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Overview

[form factors — nucleon rms radii and (anomalous) magnetic moment ]——[Fl, F2(Q2) — (7'2)1,2, p}

[ axial vector (and tensor) coupling constants } {gA(,gT)J

form factors of the energy momentum tensor

L GPDs — generalized form factors and the HH’ E(z,£,t) — A(t), B(t), C(t)}

[decomposition of the nucleon spin } [% = %AZ + Lqg + Jg\}

[conclusions ]
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QCDSF/UKQCD n;=2 improved Wilson action parameters

- N; = 2dynamical Wilson - fermions
with (NP) clover - improvement
- only connected contributions

ﬂattice spacing fixed usﬁ

m, <, =0.467fm

- three projectors

~ 1
1ﬂunpol = E(l_'_ 7/0)’

~

1
I, = §(1+ Vo) VsV 12

- three sink - momenta
p'=(0,0,0),(1,0,0),(0,1,0)
— non — perturbative

\operator renormalizaticy
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LHPC simulation details
I

-~

- mixed action approach: DW fermions on a Asqgtad

AnaratAr

UpMTiIauwvl

renormalization:

—

staggered sea (MILC) for N=2+1; including HYP-smearing Zo =
- Ls=16, m,,00.1m,

- a ~ 0.124 fm; volumes of ~(2.5 and ~3.5 fm)3

\~ wo sink momenta P'=(0,0,0), (-1.0,0) /) |M5 at 4 Gev? [estimates of ZETPTt ayail, ]
Light m2:**¢ | Volume Q| (am), (af)r | (am)y | my [MeV] | fr [MeV] | my [MeV]
~0.007 20% % 64 | 0.1842(7) [0.0657(3)[0.696(7)[292.99(111) |104.49(45)|1107.1(111)

0.010 | 28% x 64 | 0.2238(5) |0.0681(2)|0.726(5) | 355.98(80) |108.31(34)| 1154.8(80)
0.010 20% x 64 | 0.2238(5) [0.0681(2)]0.726(5)| 355.98(80) |108.31(34)| 1154.8(80)
0.020 | 20® x 64 | 0.3113(4) |0.0725(1)|0.810(5) | 495.15(64) |115.40(23)| 1288.4(80)
0.030 20% x 64 | 0.3752(5) [0.0761(2)|0.878(5)| 596.79(80) [121.02(34)| 1396.5(80)
0.040 20% % 32 [0.4325(12)]0.0800(5)|0.941(6)|687.94(191) [127.21(78) | 1496.8(95)
0.050 | 20% x 32 |0.4767(10)|0.0822(4)|0.001(5) | 758.24(150) |130.70(67) | 1576.3(80)

- N~=2+1 DW fermions (RBC/UKQCD configs) ( .
3 NP-operator renormalization

- volume of ~(2.7 fm) L
L xLi alfm] T| #|am;/am, ami. x 10° am. m. [MeV] aFr Fr [MeV]| aMnx My [MeV]
247 % 64 0.114 9]3208[0.005/0.04 3.15(1) 0.1901(3) 329(5) |[0.06100(11) 105.5(1.7)[0.657(4) 1136(20)
32% x 64 0.084 12[4928/0.004/0.03 0.665(3)  |0.1268(3) 297(5) [0.04400(15) 102.9(1.8)[0.474(4) 1109(21)
32% x 64 0.084 12|7064[0.006/0.03 0.663(2)  |0.1519(3) 355(6) |0.04571(09) 107.0(1.8)[0.501(2) 1172(21)
32% x 64 0.084 12(4224|0.008/0.03 0.668(3)  |0.1724(3) 403(7) |[0.04755(18) 111.3(2.0)|0.522(2) 1221(21)
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Proton mean square radii — Dirac isovector radius

| Dirac and Paui FFs %{w'mqw) = U(PY{wF1(t) +

0.8y
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1-loop HBChPT
Bernard, Kaiser, Meissner

NPB 1993

o VAV
gmN Fg(t)}U(P)}
i 6 d
T LS S — ri2 :_—_Fi t
% PDG 2007 \< > F (0) dt { )t:O

