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Nucleon Matrix Elements

® Scalar and tensor charges =» novel interactions/dark matter searches

® Axial matrix elements =» origin of nucleon spin

® Electromagnetic form factors = radii and moments well known experimentally
® Strange form factors =» connect to weak charges and constraints on new physics
® Momentum fraction, moments of PDFs and GPDs, ...

{ Disconnected fermion loops are essential in precision calculations J




Nucleon Structure with Physical Point Ensemble

Outline
® N=2+1-+1ensembles at physical point (twisted mass + clover)
® Setup and statistics
® Excited states treatment
® Representative results including disconnected contributions
® Stochastic techniques
— One-end trick; hierarchical probing; deflation
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Matrix elements on the Lattice

General three-point function:

— —

XsXins

[ Gr(P; Gitey tins) = ) € "0 Fme PP (3R (X5 16)|O" (Kins; tins ) IXR (0;0)) }

At quark level gives rise to both so-called connected and disconnected
contributions

(" Connected ) (- Disconnected N
OF (Xins; Jcins) Q
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Matrix elements on the Lattice

General three-point function:

[ Gr(P; i tss tins) = ) € - Fmep=BGG [ ON (eRsEnnFE R }

XsXins

At quark level gives rise to both so-called connected and disconnected
contributions

(" Connected ) (- Disconnected
Or (Xins; Jcins)

/,1
All gluon exchanges implied
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Matrix elements on the Lattice

Gr(P; G ts, tins) = ) € "9 FmePEP (ST (X5t )| OF (Kinss tinel [ XRAOOU

— —
XsXins

e ) an )
Connected . Disconnected
Ol e i)
Or(

e i}in ;tin
(Xs ts) (s ts) )

o

Disconnected
® Vanish in isovector matrix elements; u — d combinations

® Enterinisoscalar matrix elements; u + d combinations
® Combine with connected u + d for individual up and down-quark combinations
@ Individual quark, i.e. strange- (and charm-) quark contributions
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Ensembles

Three Nt=2+1+1 ensembles at physical pion mass
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Ens. ID (abbrv.) Vol. a [fm] ® Three lattice spacings at physical point

cB211.072.64 (cB64) 64x128  0.080

cC211.060.80 (cC80) 80x160  0.068 , ,
cD211.054.96 (cD96) 96x192  0.057 ® Ongoing analysis of two finer

® Several final analyses of coarsest
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Ensembles

Three Nt=2+1+1 ensembles at physical pion mass
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Ensembles

Three Nt=2+1+1 ensembles at physical pion mass
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® Ongoing analysis of two finer

ETMC, N¢=2+1+1
ETMC, N¢=2

MILC, N¢=2+1+1
NME, Nf=2+1

CLS, N¢=2+1

BMW, N¢=2+1
RBC/UKQCD, N¢=2+1
PACS, N¢=2+1

® Three lattice spacings at physical point
® Several final analyses of coarsest



Nucleon structure on the lattice

1.0
Two-point correlation functions
. . . p+/nO
e Statistical error: N-"2with Monte 0.8}
Carlo samples
5 3 . [ o
e Correlation functions exponentially . %% "o . [
decay with time-separation = el 0
Y . . p. ® 0.4} M ALl S e A
Systematic uncertainties ¢ |
e Extrapolations: a, L, mx 02f
c o C — — constant+exp. fi
® Contamination from higher energy o e
states 09 5 10 15 20
ts/a
(Xs, ts)
DDA (0)) = o™ +erem P
Ts (X0, to)
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Statistics

P; _nts;tins G _);ts — NG 6; ins)G(0;
Re(P: st tine) = S0 )\/ L M

t 0
G(0;ts) G(0;ts — tins)G(P; tins )G (P;

