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Moments of PDFs

® Lower moments of PDFs from the lattice
® Axial and tensor charge

® Intrinsic quark spin contribution to
nucleon spin

® Moments of PDFs

® Momentum fraction

® Helicity and transversity
® Momentum dependence

® Generalized form factors
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Lattice QCD — ab initio simulation of QCD

Numerical solution of Quantum Chromodynamics
® Direct simulation, starting from the QCD Lagrangian
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@ Path integral formulation allows for Markov Chain Monte-Carlo simulation
® Integrate-out fermion fields: Need inverse: M-1

® Sample representative sets of gluon fields U | & : |
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Lattice QCD — ab initio simulation of QCD

Freedom in choice of:
® quark masses (heavier is cheaper)

® |attice spacing a (larger is cheaper)

® |attice volume L3xT (smaller is cheaper)

Choice of discretisation scheme

e.g. Clover, Twisted Mass, Staggered, Overlap, Domain Wall
Trade — offs and advantages for each differ

Eventually, all schemes must agree:

® At the continuum limit:a — 0 Tesgssais |
: : L
® At infinite volume limit L — o : :

® At physical quark mass
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Simulation landscape
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Selected lattice simulation points used for hadron structure
® Multiple collaborations simulating at physical pion mass

® Size of points indicates myL
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Twisted Mass QCD

4

St =S xla) [DW<U> P

(U) + m 4 ipety° | xe(2)

Formulation particularly attractive for nucleon structure

® Tune to “maximal twist”;: tune Wilson mass (m) to its critical value (mcrit)

e O(a) improved operators without requiring further operator improvement

® Several ensembles at physical quark
mass

® Generation of additional ensembles
ongoing
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Nucleon structure on the lattice

1.0
Two-point correlation functions o
® Statistical error: N-2with Monte 0.8}
Carlo samples
® Correlation functions exponentially & 0.6 ¢ o . !
decay with time-separation z 04l e rees —ottyd % ll' .
Systematic uncertainties * |
® Extrapolations: a, L, mx o.2f __
e Contamination from higher energy & i
states 09 5 10 15 20

ts/a

> [ (%5 (xs)|x%(0)) = qpe Eots 4 e Erts |

—

Xs

(Zsts)

(f(b tO)

Tie CyPruUS
INSTITUTE

RRRRRRRR *TECHNOLOGY«INNOVATION



Baryon spectrum
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Summary plots from arXiv:1704.02647

Reproduction of light baryon masses Prediction of yet to be observed baryons

® Confidence through agreement
between lattice schemes

@ Agreement between lattice discretisations
® Reproduction of experiment
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Nucleon structure on the lattice

On the lattice, moments of parton distribution functions are readily accessible as
matrix elements of local operators

Unpolarised | /
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Lattice evaluation of matrix elements

G (T G ts, bins) = Z e—ii.finsraﬁ<—%(f : )’OM(fins§tins)’ o (6’ 0))

TsTins

X3
,UJ M1,-- ( 1INsS IHS ILL 1. ajll’lS) 1HS

@%; to) @CEO, to)

Analyses for identifying excited state contributions

@ Plateau:
ts—t;

ns—)OO> M[]_ —I_O(e_A(tinS_tO)76_A,(ts_tin8)):|

R(ts ’ tins 9 tO)

fit to constant w.r.t. ¢, for multiple values of ¢,
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Lattice evaluation of matrix elements

G (T G ts, bins) = Z 6—i§.£insraﬁ<—§r(f : )’OM(fins§tins)’ o (6’ 0))

TsTins

X3
,LL M1,-- ( 1INsS IHS ILL 1. ajll’lS) lnS

@%; to) @ZO, to)

Analyses for identifying excited state contributions

® Two-state fit: Fit, two- and three-point simultaneously, including first excited state

® Sum over tins:

Z R(ts, Lins to) ts—to—>oo> Const. + M(ts _ to) 4+ O(tse_Ats)

fit to linear form, matrix element is the slope.
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Lattice evaluation of matrix elements
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Connected, ~12,000 statistics

atributions
simultaneously, including first excited state

Jonst. + M(ts — to) + O(tse™ o)

slope.
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Lattice evaluation of matrix elements

