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Continuum Lattice
oM (0,0 +m*)p =0 D (ple+i,) + e —Ay)) + (mPa® — Dp(x) = 0
U
1 1
Propagator  § = SL
p*+m? 4y, Sin*(=2)/a? + m?
oo nla
d* dp
Loop P
Integral — 00 —rla
Require additional regulation The divergence has been regularized
to be finite into the 1/an and log(a) terms
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Discretized QCD
Nalve and Staggered actions

O The naive discretization suffers from the doubling problem::

. 1 .
Cg»]q\/alve(m) — Z '/_/(X)DNaive(m; X, )7)'//()7), DNaive(m; Ay y) — Z Z y,u(U,u(x)éy,x+aﬁ o U;(x o aﬂ)éy,x—aﬂ) + méyax
X,y H

e The propagator has 1/m IR poles at pa = (0/x,0/7,0/7,0/7), which is different from the continuum theory.
o Staggered fermion:
o (0 = 1y, N s 1 = (=1 (2 DI (= DL,

e 10 IR poles — 4 IR poles.

o Mixing between IR poles can be suppressed with kinds of the improvement, likes the so-call highly-improved staggered quark (HISQ).

Staggered/HISQ| _Cestx0 |Wilson/Clover|_cstx® |Domain wall| == | |Overlap

> >




Discretized QCD
Wilson and clover actions

o Wilson fermion action:

e D+m—o>D+aD*+m
e |t removes the unphysical IR pole at p, = &/a, while introduce the additional chiral symmetry breaking at O(a,/a).

O Clover fermion action:

e D+m— D+aD?*+m+ ac..oc. F*

SW™ UL

e Suppress the additional chiral symmetry breaking at @(asz/ a).

© The cost of either Wilson or Clover action is O(10) of the Staggered fermion.

Staggered/HISQ| _Cestx10 |Wilson/Clover|_cstx® | Domain wall| == , |Overlap

> >




Discretized QCD
Ginsparg-Wilson action

o Ginsparg-Wilson relation: y.Dsw + Dowys = —Dew?sDaw o
p

o Qverlap fermion as a possible solution:

Sy (m) = %l/_f(x)(éxym + ; D, (p;x,2) 5 DOPVEZ;Z, 2 Jw(y), D, (p) =1+ \/Dw?—vv;)_l:;(—p)
e Inp — Qregion, D,, — ay,p,;
e Inp — z/aregion, D,, = O(1).

But approximate the sign function rsDu(2P) = rsPu(=p) need O(100) cost of the Wilson/Clover
: \/ D,(=p)Di(—p) | ¥sDy(—p) |

action.

» Domain wall fermion action is an approximation of overlap fermion with ©(10) cost of the Wilson/Clover action.

Staggered/HISQ| _Cestx10 |Wilson/Clover|_cstx® |Domain wall| =™ | |Overlap

>
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TR = AR
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Basic unit of Lattice QCD
(}’4(01 — I8AY + 2 (0, —1gA))y; — m)l// = ()

The discretized Dirac equation with the coupling with the non-abelian SU(3)
gauge field:

* Y1234 are 4 X 4 complex matrices, A, , ;4 are space-time dependent 3x3
complex matrices;

e Can be converted to a problem of sparse matrix inversion.

® ® © o o0 0| [0 o0 0
...... ® o o o O ® o * ¢ ®
...... ® o o o @ ® —T— @
..... $. e o (3 @) o o
v ® ® ® ® ® ® ® ® ceeee L3 X T — 43 X 4 lattice:
e - - - ol Gomputer cores

oo N C Internal sites e Red point: 12 X 12 diagonal matrix
..... ® o o o @ ® o o o O
----- ©crof oo ©  Boundary sites e Black point: 12 X 12 sparse matrix
® ® ® ® ® ® ® ® ® ® ® ® ® ® ® requiring information

from the other cores;




BaSiC fIOW Of Lattice QCD hotspot: sparse linear operation,

¢ = Dn
Linear system.solver
E=D7'"p=) ¢Din+ 610712

l

- Linear algebra operation,

E=cypy + () 1)y

Generate

configurations Square root of sparse matrix,
L= ;

using |mp_ortant E=(D+my =Y 4 61071
sampling = D +my+ e

Derivative of sparse matrix,

cf—aD = D,D,D
_()Uﬂ_ 131

 The major hotspot is linear system solver;

« But after the acceleration of this hotspot,
Analysis the linear algebra operation, square root and
configurations derivative of sparse matrix will be the
bottlenecks of the performance.
to get the

physical results < Configurations are the foundation of all the
physical analysis!
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<R RQCD

4 B SEHSHIB AN

— | warm-up |+—— o Clover+Symanzik,

o0 243x72, a=0.108 fm, m_ =300 MeV,

00009 o 8 V100 GPUs:

0.85 - 0.5975 -  One week for warn-up;

0.5950 - * Another week for 200 configurations (5 traj. per
0.5925 - conf.)