Connected: Increasing Nsrc with ts

Ideally: Aim for constant statistical errors over all
Two-point .
10° m 4 Vvaluesoftsofagivenensemble
O » Robust analysis of excited states: summation
3 A &
Z method, two- or three-state fits, etc.
X A. LN
E and Lk ® i
= 10 A& A 5
o q),é’. ° 1 Two-point function: High number of sources per
< ,\é" ¢ | config
s : N
0°F A —®— cB64 » Needed for disconnected contributions
r Ne ~— ¢cC80 !
ot —A— cD96
0.5 1.0 1.5
ts [fm]
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Statistics
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Treatment of excited states

r 1 1 1 1 1 1 1 1 1 \
o<w IIII:IIIII::!II: g 1 -
1.1F «+ &= IIII Eg¥ X% t® -
L. lﬁ‘%{ifr [} x
=10} s e 1+ =43 1+
. QI II II II %I
0.9+ i
-0.5 0.0 0.5 0.5 1.0 1.5 2.0 0.5 1.0
|ns 5/2 ts ts,min
\_ Y,

Example from intermediate a (7_5 . ) Or(finm tins)
® |sovector tensor charge (only connected) $y *+S

® Increasing statistics with separation t;
® Summation, two- and three-state fits

(£O>t0)
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Treatment of excited states

( 1 1 1 1 1 1 1 1 1 w
1.1
|_
© 1.0t
0.9F | | | | | | |
-0.5 0.0 0.5 0.5 1.0 1.5 2.0 0.5 1.0
tins _ ts/2 ts ts,min
\ D
Summation method
L —"T
Sr(a>ts): Z Rr(at 1ns)4./\/lt + C
tins=T
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Treatment of excited states

4 ~
1.1
|_
O 1.0t
0.9 i | | | | | |
-0.5 0.0 0.5 0.5 1.0 1.5 2.0 0.5 1.0
t|ns ts/2 tS tS min
\ »
Two-state fit
-\ (0)( (g M = 00
GF(CT JCs>tms) — Ci)e_E1 s =tam )e_E) ) A ~ —
2.2 ao0)acla)
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Statistics — Disconnected

GF(P; a;ts;tins)

Rr(P; g;ts;tins) = = 4
ha G(0:t.) \/ -

Disconnected: High number of sources per config. + hierarchical probing, color/spin

dilution and exact of low-mode estimation of loops

s, Light
Stochastic Deflation
cB64: Myec = ]Zcol./spin X 5121 had. MNey =200
cC80: MNyec = ]Zcol./spin X 512 had. MNey =450
cD96: Myec = 12col./spin X 5121 had. X 8stoch. None
Ens. Strange i
cB64: Myec = 1zcol/spin X 125t0ch. X 32nhad. (XS) tS)
cC80: Myec = ]Zcol/spin X 4stoch. X 12nhad.
cD96: Myec = 12col/spin X dstoch. X 3121 haa.
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Treatment of excited states

- d (disc) o | | | | | |
0.00} g#* sc I } 1L i
-0.02 ﬁﬁ%%{&{ = L 'ﬂ}} i # * F

&
[ ] ' '
-0.04 | 1 1t 1} 1
0.0 o 2 0.4 0.6 05 1.0 1.5 2.00.6 0.8 1.0 1.2
\ tins — ts/2 [fm] ts [fm] tISOW [fm]

_

Example from intermediate a

® Disconnected contribution to isoscalar tensor charge

® Large number of two-point functions per configuration (here 650)
® All t; obtained for same statistics

® Note small magnitude compared to connected
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Scalar charge — o-terms

my (GeV)

e Pion nucleon o-term; o=y = mua(N|au + dd|N) x\/x

e Strange o-term: o, = m,(N|3s|N) 5
e Enter super-symmetric candidate particle scattering '
cross sections with nucleon (e.g. neutralino through '
Higgs) \ \
1.Direct calculation of matrix elements

Involves disconnected contributions

om om
2. Through Feynman - Hellmann theorem: o=~ = mudam]\; o5 = m amN
1.6
al | e Reliance on effective theories for
» % dependence on mx
1.2 - % ‘~ B g é .
? gg@‘% ETMC - ® - ¢ \Weak dependence on ms
10 {?' BMW —A— -
** 4 PACS-CS
0.8 LHPC —e— |
MILC —w—
QCDSF-UKQCD 3¢
06 0 0.05 0.1 0.15 0.2 0.25

m2 (GeV?)
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Scalar charge — o-terms

5F Iu dl 22T u+d (conn)
4l 95 ] 20} 9 4
| 1 2 [
2t .S } { - 16 y I { 1+
1t ] 14} 4 I+
Or . . . . . | | | | 12 . . . . . | | | |
0.75 1.00 1.25 1.50 1.75 2.00 0.75 1.00 1.25 0.75 1.00 1.25 1.50 1.75 2.00 0.75 1.00 1.25
ts [fm] tow [fm] ts [fm] tow [fm]
4_glg+d(ldisc) | | | | AL | | | } i
e Showing coarsest lattice spacing | - + l§ & i} T |
5 5 o o - E
e Significant disconnected contribution x :
O_
e Excited state effects require ts > 1.5 fm .