Gu(T; Gits ting) = » € “TTmT B (R (T ) O (Fins; tins ) X (05 0))

—- =
xsxlns

I
,LL M- ( 111S 9 IHS Olu 1. ajll’lS) lnS

@%; to) @ZO, to)

“Disconnected” contributions - estimate stochastically

25 ' ' | i - .
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Lattice evaluation of matrix elements

Gu(T; Gits ting) = » € “TTmT B (R (T ) O (Fins; tins ) X (05 0))

—- =
xsxlns
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@%; to) @ZO, to)

Dlsconnected contributions - estimate stochastically
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Axial Matrix Elements

04 = aysypu — dysyid
Axial charge: (Zs,ts)
e® Well known from B-decay

® Readily accessible on the lattice

® Benchmark quantity in lattice QCD (5’707 tO)
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Axial Matrix Elements

04 = aysypu — dysyid

Axial charge: (s, ts)

e® Well known from B-decay

® Readily accessible on the lattice (Fo. to)
L0, Lo

® Benchmark quantity in lattice QCD

1.4} 1 T
-d
g}&

b i ié{

1_2 Eﬁ%%{ B3 P !Iiili 1

T = v :II {1l @
1.1} 1 1

0.0 0.2 0.4 0.6 0i5 1i0 1i5 ZiO 0.:75 1.100
tins — ts/2 [fm] ts [fm] tgow [fm]

Treatment of excited states
Asymptotic value consistent between methods
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Axial Matrix Elements

04 = aysypu — dysyid
Axial charge: (Zs,ts)
e® Well known from B-decay

® Readily accessible on the lattice

® Benchmark quantity in lattice QCD (370» tO)

0 N¢=2, clover, a=0.094 fm

B N¢g=2+1+1, clover, a=0.080 fm
OO N¢=2, a=0.056, 0.070, 0.089 fm
1 ® ® Ng=2+1+1, a=0.064, 0.082 fm
* PDG
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Axial Matrix Elements

04 = aysypu — dysyid
Axial charge: (Zs,ts)
e® Well known from B-decay

® Readily accessible on the lattice

.
® Benchmark quantity in lattice QCD (xo’ to)
O ETMC, N¢=2 clover, a=0.094 fm
1.3¢ 1 O ETMC, N¢=2,a=0.056-0.089 fm
' B ETMC,Nf=2+1+1 clover, a=0.080 fm
L2y i # % % % 1 ® ETMC N;=2+1+1,a=0.064-0.082 fm
? 11l } E E { ; % ._ ® LHPC-Clover, a=0.090-0.116 fm
oI < LHPC-DW, a=0.124 fm
1ol ] RBC/UKQCD, a=0.084-0.114 fm
) » Mainz, a=0.050-0.086 fm
09t | QCDSF, a=0.075 fm
® RQCD, a=0.060-0.081 fm
0. % . . . ® CalLat, a=0.090-0.150 fm
N 0.2 0.3 0.4 0.5 PNDME, a=0.060-0.150 fm
m; [GeV] A PACS, a=0.085 fm
* PDG
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Axial Matrix Elements

Axial charge:

e® Well known from B-decay

® Readily accessible on the lattice

® Benchmark quantity in lattice QCD

a [fm] m;L~ :
0.080 3.6 Hm—
0.094 3.0 | 1+~
0.094 4.0 ——
0.116 4.0 | He—
0.093 4.0 —a—
0.085 7.4 | — i
0.090 3.9
0.060 3.7 |
0.120 3.9 q
0.150 3.2 | —H-o—i
1.2 1.3
ga ¢
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ETMC, N¢=2+1+1

{ETMC, N¢=2

ETMC, N¢=2

<LHPC, N=2+1

LHPC, Nf=2+1

1PACS, Nf=2+1

PNDME, N¢=2+1+1

{PNDME, N{=2+1+1
i|CalLat, Ng=2+1+1
{CalLat, Ng&=2+1+1

04 = aysypu — dysyid

(%o, to)

