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Outline

® Lattice QCD Gold-plated Observables

nucleon axial charge, e/m radii, magnetic moment, quark momentum fraction
and their systematic uncertainties

® Hadron Wave Functions
Nucleon and resonance wave functions and distribution amplitudes

® Hadron Form Factors

Vector & axial nucleon form factors,
Delta axial form factors, Lambda electric form factor
timelike vector and scalar pion form factors

® Decomposition of the Proton Spin
contributions from light & strange quarks and glue

® Parton Distributions on a Lattice
PDFs and TMDs
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Lattice QCD Gold-Plated Observables

Isovector (u-d)

* axial charge

* Dirac & Pauli (or electric & magnetic) radii
* magnetic moment

e quark momentum fraction

4 Best stochastic precision (forward or near-forward kinematics
4 No disconnected diagrams

<4 (typically) simple renormalization

4 Well-known experimentally
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Drama of the Axial Charge

(N®)gy" "IN (p)) = ga Gy up,
Experiment (W.A.) [PDG'12] ¢%° = 1.2701(25)
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Many lattice calculations underestimated g4 by 10-15%
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Nucleon Axial Charge: Excited State Effects?

High-statistics study 2-state fits

[S.Dinter et al (ETMC) arXiv:1112.2931] [H.W.Lin et al (PNDME) arXiv:1306.5435]
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Nucleon Axial Charge: Lattice Size Effects?

[R.Horsley et al (QCDSF), 1302.2233]

[C.Alexandrou et al, 1303.5979]
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gl =t _ gee = —0.016(39)

Lattice 2013, Mainz, July 29-August 3,2013

10



Nucleon Dirac Radius
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Sergey N. Syritsyn

are desirable

Review of Hadron Structure Lattice 2013, Mainz, July 29-August 3,2013



Dirac Radius: Excited States

2-state fits [T.D.Rae (CLS-Mainz)]
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Radius: Finite Volume Corrections

FVE corrections to nucleon electric radius

[J.M.Hall et al, arXiv:1210.6124 (to appear in PLB)] (Ls, Ly )-dependence with Wilson

fermions [J.R.Green (LHPC), prelim.]
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Anomalous Magnetic Moment
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Quark Momentum Fraction

(X)y—q = / dr x (u(z) + a(x) — d(x) — d(z))

Phenomenology: (z), = 0.155(5)
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Quark Momentum Fraction: Excited States
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(Sub)Summary: Gold-plated observables

% (finally) Exciting developments at the physical pion mass
% Removing excited states is necessary in most cases

% Agreement is reassuring, but much more work is required
to ensure quality control.
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Hadron Wave Functions

* Wave functions of the Roper state and n=2 radial nucleon excitation

e LC Wave functions (distribution amplitudes) of the nucleon and
negative parity excitations
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Hadron Wave Functions

Nucleon & Radial Resonance Wave Funcions

[D.Roberts et al (CSSM), arXiv:1304.0325 (to appear in Phys.Lett.B)]

Variational method in a basis of 4 nucleon operators

8 — aobc ~C
Xg )(5’3) = e KU(S) Cs dl()S)) U(S)}

with varying smearing radius S = 0.21, 0.32, 0.54 and 0.78 fm

and find energy eigenvectors

Calculate w.f. of d-quark w.r.t. 2 u quarks:
X1 (Z,2) = e (uTa(f) Cs d(F + 2) ) u ()

Yl (5, ) = const Z —PE 3 (7, 7,8) x$O (1) Yol

Nf=2+1 dynamical O(a)-improved Wilson fermions,
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m, = 156 MeV
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Nucleon & Radial Resonance Wave Funcions

m, = 156 MeV [D.Roberts et al (CSSM), arXiv:1304.0325 (to appear in Phys.Lett.B)]
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Nucleon and N* Distribution Amplitudes

[R.Schiel (QCDSF) Sec.3B]
LC Fock valence state of a Baryon
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Select Hadron Form Factor Results

* \Vector form factors of the nucleon

* Axial form factors of the nucleon

e Strange quark contributions to the nucleon form factors
* Axial form factors of Delta(1232)

* Electric form factor of Lambda(1405)

* Timelike vector form factor of the pion

e Scalar form factor and radius of the pion
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Nucleon Vector Form Factors (u-d)
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Nucleon Vector Form Factors (u-d)
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Nucleon Vector Form Factors (u-d)
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Nf=2+1 clover-imp.Wilson,
“summation” to suppress

excited states
[J.R.Green et al (LHPC)]
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Nucleon Axial & Pseudoscalar Form Factors
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Nucleon S-Quark VectorForm Factors
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[R.Babich et al, (DISCO Collab.)
Phys.Rev.D85, 054510]
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[T.Doi (ChiQCD), 1010.2834]
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S u/d
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Hadron Form Factors