 And 13 GB storage.

0.80 A

0.5900 . .
100 200 300 400

Wilson Loop
o
~
ol
o

0.70 A

~Case 2:
0651 © Mobius DWF+lwasaki,
T Production o 963x192, ¢=0.071 fm, m =140 MeV,
0 o 512 V100 GPUs:
0 250 500 750 10NOO 1250 1500 1750 2000 ° One year for Warn—up;
* Another year for 200 configurations (5 traj. per

conf.)
 And 2,278 GB storage.




@ Four decades of Lattice QCD

1975 1980 1985 1990 1995 2000 2005 2010 2020

1973 QCD l I l I l I l ' l

1974 lattice QCD

Physics
>.‘ ' HH}&&:” 3 : ; * 34 1321t
15' spec calcula SESSeERees } T I
Hamber-Parisi R : P B
Weingarten HitHH SRnEsaEEas : i
b 1.6fm 3.0f 2.4fm  EEEeEEE
' 3 3 15 ’oou e 00: tadenen »: b4 444 % :
43x8 16°x32 64°x118 243%x48 i it
: Nf=0 quenched fm
Algorithms Sl
Nf=2 u.d 64°x128
=2ud [ .
NE— Nf=2+1 u,d,s I
quarks :
4th generation 5*h generation
2" generation 3™ generation  10Tfops 10Pfops
Machines 1t generation 10Gflops  ~ 1TfOPS  puy
1Gflops —

APE1

BlueGéﬁQ

PACS-CS



fizk: B BT S emE SRR THENAFARKRERNEZTHE T K
(VACPUAZ BT A o E & 4E+t) ( ASCR/HEP Exascale requirement
review report, http://arxiv.org/pdf/1603.09303.pdf)

Computational Current 2025 Current 2025 2025 Network
Task Usage Usage Storage (Disk)|Storage (Disk)|Requirements (WAN)
Accelerator |~ 10M — 100M| ~ 10G — 100G
Modeling core-hrs/yr core-hrs/yr
Computational | ~ 100M — 1G |~ 100G — 1000G ~10PB >100PB 300Gb/s
Cosmology core-hrs/yr core-hrs/yr (burst)
Lattice ~1G ~ 100G — 1000G ~1PB >10PB
QCD core-hrs/yr core-hrs/yr
Theory ~1IM—-10M | ~100M - 1G
core-hrs/yr core-hrs/yr
Cosmic Frontier |~ 10M — 100M| ~ 1G —10G ~1PB 10 — 100PB
Experiments core-hrs/yr core-hrs/yr
Energy Frontier ~ 100M ~ 10G — 100G ~1PB >100PB 300Gb/s
Experiments core-hrs/yr core-hrs/yr
Intensity Frontier ~ 10M ~ 100M — 1G ~1PB 10 — 100PB 300Gb/s
Experiments core-hrs/yr core-hrs/yr

PTIE - 1G core-hrs/yr ZrkE 101ZCPURK/I\EF /=7 K EEZE371000/I\EF
20255 . EFE10-100%== 1 ! !
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MILC collaboration
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BMW collaboration
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m7l'
A
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t FRSEEAILERS 1= o o
/ B JARS)
O
T 150 MeV
® HISQ action ® O PACS collaboration
® TMC action
® Clover action , .
® DomainWall action 0 0.05 fm 0.10 fm
JP
EU
m ‘ m m
T ‘ ' ‘ . Aﬂ AJZ'
t 0oo00® o000 o0 ©
° .o o000 o0 eo0 o o
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O ® o0 0 ©
o0 4
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8§ ¢ ¢ &8¢ O 000 O ©
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xPT relation L2 a=0.0774fm - .
! - - 016 XPT relation 4 a=0.0774fm
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—~ | 0.15 !
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S i 3
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- b 4 LD i
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Hadron mass from Lattice QCD

o From the time order product (O = yysy):
—E

et {(O®]0) > _,,
(667 (0)) = zn‘,<@<r>|n> ——(n] 0"(0));= TR “

n

o From the path integral (S(x;y) = (D(x;y) + m)_'): ) )
(O(DO7(0)) = Y (Tr[S0,0; X, 0)ysS, 1:0.0)y51) = ) (Tr[ST(F, £ 0,0)S(E, £; 0,0)])

o All the ground state hadron masses can be obtained with different © and m.