Lattice status
® Range of lattice actions
® Range of volumes and lattice spacings
® Agreement with experiment:
® Physical point simulations

® Careful analysis of ground state
dominance

ETMC, arXiv:1909.00485. Poster by S. Bacchio
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Nucleon spin

1
Quark intrinsic spin contributions to nucleon spin §AZ - 3 Z 931

fhyfb] s - (finSn 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)

L. Need O(10) - O(100) times more statistics

~
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Nucleon spin

1
Quark intrinsic spin contributions to nucleon spin §AZ - 3 Z 931

\

q:u7d787
y N\
4 )
0.1} s (disc) 1 1 ] s)
- Y
0.0} - T v -
% xif 1%1[ "‘?—lﬂ% ﬂ |
0.1} - T -
- | 1 1 1 1 1 1
Quz -0.2 0.0 O 2 0.6 05 1.0 15 2.0 0.75 1.00
® N tins — ts/ 2 [fm] ts [fm] tlsow [fm] or
] v
® Strange quark contribution is sea-quark contribution only (disconnected
diagrams)
® Need O(10) - O(100) times more statistics

Eﬁﬁ%‘% ETMC, arXiv:1909.00485. Poster by S. Bacchio
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Quark intrinsic spin contributions

Quark intrinsic spin contributions to nucleon spin (%5, ;)
® Mild cut-off effects

® Strange and down-quark contributions negative (Zo, o)
0.5 | 1 1 1 1 1 1 1 _
o 5 O ® 5 Connected
5 0.4F * @ R o) - . 4 O N¢=2, clover, a=0.094 fm
21 N¢=2, a=0.056 fm
—~N0.3F 1 O N¢=2,a=0.070 fm
O Ng=2,a=0.089 fm
0.2t ! ! ! ! : : : 3 O Ng=2+1+1, clover, a=0.080 fm
0.0 4 O Ng=2+1+1, a=0.064 fm
O Ng=2+1+1, a=0.082 fm
o
.y —0.1¢ .
< o 0 8 o D & © O
— [N D
-0.2F % .
% Experiment
-0.3 : : : : : : :
-0.01} .
A
<1 -0.021 .
-0.03} .

0.10 0.15 0.20 0.25 0.30 0.35 040 0.45 0.50

TH m,, [GeV]
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Quark intrinsic spin contributions Q@

Quark intrinsic spin contributions to nucleon spin  (Z,,t;)
® Mild cut-off effects
® Strange and down-quark contributions negative (Zo, t0)

Loy fb] - (fin& tins)

® Disconnected contributions: agreement with experiment

0.5 B 1 1 1 1 1 1 1 |
o0 i 5 O ¢ 5 B Connected
* 2 P -
s 04+1 4 O Nf=2, clover, a=0.094 fm
= N=2, a=0.056 fm
—N0.3F 1 O Ng=2,a=0.070 fm
O N¢=2,a=0.089 fm
0.2t ! ; ; : : : : =[O Ng=2+1+1, clover, a=0.080 fm
0.0 1 O Ni=2+1+1, a=0.064 fm
- O Ng=2+1+1, a=0.082 fm
.y —0.1F -
ﬂ<||N o | g o P O O o)
-0.2r Sm -
% Experiment
-0.3 : : : : : : :
Total
» ~0.01r |1 ® Ng=2,clover, a=0.094 fm
L<|\] ~0.02 } ; * J M N¢g=2+1+1, clover, a=0.080 fm
e B Ng=2+1+1,a=0.082 fm
-0.03 .

