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Anisotropy at a surface

» Free atomic spin is rotationally invariant:
all spin orientations are degenerate.

» Loss of rotational symmetry breaks
degeneracy of spin orientations.

w w 2
H=-gu,B-S+ DS,

Magnetic field dependence varies with angle of magnetic field.




31 years since the “spin crisis”

d EMC experimentin 1988/1989 - “the plot”:
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Proton Spin Crisis

e \What's wrong with the quark model?
e Mixture from the glue spin?

Anomalous Ward Identity
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However, the Chern-Simons current is not gauge invariant.

® *Proton spin crisis is the graveyard of all hadronic models’




Where does the rest of the
spin of the proton come from?

Glue spin
Quark orbital angular momentum
Glue orbital angular momentum




Glue Helicity AG
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Experimental results from
STAR [1405.5134]
PHENIX [1402.6296]
COMPASS [1001.4654]

AG ~ 0.2 with large error

D. de Florian, R. Sassot, M. Stratmann, W. Vogelsang,
PRL 113, 012001 (2014)




Spin Sum Rules

Jaffe and Manohar sum rule (1990)
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o Canonical EM tensor on light-cone with light-cone gauge
o Frame dependent, gauge invariant (?)

J1 sum rule (1997)
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o Symmetric EM tensor (Belinfante) = gauge invariant and frame
independent.




Glue Spin and Helicity AG

¢ Jaffe and Manohar -- spin sum rule on light cone
S, = Ja’ ‘x E % A in light-cone gauge (4° = 0) and IMF frame.

— Frame dependent, and gauge dependent (?)
— Light cone not accessible on the Euclidean lattice

e Manohar — gauge invariant light-cone distribution
l

2xP"

— After integration of x, the glue helicity operator is

Ag(x) §” =

H,(0) E“(O)x[?l"(O)—;(?A+’b)L[’"(cf,O)]

— Non-local and on light cone




Glue Spin and Helicity AG

e X.S. Chen, T. Goldman, F. Wang (2008); Wakamatsu;
Hatta, etc.

Gauge invariant decomposition

S, =|[dx Tr(Ex 4, ) 4"=4" +4"

phys pure’ pure

7

T qu _ i T u
Aphy9 g Aphwg’ Apu/e — g preg gg a g

D AZ - aiA[i)hyS N [Al Alhw] - O

phys

— Gauge invariant but frame dependent

e X.Ji, J.H. Zhang, Y. Zhao (2013); Y. Hatta, X. Ji, Y. Zhao

Infinite momentum frame
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Glue Spin and Helicity AG

® |arge momentum limit
_(Ps| [@’x Tr (Ex4,,).|PS)

< 2F,

Calculate S, at finite P,

Match to MS-bar scheme at 10 GeV

Large momentum effective theory to match to IMF

Similar proof for the quark and glue orbital angular momenta
which are related to form factors in generalized TMD (GTMD)

(Y. Zhao, KFL, and Y. Yang, arXiv:1506.08832 (PRD))
Solution of A, -- related to A in Coulomb gauge

U"(x)=g (0)U*(x)g. (x+afl),
U, . (x)=g.(x)g. (x+afl),

A () == (U (0)=U},,.(0)) = 8,004, (08 () + O(@)

Tr(ExA, )=Tr(ExgAg ' )=Tr(E, xA)




Y. Yang, R. S. Sufian, et al,

T h e d e P en d ence v 16090.05037.
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PRL 118,102001 (2017) — Physic Viewpoi
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Yi-Bo Yang, (x QCD) PRL 118, 102001 (2017)

5 lattices spacings, 4 volumes, multiple pion mass (one at physical)




From glue spin to helicity

with Large-momentum effective field theory
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 The large finite pieces indicates a

convergence problem

Large frame dependence need re-

summation.

Sa(|pl, p) = [1

X. Ji, J.-H. Zhang, and Y. Zhao, Phys.
Lett. B743, 180 (2015)
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With |p] = 1.5 GeV and p* = 10 GeV.

the factor before Ag is 0.22.



Y. Yang, R. S. Sufian, et al,
xQCD Collaboration,

G I u e S P i n arXiv 1609.05937.

The final result
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The glue spin at the large momentum limit
for the renormalized value at y2=10GeV?2: Fresent experiment
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American Physical Society one of eight "Highlight of the Year’ in 2017

(https://physics.aps.org/articles/v9/151)




Recent Developments on Glue Spin

Factorization theorem of Large Momentum Effective Theory
(LaMET) to calculate PDF in Feynman x [X. Ji, PRL 110,262002
(2013), Y.Q. Ma and J.W. Qiu, PRD 98, 074021 (2018), T. Izubuchi
et al., PRD 98, 056004 (2018)]

--> no moment relation between quasi-PDF and PDF.
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Direct calculation of glue PDF from quasi-PDF (Z.Y. Fan et al., PRL
121, 242001 (2018)) and pseudo-PDF (Z. Fan et al., 2007.16113)

Reliable small x behavior (i.e. x < 0.05) will take direct lattice
calculation a while to achieve.