T
&

L 4

— ) @T 0 fit _ C.e ™ (1 +C —omt
Sif e (OD0'(0))™ = Coe™™ (1 + C1e™™) - 1 {0 — a)6'(0))
"“:_IZ 1.0F Mg N—’_H—‘—*—‘—O—*—o—’—.—.-.—‘—l_l_!_"j—! I I ] mN — _log

€ osl I ] d <@(t)@T(O)>

oio 0f5 1f0 1i5 2i0 2i5
t [fm] C. Alexandrou, et,al. ETMC, PRD104(2021)074515




The light quark masses
From lattice QCD

PZyla et,al, PTEP(2020)083C01 (PDG2020):

. M, = = 038.27 MeV =m ,ocD T 1.00(16) MeV + .

Sz. Borsanyi, et,al. SC|ence347(2O15)1452

P i (m,ocp+m)/2 =938.4(1) MeV

> - mc?are)/ 2 and a (lattice spacing) ‘

| m0 = 134.98 MeV; |

- m;; = 139.57 MeV = m? + 4.53(6) MeV +.
X Feng et,al. PRL128(2022)O62003

Jmd =497.61(1) MeV = mp o, + 0.17(02) MeV

bare bare bare

- om)™, m)* and m

+ 2. 07(15) MeV +.

D. Giusti, et.al. PRD95(2017)114504

i my; = 493.68(2) MeV = myocy



The light quark masses

0.2

0.15

0.1}
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- )
aS al”@(a)
ubs(a) +
[
7
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m° (MeV) + l
L —
e
! / b
arc
i (CZ) (MeV)
m® (MeV) +

0

0.05 0.1 0.15

a (fm)

A. Bazavoy, et,al., MILC, PRD87(2013)054505

0.2

Lattice spacing dependence

o [he lattice spacing
a IS very sensitive to
the bare coupling;

o [he light quark

mass to satisty the
condition Is very
small;

o Renormalization iIs

needed to convert
the result to MS-bar.

bare bare
U

- m}i’are)/2 and a (lattice spacing)

and mPe

9md K



The light quark masses

M2 r\/mq (GeV) fn (GeV)
, ' , , , . . : a1el ‘
5.2t : N
5151 | ] " 0.155 | m{g QD Y :
015} dy, v q

-

—4

5.1} T N -
LT + 4] [i]" g: ‘%[{] [T 0.145 | 3 2
5 ‘%’ % ' '% 1 - D 4

® ‘*‘ — 4 4 Ph
! : 14 } ysical f
4.95 * - 0.14 [y Physical m, —&—
49} % Physical mmass [I] a=0.11fm —t=—
' Physicalm —— | _ 0.135 a=0.08fm -
4.85 | a=0.11fm —H&— v a=0.07fm —A—
a=0.08fm 0.13 a=0.06fm =
48+ a=0.07fm —&— . '
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The light quark masses

Mk (GeV)
0.58 ,
0.56 |
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The light quark masses

Mp, (GeV) fp, (GeV)
2.2 A ] L} . L L A ] 1 ] h 0.27
21 k ‘
, + 0.26 |
1.9 4] . + ‘ | 0.25 h 2 0 | .
b b bopphdp Bl B
i b & 1 024f ¥ , HA— . -
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QCD
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KA RQCD
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BEQCDIERERBEE=EMS-bar 2 GeV I K43-4
MeV; 1.20- \Z
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1.15- ge
BE2BRFER=2938 MeV, S a0
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m B XS mlsEFF N EU: S 1.05- ©
1.00- o ¢ ° vy 24
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0.95{ 2 g :2 D
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YBY, J. Liang, et. al., yQCD Collaboration, PRL121(2018)212001
ViewPoint and Editor’s suggestion




KA RQCD

- QCDgesp=5Kk= (EMT),

l

_ 1
7w=gwhmw+z&f2f%&u

AL 22 K ERBES R,

=

= 10 mypy

BEBRERIIZIEN=FN, S5l ARERSIN:

