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Nucleon structure from QCD

e Nucleon: the only hadron which is stable

— the structure is crucial to understand
nucleon itself, QCD, (& beyond SM)

— Electric/Magnetic structure

(48) = () sy | 577 + 2763, tan2

» Gg: electric form factor
* G, magnetic form factor

electro
— Deep Inelastic Scattering (DIS)

(ﬁ?fi’) — (fciig)]\/[ott {WQ + 2w tan? g}

« W,;, W, 2 F,, F, structure functions
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Puzzles in Nucleon structure

Do we know precisely ? Flavor/Glue DoF ?

Vector form factor

— One of the most well-determined gquantities,
but... = “proton size crisis”

— Strangeness element €=» constrain Gf4

Scalar form factor

— Origin of the mass
— pi-N-Sigma term €=» pi-N Int., rho mass shift in medium
— Strangeness element €=» Dark Matter Search

More for Beyond SM

— EDM form factor €= (strong) CP problem
— Tensor form factor €=» Non V-A Int in beta-decay

(2010/07)
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Puzzles in Nucleon structure

. . EMC(1988)
e Spin (axial vector) o
— “Spin crisis” ol |
e quark spin is small ! Sl

AY =3 [Ag+ Agl = 0.2-0.3

gi(@) ~ 332, e3lAa(z) + Ag(x)]

n° p, (GeVrc)

- Glue ? 0: @&  PHENIX Prelim. =°, Run 2005-2009 ! 2 .
_ X anit o £ [Asx Q) dx
0.04:— o g 0= 10 GeV?
0.2 o 0.06 < ool 06
005 Ag(r)dr = 0.14%¢ 47 |

Jet GeV/
© pT( evie) 10° 107? 0!

2014/03/08
RHIC Spin: arXiv:1304.0079



Where does the proton spin come from ?
1 1
e Quark spin: 20-30%
— DIS, Lattice
e Glue spin: ~20% ?
 Quark orbital angular momentum:
— Small in Lattice ? (for a part of diagrams)

e Glue orbital angular momentum ?
—=» Dark-Spin ?
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Lattice QCD
First-principles calculation of QCD

Z = [dUdqdq e=°F

a | quarks on sites
% —

4dim ' — K.G. Wilson
L Euclid | gluons on links
3400:? I\I IT I\I Blc }i d ced |"
. . - oau i
Well-defined reguralized system jggg;i;ufm well rept __
Gauge-invariance manifest Slgﬁ;‘i_*ﬁ -
Fully-Nonperturbative Zeb o

DoF ~ 10° & Monte-Carlo w/ Euclid time = = _ -

Summary by Kronfeld, arXiv:1203.1204
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Nucleon Dirac Radius < r12> Isovector matrix elements

1 - . .
F@") = F(O)[1 - 5@~ + (@) review talk by S.Syritsyn @ Lat13
o N —— : T
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;E”""' E . | Experiment (WA ) [PDG12] g5° = 1.2701(25)
-:u.t- _ *2_ i_ . 14 . — . .
'DL_ } | ¥ Tl T
1 ! T - 13 - 1 F
1 BLE T { L 3 - .
l-%' I By &, b 4 By [ B p 11§
02 TR HF gys e g )
1 11} - T 1E I 8
a1 r F 3
&0 l -
T — @7 aF ©1 ©§s 68 Or BEF 09 wal
m, [GeV] :
ChPT predicts divergence ~ logm} o3t o Ty - o moEDw Y, -s i
A EFINMCUNy=1+1+41 [ LEE‘D:&DJ\.:;::fL
Larger [, smaller g%, are desirable ot . FIMD A a1 § tarcuraoans
CLBMuba"i3 &, CEEM " w, =
i 0.z 03 04 03 0.
T Rawibaow of Hadron Saructurs Lastica 2013, Maknz, |uby 28-S ma{GeV’
Many lattice calculations underestimated g4 by 10-15%
T uesurs . luby 5-Ausgust
Strangeness EM form factor et e i 3 30
Magnetic Electric
T kg 0.13760 e | 0.06 T T 0.{3760 s
0.02 Ky = 0-13800 st ] [ Kyg = 0.13800 smmmstmme
Kud = 0.13825 r—i— ] 0.04 L Kud = 0.13825 r—im—
o 0 s r LA i [
e ! W c i
= ' A w  0.02
o IR L L L LT LT, w
G -0.02 gt S [
...... 0
0.04 [
: -0.02
0 0.5 1 15 . 1
Q? (GeV?) Q? (GeV?)

