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Spin decomposition in QCD

e Jaffe-Manohar decomposition r. Jafie and A. Manohar, NPB 337, 509 (1990)

Gauge dependent

. { A i W Gauge indenpendent gluon spin
) Z gt Z gt BRGT G\ X. Chen, et.al, PRL 100, (2008)
q X. Ji, J. Zhang and Y. Zhao, PRL, 111 (2013)

q A
/ L \ x Y. Yang, et. al (yQCD Collaboration), PRL. 118
(2017)
rbital luon OAM

Quark spin quark o
angular momentu

) (OAM) Nucleon spin decomposition
o
Ji's deCOmpOSItlon C. Alexandrou, et. al ,PRL. 119 (2017)

X. Ji, Phys. Rev. Lett. 78, 610 (1997) g wang, et. al, (yOCD Collaboration), PRD 106 (2022)

1 Au: 85(4)%
I= Z Ay + Z L,+J Gauge invariant -
q q

Gluon spin
m

: 13(5)%

quark spin Gluon spin+OAM
Quark orbital

angular momentum —
(OAM) Ad: -41(2)%
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Charmonium

Known charmonium states and candidates

Mass (GeV/c?)

Rev.Mod.Phys. 80 (2008)

LJ

y(4S) or hybrid _ .
‘~|’(2|:))\~ iy | Quantum numbers Mass Width
e R |n L JPC n?$*1L; Name (MeV) (MeV?)

Xa2P) %,(2P) 511 0 0" 1§ 7(1S) 2980.4+1.2 25.5+3.4
XG872 R oy ™y 11 0 1— 138, J/¢  3096.916+0.011 |93.4+2.1 keV
—wDD _ _2MD) oIy 11 1 0tt 13P; xo(1P)  341476+035 | 10.4+0.7
11 1 1+ 13P, x,(1P) 3510.66+0.07 | 0.89+0.05
ey, (1P)" X2(1P) 11 1 2+ 13P, x,(1P) 3556204009 | 2.06+0.12
Yol 1P) — 11 1 1+ 1Py h(1P)  3525.93+0.27 <1
Charmonium | When the mass is below
family ! two D meson threshold, decay
- width is suppressed.
15 o++ i
1 1

Different quantum numbers
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We assume they are stable particles
in this calculation




Charmonium mass decomposition
W. Sun, et. al, (yOCD collaboration) PRD 103 (2021)

e Mass decomposition of charmonium

M, =T®=H,+H +H +1(H‘1+Hg)
H — - ME m g 4 a a

Quark mass contribution

HEl 32° x 64,a = 0.0828 fm

B 4% x 96,a = 0.0711 fm

041-+ 1—‘~+ 1-+'-— 2-+'-+ 2—'+

=

Quark energy

Quark anomaly

Gluon anomaly

Quark mass

Gluon energy

Hp = / &z P(D - ).
u,d,s.

Z /d%mw,
u,d,s:-
Hg=/d3 ~(B* - E?).
H, = /d?’mmmw
u,d,s--

H;=/d3 —B(9) (E2+B2)

The comparison of hadron mass with the total
contribution of quark mass and quark energy

4.5 K ;
BN (H,), 32° x 64,a = 0.0828 fm --
| W (H,), 48° x 96,a = 0.0711 fm i 5
4.0 B M, 32° x 64,a = 0.0828 fm
B M, 48° x 96,a = 0.0711 fm — 1 Hadron mass
3.51 iy R :
>
O —
307 —
2.0

0—'+ 1—'— Ow'L+

The contribution of quark part
Is similar in different charmonium state.
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1++ 1t- 9+t = =%

Larger contribution from
gluon part in 1 =" channel.



Spin decomposition of the ground state charmonium
iIn quark model

e The quantum number of charmonium (JlD C)

exotic state QQ

== 1+ 1t -t

2= 2—F 2t o+

e Spin decomposition in quark model

S=1 L=0
S=0 L=1
S=1 L=1
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P = (_1)L+1
C = (_1)L+S

1.Are the predictions of quark

model comparable with
QCD?

2.How about the contribution
of gluon?

3.What is the spin structure of
exotic states?



