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Outline

How well can we simulate nucleon structure on a lattice?

® Introduction
lattice methodology and systematic errors

® Nucleon Electromagnetic Form Factors
Nucleon form factors, radii, magnetic moment

® Nucleon Axial Form Factors
Nucleon axial charge, axial radius, induced pseudoscalar form factor

® Decomposition of the Nucleon Momentum and Spin
Quark momentum fraction, spin and angular momentum

® Summary
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Nucleon Correlators and Matrix Elements

© Lattice QCD: numerical path integral on a 4D Euclidean grid
Uy s
o
DUDyYD
/ WD O[U, 4, 9] e~ b — ZO !
—0 P.—
Wy

© Hadron correlators
) N N A
Con(1) = (N(DNO) = e

C5 . (T) = (N(T)O(1)N(0)) = N vy T

TO

7 N(oy‘/g

“connected” “disconnected” A

@ Matrix elements : C3pt/Copt ratio or multi-exp. fits

Ro(T',7; P, P') = <N§]1;7)(C;§7];)f](\(250)> T,T,(Tj)—m (Flo|P)
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Systematic & Stochastic Error in M.E.

© Euclidean propagation “selects” the ground state: P2 é
1 B —
7 / DU, DqDg [N(T)O(T)N(0)]
—aH —aH —aH —aH
— <'UCLC-|CLN(P’) g N J.Oq g Ve J-CL—]l-V(P)"Ua/C.> T !
T—T T P
Tj ZOOe_MNT [<P,|O|P> 4 O(f_AEloTa G_AENT, e—AEw(T_T)J)]

WV
excited states

@ Stochastic noise grows rapidly with T, especially with light pions [Lepage’89]:

Signal (N(T)N(0)) ~ o~ MNT
Noise <\N(T)]\7(O)\2> _ \(N(T)N(()m? ~ o—3mxT
Signal /Noise ~ o~ (Mn—3ma)T

Sergey N. Syritsyn Nucleon Matrix Elements from LQCD “Nuclear aspects of DM searches” @ INT



_____________________________________Inoduction
Other Sources of Systematic Errors

6 N B N T DWFeo T
. . 'S NeE Wik Cowt o0 ET v |
_ unphysically heavy pion (quark) mass 51 § Nl
e | § e
_ broken chiral symmetry of quarks 54_‘ AP a A | E AR
3 —
. —=3r . v % « «
_ finite volume - TRt oL .
_ discretization effects Lo ) ‘
O _I i L | L | L | L | L |
0 02 03 04 05 0.6
m_ [GeV]
Calculations currently in progress - ~

Physical chiral-symmetric quarks :

a =~ 0.113 fm = (1.75 GeV) ™!,
Vi =48 x 96 = (5.4 fm)> x 10.8 fm,

mqL, ~ 3.84
isospin symmetry limit (Nfay=2+17) \ J

QCD at the physical point
chiral-symmetric quarks (some groups)

excited states are subtracted/removed

XKL

no electromagnetic interactions
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Nucleon Electromagnetic Form Factors

ot q,

(P+dl@"alP) = Uprq| R(@)Y" + B2 (Q7) 55 = | U

2M N

4 JLab@12GeV : explore form factors at Q2>=10 GeV?
* (F1/F2)scaling at Q2->

e (Ge/Gum) dependence up to Q2=18 GeV?
* u-, d-flavor dependence of form factors

<4 Proton radius puzzle: 7o difference
e JLab E12-11-106 (Hall B)
 MUSE@PSI : e*/ p*-scattering off the proton

15F

fvrfn | oy
- ‘ul mn

p
M

up,G/G

0.5

0.0

PROTON

" New value for chargo radiens
of key subatomic particle

-0.5

[Research Mgmt. Plan for SBS(JLab Hall A)]
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Nucleon Isovector (p-n) Form Factors

_ ot q
(P+alqy"q|P) = Upiq| F1(Q7) 7" + 12 (Q7) Up
2M
N
1.1 ! ! ! ! 4.0 T T T T
— Exp.fit [PRC70:068202(2004] — Exp.fit [PRC70:068202(2004]
Lol ¢ Lattice QCD (m, = 149 MeV) | ¢ Lattice QCD (m, = 149 MeV)
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Q? [GeV?] Q? [GeV?]