Hemmert, Weise EPJC 02

SSE ChPT

Gockeler et al PRD 93

% Belu=hkin et al. "07

# Pohl et al. "10

W nr=2+1 DWW LHPC "09
# ny=2+1 mixed LHPC "10

ny=2+1 DW RBC-UKQCD 09 |]

nr=2 twisted ETMC "09

np=2 Wilson Cyp-MIT—Ath ‘06]]

O np=2 W RBC '02
&, =2 Clover QCDSF "0

)
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Nucleon isovector anomalous magnetic moment

[(anomalous) magnetic moment ]——{ﬁ — F2(Q2 —0)=p-— Fl(o)}

Loxp - Y e e Lo G 02 % PDG 2007
included in fit emmert, vVveise . .
— Gockeler et al PRD 93 & ny=2+1 mixed LHPC "10

B 7y=2+1DW LHPC "09
nr=2+1 DW RBC-UKQCD 09 | ]

i 3 I ny=2 twisted ETMC "09
. ny=2 Wilson Cyp-MIT —Ath 06| |
£ o ny=2 DW RBC '08
- & nmy=2 Clover QCDSF 10
5 2t .
=

00 02 04 06 08 10 12
m-[GeV]
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Proton mean square radii — Pauli isovector radius

N = VAV
| Dirac and Pauli FFs ‘£(P’|?’YM|P> = U(PY{wFi(t) + 'iag F(t)}U (P)}
J mN

10 s SSE ChPT -
] Hemmert, Weise EPJC 02 : - ]
‘ 1/mqg I I Gockeler et al PRD 93 # Belushkin et al. '07 _
_ & ny=2+1 mixed LHPC "10 ]
08¢ \ T W ny=2+1 DW LHPC "09 i
- - np=2+1 DW RBC-UKQCD '09 |
— : 2 ny=2 twisted ETMC 09 :
" E 06¢ nr=2 Wilson Cyp—MIT—Ath 06|
w il 4 O =2 DW RBC '08 -
= + A np=2 Clover QCDSF 10
ENL [:I .:I = ] o ) i
. flaee .l
B ‘!."'u f - 'h
0,u—d [ 414 i
K ~ 5.1 5.4 [ 3 ) ]
D_D 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
m-[GeV]
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Nucleon axial vector coupling constant
(Plavuysu — dvuvsd|P) = 94T (P)1usU (P)]

0 n;=2+1 DW RBC-UKQCD '08

| improved e |
ol .

0.8

. ne=2+1 DW LHPC '08

l n;=2+1 mixed LHPC '08

ga - N=2+1 mixed LHPC '06

n;=2 TMF ETMC '09

06 1.0

4 ,Ja-landscape” i =2 ﬂverQCD F 10
m,*[GeV’] reliminary

[

I

Z n;=2 DW RBC
l

05 § o,

- .[} 0 [ detailed ChPT analysis necessary ]
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Nucleon axial vector coupling constant

o
o
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[ acpsFiukaco,

Pleiter et al. PoSLat 153 (2010) ]
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Tensor charge

+1
[(Pkﬁfﬁw‘ﬂP) = g7 U(P)iounU(P) gr = Ar10(0) = f dzdq(z) = (1)sq — (1)sg
-1

T T T T T — T T T T 1 1 T T T T T T T T T T T 1
1 9L [MS at 4 Gev2
10fTY i :
E : '.."-... ..-“... ""““
£ 08¢ . preliminary QCDSF 2010
o [ ‘ (J. Zanotti et al.)
T I ]
1:1” 0.6 i finite size effects(?) i
. i (under investigation, QCDSF Ohtani et al.) # PﬁﬂSElmmD Et EJI_'DE
o ]
0.4F O =520 -
DE B Y ﬁ:ﬁEEI ]
B (=540

D. %-I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.6 1.0 1.2
[ opportunity for lattice prediction at physical point ] mf [GEVE] [ direct measurement at PANDA/FAIR? ]
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Generalized parton distributions (GPDs) in experiment

Q2 DVCS [ Miller et al. (1994); Ji, Radyushkin (1996); .. |
* N
x4+ & O x—¢ H(wrgrt)vEn-H:E:HTaET:HTnET)
! Al .
BA @ Py A { measurements at HERMES/DESY, COMPASS/CERN,

Jefferson Lab
t << Q?