— F 2 2 2 —_
T = mpy — 2¢ y - O(e?) = [1 +—a+ O(a?) | mpy + |(
T E’\]M\JID“'%BFQC DIN=EFZ1E,

AmEFEE=Er AR~ MR : M.A. SHIFMAN et,al. PLB78(1978)
11 N,

i N/ 2
. 2ﬂ)ozs+@(ozs)](F IV

N J.Collins et,al. PRD16(1977) 438

/ 2N 2
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KA RQCD

AR % = — 0.056(6).
g

MIMS-bar7 2 MYE R

y,(1/a) = 0.325(10),
B

23

EBENEEIIW
(1 + 7, )m{y)y

)
+£<F e

BIITE A BASFE] 7, = 0.38(3)

= —0.057 + O(a,)

X~

Nil

A g ,L,\%IK/%EE—_O

LO

Gop TUE SR AL

0.0 0.1 0.2 0.3 0.4 0.5 0.6
m, (GeV)

F. He, P. Sun, YBY, yQCD Collaboration, arXiv:2101.04942

Supported by Strategic Priority Research Program of Chinese Academy of Sciences, Grant No. XDC01040100
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F. He, P. Sun, YBY, yQCD Collaboration, arXiv:2101.04942

Supported by Strategic Priority Research Program of Chinese Academy of Sciences, Grant No. XDC01040100



The trace less part of EMT

Let us go back to the ME of the traceless EMT:

P|T%8|P
(P|TZS | >=A‘1’
(P|P) Py

1 2

p

1 VY 1

- _ = 1
where Ty = Zl//y(ﬂDv)'r”_ Egﬂvmwl//’ Ty =F,b," = Egﬂsz'

The Lorentz quark/gluon momentum fraction A can be obtained in any
frame, likes the rest frame:

(PITEIP)  __d=1
(PIP) . _, d v

X,Ys<

or on the light-cone as:

(P|T%% | P) N
P|P) =ATP,, \where T7, = 1Dy TS = FyF.”.
P_ . =0,

X,Y,2
The trace terms are omitted as P.>>mn




Momentum fractions
as the moments of PDF

On the Iight—cone, the quark and g|uon NNPDF Collaboration, NPB887(2014)276

10

unpolarized parton distribution
function (PDF) are defined by:

dg_ —ixE™ + _ _ _ i |
%@=Jz;e<wwpm@>thxw«MPx o= —sen —
o 0 e — e
dé= . . |
g(x)=J%e—lxé’ PUPITr|FL(EDUE OF O U0 | P), | \ cC s d u
-5 L

NNPDF3.1(NLO) u=2 GeV

and it Is easy to obtain that, o

~0.2 0.0 0.2 0.4 0.6

X
I P|T4, |P I P|TS, |P
J-W@mx=<|**|>=A%J-mqu=<'**'>=A&
i P, (P|P) 1 P (P|P)
. _ 1 o _
with T?, = 51/17+D+l//, T% = F+pF+p :

Thus the momentum fractions we obtained In the rest frame is directly the
moments of the unpolarized PDF.



The decompositions
of the QCD EMT

Q00

Quarks

Thus one can have the following Ji's decomposition of the
nucleon mass (the energy in the rest frame) :

_ _ 1
iy = = (T, i = = (T4 = (T8 + 51+ 1))+ 2=(F)
— _ 1
= D) + (T4 + () + A=)
= _ 1 D
= (2 D) + (Tiy) + (Hy) + () + 2 (F?)

Xiangdong Ji, PRL 74(1995)1071

Or the following decomposition of EMT following the structure of perfect fluid,

(P|P)

| PY = == (2P, P (x); = 2mg, i) Py = (= () + (D)4,

(P|T;

C. Lorce, EPJC78(2018)120



JI’'s decomposition of proton mass
(the proton energy in the rest frame) =~

1
M = —(Tu) = (Hp)+(/1,) + (Hy) + 7 (Ha),
M =
With

| The QCD anomaly w i’ The tofal )
G / t and | e total ener
H a — Hg’ + H ,;1“ The glue \ scaatllgfnggggigei? | i |
anomaly 'e combinations. . Z /d3 w D \,
| — | Hp = T N, |

’ Hg — /d3$ ﬁ(g) (Ez / \ u,d,s..
\ ] The quark energy |
1 1
‘ H) = Z /d3a:’7mm1/ﬂ/) ‘ | Ho = /d3a: 3 (B~ EY), {
é u,d,s- | | ‘

‘ g | The glue field energy
| The quark mass anomaly w‘;\ \ n

]V -

YBY, et. al., xQCD collaboration, Phys. Rev. D 91(2015)074516




Proton mass decomposition .