Lattice Calculations of Quark and Glue Spins

® Quark and Glue Momentum and Angular Momentum in the
Nucleon iy, Du+dy,D,d)?)

Connected
insertion (Cl)

Disconnected
insertion (D)

@ ‘?7ﬂDV\IJ(t)(u, d,s)




Quark Spin and Anomalous Ward Identify

e (Calculation of the point axial-vector in the DI is not

sufficient. N
* AWI needs to be satisfied. 9.4, =12mF~ =G0,
e Unrenormalized AWI for overlap fermion for point current

K,9d, A/S =i2mP —iN ,2¢q(x)

Renormaliztion and mixing:

0 0o __ . : 0
ZxK,0,4,=i2Z mZ,P—iN 2(Z q(x)+Ad A))

= QOverlap fermion --> mP is RGI (Z,,Zp=1)

= Overlap operator for ¢(x)=-1/2 Try.D, (x,x) has no
multiplicative renormalization.
o 3 1

= Espriu and Tarrach (1982) Zj(Z—loop)zl—(;) —C,(R)N r o
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Anomaly and Pseudoscalar Form Factors

Charm Strange
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Check Anomalous Ward ldentity

(N(P)Ix,0,4,IN(p)) =(N(p")|2mP|N(p))_

(N(P)Ix,,4,IN(p)) =(N(p")|2mP~2iq|N(p))




Quark Spin Components
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C. Alexandrou et al., Ng=2, twisted mass fermion, m; = 131 MeV, 1 lattice (1706.02973).

x QCD, Ng=2+1, overlap fermion, , m;= 170, 290, 330 MeV, 5 - 6 valence quarks for
each of the three lattices, non-perturbative renormalization and check of anomalous WI

(1806.08366).

PNDME, Ng=2+1, clover fermion, m,, = 135, 220, 315 MeV for valence and 220, 315 MeV
for sea, 7 lattices (1806.10604).




Quark Spin

e |attice calculation with chiral fermion which satisfies the
anomalous Ward identity is able to reveal the origin of the
smallness of the quark spin — the disconnected insertion is

large and negative.

The interplay between the pseudoscalar and topological
charge couplings in the anomalous Ward identity is the
origin for the negative DI contribution — another example
of U(1) anomaly at work.




Momenta and Angular Momenta of Quarks and Glue

Energy momentum tensor operators decomposed in quark and
glue parts gauge invariantly --- Xiangdong J1 (1997)
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Proton Spin Decomposition

M. Deka et al. [PRD 91, 014505 (2015), arXiv:1312.4816]
— Quenched lattice, perturbative renormalization.

C. Alexandrou et al. [PRL 119, 14202 (2017)]
-- Nc = 2, perturbative renormalization.

Y.B. Yang (yQCD) [PoS, Lattice 2018, 017 (2019)]
-- N: = 2+1+1, non-perturbative renormalization & mixing.

C. Alexandrou et al. (ETMC) [PRD 101, 094513 (2020)]
-- N = 2+1+1, non-perturbative renormallzat|on
perturbative mixing between quarks and glue operators.




Proton Spin Decomposition
(2+1 Flavor)

. o e
Au: 85(4)% qOAM: 12(9)%

g: 48(8)%

Ad: -41(2)%

Approximate by setting T, =0




Comparison with Global Fitting of
<x> MS-bar at 2 GeV

...I..()O - - el ]
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S. Dulat et al, Phys. Rev. D 93 (2016), 033006

Yi-Bo Yang et al., (yYQCD) [PRL 121,212001 (2018);
23




Proton Mass Decomposition from
Energy Momentum Tensor

® (Hy

(HE) X. Ji. PRL 74
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36(6)%

3lattices spacings, 3
volumes, multiple
pion masses (one at
physical mass)

Yi-Bo Yang et al., (yQCD) [PRL 121,212001 (2018);
Science News;
APS Physics: (https://physics.aps.org/articles/v11/118).




Summary and Challenges

Lattice calculations of the physical 2+1 flavor dynamical fermions at the
physical pion point and with extrapolations to continuum and infinite
volume limits are becoming available even with chiral fermions.

Decomposition of proton spin and hadron masses into quark and glue
components on the lattice is feasible, pending reasonalbe statistics of
non-perturbative renormalization. Large momentum frame for the
proton to calculate glue helicity remains a challenge.

Together with evolution, factorization, perturbative QCD for the global
fitting of PDFs, lattice QCD results with small enough statistical and
systematic errors can compare directly with experiments and have an
impact in advancing our understanding of the underline physics of the
hadron structure (form factors, PDF, neutron electric dipole moment,
muoh g-2, etc).







Lattice Details

e QOverlap fermion on 2+1 flavor RBC/UKQCD
Domain-wall fermion configurations

Symbol| L? x T a(fm) m; ' (MeV) N,/
321D 327 x 64 0.1431(7) 170 200
48] |48 x 96 0.1141(2) 140 51
241 247 x 64 0.1105(3) 330 203
321 1327 x 64 0.0828(3) 300 309
32If 1327 x 64 0.0627(3) 370 238

® Gauge operators are from smeared plaguettes.