Nf=2+1 clover-imp.Wilson, m,=149 MeV [J.R.Green, SNS et al (LHPC)]

Lattice Q2 usually limited to L2 < Q2 << a2
(and high momenta are noisy)
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Dirac Radius vs. m; and Proton Size Puzzle

1
Fu=4(Q?) =~ F(0) [1 Q2 (p2yud @(Qﬁl)} (usually extracted from
6 dipole fits in Q2<0.5 GeV?)

0.8 ! ! ! I I I
X up CLS-Mainz ’12 Ny = 2
% PDG 2012 @ RBC/UKQCD08,’13 Ny =2+1
0.77 { QCDSF’11N; =2 m LHPC'I0N;=2+1 1
3 B PNDME'13N;=2+1+1 @ LHPC’09N;=2+1
0.6k A ETMC’10 Ny =2 ¢ LHPC'12N;=2+1
' x A ETMC’13N;=2+1+1
osl { _ [Lattice “World” data '13]
&
= 0.4r
S<
C:g
0.3r %
=
=; @
¢
0.2 &
¢ s )
0.1F
O% 1 1 1 1 1 1 1
1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
m, [GeV]

‘[ChPT predicts divergence ~ logm? |
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Nucleon Electromagnetic Form Factors

Dirac Radius vs. m; and Proton Size Puzzle

FU(Q) ~ FO)[1 - Q%)+ 0(@")

(usually extracted from
dipole fits in Q?<0.5 GeV?)

0.8

0.7

0.1F

)

)(I 1p | | | CLS-MaiIIlZ 12 ]\/'f:2I
% PDG 2012 ® RBC/UKQCD’08,’13 Ny =2+1 N
& QCDSF’11 N; =2 m LHPC'10N;=2+1 1 .
m PNDME'I3N,—241+1 @ LHPCO9N, —2 1 Excited states problem:
A ETMC’10 Ny =2 ¢ LHPC'12N;=2+1 ?
A ETMC’13N;=2+1+1 U; S Worse for m,<200 MeV'" )
[Lat“ce “World” data ’1 3] —— HBChPT+A ¢ 32c48 coarse
V  32c64 fine B 48c48 coarse
0.7T X 32c96 coarse —*— up + PDG |
# +  24c¢24 coarse —— PDG 2012
0.6 ® 2448 coarse
;- % 05 [J.R.Green et al (LHPC), 1209.1687] |
) m & T T
o " £ 139
s 04p 1.39— )
{ 1.16 — v
S 0.93 —
0.31 fm o ® L
1 02 03 04 05 06 0.2} -
m, [GeV] tsink — tsource = 0.93, 1.16, 1.39 fm
_ _ o | +extrapolation
ChPT predicts divergence ~ logm:
010 0.15 0.20 0.25 0.30 0.35 0.40
m, [GeV]
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Isovector Magnetic Moment vs. m;

Q) = w1 - @03 + 0(QY)]

6 3 T
—— HBChPT+A
V  32c64 fine
5 /{ v ® 5 ® X 32¢96 coarse | |
2 yd) +  24c¢24 coarse
/irv <T2 > @® 24c48 coarse
¢ 32c48 coarse
4r _ ar B  48c48 coarse ||
% NE —k— P]?_G 2012
| s
%3 =3t
I =
Q&j 3&3
2 B 2 B ‘
—— HBChPT+A @® 24c48 coarse
Ly V  32¢64 fine 9 32c48 coarse Lr =
X 32¢96 coarse B 48c48 coarse
+  24c¢24 coarse * PDG 2012
8.10 0.15 0.20 0.25 0.30 0.35 0.40 (8).10 0.15 0.20 0.25 0.30 0.35 0.40
m, [GeV] my [GeV]

m=149 MeV Nf=2+1 clover-imp.Wilson
[J.R.Green, SNS et al (LHPC)]

Larger [, smaller @7, are desirable

min
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Nucleon Axial Charge and Form Factors

