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Nucleon Structure: axial charge
@ Many lattice studies down to lowest pion mass of m,. ~ 300 MeV

— Lattice data in general agreement &
. _ a 3 T=7; =P
@ Axial-vector FFs: A% = ¢,,v5 T 1(X) “ ey~
2 at 2 (@,t7) - - (&,t)
=3 ['YM’YSGA(Q )+ T3> Golq )] re °
~ -
Axial charge is well known experimentally, straight forward to compute in lattice QCD
1.4 T T T T
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*
< .
o 12 E % B @ Agreement among recent lattice results -
ﬁ@ EEY ] ® % a all use non-perturbative Z,
11 F 4 .
X @ Weak light quark mass dependence
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o Ne = 2 + 1 Clover: J. R. Green et al., Lattice2012

e Ne=2and NF =2+ 1+ 1 TMF:C. A etal (ETMC), PRD 83 (2011) 045010, and in preparation
© DWF: T. Yamazaki et al., (RBC-UKQCD), PRD 79 (2009) 14505; S. Ohta, arXiv:1011.1388

o Hybrid: J. D. Bratt et al. (LHPC),PRD 82 (2010) 094502

o N = 2 Clover:p. Pieiter et al. (QCDSF), arXiv:1101.2326
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Results on the Nucleon (x),_4 and (x)ay—ag

Moments of parton distributions:

1 1 _
(X)q = /0 doclg() + 3] . (Xag = /0 dox [Ag(x) — Kq(x)]

G=4q.+a,A9=q, — 0

i pi2 _ 7w p me} LI O, Y
Extracted from nucleon matrix elements of Oy "2 = ¢y 1#1j D #2}4) and Opg = =Py sl D H27q)
Summary of Np = 2 and Ng = 2 + 1 + 1 results in the MS scheme at 1, = 2 GeV.
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Study of excited state contributions

Ng =2+ 1 + 1 with m, ~ 390 MeV and a = 0.08 fm

Vary source- sink separation:

135 b

13 9

125

1.2

115

[¢/N
<X>uq

11+ 4

1.05 - 1
. . fixed sink methodtgiy = 12a -- - - -

1r fixed sink methodtsix = 12a - - - - - 1 0.05 | ABMK ——
" PDG —— ) fit ——

0.95 |- ) ) ) _open sink method‘—.a B o ) ) __open §|nk methpd—H
1 12 13 14 15 16 17 18 19 14 16 18 20 22 24

teink/@ toink/@

ga unaffected, (x),_q 10% lower

— Excited contributions are operator dependent

S. Dinter, C.A., M. Constantinou, V. Drach, K. Jansen and D. Renner, arXiv: 1108.1076
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da with the summation method

Contamination due to excited states ~ e~2F% instead of ~ e~“Elins, However need to extract the slope.
One twisted mass ensemble, a = 0.08 fm, m,. = 390 MeV,
iso-scalar (only connected) and iso-vector ga
1
12 Hie
14
1.0}
12
0.8 2
’ £10]
S K
(=]
0.6, E g
L
2]
0.4] 6
0.2{[@® wov.t-da W — prom plateau, al e
@ isov, t.= 8a [ ] __ From sum. method,
& isov, t;=12a & isos, ty=12a tre =[5,13] u
0.0 -6 -4 -2 0 2 4 6 4 6 8 10 12 14
(tins—ts/2)/a tsink/a
@ Use of incremental eigCG algorithm, A. @ No detectable excited states contamination,
Stathopoulos and K. Orginos, arXiv:0707.0131 agrees with high precision study s. Dinter et al.,
> One sequential inversion for each tsjn arXiv:1108.1076 and C. Alexandrou et al., arXiv:1112.2931
> .
~3x cheaper » Same plateau for multiple fgjxS
@ Comparable error between > No curvature in summed ratio,
summation and standard method consistent results for various fit-ranges

@ See also S. Capitani et al., arXiv:1205.0180
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(X),_q With the summation method

One twisted mass ensemble, a = 0.08 fm, m,. = 390 MeV,
iso-scalar (only connected) and iso-vector (x)

3]

»

Summed ratio
w

[¥)