DVCS — factorization

[Collins 99,"01]

J

[Im%(s, t) = w{Hce, £,t) — H(-¢,¢, t)} = 7HT(¢,¢, t)}

[ Dispersion relations [Anikin, Teryaev 2007; Diehl, Ivanov 2007;...] }

1 + 1 1 (almost) no access to separate
ReH (¢, t) = PV f—l deH™ (z,z,t) + C(t) x,Xl-dependencies from DVCS and

-z £+ DV meson production at LO

[ excellent opportunity for lattice QCD to provide independent/complimentary information ]

Ph. Hagler, LQCD confronts exp 2010, Mishima 11



Higher (x"™1-) moments of GPDs

{ I GFFs

Ji&Lebed PRD 2000 ]

Ph.H. PLB 2004

(1 n-1
u:’——-nan f dmm“‘lH(m,E, t) = z (=26 A
e | =
. | [ e B t) = Y (-2
A% d =* N ever
g n=1 v

m=2]

form factors of the EM-tensor ]

F(Q%=—12) = A1p(%)
Fy(Q*=—1%) = B1o(t) [

m"“l)q = Al,(0)

(@ Nag= ﬁﬁg(o)}

Decomposition of the nucleon spin

[ Ji‘s nucleon spin sum rule (X. Ji, PRL 1997) ]

1 1
5=5 = Y >{A420(0) + B20(0)
q.9
= S I+l =Y AT+ Y Lo+ T,
N ’ ‘ -

~

/
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1
Jg— 5 A%,
— AG)

|

everything is:
-gauge-invariant
-scale & scheme dependent
-measurable

Lq
(Lg

12



CO rre | ati O nS i n X a n d t [ LHPC n=2+1 mixed; arXiv:1001.3620 }

(updating PRD 2008, 0810.1933)

[d?b, b7 [dzz" 1H(z,b,)

[X—>1<:_> n_—>oo}

2
(ri)n =

T . : : : : : : 2 -1
g 12 fd<b| [dxz™1H(x,b,)
o
E 1.0p
5 'S __ l [ M= 3
= o8} "o tal ] 02—
'DE " + : - + V /\\ ( u-d:
= i L 1] :~ * - F \4_ ]
< DE_ *a. n_ i P 0.20k (ﬁ:) ~ 0.2 . Lln('rn"ﬂ'/A)] ]
_é:; [}4_ ) 1 ‘ Em E \nz'] \+ * :
& AL n=1 _ _ 0 ! .
= 0.2} u-d 1 NE 0.15F ] "
Lt Ao m.=596 MeV, 20° | = 3
5= T ! A 3 1

oob . . . ] [ ]
T 700 02 02 06 08 10 12 5 0.10f (=) = 0.25 ]

—t[GeV?] , n=2 ; H . ¢ TR
S 12y - ' ' ' ' —] 0.05} ]
= ] P n=3 j
E 1.0p [ (:E) ~ 0 4/ J
2 [ ¢ 0.0 : o
Sos8f ' 0.0 0.2 0.4 0.6 0.8
v - R
v_ 04f o - .}. . ]
< Az e
S 02f qu+d ]
To | 10 m, =596 MeV, 20° |
-:'.j:'_ ﬂ[}-& P T S R S S S RS S S S S S R S S T B
00 02 04 06 08 10 12
—t[GeV?]

Ph. Hagler, LQCD confronts exp 2010, Mishima 13



Pion mass dependence of generalized radii for n>1

-4 d const 7 (i ;
2 — “w ~ Diehl, Manashov, Schafer
{('I‘_L>(n>1) = (—Ano @) thnO(t))t=0 ~ (27"_1>(mw)) | EPJA31(2007) }

[no (logarithmic) divergence in mg for n>1 ]