Delta(1232) Axial & Pseudoscalar Form Factors
[C.Alexandrou et al (ETMC), 1304.4614]
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Hadron Form Factors

Delta(1232) Axial & Pseudoscalar Form Factors
[C.Alexandrou et al (ETMC), 1304.4614]
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A(1405) Electric Form Factor

[B.Menadue et al, (CSSM); Sec.8B(Thu)]
6x6 Variational analysis: 2 octets + 1 singlet ® N=16,100 smearing

0.86 ———— T
! .
0.841 Gr(Q? =0.16 GeV?)
[
0.82} |
L ¢
0.80} I § .; .I
-
= L1
S 078p ! !][ ¥
0.76 :I I(JP):O(%Jr) I(JP):O(%_)
074 :I A A(1405)
o £ light ¥ light
0'72_' : strange $ strange |
070 | I BT BT T T T
0.0 0.1 0.2 0.3 0.4 0.5
m;* [GeV?]

In A(1405) +— KN, virtual cloud of K = (s ignt)

enhances (r*)*  and shrinks (r*)*
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Timelike Pion Form Factor

(K@l I @m0 — Fxt = E2)P )

[H.B.Meyer, PRL 107:072002(2011); arxiv:1105.1892]

2+1 dyn.Overlap fermions

m_=380 MeV
180 —— 180
120 - 120

a | |

«©
60 |- — 60

Vector-meson dominance fits

Sergey N. Syritsyn

mn=290 MeV

| | | | | | | | | | |
- e

i

070809 1 1.1
E [GeV]

180

120

60

Review of Hadron Structure

Experiment

m =140 MeV

%3040506070809 1
[Xu Feng (JLQCD); Poster sessn.]
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Scalar Radius of the Pion

(Fs(Q2) = (7" (p+ ¢)|mytu + deZdWJF(P)O [V.Guelpers, H.Wittig, G.von Hippel]

Nf=2 O(a)-improved Wilson Fermions

0.8; * exprt |
: mx = 300. 1.520 MeV 0.8 3 | - \
—osp 1 \NLO ChPT a =0.12 fm my = 280...650 Melpis work connected
g | i a : 0.063 fm‘ - 7T scattering ——
L0 i 0.6 X 7 T N S N o
02 - o ly =4.76 £ 0.13 :
: : — ] E | (%), = 0.637 £ 0.023 fm?
a sf LA R Y B @ s SERSAE S M -
o i “f | € R, NLO ChPT :
PR NNLO ChPT | |
£ 04 02 Fd S~ S
Vol 0 | ‘ ' ‘ ‘
0.0 i /_/.,-"""/‘/‘/ \\‘\\\": 0 . I . | . | . i . |
o | 0 0.1 0.2 0.3 0.4 0.5
m2 2
9.0 o 03 03 x [GeV7]
M’ [GeV]
Agreement with phenomenology
Nf=2 dyn.overlap [Colangelo et al, Nucl.Phys.B603,125] .
[S.Aoki et al(JLQCD & TWQCD) PRD80:034508] <7a2>7r — 0.61(4) m?2
< :

( Large disconnected contributions J
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Origin of the Nucleon Spin

Origin of the Nucleon Spin

Proton spin puzzle:

1989 EMC experiment finds AY =) (Ag+Agq) =02...03

q

~

)

p
Spin sum rule: | Jgue + ZJq =
q

DO | — DO | —

J, = ~AS, + L,
\_ /

Quark Spin:
(NDay"v°qIN(p)) = (AZq) [apy" 'y up]

Angular momentum (Jy):

1 ue ue
Jogtue = 5| A% (0) + BE"(0)
where Az, B2o are E.-M. tensor form factors:
T9 — GyeuD
ue v — 47 v} q
(N(p+ Q)| TH™ [N (p)) — {A207 Bao, 020}@2) lu " 1 ;
Tﬁuue — GZ/\G,O/L)\ - ZéﬂV(GMV>
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Quark Angular Momentum and Spin (Connected)
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¢ LHPC 13 (Wilson-clover Ny =2+ 1) ' ]
J STASDY
0-0’§“§---§§-—§é—§§E@%Q—ﬁ—‘ﬁm ————— - R hREEEEEEEEE TP EEEEE P EEEEEEPES =
—0.1¢ . —0.1F
A 7S @5 o-ix—o—"L—4
_0'2 i T _0.2 B %*
0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 05 0.6
m|GeV] m|GeV]
0.6 l ,
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Disconnected Quark Angular Momentum