@ isov.t=5a L From plateau,
0.0 ® sov.t.=8a W — t=13a 1
® isov, t;=12a @ isos, t;=12a From sum. method,
& isov,t;=13a @ isos, t;=13a T tw=[613]
-0.2 0
—1 -2 2 1 14

0
(tins—ts/2)/a

@ Noticeable contamination, especially for the iso-scalar
@ Summation method uses 7 sink-source time separations

@ For the plateau method one needs to show convergence by varying the sink-source time separation —
also requires a number of sequential inversions

— Plateau and summation method give consistent results.
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Results at almost physical pion mass

Very recent results claim correct value of (x),_q:
@ Ng = 2Clover at m, = 157(6) MeV, a = 0.07 fm and m,. L = 2.74 using time separation ~ 1 fm, G. Baii
et al. arXiv:1207.1110

@ Ng =2+ 1 BMW configurations at m,, = 149 MeV, a = 0.116 fm and m,.L = 4.2 using 3 time
separations up to 1.4 fm in combination with summation method, J. R. Green et al. arXiv:1209.1687
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Results at almost physical pion mass

Very recent results claim correct value of (x),_g4:

@ Ng = 2 Clover at m, = 157(6) MeV, a = 0.07 fm and m, L = 2.74 using time separation ~ 1 fm, G. Bai
etal. arXiv:1207.1110

@ Ne =2+ 1 BMW configurations at m,, = 149 MeV, a = 0.116 fm and m,. L = 4.2 using 3 time
separations up to 1.4 fm in combination with summation method, J. R. Green et al. arXiv:1209.1687

@ But not 9A, J. R. Green et al. arXiv:1209.1687
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Nucleon spin

Contributions to the spin of the nucleon
Spinsum: § = JAY + Lg+ Jg

Non-relativistic quark model:

fAY, 4 =Au+ Ad=1= Ly =0and Jz =0, as well as As = 0, where Aq contains both the spin of g
and g.
Lattice QCD: Need both connected and disconnected contributions to evaluate contributions to spin

Bali et al. (QCDSF), Phys.Rev.Lett. 108 (2012) 222001 : Au + Ad + As = 0.45 (4)(9) with
As = —0.020(10)(4) at . = /7.4 GeV
— Small strangeness (disconnected) contribution to the nucleon spin

§=7-p
Or
éq =p' -p
e~
(s, t5) %«—4%(’% to)
\\K’ //,/
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Lattice results on the nucleon spin

Jg = %[Azo(o) + Bo(0)] = $AX + Lg
AY = A10
Only connected contribution

Results using Ng = 2 TMF for 270 MeV < m,. < 500 MeV, C. Alexandrou et al. (ETMC), arXiv:1104.1600 and
Ne=2+1+1atm, ~ 230 MeV and 390 MeV
In agreement with A. Sternbeck et al. (QCDSF) arXiv:1203.6579
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Lattice results on the nucleon spin

Jg = 3[A20(0) + Bzo(0)] = FAT + Lg

AY = Ay

Only connected contribution

Results using Ng = 2 TMF for 270 MeV < m,. < 500 MeV, C. Alexandrou et al. (ETMC), arXiv:1104.1600 and
Ne=2+1+1atm, ~ 230 MeV and 390 MeV

In agreement with A. Sternbeck et al. (QCDSF) arXiv:1203.6579

In qualitative agreement with J. D. Bratt et al. (LHPC), PRD82 (2010) 094502
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— Total spin for u-quarks J! ~ 0.25 and for d-quark J% ~ 0
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Lattice results on the nucleon spin
Jg = 3[A20(0) + Bzo(0)] = FAT + Lg

AY = Ay

Only connected contribution
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LY+9 ~ 0 at physical point.