0.10 0.15 0.20 0.25 0.30 0.35 040 0.45 0.50

Ta m,, [GeV]
INb ITITUILLE 3
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Quark intrinsic spin contributions

Quark intrinsic spin contributions to nucleon spin
® Mild cut-off effects
® Strange and down-quark contributions negative

® Disconnected contributions: agreement with experiment

0.5
E 0.4
3
N 0.3F
0.2
0.0
.y -0.1
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A
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. s H¢ ¢ o O
_ 65153‘ @ & © _
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m; [GeV]

o O OO

* <A A o)

Connected
ETMC, N¢= 2 clover, a=0.094 fm
ETMC, N¢=2, a=0.056-0.089 fm
ETMC, N¢=2+1 +1 clover, a=0.080 fm
ETMC, N¢=2+1+1, a=0.064-0.082 fm
PNDME, a=0.060-0.150 fm

Total
ETMC, N¢= 2 clover, a=0.094 fm
ETMC, N¢=2+1 +1 clover, a=0.080 fm
ETMC, N¢=2+1+1,a=0.082 fm
PNDME, a=0.060-0.150 fm
QCDSF, a=0.073 fm
LHPC, a=0.114 fm
Engelhardt, a=0.124 fm
chiQCD, a=0.114 fm

Experiment



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— O —— 1 COMPASS
—t—t —A—i : A JAM17
—— == —o— 1JAM15
—OH KA —O0— 1 DSSV08
{1 —l{ {1 1NNPDF3.1
m;,L a [fm]
3.9-4.8 0.060-0.150 | PNDME, Ny=2+1+1
3.0 0.094 —_{ . HH 1 1ETMC, N¢=2
3.6 0.080 il . HIlH . HlH 1ETMC, Ng=2+1+1
0.350 0.375 0400 0425 0450  -0.25 -020 -0.15 -0.08 -0.06 -0.04 -0.02  0.00
FAL, 2Ar4 FAX,

%’Eﬁ?ﬁfﬁ ETMC, arXiv:1909.00485. Poster by S. Bacchio e
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Tensor charge OF — 0 u — dod

Isovector tensor charge (Zs,ts)
® Slower convergence to ground state
compared to ga (Zo, to)
' ' ' ' ' ' ' Two-state :
1.1F s 2 - II —~ EI $ 1 4 Three-state ¥ _

] Summation ;

ghd 2E
g gaEE T

. Yegd - :
IS

0.0 0.2 0.4 0.6 0.5 1.0 1. 5 2.0 0.75 1.00
tins — ts/2 [fm] ts [fm] tlsow [fm]

E‘éﬁ‘}‘?ﬁé ETMC, arXiv:1909.00485. Poster by S. Bacchio y



Tensor charge

Isovector tensor charge
a [fm]m,L . . .
OT = 0,1 — do,yd 0.080 3.6t = 1 ETMC, Ng=2+1+1
— 0.094 4.0+ O 1 ETMC, N¢=2
(x 57 ts) 0.094 3.0} ] {1 ETMC, N¢=2
0.093 4.0+ » 1 LHPC, N¢=2+1
— 0.116 4.0+ ] 1 LHPC, N¢=2+1
(%o, to) )
0.060 3.7t 1 PNDME, N¢=2+1+1
0.090 3.9¢t 1 PNDME, N¢=2+1+1
O ! 4 Radici et al.
: , , -HO—— 41 Kang et al.
® Precise results from multiple lattice o 5 | Goldstein et al.
® Volumes between L=4.4to0 5.8 fm —O— { Pitschmann et al.

® Lattice spacing spanning 0.06-0.12 fm 0 '75 1 '00 1 '25

u-d
8T

¥§§1§¥1~P§¥§ ETMC, arXiv:1909.00485. Poster by S. Bacchio
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Moments of PDFs

Isovector matrix element of 1st-derivative operators

® Unpolarized (momentum fraction)
3mN

O =y D7 hp, I (Do) = =222 (),
e Helicity
imN

1% n Hy ]
OLY =ysy W DV, T (Ty) = —

® [Transversity

0w =1 Trhy, TP (L)) = ey

my

IEEI Tie CyPruUS
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(Zs,ts)

9 5]kr< >Au Ad

O YAV
Oy, Oy, Op

4 — 541/) <x>5u—(5d

(

—

X0, to

)
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Moments of PDFs

Isovector matrix element of 1st-derivative operators

0.3 1r
! iiii i

: A i
0.2 7 1 f % i i
0.1 -,<X>u—d . R . . .
0.3 -I_I;j}:/’:!/:l o E3og --.I‘ !