w(0) = —0.017(25)(07) TD et al., PRD80(2009)094503



Contributions to nucleon spin

=

—

=

How about proton spin ?

| Layu | | Part of u/d quark
; % . 3‘ . || (Connected
gl*x 72§ ph" F Ro {| Insertion Only)
No Glue calc
2t L4 -
} I g a N
T
LII’
Open symbols:
N r‘%: e T T Asktad+DWF (LHPC)
2 tbs { l,ﬁz“' . Filled symbols:
= TMF (ETMC)
0 0.1 0.2 0.3 0.4 0.5 0.6
m? (GeV?)

(Msbar, mu=2GeV)

Fig from C. Alexandrou et al., PRD88(2013)014509 10



Formulation on the Lattice

e 1st-moment <x> and spin J studied simultaneously

o Matrix elements of energy-momentum tensor
Gauge invariant decomposition

%, ) ] X.Ji (1997)
= 4 {fﬁ”l_?) ¢— "D g+ (n & V)}
Téu/ — lguVFQ . FuaFya Téw — @?’YSQ:" a[_i? x (—iD)]q

4 W — & x(ExB)

Recent developments:
Chen et al., Wakamatsu,

* Nucleon matrix elements Hatta, Leader & Lorce. ..

(p, I T |0, &) = alp,s) [ (@ ]s” + 7o /2m
+T3(q%)(q"q” — 9" q*)/2m + Ta(¢®)g"'m/2| u(p', ')

@) =110)| |/ =5IT1(0) + To(0)]

(angular) momentum sum rules 11
()t (t)g=1  Jg+Jog=1/2



Formulation on the Lattice

o Calculate 3pt (& 2pt) = matrix elements

N3P, t2; 7, 1)
= > e PR TO|T [Jy (T2, t2) T (F1,1) Tn(0)] 0)

T2,%1 q
(T,Lw — T4z) é
t1
P'=p-q l;
. -
— Typical examples: to t2

Tr [I_el_%f 7.to; 7 =0, tl)] = C . ¢ Mt2—t1) —Ety [2p; - T1(0)||

Tr [rmr%ﬁfﬁz 0, t2; 4 t1)]

= C-e ™2 BN [icijq)(Ty(=a°) + To(—d%))

— Other momentum combinations are calculated and
T,, T,, (T3) are determined simultaneously
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Challenges in Lattice QCD
(1) Disconnected Insertion (DI)

 Two kinds of calc in Lattice:

q
q* Jll t;

Ju 2t
L 1 L b T
P o P’ P — P’
Connected Insertion (CI) Disconnected Insertion (DI)

« DI is inevitable for flavor singlet quantities, but...

— All(source)-to-all(sink) propagator is necessary
— Straightforward calculation impossible

= O(105) inversions for O(108) x O(10%) matrix Y A

YA

\_

Trr M =[S, [Tren MM 1z, 2)]

2014/03/08
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Contributions to nucleon spin

=

How about proton spin ?
—

Layu Part of u/d quark
-
; % ——— . (Connected
|« T8y gk~ ® Wo * || Insertion Only)
No Glue calc
P L4 |
8
} ,i’:E! &, -, fuid g
3
LII‘
Open symbols:
] r‘-# %_i e * O = I= f T Asktad+DWF (LHPC)
2 tbs { %QE“" . Filled symbols:
- TMF (ETMC)

0 0.1 0.2 0.3 0.4 0.5 0.6
m? (GeV?)