[K.F.Liu (ChiQCD), arXiv:1203.6388]

ight quark, Ty(q?).To(a®) (1)~ ™x = 478...650 MeV strange quark ()
0.03 @ 12 T ] e
0.025 | o To(q) T i ?. lllllllll .
T-| (q )+T2 q 3 —xX— e T —— ; --------------- L
e 0.02 | [T, +T2|](q ; —K— E FR—
g 1(0) —=— 2 08|
|—N 001 5 S
— | £ 06
Ng 0.01 r # - il £ <x>, / <x>, [chiral limit]= 0.857(40)
= 0.005 | | *Jf %*% R
0 - _ -I_ {_ -}* 0a Chiral Extrapolation for <x>_/ <x>,
-0.005 : : ol
0 0.1 0.2 0.3 0.4 0.5 0 0.05 0.1 0.15 0.2 0.25 0.3
_q2 (m(rc)a)2

() ura (1) = 0.076(14) (r)s = 0.024(6)
2yt (pr) = 0.072(14) 2.J, = 0.023(7)

(chiral extrapolation values)
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Origin of the Nucleon Spin

Gluon Momentum and Angular Momentum

[K.F.Liu (ChiQCD), arXiv:1203.6388]
(Quenched fermions)

0.5 — | | |
m. = 478 ... 650 MeV L(QE) ——
04 | o, To(@) &
T1E$ )+_|'_|' %qz) X
— + —K—
o 03] El] 1 ?(3) —a—
S o1  k g
| T T e ——
0.1 & iR . .
0 0.1 0.2 0.3 0.4
_q2
() gue = T1(0) = 0.313(56)
2 Jgwe = T1(0) + T5(0) = 0.254(76)

(

Suppress UV fluctuations
with the overlap operator:

A

Gy = — Tropin [awDOU@, x)] n O(a))

1
cra

glue, T1(9°),T»(q")

Review of Hadron Structure

[QCDSF (R. Horsley et al) Phys.Lett.B714:312 ]
(Quenched fermions)

Background “field” :

[Sgauge — Sgauge —Aa - (TOO - %Tm) h
S—— N ~ _
%[(SQ)Q‘F(BCLP} %[_(8a)2+(8a)2i|
< > _ 2 8mN
\_ Highve = SmN (9)\ )

my = 314...555 MeV

2 0330

< 01324 09l !
5 K v o33 !
10 A > 013381 —~ 08
T | 0.1342 >
TR o 07
O 06
Z0.9 - ~ 08
S I 05 |
@08 ! * 304 ; ;l;;;};;;;};; !
2 R
- =60 1
» —~ |
0.7 5 02 1
~
01
00 L L L L L L
0.6 L L L L L
004 0.02 0.00 0.02 0.08 000 005 010 0I5 ) 020 025 030
A (amuyq)

(%) glue = 0.43(7)(5)

See also [C.Wiese et al, Sec.3B]
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Angular momentum: Quenched studies

[K.F.Liu et al, ‘95]

m J* (CI + DI)
m J¢ (CI + DI)
-1 J° (DI)

= JI

207 =2J7 — AY1

m Lvtd (CI)
o Lute (DI)
] L* (DI)

AR SWL
O %|u+d+s

(AD)4.. = (ALY~ (AX)S.. ~ —0.12(1)

disc disc disc

2Lyya~ 049 =00 4049

m L* (CI + DI)
o L¢ (CI + DI)
7] L* (DI)

1 J9
O £|u+d+s
2
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(Disconnected) Light Quarks Spin

S.JDongetal,’95F _ )E{
= ! é i ° £
SESAM 99} . [ a 041 ° LASH
QCDSF 11 e §
i > :
2 02+ : with disc.
ETMC "12| — - S ;
S.Meinel "13 o .§ 0l . N
= : LAasd
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, —0.10 —0.05 0.00 S 02} §
G(Azu,d)dlsC| S/ 006j Aqflisc. )IX | | | |
B 0 0.05 0.1 0.15 0.2 0.25
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[C.Alexandrou et al (ETMC), 2013]
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[C.Alexandrou et al
(ETMC), 1211.01206]
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[C.Alexandrou et al
(ETMC), 2013]