Ya

ES==S50 w | txy7
I ST

<X>Au Ad .
0.4} 5 .

)

HNESSSSE SN LU -
== Vi . %
I
,<X>8u—6dl . . L . . . .
0.0 0.2 0.4 0.6 05 1 15 2 0.50.75 1 1.25

ting — t/2 [fm] t; [fm] {low [f]

¥§§T§¥P§¥é ETMC, arXiv:1908.10706
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Moments of PDFs

Isovector matrix element of 1st-derivative operators

0.35
0.30

_0.25

3
P

£ 0.20
0.15

0.10

HeLl N

O

ETMC, N¢=2+1+1 TMF+Clover
ETMC, N¢=2 TMF+Clover
ETMC, N¢=2+1+1 TMF

RQCD, N¢=2+1 Clover

3 °
!

MMHT2014

XV

RQCD, N¢=2 Clover

Mainz, Ny=2+1 Clover
XQCD, Nf=2+1 DWF/Overlap
LHPC, N¢s=2+1 Clover

i*i

N\

{) HERAPDF2.0
|

0.10

012 0.14 016

® New results directly at the physical point

0.18 020 022
m; [GeV]

® Physical point results within phenomenological spread
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ETMC, arXiv:1908.10706
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Moments of PDFs

Isovector matrix element of 1st-derivative operators

K1 1+ HERAPDF2.0
Dt 1 CJ15
<H 1 ABMP2016
HH 1 MMHT2014
K 1CT14
o - NNPDF3.1
m;L a [fm] .
4.0 0.094 ! ] 1 ETMC, N¢=2
3.0 0.094 —{ 1 41 ETMC, N¢=2
3.6 0.080 — {ETMC, Ni=2+1+1
0.15 0.20
<X>u— d

® Check of volume effects
® Slightly higher value compared to most phenomenological extractions

T
JHECYPRUS b0 arXivi1908.10706 N



Moments of PDFs

Isovector matrix element of 1st-derivative operators

—<H 4 Blimlein & Bottcher
0 41JAM17
/i 1DSSVO08
—O0— 1NNPDFpol1.1
m;L a [fm] ,
4.0 0.094 1 1 ETMC, N¢=2 — {1 ETMC, N¢=2
3.0 0.094 —{_ 1ETMC, N¢=2 — }— 1ETMC, N¢=2
3.6 0.080 —— 1ETMC, N¢=2+1+1 — 1ETMC, N¢=2+1+1
015 020 025 0.2 0.3
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® Not shown: One other lattice study at 150 MeV: RQCD, arXiv:1812.08256, PRD
® Extracted from single separation ~1.1 fm
® Consistent with our plateau at similar separation
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Nucleon Generalized Form-Factors

Matrix element:

y B 1
(NGO AIN (. 5)) = Ty (s 5')5 |- |un (. )
Three vector and two axial GFFs:
glra, pvi 1
10 - 5
Vector : Aso(q?) fy{“’P”} + Bao(q?) - 4 Ca0(q”) —q{“q }
my MmN
- . {n pr}
Axial : Azo(g?) Y P*}y° + Bao(?) T—o"°
2mN
. . 1
Ji spin sum: J1 = i[AgO(O) + B3,(0)]

AY40) = () y_q :directly calculated at Q2=0
BY%(0) : need to model BY; %(Q?) and take Q2—0

T CYPRUS
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Nucleon Generalized Form-Factors

Solve via SVD of matrix of kinematics:

1" (I q) = 6" (I; Q) F(Q)