(Msbar, mu=2GeV) _
Fig from C. Alexandrou et al., PRD88(2013)014509 15



The approach for disconnected insertion

e Stochastic Method for DI

— Use Z(4) (or Z(N)) noises such that S.-J.Dong, K.-F.Liu,

1 L PLB328(1994)130
lim — Z nl-Tnl‘ = ;4
L—oo L =1 ¢ J

— DI loop can be calculated as
1 L
TrrM— 1= Ilim = Torm 1y
[ ] L%OLl;n ( ')

* Introduce new source for noises (“off-diagonal” part)
— =» Unbiased subtraction using

hopping parameter expansion (HPE) 1(}’
— Off-diagonal contaminations are estimated
In unbiased way O”é

c.f. other approaches
All-to-all (Foley et al., 2005)
2014/03/08 CAA/AMA (Blum et al., 2012) 16



Stochastic method for DI

o Stochastic Method for DI S-J.Dong, K-FLiu,
— Noise |- . PLB328(1994)130
LI—>moo Z i 773
— DI loop
Tr[rM— 1= Iim = ZLj T (rm—1nh

T?"iji-» %ﬁ . /i@)

77:Jtr:| Nx J

Stochastic source | |Signal part | |Noise part |
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Improvement of DI calc

e The unbiased subtraction using hopping parameter
expansion (HPE) to eliminate off-diagonal noises
D1~
D Yz,y) (QA4+&D+--)

P Ve i

cialnal J{J_ ¢ 4

n;r:lna: ./ subtract J

|Signal part | |Noise part | |Noise cancel part |

I = The error reduces by a factor of 2 or more I

2014/03/08 Workshop @ J-PARC 18



Challenges in Lattice QCD
(2) gluon matrix elements

e Gluon operator

Tgu — Zg/u/FQ_FuozFua

— Implementation is simple w/ link variables

Fuv €=>» clover term w/ link Up

— In practice, S/N is known to be notoriously noisy
e Gluon DoF fluctuate too much in high-freq mode

M. Gockeler et al.,
Nucl.Phys.Proc.Suppl.53(1997)324

2014/03/08 Workshop @ J-PARC 19



The approach for Glue

* Field tensor constructed from overlap operator
Fuy(aﬂ') <— Tr(spinor) [O-[,LUDOU(CU) ZC)]

(@ — 0) K.-F.Liu, A.Alexandru, I.Horvath
| PLB659(2008)773
Dov:p(l—'_X—)JX:_p_l_DW
VXTX

— Ultraviolet fluctuation is expected to be suppressed
(automatic smearing)

— In order to estimate D, (x,X), stochastic method is used
w/ color/spinor & (some) spacial dilution

Doy(z, ) <= <77;L;~ (Dovn)x)

c.f. other approaches
Smearing (Meyer et al., 2008)

2014/03/08 Change Action & response (Horsley et al., 2012) 20
Wilson-Flow (H.Suzuki, 2013)
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Lattice Setup

« Wilson Fermion + Wilson gauge Action
— 500 configs with Quenched approximation
— 1/a=1.74GeV, a=0.11fm (beta=6.0)
— 163 x 24 lattice, L=1.76fm

— kappa(ud) = 0.154, 0.155, 0.1555
 m(pi) = 0.48, 0.54, 0.65 GeV
* m(N) =1.09, 1.16, 1.29 GeV
« kappa(s)=0.154 , kappa(critical)=0.1568

2014/03/08 Workshop @ J-PARC
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Lattice Setup (cont’d)

* Disconnected Insertion (Dl)
— Z(4) stochastic method, #noise=500
— Unbiased subtraction w/ up to 4th HPE

e Glue matrix element
— Overlap operator D, (X,X)
— Z(4) stochastic method, #noise=2, w/ color/spinor dilution
+ spacial dilution (d=2 & even/odd =» taxi-distance=4)

e Improvement
— Many nucleon sources, #src=16
— CH, H and parity symmetry:

. (3pt)=(2pt) X (loop)=>(3pt) = Im(2pt) X Re(loop) + R@p@l@p)

2014/03/08 23
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Results for Cl: g>-dependence

T,+T1,

[T+T,] q“'b Vs 'I'qu:|+]')_i q“'b for up and down guark (CI)

k, = 0.1553

(pion mass = 478 MeV)

T +Thiqh [
[T +T,]"(q%) —e— ]

T+ Tdgh [ -

T,(u+d), T, (u+d)

T 2 . :
Ih[q ) + ['?:H.] | for Connected Insertion

Ky = 0.1555

(pion mass = 478 MeV)

TgH+THqh [0

]"]‘[n|+]‘§'un —a—

Dipole-fit performed

mn =0.48GeV

+ THeh+Teh [
1] up |T1+T1|d1q)'| —— 03 Tl(u d) T';I,'[ill+]l';ll| —— ]
iy, -, 2(0+T;
_‘_'__"i—‘—'—-—-_

B o S |

_.________‘}__ e

down | ‘
I S — gl — -

0 ul.l nl..? 5 12;.3 ul.4 1_1.5 "I_ 4 0.5
—qg“a o —q
From dipole-fit

From forward
matrix element

Different g? extrapolation
(1) To(9%) +T5(9?)