0.75 1.00 1.25 1.50 1.75 2.00 0.75 1.00 1.25
ty [fm] tow [fm]




Scalar charge — o-terms

t

ETMC, Ny =2+1+1 e
ETMC, N;=2 il
BMW, Ny =241
xQCD, Ny =2+1+1 ——i
RQCD, N¢=2+1+1 : ¢
Gasser et al. . KA

f

’--
| 4

Q

- 0

O T

OT

Chen et al. o, [ MeV]
An et al.

Hoferichter et al.

Ruizdetlvira et al.

Friedman et al.

.
it

on [MeV]

e Showing results which use physical point ensembles
e One result using FH method (BMW)

Alarcon et al. 50 0 50' - I100I -

.150. L

ETIMC, Ny =2+1+1
ETMC, Ny =2
BMW,N;=2+1
XQCD, N¢=2+1+1
RQCD, N¢=2+1+1
An et al.

e Los Alamos group: 59.6(7.4) MeV, when explicitly including TN prior



Nucleon spin

1
Quark intrinsic spin contributions to nucleon spin §AZ - 5 Z 931

[T VA (fin& tins)

(%o, t0)

~

Quark intrinsic spin contributions to nucleon spin
® Need linear combination of isovector (u-d) and isoscalar (u+d) contributions for
individual up- and down-quarks

® Strange quark contribution is sea-quark contribution only (disconnected
. diagrams)

~
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Nucleon spin

1
Quark intrinsic spin contributions to nucleon spin §AZ - 5 Z 931

2
q:u7d787
- 4 4 N\
0.1} S(dlsc) | I Tl hs)
— \ 4
0.0 - T v -
. ’ﬁﬁ IR IPEE
0.1} - T T -
- 1 1 1 1 1 1 1
QU¢ 0.2 0.0 O 2 0.6 0.5 1.0 15 2.0 0.75 1.00
® N tins — ts/ 2 [fm] ts [fm] tlsow [fm] or
1
® Strange quark contribution is sea-quark contribution only (disconnected
. diagrams) y
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Quark intrinsic spin contributions

Quark intrinsic spin contributions to nucleon spin (7, t,)
® Open symbols: connected only

(507 tO)

0.5 I I I I I I I |

cf 7 5 %5 . § o B Connected
s 04+ 4 O Nf=2, clover, a=0.094 fm
= N=2, a=0.056 fm
N 0.3F {1 O Ng=2,a=0.070 fm
O N;=2,a=0.089 fm
0.2t : : : : : : : 3 O Ng=2+1+1, clover, a=0.080 fm
0.0r 1 O Ng=2+1+1,a=0.064 fm
0 Ng=2+1+1, a=0.082 fm
.3y -0.11 1
< o o g o 3 & O O
— I O 2 D
02 « |
% Experiment
-0.3 : l l l l l l
-0.01r -
A
< -0.02r -
— [N
-0.03} :
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Quark intrinsic spin contributions

(Zss)

Quark intrinsic spin contributions to nucleon spin

® Open symbols: connected only

® Filled symbols: disconnected added

® Of order 10-15%

0.5F . '
o]
E 0.4+ -
<
— [N 0.3 |
0.2t !
0.0f
§ -0.1}
i |\ O
“ 02l &
-0.3 :
-0.01
N
< -0.02} ﬁ
-0.03

0.10 0.15 0.20 0.25 0.30 0.35 040 0.45 0.50

m;, [GeV]

@)

O0O00O0OO

o

Loy fb] - (fin& tins)

(f()a tO)

