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Lattice QCD

Regularization

b Lattice spacing a
b Hard cutoff, p! "/a

b Scale introduced (dimensional transmutation)

Renormalization
b Perturbative
b Non-perturbative

Numerical Simulation

b Euclidean quantum field theory == classical statistical mechanics
b Monte Carlo simulation (importance sampling)

Systematic errors

2+1 flavor dynamical fermions

Continuum limit (a ! 0)

Infinite volume limit (L ! #)

Physical quark mass (pion andkaon masses)

Chiral symmetry at finite lattice spacing (overlap, domain-wall fermions)




Hadron Structure with Quarks and Glue

¥ Quark and Glue Momentum and Angular Momentum in the
Nucleon (@”,Du+ a"u D d)(9

Connected
insertion (ClI)

Disconnected

insertion (DI) @




2+1 flavor DWF configurations (RBC-UKQCD)

La ~ 4.6 fm
m_~ 170 MeV

32”3 x 64, a =0.143 fm l (O(a?) extrapolation)

La ~ 2.65 fm La ~ 5.48 fm
m_ ~ 330 MeV m_ ~ 139 MeV

243 x 64, a =0.111 fm 48"3 x 96, a =0.114 fm

La ~ 2.65 fm La ~ 5.35fm
m_ ~ 295 MeV m_ ~ 139 MeV

323 x 64, a =0.0828 6473 x 128, a =0.0837 fm




Pion-Nucleon and Strange Sigma terms

Spontaneous and explicit chiral symmetry breaking

Pion-nucleon scattering _ —
Quark mass content in nucleon - m< N | | N>
Dark matter search via Higgs coupling

TheI N" term The strange I term

Y. Yang, etal. [! QCD], 1511.09089
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Quark and Glue Components of Hadron Mass

¥ Energy momentum tensor Canonical Conformal Anomaly
1 M. Chanowitz and J. Ellis,

I
T =="# D" +G G %1& G2 PRD 7, 2490 (1973)
u! 4 (u—1") us % 4 M

¥ Trace anomaly PIT, IR=RR/M

/
Tﬂlu — $(1 + llm)#—# + - (g) Gz
2 Xiangdong Ji, PRL 74, 1071 (1995):
PRD 52, 271 (1995)

M=1"T, #="H #+"H #+"H #="H_#+"H #+"H #+"H _#
q g a E m g a

i M =1"P #= i"Hm#+"Ha#§

whee '
| !
Hy=" &IX! $(%D)$; H.="' &*x$(D)$; H, ="' m & $3;

q
ud,s... ud,s... u,d,s...

H, = &x(B*! E*); H, =& ! )ZEJQ) (B® + E?)




Decomposition of Meson Masses v.vangetal,
1405.4440 (PRD)

!

@ Quark mass @ Quark mass

@ Quark energy @ Quark energy
Glue Glue

@ Trace anomaly @ Trace anomaly

Feynman-Hellman Theorem ¥ Quark mass contribution negligible for ! .
e Hyand H, are fairly constant for light quarks

m? ~m Y=m . m I origin of constituent quark mass (?)
' ¥ Forthe" , the quark mass term is ~ 200 eV.




Nucleon Mass Components
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23(1)%

@ Quark mass
@ Quark energy
Glue energy

@ Trace anomaly
(1/4)




Strange quark magnetic moment

Parity-violating ep scattering with

alative aorecion R. Sufian et al, 1606.07075 (PRL)

Global Analysis (Q?=0.1 GeV?),

J. Liu et al, 2007 , o
Global Analysis fQZ:O.l GeVz),
@ + R.Jimenez et al, 2014
- A + D. Leinweber et al, 2000

i D. Leinweber et al, 2005
i P. Shanahan et al, 2015
2 4 S. J. Dong et al, 1998
= T. Doi et al, 2009
w J. Greenetal, 2015

o R. Sufian et al, ( rQCD), 2016
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Where does the spin of the
proton come from?




