quark model gives J; =0, J = EAQ +L,.

Charmonium o Both quark and anti-quark contribute equally to the Ag and

family ] canceled the factor 1/2;
- - I o The J =0 case can not be decomposed since one can not
1 1 make the quark to be polarized along “that of hadron”.

Agy = (H(T) | |H(T))



Quark spin

charmonium spin decomposition

Contribution from quark spin/orbital
angular momentum should be
understood as the weighted average

1—-

of quantized values: P = (=1)+!
O The 1__ Casel Lq — O, aﬂd theﬂ Uz C = (_1)L+S
Jy = <Sq>H — E<AQ>H;
o The J™ case: L,=S, and then
1 “ "
<Sq>H = <Lq>H — 5‘]’ i
o The 17~ case: Sq = (), and then | i |

J={(L,)

1+




Quark spin

9.0

M (GeV)

2.5-

ensemble L° x T a (fm) mx (MeV) mca  Negg
321 32° x 64 0.0828(3) 300 0.493 305

4.0-
3.5-

3.0-

| B 323 x 64, a = 0.0828 fm

| m 48% x 96, a = 0.0711 fm

4.9 PDG

Simulation setup

Overlap fermion on 2+1 tlavor
DWEF+Ilwasaki configuration
from RBC collaboration:

o Chiral fermion which avoid

the systematic uncertainty

from additive chiral
symmetry breaking;

o [une the charm quark
mass using the physical
J/y mass:;

o Predictions of P-wave

charmonium masses agree
with PDG with in 2%.

W. Sun, et.al., xQCD, PRD103(2021) 094503




Quark spin

and charmonium spin with J=1

Ritn0) = S - Sy - o +o)

Matrix element at The contamination of
the ground state excited state

Taking the quark spin §, = Z g(x)y,ysq(x) along the

z-direction as example, the correlation functions of
the hadron with given J, can be rewritten into

those using difterent Lorentz components:

V+=L(Vx+lvy)
V2 VoIS, vy == (v_1s, vy 20 [(Val Sy V) = = (V18,1 V) #0
VO_VZ <V0|Sq|VO>=O <VzlSqlvz>=O

The numerical results suggest that the excited state
contaminations are highly suppressed at ¢ > 0.5 fm.




Quark spin

ne J =2 case
INncludes more
combinations, while
mMost of them vanish
except:

(T)1S,1T;) needed
Dy Ty =1 1S41T)=1);

o (E“|S,|T;yneedea
Dy (T) 841 T) =)

and charmonium spin with J=2

I, €1jk y'D*/ \/5
sz €25k y'D*/ \/5
B e
E¢ 0t
g 0Dt

(T7 21841 Ty 200 = 2T 1 1S, Ty 1)

v

(EY|Sy1T3) = (T[S, T5)

Iy (T + EY/4/2
q TJZ=1 _______ (ZT2y+T§)/\/§ _____________
TJZ=O EY
Ty—_, (—iT) + T2
TJZ——Z (—iT5 + E“)/\/E
1.0) e
..oooooo-'.'iiiil i
0.5} : 3.
' [] (T3S, E%
0.0} (T3 15,1 T5)
I I : <T§ Sq|T2Z>
_0_5:- 6 BRIy E B }i AT51S,1T5)
"""'.!!!!!Yf}} ] V<EClSq|T2Z>
A ——— . . . .




Quark spin

AR(tf;Sq)

t:(fm)
10F o 17 1% e 1% 4 2% (4,=1) :
L * o o r—eo—o ® *—]
0.8} -
0.6 {
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00F ® o g @ *—9—
: L4 :
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contribution to charmonium spin

O

O

O

O

ne 17~ case

ne 171 case
ne 27t case

ne 17~ case

(S, = 0.893(03):
(S, = 0.448(55),
(S, = 0.436(11) for J, = 1;
- (S,) i = 0.080(70).

Agree with the quark model prediction at
90% level.



Quark spin

and (1/2)* triple-heavy quark baryon spin

(S,.a)n also agree with the quark model
orediction at 90% level:

AR(tf;sq)

08] 0 (1) A (R © (R, & (1R)
0'6;}3 A A A A—-A——A—A—H—r o [he u- type guark:
040 © & © 6—6—o6—6 o0 (SN = 5 X 1.20(4) = 0.90(3)( Su)f{,“ark model,
o.2:- f o [he d- type guark:
0-05' S 5 X (—=)0.30(1) = 0.90(3)(S,ydark model
®© © © © e—e—o—6—6—o6—
~0.2 -y

94 06 08 1.0 12 S (S )y = —4.0(1) is exactly the same as the
t:(fm) quark model prediction!
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Gluon

® [he tota

AM and spin

Tl(lgl/ = ZTIGﬂppr + 8

angular momentum (AM) o

form fac

(p'| T, | p) = u(p’) (A“(qz);/(”P”) + B“(q*)

_I_

1
N __
Iy = (A

1

ors of their energy moment

(p’,o'| T%(0)|p, o) =

iPYcg

2my,

q"q" — n"q*

oN

C(q?) >u(p),

8(0) + B3(0)) B4(0) + B4(0) = 0

Spin 1/2 case

e One shall calculate the form factors at finite qz, and extrapolate to the forward limit. The
quark orbital angular momentum can be obtained through the sumrule L, =7 - 5, — J,.