Review of Hadron Structure

[S.Meinel '13 (LHPC)]
(Using hierarchical probing
[K.Orginos 1302.4018])
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Strange Quark Spin

S.J.Dong et al, 95 | >t BaCkg round “field” [QCDSF, "13]
SESAM 99 * 052 —
barey B —— 5L A
DISCO (2577710 S = Sspinc + A 2[573755]x o
QCDSF '11} o . . ]
M.Engelhardt 12} o OF ~ Ez 7 $m . T ]
—— = (N|5 s|N i 190
QCDSF ’13} —t— O\ < ’ JERE | > 0.46 |- T T
ETMC’13f . 044 |- .
_ 0 —0.15 —010 —0.05 0.00 005 AY® = 0.005(24) :
G(Azs)dlsc| 5 0.03j As 0.42 - _8'2 T (') R 0{2 -
R — A

Stochastic estimation of the quark loop

O ! ! ! ! !

W, = 208 . .

As

0.04 |

-0.06 I I I I I

. 495 MeV

iw{

0 0.05 01 0415 0.2 0.25
(Mn/GeV)?
[M.Engelhardt,
Phys.Rev.D86, 114510]

0.3
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0 T T T

I 004 | (Ava),. =16
0011 ® 3 5 e Eﬁggg :ég m, = 416 MeV
20,02} ® 40 _ 0.02
} # a0
LT 15 ol FEEREG ﬂ E
ZE 0,05 4 =
VJ< - -
005l 1 % 004
-0,07; _ -0.06
—0,08; - -0.08
-0,09 - mq  — 285 Mev - o1 .
R - ‘ | ‘ | ‘ ] "0 2 4 6 8§ 10 12 14 16
0 0,2 0,4

(m,g)” (val) (GeV)’ (A2 min

[G.Bali et al (QCDSF)
PRL 108, 222001]

Review of Hadron Structure

[R.Babich et al, (DISCO Collab.)
Phys.Rev.D85, 054510]
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http://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1103%2FPhysRevD%252E86%252E114510&v=66ade82d
http://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1103%2FPhysRevD%252E86%252E114510&v=66ade82d

(Sub)Summary: Nucleon Spin

% Quark spin from connected contractions agrees with phenomenology
% Total quark orbital angular momentum is consistent with zero

(using only connected data for J; and Sg)

although individual L, and L4 are not zero

% Older quenched calculations indicate Ly+qd ~ 50%
(mostly due to disconnected contractions)

% Newer dynamic fermion calculations yield much smaller values
and imply Ly+q ~ 20-30%

% Need update for gluon angular momentum with dynamical fermions
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Parton Distribution Functions on a Lattice

1. (TMD) PDFs = Quark-bilinear correlators separated by
a light-cone shift

2. Relax the LC condition: slightly spacelike 4-vector n

3. Boost the system:
Spatial separation is suitable for lattice QCD

4. Recover LC physicsin n - P — oo limit

Sergey N. Syritsyn Review of Hadron Structure Lattice 2013, Mainz, July 29-August 3,2013



TMDs from Lattice: Formalism

Transverse momentum-dependend (TMD) parton distributions - \
- - db= . -pty (P, S| q(0)TU(Cy) q(b) | P, S) Cv iS process-
[T'] . _ tx(b” P™T)

- J

[M.Engelhardt, B.Mush, A.Shaefer, Ph.Hagler]
Gauge link structure:

In matrix element @L?Subtr.(b, P S, ...) =

WP, S| G0) T U,...,b] q(b) |P,S)

Staple-shaped gauge link U[0, nv, nv + b, b|

nucleon - J

/ incorporates SIDIS final state effects
[+ N(P)—U'"+h(P,)+X

. . A P .v
LC limit: Collins-Soper parameter ( = > OO
my |v|
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Parton distribution functions on a lattice

TMDs from Lattice: T-odd momentum shift (1)

x-integrated TMDs (moments) with finite 52 # 0 as an UV-regulator

. o avqg. quark y-momentum in
Sivers Shift [ a transversely polarized proton J

f#l](l)(g%) b7-—0 fd:vfd%’l Ky - @[v*](gg’]ﬂ)
FHO g2  [de [d2ky -1 - B0 (2, k)

(ky) 5107 (B3) = my

To compute an x-moment, specify kinematics: /daz — b-P=0
To compute a ky-moment, select Lorentz structure [B.Mush, Phys.Rev.D85, 094510]