IT lattice measurements, G kinematics, F vector of GFFs

Excited state analysis as charges but for each Q2 separately

qzz(zfﬂ)zz qzz(ZTn)24 62:(2%)28 62:(22)210
0.3 . + 1r 1T 1
5 | 2R | ty i 1L ¢ 1 1L 1
<0z a2 add S LS AT R AT L PR
0.4r I ' ' —— I — ' —— I — F I I
S * ¥z tyd
S 0.2 aklx Y w1z 3 *Yzaga i i ‘+y 1 i
i Eiiii @igii gi‘i% xiél‘fii
0.5 I ! ! I I = I —
S 0.0 0¥tq‘ﬂi-‘!'- If ¥ 5;#4% QVAq-nn[!t- ¢ ¥kt D
U : e
0.3 T + N + 1
0.2 ik 3 X LR N i \ + 1 F ¢ +
2<[101 D.‘.i D“-i & < I:lt-‘“}__ 't"_ﬁ“-x}
o 1r 1T T 1T
R * i
o !li--é.fi.i.i-- ‘zli__':‘:;i#__ ""“‘_ﬁli.—g;!__ ‘y"'__ljiil}

' ETMC, arXiv:1908.10706

RESEARCH-TH
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Nucleon Generalized Form-Factors
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m cA2.09.48: m;L.=2.98
¢ CcA2.09.64: m;L=3.97

GFFs finite volume effect study using Nf=2 twisted mass

e No detectable effects from the init volume between m,L=3 and 4

& |
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Nucleon Generalized Form-Factors

| | | Ax(Q?) | | | | B10(Q%) | | | | C20(Q%)
0-20} 1 0.20% 1 o5k ]
0.15 T
0.0f .. o0 '...-'. 111 Py
0.10} ¢ {
0.10f
0.051 1 -0.5¢
. . . T = o 1.0F T 0.0 0.2 0.4 0.6 0.8 1.0
0.20 Ap(QI 4 * Q? [GeV?]
0.8}
0.15r
0.6
010t 04l e (B211.072.64
Dipole fit
0.05f 0.2 o Q?%=0 extrapolated
1 1 1 1 1 1 0'0 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0
Q? [GeV?]

Ns=2+1+1 at physical pion mass
e Dipole fits model well B>y and A

e Iripole fits also model well B>y and B,

Jumd = %[A’ggd(()) + BY74(0)] = 0.167(24)(04)

PECYPRUS Lo o rXiv:1908.10706
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Summary

® Nucleon moments of PDFs
® Local matrix elements of nucleon
® Physical pion masses available by multiple collaborations
@ Disconnected contributions for individual w, d, s, ccontributions

® Analyses focusing on ensuring ground-state dominance
® Gluonic contributions also available (not covered here)
® Results available at physical quark masses:
® Nucleon charges and moments of PDFs comparable to experiment
® Flavor separation thanks to techniques for disconnected contributions
® Momentum-dependence of moments (FFs and GFFs)
® Ongoing:
® Finer lattices and larger volumes

Tae CypPruUS
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Nucleon o-terms

® Pionnucleon o-term: oxn = mya(Nluu + dd|N) T

® Strange o-term:0s = ms(N|5s|N) H

® Scattering cross sections of scalars with nucleon |
(e.g. neutralino through Higgs)

»
-
e
e
e

N N
Direct: through matrix element
OS CCms; 1ns OS xlnsa 1ns
®$0, to) @an to)
Feynman - Hellmann: dependence on quark mass
1.6
e Requires modelling of m,dependence
1.4 - .
e Weak m,dependence 2, & %
%\ 1.2 - % { ’ﬂ 3 g } -
O gg §?§ ETMC —@—
Poster by W. Soeldner, spectrum and o-terms £ 1 %* §§ BMW +—A— -
PACS-CS —m—
from QCDSF el HPC et |
MILC +—¥—
Tae Cyrrus . | | QCDSF-UKQCD 5
INSTITUTE 0 0.05 0.1 0.15 0.2 0.25

NNNNNNNNNNNNNNNNNNNNNNNNNNN m2 (GeV?)