—

[
Twenty years since the “spin crisis”

d EMC experiment in 1988/1989 - “the plot”:

I 1

- .
— ELLIS-JAFFE sum rule ® xgr (x)

x Jgf’(x’)dx' =




Glue Helicity #G
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Experimental results from
STAR [1404.5134]
PHENIX [1402.6296]
COMPASS [1001.4654]

—
S
(o] —
-

-

#G ~ 0.2 with large error
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D. de Florian, R. Sassot, M. Stratmann, W. Vogelsang,
PRL 113, 012001 (2014)




Spin Sum Rules

Jaffe and Manohar sum rule (1990)

! 1 ! ! ! !
J. . =1dx"” S#" +1d°x x$" %" +1d°x E*$ A

! . .
+1d°x X$ E¥ (X $ %) A”
0 Canonical EM tensor on light-cone with light-cone gauge
0 Not directly accessible on the lattice

Ji sum rule (1997)

! | ! | ! !
J._ =1d%" %#" +1d°xx$" D" +1d°xx$ (E*$ B?)

0 Symmetric EM tensor (Belinfante) ! gauge invariant and
frame independent.




Quark Spin from Anomalous Ward Identify

¥ Calculation of the point axial-vector in the DI is not

sufficient. X\
s | | -
¥ AWI needs to be satisfied. —i2mP" 8—;17-‘;G“$G“$

tut

¥ Unrenormalized AWI for overlap fermion for point current

" A =i2mP#iN, 2q(x)

A u"u
Renomaliztion and mixing:

ZJ " AC=i2Z mZ P #iN, 2(Z,q(x) + $" A%

" Overlap fermion --> mPis RGI (Z,,Z-=1)

" Overlap operator for ¢(x)=!1/2Tr".D, (x,hHas no
multiplicative renormalization. 2
'3 1

~ Espriuand Tarrach (1982) 7z (21 |oop)=1! gﬁjz gCZ(R)Nf:1

2

" 1S3 1
+=1%-3y —C(R)=
%2 16 (R)5




Strange quark spin

243 X 64 lattice, mg =330 MeV

Babich et al 10
QCDSF 11

Engelhardt 12
Alexandrou et al 13

Chambers et al 15

rQCD 15

I . (isovector) = 1.10,! ,(snglet) ~1.4- 1.7




Momenta and Angular Momenta of Quarks and Glue

Energy momentum tensor operators decomposed 1n quark and
glue parts gauge mvanantly --- Xi1angdong Ji (1997)

'O#D (S 1)) Jq— dxéw +x*’r#(+|D) (

g: dx%{ E* é)(

Nucleon form factors
(p.sIT, | p's)=TW p 3 X% &, T, . 2 m
ST Wq &% g )m+T 6 Yo m/20 b’}
Momentum and Angular Momentum

Z, T,0),,

g9 1




Renormalization and Quark-Glue Mixing

IX'R=Z IR T X=Z1 R,
J7=2,3;, =23

q-qg’ g Yg!

Zq!Xq+Zg! XL—]_, |ZTQ(O)+ZTg(O) 1

1 # $Z (T% THOF Z,(T% T)OF 1,
Z,Jt+ 2,0 =
q 2 b/quq(OHZ T’(0)=0

(quq(/J) ng('u) &I/O# ;@D M. Glatzmaier, KFL
& ( u) C arXiv:1403.7211




Quark Spin, Orbital Angular Momentum, and Gule
Angular Momentum (M. Deka et al, 1312.4816, PRD)

pizza cinque stagioni
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Summary of Quenched Lattice Calculations

1 Complete calculation of momentum
fractions of quarks (both valence and
sea) and glue have been carried out for a
guenched lattice:

b Glue momentum fraction is ~ 33%.

Bg,° ~ 0.25 in agreement with expt.

P Glue angular momentum Is ~ 28%.

b Quark orbital angular momentum is large for
the sea quarks (~ 47%).

¥ These are guenched results so far.

20




Orbital Angular Momentum

skyrmion Trinacria, Erice




Glue Spin andHelicity $G

¥ Jaffe and Manohar -- spin sum rule on light cone
S, =1 d’x E" Ain light-cone gauge (A" = 0) and IMF frame.