Connected
N¢=2, clover, a=0.094 fm
N¢=2, a=0.056 fm
N¢=2, a=0.070 fm
N¢=2, a=0.089 fm
N¢f=2+1+1, clover, a=0.080 fm
N¢=2+1+1, a=0.064 fm
N¢=2+1+1, a=0.082 fm

Experiment

Total
N¢=2, clover, a=0.094 fm
N¢=2+1+1, clover, a=0.080 fm
Nf=2+1+1, a=0.082 fm



Quark intrinsic spin contributions

Quark intrinsic spin contributions to nucleon spin
® Individual up-, down-, and strange-quark intrinsic spin contributions to nucleon spin
® Lattice comparison to experiment

—— _ O - —0— 1COMPASS

—— . —— - : 7 JAM17

—— - O . —_—— 1JAM15
O . KO . —O0— 1DSSVO08

- i \ ' , n 4\ NNPDF3.1
myL a [fm] .
3.0 0.094 — 1 . HH - 1 1ETMC, N¢=2
3.6 0.080 —l— . HIlH HilH 4 ETMC, N;=2+1+1

0.34 0.136 0.58 0.210 0.142 0.214 0.46 —of25 —0120 —01.15 -0.08 —Of06 —0f04 —ofoz 0.00

1AY, S0, SO



Nucleon Electromagnetic Form Factors

® Proton and neutron EM form factors =
radii and magnetic moments

® Strange EM form factors =¥ strangeness,
connect e.g. to QWeak

Dirac and Pauli (F1 and F.) / Sachs Electric and Magnetic (Gt and Gm) form-factors:

2

[ GE(qZ) = F (qz) + (ZI\C/]lN)z FZ(qz)

Gai(q2) = F1(q2) + F2(q?) ]

Isovector & Isoscalar currents:

~

o

~
. . - P_Fn _fFu _ Fd
]tt = uwyuu —dy,d, Assuming mass g g ]; i
B degenerate up and d
fo = uy,u+ dypd down quarks PP+ F :§(Fu + F%) Y,

NC in LQCD - Meinerzhagen - Aug. 17th 2022
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Treatment of excited states

n?=1 |
#:
of

T 0.9 . oeesnifiiitaecse | (e,

I
4k
T R ; -
| 4k 4k
| | | | |

| A Summation
{ u |

0.8 {1 © Two-state,
L AT 11 Ei(0) = &1(0)
% T R - e ¥ q}|< i E1(q) = ¢1(q)
3| Sy Jd |*= 4L i
05 00 05 : 204 06 08
tins — ts/2 [fm] ts [fm] tow [fm] X Two-state,
E1(q) # e1(q)
E1(0) # €1(0)

aE1

o5l % % aE1(0) || % % aE4(n?)

- !

1 1 1 1 1 lX

0.4 0.6 0.8 0.4 0.6 0.8
oW [fm] o [fm]




Treatment of excited states

05F
04r

aE1

N2 =1

....... .%%EL%

n 4L i I; -
.r(_-,(—-r'r-”f.‘!gly.ﬂ.—l-“,i S - % & #
BTy 4 *= i -
"ghi — F i __i —
&i &> GOo0e & OI OI OI OI
1 1 | &2 [ 1 i I 1 1 .
-0.5 0.0 0.5 1 2 04 0.6 0.8
tins — ts/2 [fm] ts [fm] tISOW [fm]

'i % %aEﬂ'O) _ £ % %aa

F |

0.4 0.6 0.
tow [fm] t'°W [fm]

Summation

Two-state,
E1(0) = €1(0)
E1(q) = e1(q)

Two-state,

E1(q) # e1(q)
E1(0) # €1(0)

Two-state with Ao

E1(q) # €1(q)
E1(0) # €1 (0)



Treatment of excited states

o
63
T

& e & I)I PI
I e I o] [o] a [0}
1 1 1 i 1 —‘l * 1 # ‘l
-0.5 0.0 0.5 1 0.4 0.6 0.8
tins — ts/2 [fm] ts [fm] tIOW [fm]
' i | ak; (IO) ] i aE+( ﬁI’Z)
| % % » % % S
1 1 1% IZ
0.4 0.6 0.8 0.4 .8

tow [fm]

[f]

ts
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Summation

Two-state,
E1(0) = &1(0)
E1(q) = e1(q)