Nucleon Axial Charge and Form Factors

Yo gt
IM N

(P +q| v"v°q|P) = Ups, [GA(QZ)’V“W5 + Gp(Q?)
4 Axial form factor Ga(Q?)
e |nteraction with neutrinos: MiniBooNE

o

4 Induced pseudoscalar form factor Gp(Q?)

* Charged pion electroproduction

e Muon capture (MuCAP@UW): ge ~ Gp(Q? = 0.88 m,?)
4 Strange axial form factor Gas(Q?) : studied at MiniBooNE

1 R i T i T i
\ 16
0.8 - 14
> &=
E ] £
. . o 12F
< 06 B s
< e % n 100
O . o
~ i RN 1 K 8
) % - | o | MuCap A
Q04 - A utap Avg
< TTeg C
Q) - % T aF-
- o
0.2 - ) o 5 Ext ATh @O N
- —> o — e—— °
I I | T N I
% 20 40 60 80 100 120, _140
ol hop (10° &)
0 0.2 0.4, 0.6 0.8 1
Q" [GeVT]
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Nucleon Axial Charge

(N(@)|7y"7°alN(p)) = ga py"y up,
(beta-decay matrix element)

1.4
A
1.3} T " L B V& .
* ¢ ' - N Y .
1.2} “ e % ® + 4 + ]
% T % & ' g ﬁ é % o iy
1.1} ) 5 g 50 ]
¢ ¢
I 1.0 ¢
0.9}
* PDG 2012 $ QCDSF’11,’13 N; =2
0.8r A ETMC’10 Ny =2 @ RBC/UKQCD'08,"13 N; =2+ 1|
A ETMC’13N;=2+41+1 i LHPC’10 Nj =2+1
07k A ETMC’13 Ny =2 ® LHPC'09N;=2+1
' i PNDME’'13 N;=2+1+1 $ LHPC'12N;=2+1
5 CLS-Mainz’13 Nj = 2 § CSSM'12N;=2+1
O'%.l 0.2 0.3 0.4 0.5 0.6

m.|GeV]

Lattice QCD underestimates ga by 10-15%
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Nucleon Axial Charge and Form Factors

Nucleon Axial Form Factor

Yo gt
IM N

(P+q|l 37"+ q|P) = Upq {GA(Q2)”Y'U’}’5 + Gp(Q?) }Up

I I I I I I
® N, =2 TMF a=0.089fm m =298 MeV

1.0 % B N =2+1+1 TMF a=0.086fm m =354 MeV
& o8 L éé 6 X -
EZ{ %GDE =
O 0.6

04 r

0.2 FX  N=2+1 DWF a=0.114fm L=2.7fm m =329 MeV i

0.0 O N=2+1 Hybrid a=0.124 L=3.5fm m =356 MeV .

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Q% (GeV?)

[C.Alexandrou (ETMC), 1303.5979]
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Nucleon Axial Radius

: . 2 _
* 5% discrepancy in exp. values of ra V(%) —scat. = (0.666  0.014) fin

(from Ga(Q?) dipole fits) V%) et —proa = (0.639  0.010) fm
0.5 [ [ | [ | [ [
I % * V scattering ]
+ Mixed-action, a=0.124 fm
0.4r- « Domain wall, a=0.082 fm |
—_ i Clover, a=0.116 fm (summ.)| |
@\
E 03 -
- i |
02 F
@\ — x —
i“:ﬂ i % * =g
0.1- —
A
L G 2 ~ .
A(Q ) (1 _|_ %(rA)2Q2)2

| | |
91 02 03 04 05 06
m_ |GeV]

* Weak dependence on mrand disagreement at m»°"s: same problem as ga ?
e Study required for volume dependence and exc.states.
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Nucleon Axial Charge and Form Factors

Nucleon Pseudoscalar Form Factor Gp(Q?)