{strong effect seen for n=1,...,3 will most likely persist when mncoamnphyS]

r)e ¢
[in any case ( l)("’ 1) ma20,
r ey

Ph. Hagler, LQCD confronts exp 2010, Mishima 14



n=2 - A, B, C - Form factors of the energy momentum tensor

iAol pr} AlAY
[(P'mlnuv}qm = (P73 1Py = U(PY {7 1P Ago(t) - =I5 Bao(8) + = ==Cao () JU(P)
o6fF T T ] o6f T N
; m, =293 MeV, 20 b m,=293 MeV, 20
£ o04f l | < o4 Voo e,
=8 [ ] 38 [ Ao . -p'} ;
&) : o ; | S : . g s .
= 02p —— E i + 1 = o02f |
To [ ¥ ? i iil} R I : | gusa 0
g S0 _ 20 * |
= 00 = 00 ! 1 : 4 g !
PR By | 32 | F 1 : |
< -02p Asoe < -02¢ 1
04t f | PG n,=2+1 mixed; arXivi1001.3620 sl
b0 02 04 06 0.8 I =z ) INrEie g 2R T T Aol 0.6 0.8 1.0 1.2
) (updating PRD 2008, 0810.1933) )
—t[GeV-] —t[GeV-]
_ _ ut+d u-td
Btz"o: > A%y A29|_ ) > By
Cx" = 0 citd < o
disconnected contributions seems to be compatible with large N, limit
are not included — see e.g. Goeke, Polyakov, Vanderhaeghen PiPaNP 2001
only u-d is ,exact”

(MS at 4 GeV2]
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n=2 - A, B, C - Form factors of the energy momentum tensor

: iAol pr} ANAY
[(P’lﬁ“‘ﬂ"}ﬂ P) = (Pruéw”-’) = U(P’){q{llPHlAzu(t) - Fsz Bag(t) + Czu(t)}U(P)}
preliminary QCDSF 2010
(A. Sternbeck, F. Winter, D. Pleiter, J. Zanotti et al.)
0.4: T 1 T 1T 11 | I 1 11 | T 1 71 | T T 171 | 1711 | T 1T 1171 | ™1 11 0.8 [T T L L I L | LI | L | L | I | T T T ]
- B =529,k = 0.13550 (24x48) +—+—1 7 o B =529,k = 0.13550 (24x48) +—+— ]
L i i = 0.13590 (24x48) +--0-— i 0.7 k= 0.13590 (24x48) +--o--
. k= 0.13620 (24x48) -1 - - i k= 0.13620 (24x48) -1 ]
0.3 - k= 0.13632 (40x64) —+— — 0.6 - ° k= 0.13632 (40x64) |—0—| -
C k= 0.13640 (40x64) © ] - k= 0.13640 (40x64) ]
- ¥, ; 05 1 =
Iz o2 - Iﬁ; 'y 1 Iz oaf E
s gl I A =
: _ %;;: . a{ '*i_ : 0.3 E_ :}“ﬁ : _E
0.1 |- B ﬁ"’ﬁ s 0.2 F }g -
= ; 1 S B - | ]
- E e ] 0.1 F g 3 £l 3
0 _I 1 | L1 1 1 | L1 1 | I L1 11 | 1 1 | | - | L1 1 | | | I_ll_l | L1 1 |- 0 : | L1 11 | L1 1 1 I L1 11 | L 1 1 | L1l | | I_:_I | | Ll Tl | Ll |:
0.0 05 1.0 15 20 25 3.0 35 4.0 0.0 05 1.0 15 20 25 3.0 35 4.0
—t [GeV?] ~t [GeV?]
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n=2 - A, B, C - Form factors of the energy momentum tensor

preliminary QCDSF 2010
(A. Sternbeck, F. Winter, D. Pleiter, J. Zanaotti et al.)
0.5 _I I L | I LI | LI | | L | | L | L | | I_ :I I rr T | I L | LR | L | | | L | 1T I:
- B =520,k = 0.13550 (24x48) —+—1 1 04 B =520,k = 0.13550 (24x48) —0—| =
o4l k= 0.13590 (24x48) -1 ] 03E k = 0.13590 (24x48) --0-- ]
il S k= 0.13620 (24x48) +---u---1 ] “F k= 0.13620 (24x48) ‘=1 -
- k= 0.13632 (40x64) —+— ] 0.2 F k= 0.13632 (40x64) —e—i _;
03F I k= 0.13640 (40x64) i o1k k= 0.13640 (40x64) * =
o~ : i é 5 : {1 =~ g ----- - %:' H g T g
lg 02F 7 }: S — 1 3 OF iﬂiﬁ'“—-.,._.%ﬁ'f““““"i@fm'—’ w5 T
q I (- G - 1 & Lk - e ]
SRR P vey ] 01F « E
01FE XN B - ]
o * I? S 028 0 > 3
NI B5 e TULIE BT SR
E : 04E E
_0‘1 - | |1 1 1 | I 11 | I 11 1 | | 111 | | | 11 | | 1 1 1 | |1 1 1 | L1 1 I_ _0‘5 : | | 1 I.I | |11 1 I 11 1 | | 11 | | 1 1 | | |1 1 | | I 1 1 1 | L1 1 I:
0.0 0.5 1.0 1.5 20 25 3.0 35 4.0 0.0 0.5 1.0 15 20 25 3.0 35 4.0
—t  [GeV?] —t  [GeV?
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n=2 - A, B, C - Form factors of the energy momentum tensor