Two-state,

E1(q) # e1(q)
E1(0) # €1(0)

Two-state with Ao

E1(q) # e1(q)
E1(0) # €1(0)

Two-state with Ao & Gs

E1(q) # &1(q)
E1(0) # &1(0)



Disconnected EM form factors

Disconnected: High number of sources per config. + hierarchical probing, color/spin
dilution and exact of low-mode estimation of loops

0.20 7 0.0 . .
R > GE*d(q2 = (2R)?); 2=2, 8 -
iy & ) 3 1
oaf £E I
0.15 - by ! I{ l
oo} H (h
0.10 F -
0.3} :
0.05F 1' 0.4
] i S ) '
0o [] [ E K B | I I _t I ReGuM+d(d:2:(2L_Ttﬁ)2)l; ﬁ’2=112,4

1 1 1 1 -0.5
0.50 0.75 1.00 1.25 0.50 0.75 1.00 1.25
ts [fm] ts [fm]
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Strange quark contribution

0.008 1 I I I il I I -l- I I

GE(Q*) 0.01F
0.006
0.00
0.004 -
001t
0.002 s
o & _0.02F
i Iihl"'
0.000 i - ] Ll i I R B N R D R

-0.03

e a=0.081fm

I PRELIMINARY |-o0af PRELIMINARY ~ + a=0.076m

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Q* [GeV?] Q% [GeV?]
Phys. Rev. D101 (2020) 031501, arXiv:1909.10744 [hep-lat]

Strange EM form factors: not well known experimentally
® Preliminary finer lattice spacing a=0.07 fm

® Compare to best experimental results so far:
— HAPPEX: G$,(Q” ~ 0.62 GeV?) = —0.070(67)

— A4: G$(Q? ~ 0.22 GeV?) = 0.050(38)(19)

G3,(Q% ~0.22 GeV?) =0.14(11)(11)
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Proton and Neutron (combining disc.)

0.20

10K GR(@?) GR@?)
08} p i 015 F _ ®
y O
o6r 010 _ ‘ '
04 B ) (D (D | (D | (D 1--
005F T 4@ T hedl AP
0.2F | ql 11(1
0.0 0.00 : : '
*O1 en@d

0.2

0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
QZ [Gev2] Q2 [GEVZ]

e Preliminary continuum limit

> Interpolate to Q2 values of intermediate a
» Glat(Q2) = Go(Q2) + a2 G1(Q?)
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Fermion Loop Techniques



One-end trick

e One-end trick: applicable to meson two-point functions
M Foster, C Michael, PRD 59 (99) 074503

e Can exploit a feature of TMFs to apply to disconnected loops
ETMC, CPC179 (2008) 695-715

Twisted mass Wilson operator: My = M =+ ivy5u

|dentity:

MLJF(Q;; 2)(M_ — M,y)(z; w)ML(UH y)

Sy (w;y) = S_(w59) =)

Z,W

= —2ip Y S (%;2)755- (2 9)

The isovector combination can be written as:

Tr[LS4(t;t)] — Tri0S_(t;t)] = —i2u »  Tr[LSL(t; 7)v55—(7;1)]

=—i2u Y TriysTS(t7)Sh (7))

NC in LQCD - Meinerzhagen - Aug. 17th 2022
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One-end trick

The isovector combination:

Tr[DS, (t;)] — TrCS_(t;1)] = —i2p Y TrlysT'Sy (8 7)S) (738)]

Can be computed via the one-end trick:

(@' (DsT(t) = Y (' (7)SL(758)3sTS 4 (7 )m(7')) = > TriysTS, (¢ 7) S (5 8)]

7/

Variance of one-end trick:

(6T ()rsTe(t)]2) — (¢f (1) 15T (1)) =
> T[Sk (ri; )08 (8 72) 8K (r2; )T S (85 70)] = Y 1S4 (750784 (6 7) 24

T17T2
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One-end trick

One-end trick applicable to the isovector combination:
Tr0S, ()] = Tr0S_(6:1)] = —i2u > TriysTSy (67) S (7:0)
Certainisoscalar observables that transform to isovector in twisted mass:
- 1_ . .
YI'y = 5)((1 + iv573) (1 + iv573) X