_ S5
(P+4l07"7°q|P) = Upyq| Ga(Q1) "5 + Gp(Q¥) oo |Up

20 | | | | | | 2MN
® N,=2 TMF a=0.089fm L=2.8fm m =298 MeV
s 2 | EN=2+1+1 TMF a=0.086fm L=2.8fm m =354 MeV
(<l—\ & N_=2+1 Hybrid a=0.124 L=3.5fm m =356 MeV
O . .
. * Gp at the physical point :
large excited states contrib.
S r 120 ‘ll ‘ - phIno
| i
. 100 ll g Tu;fa
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 |
Q* (GeVv?) s | physical my
* |s Gp dominated by the pion pole ? chiral quarks
©)
0-6_ I ! I ! I I I I /L:
e DW a=0.084 fm e
I o Hybrid a=0.124 fm A 3
0.5_ ,E// N
- E /// .
= ol S
03l P _
=0l Pole” fit :
o1 . ¢ (@Q?) 4 ic
. L /,/// r (mpole)2 + Q2
0 il ! | ! | ! | ! | ! | ! |
0 01 02 03 04 05 06

m_ [GeV]
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Quark Momentum, Angular Momentum and Spin

Proton spin puzzle:
1989 EMC experiment found 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]

Quark Momentum fraction (<x>q) and Angular momentum (Jq) [X.JI'96]:

1 ue ue
(x)q = A3(0) Jygiue = 5 | A" (0) + BL#(0)
where Az, B2o are E.-M. tensor form factors:
lue 2 ng/ — QV{MBI/} q
(N(p+ 0 T IN (p)) = { Aso, Bao, Cao p(Q?) | 1 2
Tﬁuue — GZAG,O/L)\ - ZéﬂV(GMV>
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Quark Momentum Fraction (Isovector)

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

Phenomenology: (z), = 0.155(5)

<

(N(P)|avipDuralp) = (x)q UpYiupytp

U AT

|
20.20¢
S

0.15} ¥ % CTEQS ® RBC/UKQCD 10,13 N; =21 1]
¢ { QCDSF’11,’12 N; = 2 m LHPC'10 N, =241
A ETMC’10 Nj =2 @ LHPC'09 N; =241
A ETMC'13N;=2+1+1 ¢ LHPC’12N;=2+1
v ETMC’13 N; —2
0'1%.1 0.2 0.3 0.4 0.5 0.6
m, [GeV]

e disconnected diagrams cancel
e Lattice QCD “benchmark” quantity
e Significant excited states contributions
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Light Quark Angular Momentum (u+d)

q

[X. JiPRL'96] J? = (N| / Bz MO2N)Y MM = gh T — gV T

Jq = % [A20q (0) + Baoq (O)]

0.5
0.4
I ' ‘H :
0.3 ? ®
~ | ) 4
: ' ¥ '
~ |
A
0.2} t
- A ETMC 13 (Twisted Mass Ny = 2(+1 + 1)
¢ QCDSF ’12 (Wilson-clover Ny = 2)
01l vy LHPC’10 (Asqtad+DWF Ny =2 +1)
' ® LHPC’10 DWF N; =2+1)
¢ LHPC’13 (Wilson-clover Ny =2+ 1)
B PRELIM N; =2+ 1 Wilson (LHP&RBC)
0.0 0.1 0.2 0.3 0.4 0.5 0.6

mx [GeV] _
Glue must account for ~50% of the nucleon spin

[Balitsky, Ji PRL'97]: 2J MSbar(1GeV) = 0.5 - 0.7

(*) disconnected contributions
are not included
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Light Quark Angular Momentum: Decomposition

0.6 ; ; 0.6 x x
05| Light quartk | .| | Light quark spin a
B ang.momentum | | } ot }% itk a5,