preliminary QCDSF 2010
(A. Sternbeck, F. Winter, D. Pleiter, J. Zanaotti et al.)

0.3 _I I rr o1 T 1T 1T 1 I T 1 1T 1 | T T T 1 | T T T 1 | T T T 1 | T 1T 171 | T 1 1 |_ LT | rr T L I LI | L | L | [ L | L | T T
- A =5.29,k = 0.13550 (24x48) —+— - 04 B =529,k =0.13550 (24x48) —+— 1

0.2 F k= 0.13590 (24x48) F--o-4 - s k= 0.13590 (24x48) F--o0--4 -
e 5 k= 0.13620 (24x48) +-—--=-—1 : k= 0.13620 (24x48) F---m=--—-1 ]

C X k= 0.13632 (40x64) —+— - 09 [ k= 0.13632 (40x64) B

0.1 - T k= 0.13640 (40x64) ©xi ] =L k= 0.13640 (40x64) w-xei
OLE . 1 02l -
0.2 [ - Fx i
B : ] -0.4 - : 7

_0‘3 _Ilil ANINE] ENEN AN BN SN ER N AN BN AN S E AN AN SN AN BN A AN A AN AN AR A B AN A A A -"I |..§.1||||||||||||||| v L b b B0

00 05 1.0 1.5 20 25 30 35 4.0 0.0 05 1.0 15 20 25 30 35 40
—t [GeV? ~t  [GeV?]
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Form factors of the energy momentum tensor

[ Covariant BChPT calculation by Dorati, Gail, Hemmert NPA 2008 ]

global simultaneous fits of A, B, C with common parameter <x>

+ 8 additional free parameters/LECs, to >80 lattice data points in each case (u-d and u+d)

0.30 0_5: ................................. 0_15,_
0250 0_4: } 0.1[]:'
T T — I J < O :
L 020} A BREN 2 | » C 1 E 0.05] .
8 /7, “\\ g 0_3: Lot " + E : . .
; RS ™ | ! I T .
g ot A T ) S 000y —
= AN & 02} 2 t : -
< 010} d ¥ u—d Tz 005 1 p
0.05¢ A20 X 0 B20 -0.10¢ Cgo
008 ' 20 ' ' ' . 0T o1 0z 03 04 05 06
0 0.1 0.2 Of[@ Vz]o_4 0.5 0.6 LHPC n=2+1 mixed . , i ; o . . .
My e . . 2
0.7 ; . . 1 arXiv:1001.3620 (updating PRD 2008) o]
N S T : 5 000
A 0.1} 00
CostE TN < i R [ _ .
E 8 oo ! | O 01| i : ; po
g o4 13 e I 1
j C" . : - z + ;I; [ 1 |
¢ 03F -2 -0.1) £ -0
o d %5 u+d © 0 33 +d
o} A% 4 B - C0
| 0 f A i -0 A _
%8 0.1 0.2 0.3 04 05 0.6 3.0 0.1 0.2 0.3 0.4 05 06 0.0 0.1 0.2 0}_3 20-4 0.5 06
m;? [GeV?] m.? |GeV?] m,? [GeV?]
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[ only quark line connected contributions J

[(MS at 4 Gev?
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Quark angular momentum

1
[Jq — E(Ago(o) Xis B%o(O)) ]——[ from covariant BChPT extrapolations ]——[ Dorati, Gail, Hemmert NPA 2008 ]

contributions to nucleon spin

D."‘ll_ LI B 1 1 1 1 T 1 1 1 T T 7 — T T T T T T T T T T T
I]S: JY :
N = ' : '

0.2} \

: [ preliminary LHPC DW (Syritsyn et al.) J
0.1} _

(MS at 4 Gev?]