Contributions to nucleon spin
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Lattice results for AX“~% and LY~ in good agreement

How about the disconnected contributions to Lq and contributions from J,? K.-F. Liu et al. (xQCD),

arXiv:1203.6388 claim they are large =—> Need to be confirmed using dynamical quarks, larger volumes

and lighter quark masses
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Nucleon EM and axial form factors

(NP, )i O)IN(p. 8)) = Tn(p', 8') [7"Fi(?) + 252 Fa(eP) | un(p, )

"w

>

.3
}, New results for Ne = 2+ 1+ 1 twisted mass fermions, 482 x 96, B =21
=y (a = 0.063 fm from nucleon mass), m, ~ 230 MeV, 950 configurations
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Nucleon Dirac and Pauli isovector radii

(NP, )11 ()IN(p. ) = n(p' 8') [4"Fi(¢7) + 2528 Fa(q?) | un(p. )

5 dFLZ‘
F1,200) g2 '4?=0

Use a dipole Ansatz to fit the g°>-dependence of F; and Fs.

Dirac and Pauli radii: r2, = —

7 T T T T T T T T T T T T
6 x J 08 « .
w 4 F = 1
g % g
T
- X X B c 0.4 B
£ t 8 2 ¥, L 1z ﬁ N |
~_o | ¥ 1% - B ~ 1 AT %
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1 B N oeies MF 000835 fm N,=2+1 DWF a=0.114 fm i 1 DVF ac0.414 fm N,=2+1 DWF a=0.114 fm
” A N =2+1 Hybrid a=0.124 fm A N,=2+1 Hybrid a=0.124 fm
® N,z Clover a=0.083-0.060 fm N ) ) B Nz Glove, a=0.063-0.060 fm ) )
.0 0.0
0 A 2 3 4 5 8 7 .0 A 2 3 4 .5 6 7
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TMF: C. A. et al. (ETMC), PRD83 (2011) 094502
Clover: S. Collins et al. (QCDSF), Phys.Rev. D84 (2011) 074507

DWF: S. N. Syritsyn et al. (LHPC), PRD 81, 034507 (2010); T. Yamazaki et al. (RBC-UKQCD), PRD 79, 114505 (2009)

Hybrid:J. D. Bratt et al. (LHPC), Phys. Rev. D82, 094502 (2010)
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Nucleon Dirac and Pauli isovector radii

a (NP, )i (0)IN(p, 8)) = Bn(p', 8') [ Fi(@?) + L Fa(@?)| un(p, s)
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Nucleon Dirac and Pauli isovector radii

g (NP, ) (O)IN(p, 8)) = Tn(p', 8) [¥Fi(@?) + 5 Fa(a?) | un(p, 9)
g phys
Anomalous magnetic moment: F,(0) mnl:llﬁl
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J. R. Green et al. 1209.1687
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Nucleon o-terms

o1 = mi{N|Gu + dd|N): measures the explicit breaking of chiral symmetry
Extracted from analysis of low-energy pion-proton scattering data
In lattice QCD it can be obtained via the Feynman-Hellman theorem: o; = m,%im’;/

amy

Similarly os = ms(N|Ss|N) >= ms 72"

2(N|3s|N)
(N|Qu+dd|N)

A number of groups have use the spectral method to extract the o-terms.
Can also be calculated directly.

The strange quark content of the nucleon: yy =
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Nucleon o-terms
Advantages for twisted mass fermions:

@ In the twisted basis the scalar tiu + dd becomes: i(Tysu — dvysd) =

From the TM action: D, — Dy = 2iu~ys

— D' — D' = —2iuD; '4sD; " with noise suppression due to

small value of p

@ The light quark loops can be computed by calculating

stochastically D, ' (2iu~s) Dd’1 using the one-end-trick to further

improve the signal, s. Dinter et al. 1202.1480
@ Renormalization straight forward
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Nucleon o-terms
Advantages for twisted mass fermions:
@ In the twisted basis the scalar tiu + dd becomes: i(Tysu — dvysd)
From the TM action: D, — Dy = 2iu~ys
— D' — D' = —2iuD; '4sD; " with noise suppression due to
small value of p
@ The light quark loops can be computed by calculating
stochastically D, ' (2iu~s) Dd’1 using the one-end-trick to further
improve the signal, s. Dinter et al. 1202.1480

@ Renormalization straight forward
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Nucleon o-terms