0| ']'% h ## . W ogq

A ETMC 13 (Twisted Mass Ny = 2(4+1+1)
0.2k * § QCDSF 12 (Wilson-clover Ny = 2) e 0.2k A ETMC’13 (Twisted Mass Ny = 2(+1+1) | |
5 ' ¥ LHPC’10 (Asqtad+DWF N; = 2 4 1) Se $ QCDSF '12 (Wilson-clover N; = 2)
2= ® LHPC’10 DWF N; =2+1) ﬁ ® LHPC’10 (DWF N; =2+1)
0.1 $ LHPC’13 (Wilson-clover N; =2+ 1) ~iw O1F i PRELIM N, = 2+ 1 DWF (LHP&RBC) |]
% é @ i PRELIM N; = 2 + 1 DWF (LHP&RBC) IAY,
0.0~ %‘"%é“{‘} B oo S a 0.0F--f-"-"""" e -
—0.1¢} Ja ] —0.1¢} .
% Ry ?@ o-ix—0—">—4
—0.2} ( MS(2 GeV)) 1 —0.2¢ %t
0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6
m.|GeV] m.|GeV]
0.6 | | T T T T
e ~ A ETMC 13 (Twisted Mass Ny =2(+1+1)  § LHPC’10 DWF N; =2+ 1)
0.5t § QCDSF’12 (Wilson-clover Ny = 2) Il PRELIM Ny =2+ 1 DWF (LHP&RBC)
Ju ~ 40 _ 50% ' ¥ LHPC 10 (Asqtad+DWF N; = 2 + 1)
0.4r i
IAY
‘Jdlﬁlo% 0.3} A yy & ;x‘ 2 2 & ¢ 2 utd o
& J S 0.2} * 1
1 L
L < =AY A_B Liuyztd
’ u—l—d‘ 9 u—+d 1) SR E—— é___é_%___gé_o____%_ﬁ___ui - -2
=0.1} . .
0 Light quark spin
. . . ’ —0.2t .
First in [Ph.Hagler et al, PRD77:094502 '08 (LHPC); and “orbiltal” a.m.

0.6

D.Brommel et at, arXiv:0710.1534(QCDSF) ] 0.1 0.2 0.3 0.4 05 _
(*) not includiing disconnected diagrams!
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Quark Contributions to the Nucleon Spin

Quark Angular Momentum

0.4F

02l kil

HERMES DD

HERMES Dual

JLab DD

_ (.9 | (m— LHP’07 [0705.4295]

s QCDSF’07[0710.1534]

s LHP’10[1001.3620]

memm ETMC Ny =[1012.0857]

_ (.4 | |m=— ,QCD’13 [1312.4816]

LHP&RBC m?"vs PRELIMINARY

! ! | ! !
—0.4 —0.2 0.0 0.2 0.4
Jd

Phenomenological bands from HERMES & JLab
[Airapetian et al, JHEP 06, 006 (2008)]

The most precise LQCD values : from
ChPT extrapolations of m,z300 MeV data

(*) disconnected contributions
are not included
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Summary

® Realistic calculations of nucleon structure on a lattice
multiple lattice groups pursue calculations with physical light quarks

® Nucleon electromagnetic form factors agree with experiment
lattice QCD results may be important for the “proton radius puzzle”

® Nucleon axial charge and radius : persistent disagreement
axial charge : 10-15% ; axial radius : x(1/2)

® Lattice QCD predicts peculiar structure of light quark angular momentum
full angular momentum |Ju| >> |Jd|, total orbital angular momentum |Lu+d|<<|Lu,d|
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BACKUP

Sergey N. Syritsyn Nucleon Matrix Elements from LQCD “Nuclear aspects of DM searches” @ INT



Quark GPDs

Generalized Parton Distributions probe quarks with

dA 1T - —
(@) = | 5= ") Gy [T W(=An An) | gan)

Pl

Helicity-independent and dependent operator matrix elements -> GPDs

<P T Q/Q‘O(ZC)‘P — Q/2> = ﬂp+q/2 [H($7€)q2) 7/2 4 g(x’£7q2) ’l‘O'M;:;:LQV

(P +q/2|07 (2)|P — q/2) = tip g2 [H(z,& ¢°) s + E(2, €, ¢°) (négz%}up_q/z

}uP—Q/Q

* forward case (¢=0, g=0) : regular PDFs
* no gauge link (A=0) : vector & axial-vector current

General non-forward kinematics (q#0) :

Distribution of partons in the transverse plane (b.)
Reviewed in detail [Diehl, Phys.Rept.388:41 '03]
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Generalized Form Factors

Generalized Form Factors (quarks)

Mellin moments of the LC operator produce local operators :

<
O, = /a:”_l dx O(z) — gD -n)"|q = Ofpyeoppy Mpn *** Mo,

and may be computed on a lattice
< <

O opmt = Q[V{M Dy, Dy, — <tmces>} q

GPDs H(z,&,q¢%), E(x,&,q¢°) are reduced to Generalized Form Factors

[n/2]

[an tdaHa6q®) — 3 QOF (@) [+(29"Ca(a?), evenn],

1=0
[n/2]

2 dr E(2,6,07) — > (202 Buni?) [~ (26)"Culg?), even ],

1=0
[n/2]

/
/x”ldaﬂ-{xﬁq — Y (207 An2:(q7),
/

1=0
[n/2]

Zlfn 1d$8$§q HZQ§QZB712'L( )7
1=0

Sergey N. Syritsyn Nucleon Matrix Elements from LQCD

-

"h=1: vector & axial form factors
n=2: Azo, B2o, C20 : energy-mom.