(2) [T +T,1(a)

. ; 24
gives consistent results



0.035

0.025

0015

0005

-0.005

Results for DI: g*-dependence

T,, T, (for u/d)

Tltqzr and Tzil.]z'l for up or down guark: Disconnected Insertion

Ky = Kjgop = 1555

{pion mass = 478 MeV}

T+ ¢h 3
3% [

Tg,,ii1 q2 )

rI.1i|_.1:l ( ql-l "

[T, + To1"%g?) —e— ]

TH0) —m—

0.45
0.40

0.35

0.25

0.20

J-pt o 2-pt Ratio

0.15

0.110

&

s & 2 i} 2 . =
ayT; (q°) + a;T; (q”) for up or down quark: Disconnected Insertion

0.30

Ratio —e—

Fitted line

Ky = Kiggp = 01555
{pion mass = 478 MeV)

3pt/2pt

8 10 12
Sink time (t,)

Slope €= Signal

16

mn =0.48GeV
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Results for Glue: g? dependence

tq 1,15 tq ) for glue
10

- =1.1555 Ratio —e—

K,
{pion mass = 478 MeV) Fitted line ——

: __ 3pt/2pt

3-pt to 2-pt Rati
IS =
—a—
—|
%

Tl’ T2 (for gIUE) : b

Ty q:'l and T, [qEJ for glue . T--/ | | |
—— 6 8 10 12 14 16
Ky = 0.1555 gt T SN
0.5 {pion mass = 478 MeV ) " tlz Sink time (t,)

L0 —
04 | Tiig®) + T | Slope €= Signal

[Ty + Talfqh) —e—
THO) —m— |

ey
e

~
.1 [ERARARS _{ - . - \_ ' -
02 L ' ' ' ' \ T2
0 0.1 02 03 0.4 \ mn =0.48GeV
12,2
q T,+T

1 2 26
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{0 (pI)

D, 1Y

Chiral Extrapolation

T,, T, (DI) (for u/d) T,, T, (for glue)

Chiral Extrapolation for up or down quark (DI} Chiral Extrapolation for Glue

0.05

Tlll,l:l[“.l 04 T§i0) i
v \
o T“’d[ll'l —— o
0.04 i T 2 0.3 {.____TJ.__ 1
0.03 - i 0.2 | B

01

T50), T80)

01 ),

T, S
0.00 E T } { A0t T2 -t ]
0T "_Im "_'.,2 "_'.,_; ”_',,4 ”_'"5 "_'“ﬁ "_'"? 0.08 02 ;JI 001 002 003 004 005 006 007 008

e magd

Simple Linear-extrapolation is performed

2014/03/08 27



Renormalization
Quark-glue mixing

(< >M5<u>) (quw,go) chw,go)) ( x%az)

(Y M5 (1) Zaqo(ap, 90) Zaa(apm, go) (z)

Check on Momentum sum rules for lat results

(w)g + (2)¢" = 0.95(7)

2( 1y + J§') = 0.95(9) Zy =0
(quenched)

93 a3
C 24 gg | - r-.r = — 35 5 =+ Taa .
= :(31-:} I“r.rgf;+f;) 19 = (3 "\;Iubm fJ J,)

:); . :I:IFU E.r-\ H]_ |:}I. . ]_ -t.’r[] I" ‘|||.' ].”I:'_" g4 }r
o0 =~ 16,2 CF | 3 og(a ;..r ;-l—fw y Lgg = 1+ o2 \3 Vs ogla ™y ) + faa | -

Zgg =

Lat PT calc (one-loop) € M.Glatzmaier, K.-F.Liu, M.Ramsey-Musolf
qu = —7.60930 qu =0 1 _ [OO do 1
faq = —2.37600 [fgg = —3.76900 XTx oo T 024 XTX

(Integral form for glue op.)