Um tensor (

Form factors of EMT

Ter’IGM
" gluon (and also quark) can e extracted from the

ZPﬂPU<—€’* e Ad(g?) +

—MT) in the hadron,

¢*.Pe¢-P

m2

Af(qv2)>+gw<€’>‘< e m? Eg(qz) L. Pe. PECI’(QZ))]

1 NS ag 2 ¢*-Pe-P ag 2
+5(qﬂqy — 8ud )<€ -€Dy(g”) + — Di(q ))
D /s D / D D / D / D a( 2 o _
+2 [Pﬂ(€f€-P—|—€D€* .P)—I—P,/(eﬂ*e-P—I—Gﬂe>k P)] JUG") (™) .P|q2_>0 —0
% Ik €*-€ 2 raf 2 — —
+ <€ﬂ€ + €€, — gw> m* f(q~) £400) + f3(0) = 0

1 _ _ _
+ [E(e‘ﬂeﬁ + e:;jkey)qr2 - (e, °q, + ¢, °q)e- P+ (e,49,+€4q,)e* - P—4g,€* - Pe- P] E4g?),

JY = J40) + ! £5(0)
§ 2

Spin 1 case



Gluon AM and spin

Baryon and J/y

|
I = J40) + . J¥(0)
N Final state Initial state Matrix elements

0.14F : p' = (E0,0,6) p = (m,0,0,0)

0.12} { } h H ] 5
’-G 010:6 ﬁ {[ I I ﬂ p | -3 ’ ; k 8( 2 g( 2
2 008} I $ Condition | e’ = (0,0,1,0) e = (0,0,0,1) P, 0y| Tyy|p, o) = = ' [(Ef+mw ) — (B —m)ES(q )]
% 0.06 ‘

:_ - 5 k (Er+mQm? + k%)

0.04f < . ol Taylp,oy) =1 [ : 2 I

0.02f © (1) Condition Il ¢'=(L00—) e =(0.0,1.0) ' :

L —— o + (8 —m) ¢ (Ef+m))Eg( %) + 26, 7¥(q°)]

0.4 0.6 0.8 1.0 1.2 ro e )LD+ D)

t,(fm) - 1
1 Condition lll ¢ =(0.100) e = (0.0.1.0 (P01 Ty1p.0,) = [_7m2)+m2f g(qz)] 2,
I, = E(Ag(O) + B4(0))

o Forthe 177 (J/y) case, one can obtain f8(0) in the rest frame, plus J8(0) through the approximation
2

J8(0) ~ J8(g*)(1 + ) = J8(g?) + O(5%) using J8(g*) at the smallest non-zero g°.

2
Mpole

o Forthe (1/2)7 triple-heavy quark baryon, we neglect B4(0) which is small even in the light quark case, and
obtain A8(0) in the rest frame.



Gluon AM and spin

AR?Y (t;,y,2,T,q)

0.5F
»
0.0F

-0.5F

vvvv

AAAAAA
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Operator mixing

Mix with 1~ for the boosted 17~

Condition |

o E
Condition I E (",o,o,j
m m

Condition llI

Final state
p' = (E0,0k) ;

~ —~

e’ = (0,0,1,0)
\— _J

¢' = (0,1,0,0)

Initial state

p = (m,0,0,0)

e = (0,0,0,1)

e = (0,0,1,0)

e = (0,0,1,0)

Matrix elements

k
(P61 Tyy|pr0) = =i (B + m)J4(g) = (B = mEX(q)

(P',0/| T4yl p,oy) =1

f

k(B +m)(Q2m* + k%) Jo0?
4Ef[ 2m? il

k*(Ep + m)
+ <(Ef -m) - ——

)E4(@) + 26,7,

LRI

k? . 1
,7 ! T ’ — ——Eg 2 +m2 & 2 P
(P’ 0¢| Iy P, 0)) [ 2 g ) ML) 2E;

e But for the 1772 cases, not
solve J4(g?), due to the ope

YMix with 0=+ for the boosted 1*+

charmonium states.

all

rato

the conditions can be used to
r mixing with the S-wave




Gluon AM and spin
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Consistency check of form factor

« Mix with 177 for the boosted 17~

)E*(@?) + 2B, ()|

Final state Initial state Matrix elements
p'=(E0,0k) ; p = (m,0,0,0)
~ ~
k
Condition | ¢ = (0.0,1,0) e = (0,0,0,1) P50yl Tyy|p,o,) = — e [(Ef +m)J%(q*) — (E; — m)Eg(qz)]
\_ ),
o k(B4 m)(@2m* + k) ,
., (Pl Ty po0y) = i | = 45
Condition |l e = (—,0,0,—) e = (0,0,1,0) :
+( —m) -
( f m) 22
k2 _
Condition IIl ¢'=(0,1,0,0) e = (0.0.1,0) (P01 Tylp.0y) = | =—-EXgD) + m f*(q")