(quark momentum and Jg)

~

J
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Generalized Form Factors (quarks)

Mellin moments of the LC operator produce local operators :

O, = /:13"_1 dx O(x)

and may be computed on a lattice
<

Olpropn}y = Q[V{Ml Dy,

<

<
— (j[%(iD ' n)n]q = O{m---un} Npq = Ny,

D)y — <tmces>}q

GPDs H(z,&,q¢%), E(x,&,q¢°) are reduced to Generalized Form Factors

[n/2]
/ e W, 67) — > (207 Ani(d®) [+ (29"Cu(d®) s evenn],

1=0

[n/2]
[an tdn@e.t) — Y P Banla®) [~ (26"Cule?), evenn],

1=0

n /2] ‘n=1: vector & axial form factors
/:13” Lde H(z, €, ¢%) — Z 26)% A, 2i(q%), n=2: Az, B2o, C20 : energy-mom.

1=0 uark momentum and J

. y g (9 q9)
/il?n Yo E(x,€,q%) — Z (2€)’[ Experiments do not have direct access to n>1 GFFs:

=0 e not full region of x is measured

e DVCS access GPDs only at x = ¢
\ Y,
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Twist-2 Operators on a Hypercubic Lattice

Mellin moments of GPDs : symmetric, trace=0 quark-bilinear operators :
* |[n continuum: Lorentz symmetry preserves ops. from mixing
* On a lattice: Hypercubic group has only 20 irreps

n =1 . qVvuq — 4

n =2 a[yuiDyy = (Tr)]a — 3] © 65

n =3 q[l{ﬂz'g,,igp} —(Tr)lg — 87 &4, &4,

n=4 q|viD,iD,iD,y — (Tr)|q — 17 @3] ®6; 2] &1 ¢ 6] 63

1.d,—
Mixing coefficients ~ A%lv_d2 — (E)dl d

Forn=2: 0% = 0P 1 O(a?)

For higher n>4, need subtraction with non-perturbative mixing coefficients
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Unpolarized n =2 GFFs

iIsovector (u-d) Isoscalar (u+d)
) A20 L A2O
0.5} | =l
s By 0o s By
04} v Cy |7 0.41 v Cy |7
0.3f ] 0.3f
0.27 \’\h\._,_ 1 0.2f
—— —
0.1} ] 0.1}
0.0F ! 1{' =S B Ve —¥......... 0.0}
0.1} : 0.1}
025550 0.2 0.4 0.6 0.8 1.0 T2 0250 0.2 0.4 0.6 0.8 1.0 1.2
Q? [GeV?] Q? [GeV?]

* my=350 MeV ;
e |C2ud]=0 : little E-dependence in the isovector-channel
* large-N; counting hierarchy:

Az > A5 (~ NG, Ne),
| Bao | > | By (~ N, N&),
Gy > |0y (~ Ng, Ne)
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Unpolarized n =2 GFFs

iIsovector (u-d) Isoscalar (u+d)

0.0

0.4r

0.3F

0.2F

0.1F

0.0_ T EE T T - T .

1l :’> \ ] | _01 | %%
~0.2L ' ' ' ' —0.2L vl ' ' '
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Q* [GeV?] Q% [GeV?]

* mMy=350 MeV ; open symbols : mr=149 MeV
e |C2ud]=0 : little E-dependence in the isovector-channel
* large-N; counting hierarchy:

Az > A5 (~ NG, Ne),
| Bao | > | By (~ N, N&),
Gy > |0y (~ Ng, Ne)
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Polarized n = 2 GFFs

iIsovector (u-d) Isoscalar (u+d)

|

0.5F

0.4r

0.3r

0.2F

0.1F
0.0 F o i 0.0F o S T _
—0.1} . —0.1}

025550 0.2 0.4 0.6 0.8 1.0 To 929590 0.2 0.4 0.6 0.8 1.0 1.9

Q? [GeV?2] Q? [GeV?]