I'=1, 5, 0, :transform to isovector

I' =vy,, 757, :remainisoscalar

For isoscalar observables transform to isoscalar in the twisted basis, a generalised
version is applicable:

Tri0S.(t;t)] + TrllS_ (1) = Y TriyslSy (6 7)M(7; 7' )y55% (75 )]

7,7’

M : Wilson operator at critical bare mass
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Hierarchical probing

Use of Hadamard matrices for dilution basis:

e.g.

m

( fli\

[

)

1
1
1

1
i

with dimension N=2n. Hierarchically add vectors as dilution basis expands (N),

1
4

1
—1

)

—1

y T2

1
)7Hn—|—1:<

( gz\

)

[

\:

I.e. can reuse solutions from class-n Hadamard dilution for class-n+1

A. Stathopoulos et al., arXiv:1302.4018

Hy,
Hy,

1
1
1
1

Hy,
_Hn

1
—1
1
—1
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Hierarchical probing

Similar to colouring (even/odd or color/spin dilution):

err = Tr|A|l — Trint An,| = Tr[A(1 — n,n))]

lonyon longon ... Tonyon
77n77n — 2M % 2 AL S 217 X 2

i.e. first contributions in the variance are between Nth=(2n)th neighbours.

Hierarchical probing:
® Extending probing distance —reuse previous vectors (not the case in naive colouring)

® Matrix dimension (volume) must be divisible by Hadamard matrix length, which is
restricted to 1, 2, 4 and 4k with k integer.

® Need to multiply Hadamard elements by noise vectors to create an unbiased estimator.
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Stochastic Techniques

Disconnected: Hierarchical probing, color/spin dilution, and exact low-mode
estimation of loops

s Light

' Stochastic Deflation
cB64: MNyec = 12(:01./5]31“ X 512nhad. MNev =200
cC80: MNyec = 12(:01./513111 X 512nhad. MNev =450
cD96: Myec — ]Zcol./spin X 512nhad. X 8stoch. None
Ens. Strange
cB64: MNyec = 1Zcol/spin X 125t0ch. X 32nhad.
cC30: Myec = 1zcol/spin X 4stoch. X 3121 nhad.
cD96: MNyvec = 1Zcol/spin X 4stoch. X 3121 nad.

NC in LQCD - Meinerzhagen - Aug. 17th 2022



Stochastic Techniques

Disconnected: Hierarchical probing, color/spin dilution, and exact low-mode
estimation of loops

Also available without deflation

Fis Light (Nev=0)
' Stochastic Deﬂtio )

cB64: Nyec = 12col./spin X 3121 haa.

cC80: MNyvec = 12col./spin X 512nnaa.

cD96: MNyec = ]Zcol./spin X 312nhad. X 8stoch. None

Ens. Strange

cB64: Nyec = 1Zcol/Spin X 12stoch. X 32nhad.

cC80: MNyvec = 12col/spin X 4stoch. X 912nnaa.

cD96: Nyec = 1Zcol/spin X ‘4stoch. X 512nhad.
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Stochastic Techniques

Disconnected: Hierarchical probing, color/spin dilution, and exact low-mode
estimation of loops

Also available without deflation

Fns Light (nev=0)
' Stochastic Deflation 7
cB64: MNyvec = 12col./spin X 5120 naa.
cC80: Myec = 12col./spin X 512nhad.
cD96: MNyec = ]Zcol./spin X 512nhad. X 8stoch. None
Ens. Strange > Also available at next probing
cB64.: MNyec = 1Zcol/spin X 125t0ch. X distance (512nnaa)
cC30: Myec = 12col/spin X 4stoch. X 3121 nhad.
cD96: Nyec = 1Zcol/spin X 4stoch. X 912nhad.