Outline

Background and introduction

Lattice calculation of quark spin and gluon total angular momentum

Renormalization

Summary

7/31



Lattice QCD

e |In lattice QCD method, the correlation functions are non-
perturbatively calculated using path integral.

Lattice QCD

H > e

O quark A gluon

Discretization the QCD action in Euclidean space

The configurations are distributed _S[U
—SIU] (0) = JpLUleolul 1 Y ol

[DlUle=sW01 N

according to

[ D[U1e=S0)
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Lattice setup

e We choose overlap fermion (chiral fermion) as valence quark
The Dirac operator of overlap
fermion satisfies Ginsparg-Wilson D, y5s + ysD,, = aD,ysD,,
relation

a
: : ’ ' — —v.D :
Chiral transformation on ¥~ “PUe(s 2’3 o)W Chiral symmetry

finite lattice

L . a 7' Dy’ = WD
W' = prexplie(rs == Dors)) A

The information of gauge ensemble

ensemble L°> x T a (fm) m; MeV) mea  Negg
321 32° x 64 0.0828(3) 300 0.493 305
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Charmonium operator

e Meson interpolation operator for different JF¢ charmonium

meson J=E operator mass(GeV) [PDG]
TS P - 3.007
Xe1(PP1) 15 ¥5Yi 3.511
hc(lpl) = Y47Y5%Yi 3.525
Xc2(3P2) Dt |€,;jk|’)’jDk 3.556
- 1-+

Eijk’YjBk —
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Quark spin in charmonium (spin one)

Quark spin operator 02q = Z qy.7sq(x)

Spin basis
1 (VilOg | V) == (V_[0g | V) #0
V,=—(V,+iv) = 7 &
2 (Vol O, 1 V) =0

#
V0=V

<

1
V.= —(V,—iV,)
2
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<Vx | qyzySql Vy> - = <Vy | qyz?’SQl Vx> ;é 0

(V.1qr.rsq|V,) =0

We calculate these matrix elements
from Lattice QCD




Calculation of the quark spin in the hardon

The quark spin contribution can be obtained by the ratio of
connected 3pt correlation function to 2pt correlation function.
Since we need calculate the quark spin in different hadron states

(177,177...), a better choice is using summed current sequential
method 1

N Sum the quark /-\

spin operator over all V V = SC3(tf V)

\3/ the lattice size(L’ Xli = \/

— — 3

< tf >
Iy
The difference between the ratio at adjacent time slice
_ <SCB(tf’O)> . <SCS(tf —1,0)) _ e~ 0mty
A A (- 7 S o 7y N e

Matrix element at The contamination of
the ground state excited state
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Lattice results

 The ratio of three point correlation function to two point
correlation function

_ <SC3(tf’O)> <SC3(tf — laO»

Rt,o - — =<HO|H>+08_6mtf,
BhO)="tey  (Oi =D el OE )
Matrix element at The contamination of
the ground state excited state
1.0 ———"F———m—mmr T
0.5'_ o <V|Oqg|Vy> ¢ <V;|Oq|Vz>
* <Vy|Oq|Vy>
m OO"—‘ “““““““““““““ =
~0.5f
-1.0 .. D D N T D SR 1




Quark spin in charmonium (spin two)

* The irreducible representation of of spin-2 charmonium can be

converted to the spin basis Sl{fz = (Lmy; 1Lmy|J, M)py,, D, w
Spin basis

Irreducible representation

)++
J. Dudek, et. al, PRD 77 (200&

) 034501

Q111 = %; Q122 = —%; Q211 = —r

Q222 = —\/Lg; Q233 = %

(VJZ=2 | 02q| VJZ=2> = 2<VJZ=1 | 02q| VJZ=1>

v

(E¥| 02q| T§> = 2<T§| qu | T2y>
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L — i
i ..oooo.o.-ll!!§ ‘
0'5;- ."""""'.ijiii?
o.o;_:_,_,_,_,_,_,_,_,_,_,_,_,_._;_;_*_{_}_:
E. I