0.6 o
S i Sivers—Shift, u—d — quarks i Sivers—Shift, u—d — quarks i Sivers—Shift, u—d — quarks ] Sivers—Shift, u—d — quarks
o 04 1 1. 1
@) ol eesoss I Il 1
s ] tre., IREEAAARARAL 12 $¥e, BT gs8%e,
= 0.2 [ I * il " Y M *
= [ d I} * I R e II ‘.
2001 . 1 . - . L . ]
= | £=039, . 7=0239, . 1" | 2=039, . I | 2=0239, ., 14. ]
- L 1 1. ¢ ] ]
% 5_02 |bT|:012fm’ ’0.“ _@ |bT|:O24 fm, "Q“ 3 o] |bT|:O36fm, ‘0“ ii l i |bT|:047 fm, “‘!iii{l" é
“; 04l | ma=518MeV 1| my =518 MeV 1| my=518MeV 1| my; =518 MeV ]
S by SIDIS —| | k—DY SIDIS —| | k—DY SIDIS —| | [—DY SIDIS —| |
_0.6 L1 L1 I N I — I — I N I — Ll L1 L1 L1 I — I — I — L I — I — L1 L1 L1 L1 L1 L1 L1 L1 | I — I — I — I — I — L I — I — L
o -10 -5 0 5 10 o-c0 =10 -5 0 5 0 -0 =10 -5 0 5 10 o -10 =5 0 5 0 o
nlv| (lattice units) nlv| (lattice units) nlv| (lattice units) nlv| (lattice units) .
)| br |

[M.Engelhardt, B.Mush, A.Shaefer, Ph.Hagler]
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TMDs from Lattice: T-odd momentum shift (1)

x-integrated TMDs (moments) with finite 52 # 0 as an UV-regulator

avqg. quark y-momentum in
a transversely polarized proton

f#l](l)(g%) b7-—0 fd:vfd%’l Ky - @[v*](x’]ﬂ)
FHO g2  [de [d2ky -1 - B0 (2, k)

Sivers Shift: [

(k)51 (52) =

000 ——
_ i Sivers Shift (SIDIS),
=z —0.05 g u—d — quarks
S -0.10;
S -015. T
T :
~ 020 % %
= e —-0.25F %
t [ ~ 1
“‘S; 030, &% ® 2_g39

—035¢E m,; = 518 MeV

0.0 0.2 04 0.6 0.8

o] (fm)

[ Transverse coordinate dependence )

[M.Engelhardt, B.Mush, A.Shaefer, Ph.Hagler]

Sergey N. Syritsyn Review of Hadron Structure Lattice 2013, Mainz, July 29-August 3,2013



TMDs from Lattice: T-odd momentum shift (1)

x-integrated TMDs (moments) with finite 52 # 0 as an UV-regulator

avqg. quark y-momentum in
a transversely polarized proton

f#l](l)(g%) b7-—0 fd:vfd%’l Ky - @[v*](gg’]ﬂ)
FHO g2  [de [d2ky -1 - B0 (2, k)

Sivers Shift: [

(ky) 5107 (B2) = my

0.00 ¢ ———— 02— :
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TMDs from Lattice: T-odd momentum shift (2)

x-integrated TMDs (moments) with finite 2 # 0 as an UV-regulator
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Parton distribution functions on a lattice

TMDs from Lattice: T-odd momentum shift (2)

x-integrated TMDs (moments) with finite 2 # 0 as an UV-regulator
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TMDs from Lattice: T-odd momentum shift (2)

x-integrated TMDs (moments) with finite 2 # 0 as an UV-regulator
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PDFs From Lattice: Spatial Quark Correlations

Definition of a parton distribution function:

(o) = [ 5 Plae)r e [~ g [ o] aO)IP)

Instead, boost the hadron and make gauge link spatial [X.-D. Ji, arXiv:1305.1539]

~ dx 1x(z ~ . ) AQC M2
i, P) = [ TR (Plaa)ytexn[—ig [ dia.()] a(0)|P) +O(=252. 55

Q

Equivalent to “static” virtual photon ¢ = (0,Q) and boosted hadron P: = 5
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PDFs From Lattice: Preliminary Results
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PDFs From Lattice: Preliminary Results
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PDFs From Lattice: Preliminary Results
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PDFs From Lattice: Preliminary Results
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e
Summary

— Encouraging Hadron Structure results at the physical pion mass
axial charge, radius, vector form factors

... although clearing up systematic effects is still to be done

_ Excited states require close attention
variational methods look most promising

— Background field methods
potential demonstrated for glue momentum fraction

~ New approach to computing parton distribution functions on a lattice

the first results look promising
theory side needs more work
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