’.'”//

Ihe quark mass terng, |

Then we have M =

|
|
N
e
—
~
|
™
N
~
+
L
’\/
+
—~
T
~—
+
~
~
32
~—

M

[
|
N
.
FSN
~
[

 Renormalization scheme/scale independent in continuum; also in discrete
case when the chiral fermion is used.

onn = Hm(U)+Hm(d)) = 45.9(7.4)(2.8) MeV fsNMn = <Hm(s)) = 40.2(11.7)(3.5) MeV
{Hm(u,d,s)> / Mn = 9(2)%

The best lattice result free of the systematic
. uncertainty from the explicit chiral symmetry Q /)
321 breaking

48|
321D

1.25-

0
6y = — ~ 50 MeV

1.20-

1.15-

(GeV)

1.10-
Q.

= 1.05-
1.00 1

0.95{ _

cop <

YBY, et.al. yQCD Collaboration, PRD94(2016)054503

0.90 Il T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
m?2 (GeV?)




Proton mass decomposition

The QCD anomaly uuuuu

Then we have M = <T44> <” > + <U.(1> + <H > + <117;1>
- <HE> + <Hg> %<f1a>a
M = —(Ty) = + (H,),
. TQD anomaly % | + The joi:1t cont;ib;ltign oi;I tl;e QCII1D
| . ra " | anomaly can be deduced fromthe ,,
Ha = Hg + H, Zggn‘(zzﬁ | quark mass term, with the sum 12} ] " PS
— | rule above. : "V
Hg = /d3a; i(g) (E'2 +B2), _ ;Z] } { .
| J 1 | * The total QCD anomaly is S 061 1| 1 i
- H) = Z d3z nymmafd). renormalization scheme/scale T ol :
wu,d,s - W‘ independent. 0.2 o1 1 ! 3
The quark mass anomaly J‘ . Ha/(4My)= 23(1)% 90 o1 oz o3 oa o5
a —



Proton mass decomposition

The quark/gluon energy

Thenwe have M = —(Ty)=(H,) + (H,)+ (H
) + 3(Ha),

—(Tu4) = + (Ha),

= (Hg) + + (H,

~

M

The quark/glue energy can be deduced from the
momentum fraction,

3 3
(Hp) = J{@)eM — 7 3
. ;l 411 (Hy) = Z@?)gM-

<II(,> — Z<$>QM+ Z

The renormalization of the quark momentum
fraction is much more trivial, which is just mixed
with the glue one.

It is more straightforward to obtain the quark/
glue momentum fraction first, and convert it to
the quark/glue energy.

)+ (Hp)

| The total energy

5
|

> [ wB .

| u,d,s...

The quark energy
, 1
| H, - /d% (B~ B,

|
| The glue field energy '
l |

N—— e ——



Renormalization

of the momentum fractions

The MS-bar renormalization matrix can be obtained through the RI/MOM scheme,

( Z%(u) +_Nf52%(u) NfZ_o@(#) ) _ { [( Zqq(pur) + NydZgq NiZgc(pr) )
)

Zag 1) Zoaw) ) Zeqkr) Zacin)
1
(RQQ(:—R) +O(Nf013) NfRQG(#LR) )] | 22,2 0}
Raq (i Rea(77) s

—1
_ {( (Z@qRqq) + Ny (6ZgqRqq + ZqcRcq) Ny ((Zgq + NyéRqq)Rqc + ZgcRaq) ) (r ) O}
9 a<pupn—

(ZGQRQQ + ZGGRGQ) (NfZGQRQG -1 ZGGRGG) ll_R

e All the Zs can be calculated non-perturbatively with Lattice QCD simulation,
e Perturbative calculation is necessary to get the R's.

YBY, J. Liang, et. al., yQCD Collaboration,

PRL121(2018)212001,
ViewPoint and Editor’s suggestion




Renormalized glue momentum fraction?
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Ri) = <>, + O(e

-Am tf)

5 0
0 il
5 6

Seem to be impossible to
obtain the renormalization of
the glue operators non-
perturbatively?