B Not gauge invariant
B Light cone not accessible on the Euclidean lattice.

¥ Manohar D gauge invariant light-cone distribution

ni
g(0) 8" = O RS (O 0] P

I
2xP"

b After integration of x, the glue helicity operator is

!a !a 1 l +b ) basg-
H,(0) =E (O)X(A (0~ VAL ,0)j

B Non-local and on light cone




Glue Spin andHelicity $G

¥ X.S. Chen, T. Goldman, F. Wang; Wakamatsu;Hatta, etc.

Gauge invariant decomposition J — S + |_ + % + |_
G

Sg:!dngr(E”A ), AY= AL + A FHE

phys pure’ pure

phys $ g phys

g Al $ gA g%ég &'g

pure

D'A =&A %g[A,

phys phys phys] _

B Gauge invariant but frame dependent

¥ X.Ji, J.H. Zhang, Y. Zhao; Y. Hatta, X. Ji, Y. Zhao

Infinite momentum frame

phys

a (!a 1 +b ) basr % T
'A $ 59" E .;A(O)/& (&A Lo 0.




Glue Spin and Helicity $G

¥ Large momentum limit
| PS| Bi°x Tr (E”

4 =

b Calculate S; at finite P,

B Match to MS-bar scheme at 2 GeV

b Large momentum effective theory to match to IMF

B 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, (x)U¢ (X)g. (X + a),
U fure(X) " gc(x)gc (x+ap),
Al ()" 2 (U (3! UL,.(0) = 0. (0A (g (x) + O(a)
! |

Tr(E# Aphys) = Tr(E# gcAcg(':l) = Tr(!Ec # 'IA‘C)

Ape), IPSH
CV&A) (G




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

T h e d e P en d ence v 1609.05937.

of m,a,and V

0.7 1 ' T u2=10 GeV?
0.6 |
In the rest frame,
0.5 | 1 the pion mass (both
04 | ] valence and sea),

03 H I . ] lattice spacing and
! ! volume

0.2 t 1 dependences are
01 | | mild.

0

015 02 025 03 035 04 0.45
m_ (GeV)




From glue spin to helicity

with Large-momentum effective field theory

0.7 321D v X. Ji, J.-H. Zhang, and Y. Zhao, Phys.
06 | 18l | Lett. B743, 180 (2015)
Y 24| bt 2 - 2
05 Sa(|p],n) 321 —e— | Sq(pl.p) = {1 49 _(:',‘ (;]()g(ﬁl - l().2()98)] AG(p)
04 | | 321f —— | 1672 \3 2
r 207 2
0.3 Y ; Y - 1 +2 (I) (il()g(ﬁ_)) - 5.2(5‘27) AX(p)
% r | 167= \ 3 =
o2 o 0(g") + O=)
-+ qg 5) -
0.1+ : ] g (P)2
O L . 1
0 0.5 1 1.5 2
)
|IA1 (GeV) With |p] = 1.5 GeV and p* = 10 GeV,
The large finite pieces indicates a
convergence problem the factor before Ag is 0.22.

Large frame dependence need re-
summation.




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

G I u e S Pi n arXiv 1609.05937.

The final result

0.7 32D —~— _
0.6 | 48 = We neglect the matching and use the
05 Sa(|pl, p) 2% —._ | following empirical form to fit our data,
0.4 ' 32if —— .
. | : .
0.3 b I! r I 1'—* 1 i Sc(|p]) = Se(oo) + ﬁ + Ca(m3 yy — M3 phys)
02 ° | ¢ :
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0
0 0.5 1 1.5 2
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The glue spin at the large momentum limit

for the renormalized value at 2=10GeV2: Present experiment
AG(Q°=10GeV?) ~ 02,

SG=0-287(55)(1 6) de Flonanet al., 2014




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. Large
momentum frame for the proton to calculate glue helicity
remains a challenge.

¥Together with evolution, factorization, perturbative QCD,
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, muong-2, etc).