Renormalization

» “Sum-rule improved” version
(@)t 4 (@) =1 201" + ng’s) =1

q G
. . . . lat,S __ L,/ \lat
“normalization-improvement” by imposing (z)q — Zq (33>qa
sum-rules to account for latt systematics lat,S
y (m)Ga’ = Z(L}(:U)ZGa’t etc.

— We also have to modify matching coeffs
<$>E(H’) — ( ZqCI(al'LagO) ZqG(a,/,L,gO) ) <:L->éat58
(@) ef () Zaqe(ap, 90) Zgag(ap, go) (z)lat:5
“Sum rule constraint” Zgq+ Zcg =1, Zgy+ Zaag=1

=  Jog= Jaq= (faqg+ Jcqg)/2 foa = faa = (foa + faa)/2
(ad-hoc solution
w/ ~1% sys err)
29

, [ 0.9641 0.0119
— | 0.0359 0.9881

2014/03/08
(to Msbar mu=2GeV)



Results

MS, p=2 GeV (Stat. Error Only)

CI(u) CI(d) |CI(u+d) DI(u/d) DI(s) Glue
() || 0.416(40) 0.151(20) |0.567(45) [ff].lleT(T) 0.023(6) 0.334(56)

T5(0)||0.283(112) -0.217(80)] 0.061(22) -0.002(2) -0.001(3) -0.056(52)
2J ||0.704(118) -0.070(82)|0.629(51) 0.035(7) 0.022(7) 0.278(76)
94 || 0.91(11) -0.30(12) | 0.62(9) -0.12(1) -0.12(1)

/2L -0.21(16)  0.23(15) | 0.01(10)  0.16(1) 0.14(1)

(2
(9

Spin = 25(12)% |
Glue = 28(08)% DI part is
. important
From our old results: Orbital = 47(13)%
S.-J.Dong et al.,
PRL75(1995)2096 L(u) + L(d) [CI] =0

(observed in other Lat)
2014/03/08 J(u) >>J() [CI] ~=0



Results

<X=

|

1

i
R R (o B m {x)" (C1+DI)
H {4 (D) ! m {x)9 (CI1+D1)
O {x* (DI E O (=" (DI
o {0E ! O (x)®

2.30.6¥% i 2. 06

|

i

1

i
W+ (ol : mJ* (CI + DI)
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o .Je i o .Je

i

2 B0 TH i 2 20THE

|

|

I
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Results

i
|
|
W Ju+ (CT) : m J* (CI + DI}
@ e (D) m Jd (CI + DI)
0O J* (DI} ! O .J* (DI
O J# i m
i
2 20 THE i 2 HOTMe
!
|
i
W L=+ (CT) i m L® (CI + DI)
@ L= (o @ L? (CI + DI
O L* (D) : O L* (DI}
0. . i o .e
u-fd4a u-tdl g
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Systematic errors to be explored

Dynamical quark effect (vs quenched calc.)

Uncertainty in (long) chiral extrapolation
Contamination from excited states

Finite volume artifact, discretization artifact
— m(pi)) L>~4,a=0.11fm
Renormalization

EX.) quark spin
Quenched calc (1995) Ax** (DI) ~ A¥® (DI) ~ —0.12

Recent (preliminary) dynamical clac AY® (DI) ~ —0.05
> small bital AT (D) ~ —0.03
HOWEVER: maller orbital mom~
g% = (Au+ Ad)[CI] + (Au+ Ad + As)[DI] ~ 0.25 = Large DI &

g% = (Au+ Ad)[CT] + (Au+ Ad — 2As)[DI] = 0.579(25) ~ larger orbital ?




Summary & Prospects

* The first study of complete calc of proton spin
— Connected (CI), Disconnected (DI) & Glue
— DI: stochastic method + unbiased subt. w/ HPE
— Glue: overlap operator to improved S/N
 Quenched calc at heavy quark mass
—J (u+d): 70(5)%, J(s): 2.2(7)%, J(glue): 28(8)%
where L(u+d+s): 47(13)%
e Future:
— Full QCD calc at lighter mass
— New approach (next talk)
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