Advantages for twisted mass fermions:
@ In the twisted basis the scalar tiu + dd becomes: i(Tysu — dvsd)
From the TM action: D, — Dy = 2ip~ys
— D' — D' = —2iuD; "5 D; " with noise suppression due to
small value of p
@ The light quark loops can be computed by calculating

stochastically D ' (2ipys) D ' using the one-end-trick to further P T e
improve the signal, s. dinter et al. 1202.1480 G Y
NG pd
@ Renormalization straight forward ~< e
__ From plateau, 14
o
006 — srom g oot 1 0.06
0.05 1 0.05|
8
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% 8 30.04 ¢
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We use Osterwalder-Seiler s-quarks
and compute } (5.5 +3_s_)
At m, = 390 MeV:
_ _a(Njssiv) [ 0.098(23)  (sum)
IN= NjguradiNy = | 0.097(17) (plat)
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Nucleon isoscalar axial charge

@ If one has the combination Gu + dd then one can use: D, + Dy = 2Dy and the loop is given by
2D, DWD;‘. One applies the one-end-trick to this combination — generalized one-end-trick

@ Stochastic noise larger — combine with truncated solver method (TSM), G. Bali, S. Colins and A. Schéffer,
PoSLat2007, 141

@ Need to tune in addition to the high precision noise vectors Nyp and number of low precision vectors Nip

B55.32 50 confs

Bilinear Transforms to Standard T Ty
(Physical basis) | (Twisted basis) | One-end Trick 30 HP=8
HP=12
o st ‘ 2 W e
i it x . o
s —r3¢ v £20 v HP=70
ihysT3Y -y X A
}Z"Yu¢ _’/"’Yuw X ,:5 15 §
Y YTV YyuT3Y v 2 ]
DY DY uY x < o Ym
s uTads Pys Vs v ﬁ v
Wy, Dy Wy, Dy X ‘Q [ ] ]
W Dyrsty | Dy Tat v 5 Q,! qg a 4
W5 Dy W5y Dy x
W5y, Dyst | W5y, DyTatd 4 0= 200 200 600 800 1000
LP Sources

Results for (x) 14
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Nucleon isoscalar axial charge

If one has the combination Tiu + dd then one can use: D, + Dy = 2Dy and the loop is given by
2DLT1 DWD‘;‘. One applies the one-end-trick to this combination — generalized one-end-trick

Stochastic noise larger — combine with truncated solver method (TSM), G. Bali, S. Coliins and A. Schiffer,

PoSLat2007, 141

Need to tune in addition to the high precision noise vectors Nip and number of low precision vectors Ny p
Use to compute isoscalar g4 using Niyp = 24 and Nip = 300
Since the LP sources don’t require an accurate inversion, we can take advantage of the half precision

algorithms for GPUs - use the QUDA library
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Nucleon isoscalar axial charge

@ If one has the combination Tu + dd then one can use: D, + Dy = 2Dy and the loop is given by
2Dl71 DWD;‘. One applies the one-end-trick to this combination — generalized one-end-trick

@ Stochastic noise larger — combine with truncated solver method (TSM), G. Bali, S. Coliins and A. Schéffer,
PoSLat2007, 141

@ Need to tune in addition to the high precision noise vectors Nizp and number of low precision vectors Ny p

0.0
16
-0.1
" -0.2)
12 o —0.3
2 =
E10 o 04
E E 03
g £-0.
£ 8 &
3 -0.6]
6 -0.7
4 -0.8
2 -0.9 4 5 6 7 8 9 10 11
14 tni/a
Esini/a . . — . .
c ted Disconnected, in qualitative agreement with Bali
onnecte et al. (QCDSF), Phys.Rev.Lett. 108 (2012) 222001