Gluon renormalization

- Calculate the renormalization factor of
the glue EMT non-perturbatively on a
~5 fm box will require ~30,000,000
configurations to make the
uncertainty to be ~0.01;

- Taking the localization of the
correlations between the glue fields/
operators into account, the uncertainty
can be reduced by a factor ~200;

- Use reasonable computer resource
(~1M CPU hours) to increase the
statistics, the ~0.01 uncertainty goal
can be obtained with 365
configurations.

YBY, et. al., yQCD collaboration, PRD98(2018) 074506

with CDER

W. Sun, et.al, xQCD collaboration, CPC42, 063102(2018), 1507.02541
K. Liu, J. Liang, YBY, PRD96, 114504(2017), 1805.00531
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20 } SRR {}’ RIS AR AT SR ) i
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0'2_ ‘ ‘ ‘ | | ‘ \
| E !
0 | LT
-0.2
06| 365 cfg. CDER applied ——
0.4 +
0.2 | % gagsgs3%5% % 5gadsdsdagay, i
B# 35555 i hhhig%;;nﬂ#%
0
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Non-perturbative
renormalized glue momentum fraction

[ile= —
08t HYP2 +A— - HYPO —lH—
HYP{ —@—
06 - 08 < X> 5 HYP2 H—A&— _
A A i

- & A— i
04 oA - () o) 0 ép 0.6

0':- s 2 % % oe o8 -<X>5are “ 5 +" t i’ {I" %’

02 [ ¢

| | | | | | |
2 3 4 5 6 7 8 9
2 -1 tfa

* The lattice regularization eftects are fully cancelled within
the statistical uncertainties;

* The non-perturbative renormalized quark/glue AM
results will come out soon.

YBY, et. al., xQCD collaboration, PRD98(2018) 074506




Proton mass decomposition

Momentum fractions of u and d quarks
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YBY, J. Liang, et. al., yQCD Collaboration,

PRL121(2018)212001,
ViewPoint and Editor’s suggestion
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Proton mass decomposition

Pure DI momentum fractions:

strange quark and glue ones

0.9
0.8- I :x;s.glzl V. (x)g.241  The glue momentum fraction
Xls»
0.7 ¢ (x)s 48 2 EX;Q'ZE: become larger when the
A S X)a, . -
® (032D ’ quark mass is lighter;
0.6-
0.5 * The strange one is small as
0.4 - expected.
0.3-
0.2-
0.1- C0.025 |
0.0 . . . . , | | o 002 O
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> 001 |
S A
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YBY, J. Liang, et. al., yQCD Collaboration, 0 ' '
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Proton mass decomposition I

—

Comparing the momentum fractions 2. 1 .-

from the experiment

YBY, J. Liang, et. al., yQCD Collaboration,

PRL121(2018)212001,
ViewPoint and Editor’s suggestion

0501 CT14NNLO j
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: 19.0(3)%, d + d—Ioa(r1 :
0.10} -

3.5(5)%, s + s-bar
0.00 =—— —10 100 1000
Q [GeV]

S. Dulat et al, PRD93(2016)033006




e Direct calculation of the quark/glue momentum

1201  Total proton mass

fraction with non-perturbative renormalization and

normalization.

Trace anomaly contribution deduced by the direct

calculation of the quark scalar condensate In

nucleon, based on the sum rule
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As the non-perturbative normalization only
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The decomposition

of the proton spin

Quark spin/helicity: the integration of the quark helicity distribution

dé~ t o
Ag = / doAg(z / dz [ e =P (PSIy(€ sy LE, 0)64(0)|PS)

Glue helicity: that of the quark helicity distribution

_ [ _ [ ! A8~ _izpte- a(e—\pable— O E
AG = /O dzAg(z) = /O e (PS|FF(€7) Lo (¢, 0)FF,(0)| PS)

The rest parts should be the orbital angular momentums,

1 1
Lo+ Lg=5— 3 > Ag—AG
qg=u,u,d,d,s..




Proton Spin decomposition

J dPzyt {Z x (iV)} ¢

+ [ d22Tx[E'Z x VA

Naive spin sum rule:

From the experiments

Longitudinal proton spin structure

1

—1A2+AG+IZ

2 2 !