NC in LQCD - Meinerzhagen - Aug. 17th 2022
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Stochastic Techniques

0.01F
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® Scalar, axial and tensor charges
® Intermediate lattice spacing (a=0.07 fm)

® Bottomrowis error

NC in LQCD - Meinerzhagen - Aug. 17th 2022



Stochastic Techniques

' ga+d (dis'c., bare) ' '
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I K -0.02 E -
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' gut+d (dis'c., bare) '

0.01f

' gy+d (dis'c., bare) '

® Scalar, axial and tensor charges
® Intermediate lattice spacing (a=0.07 fm)

® Bottomrowis error
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Stochastic Techniques
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® Scalar, axial and tensor charges
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® Intermediate lattice spacing (a=0.07 fm)

® Bottomrowis error
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@ Note: in all cases, 512 Hadamard vectors x 12 (spin/color dilution)
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Stochastic Techniques
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® Magnetic form factor at first non-zero momentum transfer

® Intermediate lattice spacing (a=0.07 fm)




Stochastic Techniques
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® Magnetic form factor at first non-zero momentum transfer

® Intermediate lattice spacing (a=0.07 fm)




Stochastic Techniques
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® Magnetic form factor at first non-zero momentum transfer
® Intermediate lattice spacing (a=0.07 fm)




Stochastic Techniques

00 .
L
= | %
T\Ié —01 B ﬁ _ap i 7]
0 ¢ )’
-0.2 ];- .
—0,3 - | | | | | | | | -
_1 i | | | | | | | ‘ ]
107°F @  stoch. w/ defl - ]
StOCh., nstoch :1 4 ‘ :
i StOCh., nstochzz 4 ‘ ]
= < o
« o
< o
1072 | i
- « ¢
i o
I , | | | | | | |
2 4 6 8 10 12 14 16 18

ts/a

® Magnetic form factor at first non-zero momentum transfer
® Intermediate lattice spacing (a=0.07 fm)

® Expected scaling of error between 1 and 2 sources without deflation)
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Stochastic Techniques
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Stochastic Techniques
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® Magnetic form factor at first non-zero momentum transfer
® Intermediate lattice spacing (a=0.07 fm)
® Expected scaling of error between 1 and 2 sources without deflation)
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Stochastic Techniques

Disconnected: Hierarchical probing, color/spin dilution, and exact low-mode
estimation of loops

s Light
' Stochastic Deflation
cB64: MNyec = 12col./spin X 3121 had. MNey =200
cC80: MNyec = 12col./spin X 5121 haa. MNey =450
cD96: MNyec = ]Zcol./spin X 512nhad. X 8stoch. None
Ens. Strange , > Also available at next probing
cB64.: MNyec = 1Zcol/spin X 125t0ch. X distance (512nnaa)
cC30: Myec = 12col/spin X 4stoch. X 3121 nhad.
cD96: Nyec = 1Zcol/spin X 4stoch. X 912nhad.
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Stochastic Techniques
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® No effect on local charges

® Coarsest lattice spacing (a=0.08 fm)
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Stochastic Techniques
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® Strange magnetic form factor at first non-zero momentum transfer
® Coarse lattice spacing (a=0.08 fm)
® At 12 sources, stochastic error seems to have saturated
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Stochastic Techniques

i
-
-

TR

-01F i Nhad. =32, Nstoch = 1 |
Nhad. =32, r\stoch=2
-0.2 i Nhad. =32, Nstoch=12 ]

0008 B i nhad =512, nstoch = 1 7]

Gm(n

£ 0.006 |- .
£ <
" 0.004 4 < s 3 -
ICP a ;ﬁ (4 R ; - ° “
© 0.002 -
= & &% &8 ® 8®8 @® *®
2 4 6 8 0 12 14 16 18

ts/a

® Strange magnetic form factor at first non-zero momentum transfer
® Coarse lattice spacing (a=0.08 fm)

® Increase in probing distance by one. But: 512 inversions compared to 32x12
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Stochastic Techniques
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® Strange magnetic form factor at first non-zero momentum transfer
® Coarse lattice spacing (a=0.08 fm)
® Comparison at equal cost = larger distance wins slightly
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Summary

® Multigrid solvers: O(10%) inversions for high statistics three-point functions
® Techniques for disconnected loops

— Allow access to individual quark contributions to nucleon observables

— Needed to high precision for contact to experiment

® Deflation and probing crucial at physical quark masses where the diagonal falls
off slower

What | didn’t cover
® Operators with derivatives

— Access to e.g. moments of PDFs

— Gauge-field dependence in loop current
® Operators with Wilson line

— Access to quasi-PDFs

— There, probing distance should be investigated w.r.t the displacement length
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