(TS + T2

A A 4 & 2 2 A x x by I
~0.5} oo * & Ii*
V'vvvl"l"!!ii{{ ]
_1_0. ................... ]
0 5 10 15 20

o <T3|O41E*>
« <T310,IT3>

<T3104|T3>
<T§‘|Oq|T§'>
<EX|Qq| T3>



Quark spin in different charmonium

e The contribution of quark spin to the different charmonium

spin
e Comparison with the prediction of quark model
5 T spey aemaman
C AT L grr(ge1) e 1t j 1.The contribution of quark spin is very
ol _' small in 17~ (p wave), but dominantly
T e oo e ; contributes to the spin of 1 ™~ (s wave) .
I ITTTT§iiitilll
ol g 4§ 2. The quark spinin 17" and 277(J_ = 1)
g e 3B} f SRS L & F i ¥ is very close since they belong to same
. - = spin triplet (L=1, S=1) state.
0.0 l_ - " g o Wowog.oaw E X I 3
00 02 04 06 08 10 12 14 3. The quark spinin 1™~ and 2++(JZ =2)
tr(fm) is also similar.
The plateau at large 7, corresponds to
P 9¢€ % _ b 4. The quark spin contributes half spin of
the ground state matrix elements 1~ exotic state
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Total angular momentum of gluon

 Gravitational form factor (GFFs) of vector meson

1
TU/ @,y a, v W a, KT a,
55 = F% ’F n _] gl F IF K1 -

¢*-Pe-P
A1)
+2 [Py(e)e- P+e, - P)+ P,(e; - P+e,e™* - P)| Jo(2)

1 . = €*-Pe-P __ W ,
+5 BBy — ) (€ - € DE(t) + ——— Di(2)) A=p'—p

W T @lpo) = (2P~ e3e)+

1
+ [5(6“6/: +eye)A? — (A, +eyAy)e- P P =

+(euAy + €, AL) € - P —4g,, €* - Pe- P] E%(t)

* * 6,* " € ra r r
—|—(euefj + €€y — —gp,,,) m? f%(t) fi+fe=0

2 TR

T9uv (6,* -em?c§(t) + €* - Pe- Pé‘f(t))] eiP' —p)e

The relation between angular momentum and GFFs

f4(0)
2

Jt = ¢tk / d3xTO% (z)x? Total angular momentum = J4(0) +
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Extraction of angular momentum operator

e We need combine different polarization choices of of initial
and final mesons to extract the form factors related to the

(0
total angular momentum Total angular momentum of gluon J; = J4(0) + S

Initial state Final state Matrix elements
= (0,0,0,m) '=(0,0,9,E L (E + m) (E — m)
Frame | P p'=0045) (p's0,| Tyy|p,0,) = — ng(t) + qu(t)
e = (0,0,1,0) e’ = (0,1,0,0) o e—
— 070,0, = O, ,O,E 2 _ B
Frame Il P = m) P ( g q) (P oyl Tyl p,o;) = & +2m)ng(t)+ [gmq + (£ 2m)q] E&(t) + mqf3(1)
e=(00,10  €=(0—0-) — i
m m
2
P = (0,0,0,m) p/ — (0,0,Q,E) / / 2T
Frame llI (p'so:| T,y |p,0,) = 7Eg(r) + m<f8(1)
€ = (0,1,0,0) ¢ = (1,0,0’0) v
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Calculation of the gluon total angular momentum
(AM)

 For the gluon AM, the 3pt correlation function can be described as

Y ﬂ[ A
FH* Z

Y AY A

A

AY

-
>

= (Cy(t) = (Gt )) (), O,5) = (O,(1))

1€(0,ty)

Y

t: timeslice of Og

* We can extract the matrix element of gluon condensate at the

ground state through difference between the ratio at adjacent

time slice

R(ts,0) = >t >t>0{Cs(ts,t,0)) - 2t-15650(C3(tr — 1,0))

= (H|O|H) + O(e~%™1),
(Ca(t7)) (Calt; — 1)) AR
Matrix The contamination of
element at )
excited state
the ground
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Numerical results of ratio of gluon angular
momentum (Bare matrix)

e The numerical results of gluon angular momentum

k (tf’JG)

. th>t>0<c3(tfataé)> - th—1>t>0<03(t.f b 130»

R(tfa é) = (Cz(tf» (Cz(tf -~ 1)) o <H|6|H> + O(e_amtf),
Results of 1™~ channel Results of 17" and 17~ channel
...... T I —
004: I } I l [ | T '
0.03} ; } [
0.02f " |1 :
o.o1f- =
0.00 :" - N S T S R S R S N R i
0.0 0.5 1.0 1.5

tr(fm) | | k(fm) Where is the plateau?