C. Alexandrou (Univ. of Cyprus & Cyprus Inst.) Hadron Structure Florence, 10 - 14 September 2012 15/30



Hyperons and Charmed baryons
SU(4) representations:
4144 = 20 20020 04

ODedeOd = EEEIEBB:'@B]@H

21 EMe —e— 1 1 o~
27 BMW s . ] 0.9 0 (uds)
19 PACS v T 08| T e
18+ LHPC 2 i A 5 07 T e e . ..
— 17 QCDSF * : «QEI——’ § 06 ‘ﬁf%}ﬂﬁ
T 16 ‘ 1 05
S 1s5; b e
= 14 t 1 oo = (a9
13 L 9&:’ b - 0.8 . E
1.2 %’ - 1 ‘%“' 0.7 R fxxgd } 1
i . I
11 % 1 06 ﬁ
l /\ z E zu Eu Q 05 2 4 6 8 10 12 14 16 18 20 22
N = 2 + 1 clover, hybrid and Nr = 2 twisted mass va
fermions. New results using N = 2 + 1 + 1 are in the pipeline.
C. A., J. Carbonell, D. Christaras, V. Drach, M. Gravina, M. Papinutto, The A, ¥* and =* show no isospin breaking at
arXiv:1205.6856 a~ 0.078fm
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Mass of charmed baryons

All use a mixed action approach:

@ ETMC: TM Ng = 2 fermions gauge configurations

@ Other collaborations use staggered Ng = 2 + 1 quarks, and a relativistic heavy quark or clover action for

the charm quark

@ Ng =2+ 1 Clover quarks, G. Bali et al. at CIPANP2012.

38 ETMC —e —
36 f Liuetal. - - Oy |
Naetal. o~
34 Bricenoetal. v ]
%‘ 32t |
Q 37 |
= 28¢ |
26 &y T |
[y [gv
2.4 *E' |
22 L2 — - _
Ne Z¢ Z¢ Fo Qo cc

C. A., J. Carbonell, D. Christaras, V. Drach, M. Gravina, M. Papinutto, arXiv:1205.6856
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Mass of charmed baryons

All use a mixed action approach:
@ ETMC: TM Ng = 2 fermions gauge configurations
@ Other collaborations use staggered Ne = 2 + 1 quarks, and a relativistic heavy quark or clover action for
the charm quark
@ N =2+ 1 Clover quarks, G. Bali et al. at CIPANP2012.

"= () ——
2" (dee) ——r
38 ETMC —eo— pr 1.9 1
3.6 Liuetal. -8 By i
Naetal. o
3.4 + Bricenoetal. v — "

< 32¢ I

> £ :

) 3 |l &

E 28 1.7 z I
2.6t o o, o ] ii&Et*E&IIII“MIﬁNH
24| = 1 16

: )
2 2 Tv L L L L L L L L L L L L L
: = = = 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Ne Zo Z¢ T Q¢ e Q ta

Np=2+1+1atm, ~ 390 MeV and a = 0.078 fm
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Axial charge for hyperons

@ Given by the hadron matrix element at zero momentum
transfer:(h|¢y,,ys1| h) |q2:0

@ Efficient to calculate (connected contribution with fixed current ot @
method) - computational cost for all hadrons about twice that ~ -
required for one hadron (cost of additional contractions)

If exact SU(3) flavor symmetry:
@ gl=F+Dgs=2Fga=-D+F=0{-gs+0z=0

Probe deviation: dsusy = gi — g5 -+ g3 versus x = (mx — m2)/4m?f2, H-W. Lin and K. Orginos, PRD 79, 034507 (2009)

025

FittoTME " "
Fittoall

Hybrid —a—

|
I

008 L L L L L L L L
0,05 [ 005 01 015 02 025 03 035 04

Physical Point

X
Breaking ~ x? leads to about 15% at the physical point
Xony = 0.33
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Axial charge for hyperons

@ Given by the hadron matrix element at zero momentum
transfer: (|7, 159 h)| 2_,

@ Efficient to calculate (connected contribution with fixed current
method) - computational cost for all hadrons about twice that
required for one hadron (cost of additional contractions)

If exact SU(3) flavor symmetry:
@ gl =F+D gf=2Fgs=-D+F=g\ —gf+05=0

025

Probe deviation: dsusy = g — g5 -+ 93 versus x = (mx — m2)/4m2f2, H-W.Lin and K. Orginos, PRD 79, 034507 (2009)
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Rom :
L :
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D 2
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<
& o
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005 0.9
{ e
(= } [
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005
%05 0 om o1 om0z o o3 om o4
. 2 X . . ~<— Physical Point
Breaking ~ x“ leads to about 15% at the physical point 0.8 05
Xphy = 0.33
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o-terms for hyperons and charmed baryons
Need both connected and disconnected pieces
First results using Ne =2 + 1 + 1 TMF at m,, = 390 MeV