* m;=350 MeV [LHP collaboration]
* noisy signal for Bag(Q?)
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Unpolarized n =3 GFFs

iIsovector (u-d) Isoscalar (u+d)
o As
0.25} 0.25}
= By
0.20 0.20 o Agy |
0.15F 0.15 \ -
0.10} 0.10} .

0.05} 0.05}

000 B 000 W ™ 1 L N A | T

—0.051 1 —0.05k

—0-105%5 0.2 0.4 0.6 0.8 1.0 —0-105% 0.2 0.4 0.6 0.8 1.0

Q? [GeV?] Q? [GeV?]

* m=350 MeV [LHP collaboration]
e Observable é-dependence ~O(17) in n=3,
/272 dZCH(CC,f, QQ) — A3O(Q2) T (25)21432(@2)7

/x2 dr E(x, &, Q%) = Bsp(Q?) + (2£)* B3 (Q?)
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Generalized Form Factors

Comparison of unpolarized n=1, 2, 3 GFFs

iIsovector (u-d)

1.0

0.8F

0.6

0.4F

0.2

0-00:5 0.2 0.4 0.6 0.8

02 [GeV?]

Isoscalar (u+d)

* m=350 MeV [LHP collaboration]
 Slope of Ano(Q?) form factors gives transverse radii

(in the b.-plane):

-

\_

N
—, 1 —,
H(x,b7) = 0(b7)
x"-moments of GPDs
shrink with n )

First in [Ph.Hagler et al, PRL 93:112001 "'04]

Sergey N. Syritsyn

Nucleon Matrix Elements from LQCD

1.0
0.8}
0.6}
0.4}
0.2}
0-05% 0.2 04 0.6 0.8 1.0
02 [GeV2]
1
4,0(Q) = A (0)[1~ 102 ,)Q? + O@Q")

B fd2gL(gL)2fd$x”_1”H(x,l;L)
fd25l [ dx zc”_lfH(a:,I;L)

<T3_,1> > <7“2¢,2> Z <7“2L,3>

“Nuclear aspects of DM searches” @ INT
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Comparison of unpolarized n=1, 2, 3 GFFs

iIsovector (u-d) Isoscalar (u+d)

0.40 . . . . . . 0.45 ! . .

0.35} : zz; 0-40T % : Ez;

0.30} } ¢ n=3| 0.35¢ % : ¢ n=3]
= 025} ( I | . .
£ %; & 0.25| T o
= 0.20} @ . =
% + ) . 5020} n
= 0150 | o % :

0.10f i 0.10F % T ! ! .

0.05} l % %] ? ; ; - 0.05} 1

010 015 020 025 030 035 040 010 015 020 025 030 035 040

m, [GeV] m, [GeV]
* m=350 MeV [LHP collaboration]
 Slope of Ano(Q?) form factors gives transverse radii
(in the b.-plane): .
4

o ol ) Aw(@) = A1 - 107 ,)Q” +0@QY)]

H(SB,bJ_) — 5(bJ_) S5 5 o

5 fd2bJ_(bJ_)2fd$CBn_l7‘[(£B,bJ_)
x"-moments of GPDs (ri ) = 2T (do o (e
shrink with n J by | dean=TH(z,b1)

- / 2 2 2
First in [Ph.Hagler et al, PRL 93:112001 '04] <TL,1> > <TL,2> 2 <TL,3>
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BACKUP

“Disconnected” EM Form Factors

Disconnected contributions with hierarchical probing ~ 0.5%

1.2
1.0
0.8
0.6
0.4
0.2
0.0
-0.2

0.005

0.004

0.003

0.002

0.001

0.000

—0.001

Sergey N. Syritsyn

[S.Meinel, Lattice 2014]

2
GEp(Q )
. f connected |
{§ disconnected
. m,. = 317 MeV "
O!O 011 012 013 014 015 016 017
Q? (GeV?)
m, = 317 MeV { disconnected
_ i P
r ¢ { I
|
0!0 011 012 0!3 014 015 016 017
Q2 (GeV?)