2F,

| Mix with O~ for the boosted 11+
If we approximate f4(g?) with £3(0):
e 177:J8(g?) can be obtained through Condition I+l or ll+Ill, or I+l

o |17 ]g(qz) can be obtained through Condition I+llI;
o 177:J4(g?) can be obtained through Condition I1+Il




Gluon AM and spin

Contribution from different form factors

AR (t;,J9)

AR (t;,J9)

0.2

0.0}
» * 177 (Ex
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' 17" (Case |)
. 17" (Case Il)
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02rF + ~ « 1 e e
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0.0
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01}
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e Comparing with 78, J¢ is
much larger in the 17~
case;

® |nthe 177 cases, both J8
and f¢ are consistent with
zero, while J& has larger
uncertainty.

o Thus J' = Js(0) + % 74(0)

would be dominant by J¢,
while J& can not be
obtained Iin the rest frame,
which Is different from the
1/2 baryon case.
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Gluon AM and spin

gluon AM in different charmed hadron

AR (t;,J%)

1" o (1/2)*

0.6

0.8

t(fm)

1.0

1.2

o J =J%0)+ % f2(0) In all the cases we studied

here are small (~0.1);

e Contribution in the (1/2)7 triple-heavy quark

pbaryon case is 0.1/0.5~20% which Is
approximated by A(0) = (x) o

o (x),inthe charmonium states are also
~20%, but gluon AM is 10% (177) or even

smaller (177));

e Direct calculation of B(g?) should be
to provide more accurate prediction o

Iy = %(Ag(()) + B%(0)).

nelpful

A



AR (t:,Sg)

Gluon AM and spin

gluon spin under Coulomb gauge

0.7

32D —
J = [dziyyySy + [yt {F x (iDrere)} o > guonspin 48
[ I, 0.5¢ in nucleon 39| e
' - - | = = 0.4} 321f —s—
L + [d®22Tr[E x A] |+ [ d22Tx[E'E x VA O I I
f_ o . ® 'H'T{&Tmﬂﬁ*hf”
o 0.2
0.2 ——— T 01l
| . . 002 006 01 044 0.8
0.1® ¢ ° ° ¢ ¢ ° ¢ m_* (GeV?)
:@ ® = ® =z ® o f % YBY, R. Sufian, et. al., xQCD collaboration, PRL118(2017) 042001
ol E S B B . T - ® (5luon spin E x A under Coulomb gauge
I3 3 l i ; can also be calculated for the charmed
3 t ¢ | | hadron;
~0.1}
- e 17 o 1%
ety e ~10% for J/w and (1/2)" heavy quark
—0.20 — e baryon, and even smaller for the 172 states;

tr(fm) e More or less similar to the gluon AM.
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Summary of the results

When the quark mass Is as heavy as

m, =m,~ 1.2 GeV:

® Quark spin contribution agree with
the quark model prediction at 90%
level;

® Quark OAM obtained through the
sumrule L, =J—S§,—J, also
consistent with expectation.

® (Gluon contributions are not
negligible In some cases which
suggests that the charm quark is
still not heavy enough.
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Discussion

The charmonium mass
decomposition suggests that
] —v? ~ (H,)y!(H,)py ~ 0.9;

Similar to (s,),,/(s,)yQukmodel,
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The charmonium mass

decomposition suggests that

Similar to (S, ), /(s )2 mod,

M, =T®=H,+H +H +1(H‘J+H8)
H — - E m g 4 a a

Hp = (| &xp(D - Py
Hm — < d3xml/_/l//>H
Hq — HE ~+ Hm

= ( Id3x WD,y ) 1

Relativity of quark

® (Hp Auwssd% : 13(5)%
® {Hi/4
energy
lrace As: -4(1)%

anomaly

23(1)(1)%

9(2)(1)%

Ad: -41(2)%

Y. Yang, et.al., xQCD, PRL121(2018) 212001 G. Wang, et.al., xQCD, PRD106(2022) 014512

The nucleon mass
decomposition suggests that
| —v? > (H,)y/(H)y ~ 0.1;

Relativistic effect makes
nucleon to be complicated.
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. o
Au: 85(4)% DAM: 13(5)%

Summary

e Contributions of quark spin and

OAM to the charmonium and
also proton-like triple heavy
quark state are comparable with
the expectation of non-relativistic
quark model;

Provides evidence that the non-
triviality of proton spin
decomposition mainly arises
from the relativistic effects of the
light quark.

More systematic study is on
going.

1.57

1.0

_0.5!

0.5}

0.0}--

1--

g: 46(5)%

As: -4(1)%

Ad: -41(2)%

1++ 1+

0 Sg n Lg O Jlé
- 89.3(2)%

___________________________

-23)%

| 44.8(55)%

y
132)% i
Tﬁ--jp__

93(10)%