Summ. [6-12] TS 12— fpeb — & G =7 — o 1 G =9 = 1]
Plateau t=14 s
=8 = t.=16
Disconnected Part Connected Part
S003F i 1S 0.12 |
o ——=-=2 f_ o 01rf
< 1 ¥ <
S 001F .1, % i i1 S5 o008f
S 17 . S
0.14
< 0.05 R <
T hi 0.12
3 003} — 1 ’,’Ti%i? oSS e 1 8
=" NN A TN S =
w0 | T | 5w
0.01 | IH ’ .
- 0.08
o W 757
3 TEEONETOn
<9' or 4#'! j A
05 5 1 : .
_1 1 ‘ 1
-10 - 10
(tins -ts/2)/a
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o-terms for hyperons and charmed baryons
Need both connected and disconnected pieces
First results using Ne =2 + 1 + 1 TMF at m,, = 390 MeV

SummPl[G 12] 25 :Sfﬁ [
atteag — tS:16 T
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o5 © 003} T Rk ‘:i, FEEETEN
0.01 | - 0.01 - ﬁiﬁ% l%%ﬁ‘; il
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gl it | Tl T R
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o-terms for hyperons and charmed baryons
Need both connected and disconnected pieces
First results using Ne =2 + 1 + 1 TMF at m,, = 390 MeV
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N~* — A form factors
@ A dominant magnetic dipole, M1

@ An electric quadrupole, E2 and a Coulomb, C2

signal a deformation in the nucleon/A p(938) A*(1232)
Rem(EMR) — — S£2(%) 1=393 32

& G (@) M1,E2,C2 e

— _dl Gco(@) " v T
Rsu(CMR) = — 5 - G0 (@) ¢ Y
in lab frame of the A. é
@ Used for probing nucleon shape since 1/2-spin Q ¢

particles have vanishing quadrupole moment in e
the lab-frame M., E,., S,

@ Difficult to measure/calculate since quadrupole
amplitudes are sub-dominant

Our

Y

w

»

Spherical

LNRRRRE LaRNRRRRNRR)

T

[

L L 1 1 Il 1 L L L
20 40 60 80 100 120 140 160 180 ‘3Pq

-

C. N. Papanicolas, Eur. Phys. J. A18 (2003); N. Sparveris et al., PRL 94,
022003 (2005
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N~* — A form factors
@ A dominant magnetic dipole, M1
@ An electric quadrupole, E2 and a Coulomb, C2

signal a deformation in the nucleon/A p(938) A*(1232)
Rew(EMR) = — 8£2(@) 1=393 13,53

S (@) M1 E2 c2 P2

_ _ 14l Geo(@)
Rsm(CMR) = — g5 ST ¢
in lab frame of the A. ¢
@ Used for probing nucleon shape since 1/2-spin @ @

particles have vanishing quadrupole moment in
the lab-frame M., E1+, Sy

@ Difficult to measure/calculate since quadrupole
amplitudes are sub-dominant

3.5

3.0
@ Ng = 2+ 1 with DWF, slope at
2.5f A m, ~ 300 MeV smaller than experiment,
fa underestimate Gy i.e. like for nucleon
e { form factors
3 1.5 @ New results with Nr = 2 4+ 1 DWF at
'H m, ~ 180 MeV require more statistics
1.0 Y }‘i
0.5 &
a8
0 r tus 3 i
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Conclusions

@ Nucleon structure is a benchmark for the LQCD approach
Some puzzles remain like ga. Others need to be confrim by other groups like (x),_q
= simulations of the full theory at near physical parameters will eliminate umbiguities due chiral
extrapolations

@ Evaluation of quark loop diagrams has become feasible

@ Predictions for other hadron observables are beginning to emerge e.g. axial charge of hyperons and
charmed baryons

@ Studying baryon resonances is also beginning — provide insight into the structure of hadrons providing
information that is difficult to extract experimentally.

As simulations at the physical pion mass and more computer are becoming available we expect many physical
results on these key hadron observables
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