There is plateau for the gluon operator of 1=~ channel, but
not for the 17" and 1™~ channels.
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Operator mixing

Boost for | 7~ operator: Wrsray'w = awysyy'w+ puyyw o mix with 177
4

Initial state . Final state

.
LS
.
.

\
p =(0,0,0,m) p' =(0,0,,E)
Frame |
€ = 0307170 €,= 0,1,0,0
( ) % ( ) y
a4 )
p = (0,0,0,m) p' =(0,q,0,E)
Frame Il / E ¢
e = (0,0,1,0) ¢ =(0,—,0,—)
_ mom )
P = (0,0,0,m) :'::p, = (0,0,q, E)
Frame ll|

e=(0,1,00) ; € =(1000)

Operator mixing

.y (E + m)q (E —m)q
p,o.| T4y | p, 6Z> =———J85(0)+ ——E5(1)
E+m
_ %Jé’(l‘) + 0(q2)
2 _
(P oy Ty |p,oy) = (E+m)q1g(t) + [2 94 (£ m)q]Eg(t) + mq fé(
m 2
N (E+ m)q

JE(1) + mqfe(r) + O(q?)

A? _
<p/7 O-),cl Txy |p’ 0y> = TEg(t) + mzfg(t)

~ m*f8() + O(g?)

Boost for 117 operator: iy — apysrv + vy

20/31

mix with 0~



Numerical results without operator mixing

e The numerical results of gluon angular momentum

Results of 1™~ channel Results of 177,17~ and 1~ channel
0.04f R | .
| ! I ] - 0.6} :_+ :
15 0'02:' - | ¢': !g:‘/ [ 1 |
L x ] 0.2} | 1
L e 1 1 I [ i o |
0.01F ' - H 11711 [
. oof - 5 =2 zzxzx i’ B
1] D T T I R ] P S Fr 1 1l ]
0.0 0.5 1.0 15 0.0 0.5 1.0 15
tr(fm) tr(fm)

The bare matrix elements of gluon angular momentum operator in
charmonium are very small, except 1-+ channel.
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The results of bare matrix elements

e Join fit of the two point and three point correlation functions
Cy(ty) = Bye Muli(1 4 B,e™o") M, : Ground state mass

- - _ S Y., : Quark spin in the Ground
3pt forQuark spin SC{(ty) = e M (BytK(S, )y + Bye ™ + Bytre ™ + By) (Sp)m:Q S tr; "

3pt for Gluon AM Scég(tf) = e—MHff(BOtf( Jg) it Dze—émtf + Dst, e ~Onls 4 D,) (Jg) y = Gluon AM in the Ground

e state

0.82(1)

0.043(06)

(01)
3.467(06) 0.04(1) -0.022(35)
3.449(05) 0.45(4) 0.032(23)
1= 4.276(70) 0.43(10) 0.253(120)
27, =1) 3.512(05) 0.43(7) 0.032(23)
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Normalization of axial current operator

F. He, et. al, (yQCD Collaboration), PRD 106 (2022)

* Normalization of axial current operator (Z,) can be obtained
throuah partiallv conserved axial current relation

ZAO A, =2Z,,Z,ym, P, Chiral fermion Z,,Z,=1
7/Pse_udoscalar operator '
Z4 = 2myq 3 x{QUP(t, Z)P(0)[2) . P 4am,Cpp(t) |
Zf(ﬂlaﬂA“(t’f)PT(O)|Q> = CA4P(t o CL) _ CA4P(t T 0,) v
\

Axial vector operator
0 — _

1.080} I

N 1.075:- ]{HIIIIIIIIHIHIIIIIIIH:IIIIIHIIII!IIII:IIHI!:IIII::

1_070:. ] The result is stable when.:
' t is larger than 1fm

T P A T '
0



Renormalization in continuum physics and Lattice

Continumm

Physics ==l Dimensional Regularization (1/¢,1/¢>...)

'

MSbar renormalization ’ Results in MSbar
scheme scheme

Perturbative matching ?