[ J°
0.0} —— - - ; -
—D,&'- o [ IHPC 2 mixed;arXiv:1001.3620J

0 0.1 0.2 0.3 0.4 L (updating PRD 2008, 0810.1933)

J% = 0.236(6) & 47% of 1/2
J¢ = 0.0018(37)= 1% of 1/2

m>[GeV’]
}\( Jutd ~ 0.238 + 0.008 £ 48% of 1 /2]

20

goneering lattice calculations by Mathur et al. 1999 and Gadiyak, Ji and Jung in 2001 ]
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J,, J4 template figure

(MS at 4 Gev?]

[JLab Hall APRL 07; HERMES JHEP 08]
1.0 .
0.5
% 0.0 [
- I
—05- |
10— .
-1.0 -0.5 0.0 0.5 1.0

JU

BRI FONN

LHPC arxiv:1001.3620(—PRD) *

LHPC PRD "08 0705.4295™

QCDSF (Ohtani et al.) 0710.1534™
QCDSF/UKQCD preliminary *»
Goloskokov&Kroll EPJC 09 0809.4126

Wakamatsu 0908.0972
DiFedaKr EPJC "05 hep-ph/0408173

(Myhrer&)Thomas PRL" 08 0803.2775

1Sternbeck, Pleiter, Zanotti et al.

*[non-singlet, connected only; add. uncertainties due to chiral extrapolations, renormalization]
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Quark spin and orbital angular momentum
[Lq = Jg— Azq/z]

LHPC n,=2+1 mixed
D.E_-"'l"""""'"""'"'{arXiv:1001.3620e}
< ;_az“
5 [ n "
? 04}* . -
O
@
g [ preliminary LHPC DW (Syritsyn et al.) ]
g 0.2+
4 ;. T
i | = & -] 7 a3
s | L
= 00 -
2 Az
€ : of B8 g 2 Ak, L % =
S -0.2r« ' [MS at 4 GeV2]
XHeRMES 2007 | BT T T 02 03 04 05 06

m>[GeV?]
{J“ ~ 0.236 + 0.006 = 48% of 1 /2} {Ld ~ —L% ~ 0.185 + 0.06 & 36% of 1 /2}

J% ~ 0.002 + 0.004 L%t4 ~ 0.030 4+ 0.0128 6% of 1/2

~—
ut+d — pt+n — _ ]
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Momentum fraction of quarks in the nucleon

+1

[(P|qu{“D”}q|P)=U(P)7{”P”}U(P)(m) (z) = A20(0) = f dzzq(z) = (x)q + (z)z
-1

03¢ T T J """" -
0.30t ] -
< 0.20] } { i :
g 0.15F * X CTEQ 6.6 '08 -
. % MRST NNLO '06
o # n:=211 mixed LHPC 10
0.10 n:=2+1 DW RBC-UKQCD '08 |-
[ ~ n=2 DW RBC '08
0.05¢ ] " =12 .
: A ng=2 Clover QCDSF '10
0.0 0.1 0.2 0.3 0.4 0.5 0.6

mﬁ[Ge\/Q]

[ substantial systematic uncertainties: renormalization, discretization errors, excited state contamination? J
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Conclusions

[ despite significant progress in lattice QCD studies of hadron structure stiii a long way to go ]

[small statistical errors at mg~250...350 MeV for many observables]

contaminations from excited states ]

and uncertainties (dipole, chiral,...) extrapolations in t=QZ; ptbcs ]

[have to address systematic effects

disconnected diagrams ]

gluon contributions ]

[ most chiral extrapolations still not quantitatively reliable ]

[need high statistics lattice results for mg©250 MeVH try global, simultaneous chiral fits J

[ already now qualitative and semi-quantitative predictions from the lattice available ]

[ mostly complementary to experimental efforts at HERMES, COMPASS, JLab ]
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