2.5

2.0

1.5

1.0

0.5

0.0

-0.5

0.010

0.005

0.000

—0.005

—0.010

—0.015

—0.020

Nucleon Matrix Elements from LQCD

5 N N
GMp(Q )
= ¥ connected
B -~ ¢ disconnected [
m. = 317 MeV
010 0!1 0!2 0!3 014 015 016 017
Q2 (GeV?)
| | | I | II disclonnecteld
L m, = 317 MeV i
i I
i g i |
010 0!1 0!2 013 014 015 016 017
Q2 (GeV?)
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Nucleon Axial Radius

: . 2 _
* 5% discrepancy in exp. values of ra V(%) —scat. = (0.666  0.014) fin

(from Ga(Q?) dipole fits) V%) et —proa = (0.639  0.010) fm
05 ' ! | ! |
% * V scattering
+ Mixed-action, a=0.124 fm
0.4r « Domain wall, a=0.082 fm |
—_ Clover, a=0.116 fm (summ.)
@\
E 03 -
o
02 z
@\ — x
i“:ﬂ % * =
0.1- —

9 A
A ey

| | |
91 02 03 04 05 06
m_ |GeV]

* Weak dependence on mrand disagreement at m»°"s: same problem as ga ?
e Study required for volume dependence and exc.states.
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BACKUP

Nucleon Pseudoscalar Form Factor Gp(Q?)

_ S5
(P+al3y"7°a|P) = Upiq| GalQ)7"7° + Gr(Q?) 57 —|Ur

20 | | | | | | 2MN
® N.=2 TMF a=0.089fm L=2.8fm m =298 MeV
s 2 | EN=2+1+1 TMF a=0.086fm L=2.8fm m =354 MeV
&\ & N_=2+1 Hybrid a=0.124 L=3.5fm m =356 MeV
O . .
. * Gp at the physical point :
substantial excited states
5 B 120 ‘ll ‘ - phejno
| o
) 00} | SE
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 \ i oumm
2 2 o
Q" (GeV?) * - physical my, dynamical
* |s Gp dominated by the pion pole ? cl Moebius DW quarks
o 60F
0-6_ I ! I ! I I I I /L:
e DW a=0.084 fm ]
I o Hybrid a=0.124 fm A 3
0.5_ ,E// 7]
- E //// .
= ol S
03] } :
=0l Pole” fit :
o1 . ¢ (@Q?) 4 +C A
| i /,/// r (mpole)2 +Q2
O il ! | ! | ! | ! | ! | ! |
0 01 02 03 04 05 06
m_ [GeV]
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Nucleon Tensor Charge (u-d)

(N(P)|uo,,u — dou,dN(P)) = gripo,,up

sensitivity of BSM searches in ultracold neutron decays

120 ; | [ [ [ [ | |
Mixed 20% x 64 Coarse Wilson 48° x 48 +—=—
Mixed 283 x 64 +——x— Coarse Wilson 32° x 48 o
Fine DW 32° x 64 + Coarse Wilson 24° x 48 + «
115 L Coarse DW 24° x 64 Coarse Wilson 32° x 96 - |
' 1 Fine Wilson 32° x 64 +
1.10 | - .
gr [ I
1.00 F i
095 | 1 | | | | |
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

m2 [GeV?]

[LHP collab., PRD86:114509 "12]
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Light Quark Momentum Fraction (u+d)

(2} = / dz (u(z) + a(x) + d(z) + d(z))

<~

<N(p)‘q/7{,uDV}QIp> — <5’3>q ﬂpf)/{,upz/}up

0.8F E
__0.7F -
2 : :
; 0.65— .

O \
S 0.5 =
< W ;
i 0.4F % -
o : 5
A 0.3F E
V0.2 s NSUERRL T
2F e
: o N.=2+1 Hybrid (LHP) .
0.1F N;=2 Wilson-Clover (QCDSF)|
ob ooy LA NeiWikondHp )
0 0.1 0.2 0.3
2 2
m_ [GeV |
T

(*) disconnected contributions
are not included
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