Z
+lq

[ @z 597 % | AZ(Q?=10 GeV?) = 0.242,
S T—— de Florian et al., 2009

SLAC

HERMES (DESY)
COMPASS (CERN)
JLab

RHIC

[ d3z2Tr[E x A]

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



Quark spin —%‘2

a story behind Ac

Y : | 8] . Qs
s|A 5‘ s) = lim (', 8|12m P —2i—FF'|p, s
ps | A - 8ps) = lim oW sl2my i FE P, s)
. - . 5 - (g -
= 2m¢(p, 8|/d3:c T -8 P(x)lp,s) — 2i(p, s| /d3az TS EF(:C)F(:U) )
0.3 . . I . .
¥ Ac —E
02| Mo o
0.1 | ¥ 4 v ¥ 3 Q@ngq | % | The contribution from the glue
v anomaly turns out to be very
Or 8 8 B 5 B ® R large (~0.2-0.3 per flavor)!
-0.1 A 3 & 4 A A B 2 A
02 | & |+ Accurate calculation of the
A ight flavor cases is ongoing.
0.3 ' ' ' l '
0.1 0.2 0.3 0.4 0.5 0.6
Q2 (Gevz) J. Liang, YBY, et. al., xQCD collaboration, in preparation

M. Gong, YBY, et. al., yQCD collaboration, PRD95, 114509 (2017), 1511.03671




Glue helicity

A possible simplification
The glue helicity is defined as,

A. V. Manohar, Phys. Lett. B255, 579 (1991)

1 1 . _
AG = [ datgla) = [ dug [ e (PS|ES(E)LE OF L O)1PS)
0 0 ’

and the glue helicity operator itself can be rewritten into,

Y. Hatta, Phys. Rev. D84, 041701 (2011),
X. Ji, J.H. Zhang, and Y. Zhao, Phys. Rev.

S = /d$2m;,+ /%e—”p‘f Fro(€)L™(E,0)F],(0)  |Lett. 111 112002 (2013)
= [dog g [Gee T MF € )EE RS 0)£0,60)
-_‘ . - —izP 7€ . )
= 2 |E(0) x (A0) - [ 5 [ de i 5 £0,6)74%€)E(E,0)
—— 2Tr[E(0) x A(0)] = E*(0) x A*(0)

But it can not be calculated on the lattice directly.



LaMET

The available gauge conditions

- The glue helicity operator equivalent to EXA under the light

cone gauge.

Oac = |E*(0) x (A*(0)

- We have to use the Lorentz in-covari

92

1

VT

(6A+’b)£ba(§_,0)) = ELC X A’Lc, AZC =0

ant glue spin (quasi-glue

helicity) operators to reach it in the large momentum limit;

Ose, = E° x A°, 9;A% =0

Coulomb gauge

or

Hatta, Ji and Zhao, Phys. Lett. B743, 180 (2015)

Ose = E* x A%, A2 =0

Axial gauge

or something else...

olf

Ost =E’t><fi’t, At=0
G

Temporal gauge




Glue spin

The renormalization and mixing

2 2
MS g°Ny 2 2,2 g°Ca, 4 2, 2 N\ oL ,
S(.’.(l) . (1 = 1672 [glog(u a®) +241] + 1672 [—§log(u a®)+ ~ 2.)5(.‘.(1) he o\/er|ap fermion and
2 r | '
g°Cp v 2.2 L.(1) 2.9 4 lwasaki gluon with HYP
+ 1672 [310g(u a*) + 6.99 z A+ 0(a®p?) +0(g°)

smearing

g=u,d,s...

The scale used by the experiment for the glue helicity is p2=10 GeV?
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Y. Yang, R. S. Sufian, et al,

Th e d e » en d ence "X 1609.05937.

of mp, a2, and V
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Sg(|51)

From glue spin to helicity

with Large-momentum effective field theory

ol 32ID — |
0.6 F 48| +—= X. Ji, J.-H. Zhang, and Y. Zhao, Phys.
24| A Lett. B743, 180 (2015)
0.5
321 o 200 (T ()2
0.4 | 32lf —— & Su(lpl, p) = {1 | i(snﬁ (§log iz —10.2098)] AG(p)
0.3 i T} i?‘ 2 —\ 2
k 9°Cr (4, D) _
0.2 + T { T{ ¥ * . | 1672 <310g ,LLQ 52627) AE(,U)
) ] 1
. +0(g") + Ol )
O 1 L 1 1
0 0.5 1 1.5 2