Intermediate renormalization
scheme

Lattice ?

Calculation ===, .. Regularization (1/a, log(a)...)
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RI/MOM renormalization scheme

e Regularization independent momentum subtraction scheme
(RI/MOM)

Renormalization condition for quark propagator
Bare quark propagator .S, (p) = pZ1(p) — mo Xa(p)
ZRz (p) =1

Renormalization condition for amputated green function

ZRI O(P). Atree A
Bare matrix elen/e‘nts \

in the external off-shell Tree level result
state
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Perturbative matching

RI/MOM scheme MS scheme
Di ' I _—
e ZPM (X (pl =1 ZP(pl =R (pl) = 1+ Ofa) + ...
Latti S _
equiarivation 24 (pa)Zi(pa) = 1 ZEMS(ua)ysP(pa) = 1+ O(a,) + . .
—
L,MS LRI ) N\ iei 4
4 = 8 X o
ZEMS(u)

2 (ua) = Z5R(pay <

-----------------------------------------------------

Lattice calculable Perturbative matching coefficient,

obtained using dimreg.
27/31



Gluon self energy

e Renormalization of gluon self energy using the lattice regularization and
under RI/MOM scheme
2 AN,

ZRI _q g
L T l6n2 (=3

— Ne)log(a’p®) + NyBf; — N.BE] + O(g*),

Depend on lattice action

e Renormalization of gluon using dimensional regularization and under RI/

MOM and MSbar scheme can be written as

7S ¢ 2N, 1
gMS _ 1 _ T A O(ad).
2
g2 2N 1 sy 1OV
Zp =1- 7l 3f — Ne)(< +log(u®/p%)) + Tf — N.Bg (2)] + O(g%),

e The Renormalization constants with the lattice regularization and under

— ZMS
MSbar scheme z;"* = ~%: 2" (a, 1)
D

i 10
— N.)log(a*u?) + Nf(? + Bé) — N.(Bg + Bg)] + O(g*)
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Renormalization of energy momentum tensor

e The renormalization condition for EMT in RI/MOM scheme

T{Q,u,v}R _ ZQQT{QM,U}B + Zp T8 (QIT g TR g Q)p,—0,p2=p2, _ ’YVZPM,
(G, oTg 16, oz, =0,
T§"" = ZooT g + Zo6T " QT 1oy =0,
(G, T e 1G, ™) pmr st py =02t = —2P,P0

22" (ua) = (ZPMW 1 ZPR (1 p)) 2R (pa)

e The result of RCs on 321 gauge ensemble (MS(2GeV))

Symbol  Zoq  6Zge  Zec | Zeq i Zao
321 1.25(0)(2) 0.008(2)(2) 0.000(14) 0.18(2)(2); 1.10(4)(5)

The mixing between quark and

luon is not small.
50/30 gluon is not sma



Results

e The contributions of quark spin and gluon angular momentum in different
charmonium states

' R B
R _ B Sq + Lg _ [ Zqgq Zqg Sq + Lg R R R _
Sg = ZsS, ( ) _'( Zo Z0 I, L;+S5;+J, =1

------

we®
we®
wet®
wet®
------
.
nn®
nun®
nun®
nen®

Zy, = 0.18(2)

55 (Quark Spin) Lff (Quark OAM) Jg (Gluon AM)

177 =1,L =0) 0.88(2) -0.05(3) 0.17(3) Renormalized results
o of gluon AM is larger
E=0L=1 0.04(4) 0.86(6) 0.10(4) than bare results
due to the mixing with
" (S=1L=1) 0.49(5) 0.40(6) 0.11(4) quark operator.

17§ =?,L="7) 0.46(11) 0.17(18) 0.37(14)

2 S =1L=1) 0.46(8) 0.43(9) 0.11(4)
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Summary

e We studied spin decomposition in different charmonium state. The
contribution of quark spin is compatible with the prediction of quark model.

e Though the bare matrix elements of gluon spin in charmonium is very small,
the renormalized results are large due to the mixing with quark operator.

e The quark spin contributes to half of spin of exotic 1~ state, the
contribution of gluon AM in 1~ channel is larger than that in other channels.

Thank you for your attention!
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