P](GeV)
At 2 =10 GeV? and |p] = 1.5 GeV,

The large finite pieces indicates a

convergence problem the factor before AG is 0.22,

It means that AG will be ~ 3
Large frame dependence need re-

summation. if we apply this matching.
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Proton spin

Connections between decompositions

X. Ji, PRL78 (1997) 610, hep-ph/9603249

U (S w [ ®oy! (& (D)} ¥ + P2{a x T{E x B

%4

] . T Further
qua rk spin 1§ Different def/n/tlans decomposition
\ of the quark OAM of the glue AM

- Y+ [ EX @)
| f d3x2Tr[ExA] + fd%ZTr[E":E‘xVA’] |

g/ue sp/n . g/ue OAM

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



Proton Spin decomposition
Calculation through the EMT form factors

X. Ji, PRL78 (1997) 610, hep-ph/9603249

JI's angular momentum (AM) can be written in terms of the symmetrized energy
momentum tensor (EMT) as

J99 — <P, 3‘ /d3x$ % T{O’i}q,g ‘p, s), T{0i}g _ l?ﬁ’Y 'c) 70l — F « B.

. with the form factors of the off-diagonal part of EMT defined by,

1

' NI (A = 1 I
W, 41Ty, ) = ( 3) a(,,.s)[z,(qz)hop+a,-,,)+m1( ) (1°(i0") + 7(i0™)) ga
I

q4.9
+ —Ts(q")q (1‘ u(p, s),

m

JI's quark and glue AM Correspond to the forward ||m|t of the form factor combination,

[T] (O ) + T«) O]Q




Angular momenta

YBY, xQCD collaboration, 1904.04138

as the second moment of GPDs
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Proton spin

Lattice result of |i AM

Quark AM

P

Glue AM

J = [dz3977 ¢+ [dPept {Fx (iD)}y + [d*z2{& x TY[E x B]}

Quenched result 2-flavor result

(neglecting the difference between the
glue momentum and AM fractions)

EMTC 17: PRL119(2017), 1706.02973

Au: 85(4)%

m J* (CI + DI) Jn
@ J¢ (CI + DI)
. O J= (DI) O5kL - - - - ______ o
. o J9
0.4+ =
=
| 2.3(0.7)% 0.3 ig S
38)% A 2= 7
M. Deka, T. Doi, YBY, et. al., xQCD collaboration, 0.1l ? 9\2 o ?S ‘2’ z
PRD91, 014505 (2015), 1312.4816 7 L 138 7 ~ 7
oL_Z M= &5 7 Z
u d s ut+td+s g Total

1-loop perturbative renormalized

2+ 1 flavors result

: 13(5)%

As: -4(1)%

Ad: -41(2)%

G. Wang, xQCD collaboration, PRD106(2022) 014512

Non-perturbative renormalized



Proton spin
Lattice result of Ji AM

u

@
=

d(CI) u/d(DI) s(DI) Sum? glue Sum
)

(z) |0.233(12 0.085(5)(3) | 0.065(6)(2) | 0.043(6)(4) |0.491(20 0.509(20)(23) | 1.0

0.017(9)(23) | 0.075(7)(16) [0.052(6)(10)|0.539(22 0.461(22)(44) | 1.0

T |0.086(22

(

(
2J |0.319(22

(

(

ga [13]]0.917(13

(20)(23)

(7)( ( (22)(44)
-0.067(9)(26) | 0.010(7)(14) |0.010(6)(14)[0.048(22)(21)|-0.048(22)(21)| 0.0
-0.337(10)(10) [-0.070(12)(15) [-0.035(6)(7) |0.405(25)(37)

(7)( ( (22)(44)

2L |-0.598(22)(63)| 0.354(9)(23) | 0.145

G. Wang, xQCD collaboration, PRD106(2022) 014512




Charmonia spin
Lattice result of |i AM

 KBEFNETREE, MMBERIAZSNT ZRE,;
s BlieRJip PSR BlESERN=, ERBEEPMZERBBMRIES X,
JPC quark spin (S%) quark orbital angular momentum (L) gluon angular momentum (J%)
S=1,L=0 == 0.893(2) 20.11(04) 0.21(04)
S=1,L=1 1+t 0.448(25) 0.36(15) 0.19(15)
S=0.L=1 1+ 0.12(12) 0.70(19) 0.18(19)
S=1.L=1 o++(J, = 1) 0.436(11) 0.37(15) 0.19(15)
S=1,L=0,L,=2__ 17" 0.44(22) — —
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