Nucleon o-terms

Light o-term o

Q

<&

H=\—H

H=O—H
H-@—+H
—>—1
HElH
e

]

0.00

0.02

0.04 0.06
onn [GeV]

0.08

0.10

GLS, 1991

Pavan, 2002

Alarcon et al., 2012
Hoferichter et al., 2015
Shanahan et al., 2012
Alvarez et al., 2013
Ren et al., 2014

Lutz et al., 2014

Bali et al., N¢=2, 2011
QCDSF, N¢=2+1, 2011
ETMC, N¢=2+1+1, 2014
BMW, N¢=2+1, 2015
XQCD, N¢=2+1, 2015
RQCD, N¢=2, 2016
ETMC, N¢=2, 2016
ETMC, N¢=2+1+1, 2019

e Phenomenology suggests larger value for oy

’ Phenomenology

4

\ Phenomenology with lattice
nucleon masses

¢ Lattice: Feynman-Hellmann

7\

> Lattice: Matrix element

® Proposal to compute 11-N scattering lengths on the lattice

Tie CyPruUS
INSTITUTE
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Nucleon o-terms

Good signal also for strange and charm o-terms

I0o—

Q

R

b

Q

——H

HOH
——i
il
b

0.00 0.05 0.10
os [GeV]

0.15

An et al., 2014

1 Shanahan et al., 2012

Lutz et al., 2014

1 Ren et al., 2014
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1 BMW, N¢=2+1, 2015

Bali et al., N¢=2, 2011

XQCD, Ng=2+1, 2013

1 RQCD, N¢=2, 2016

ETMC, N¢=2, 2016

1 ETMC, N¢=2+1+1, 2019

0.00

0.05

0.10

o. [GeV]

0.15

Freeman and Toussaint, Ny=2+1, 2013

1 ¥QCD, Ni=2+1, 2013

ETMC, N¢=2, 2016

1 ETMC, N¢=2+1+1, 2019

® General consistency between lattice results and experimental determinations

Tie CyPruUS
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Nucleon Electromagnetic Form-Factors

Matrix element:

(N(p', s")|j*|N(p,s)) = \/EN(p%]]}N(p)U(p’, s")O*u(p, s)

O* = ~,F1(¢°) +

Sachs form-factors:
Gu(q®) = Fi(q?) + Fa(q?)
Gr(e®) = Fi(@®) + ik Fa(d?)

Isovector & Isoscalar combinations:
Jp = wypu —dyud, j, = uyuu+ dy,d
FP _ " —p% _ ¢ Assuming flavour isospin

1 symmetry
THECYPRUS FP 4+ F" =—(F“ 4+ F%
INSTITUTE 3
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Nucleon Electromagnetic Form-Factors

1 (ﬁ A ETMCNg=2,Lm;=3 |
R % f1 ETMCN;=2, Lm,=4 4.5¢
E ® ETMCNp=2+1+1,Lmy=3.6 40l T
0.8} L ?L ¥  Experiment . ) 1 Y:z%&
& i %8 £ 3.5 golF
=4 “
o)

5 3L o il e % .
> 0.6 %ﬁ'pq f < 3.0} % % }‘z«g%
) M%“%%% Bo_op &2.5| i O%#@

\

0.4+ > 0
$  LHPC'14 ) F *fxox 2.0 DXEFAB'DO%
LHPC '17 [ 15|
0.2¢ PACS '18 l |
1. ‘ ‘
0.0 0.1 0.2 0.3 0.4 0.5 8.0 0.1 0.2
Q% [GeV?] Q% [GeV?]

Isovector EM form-factors

® Multiple groups with physical pion mass
® Gr:slight tension at high Q2

® G slight tension at small Q2

Tie CyPruUS
INSTITUTE arXiv:1812.10311 PRD
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Nucleon Electromagnetic Form-Factors

a[fm] m;L— . .
0.085 7.4+¢t -+ = ——)——H
0.085 6.0 ' 4
0.057 3.7t
0.087 3.9
0.090 4.1+ ——— A
0.116 4.2 ] e — A1
0.094 40 H=mH HH —— =
0.094 3.0 H—— 4 i ——
0.080 3.5} —— % e _— g
EL IS a &
017 019 1.0 019 1.0 410 415 510

0.8 0.7 08
V (x2)u4 [fm] (x2,)u-4 [fm] ued

Isovector EM form-factors
® Estimation of all systematics still ongoing
® Continuum and volume extrapolations still needed

Tie CyPruUS
INSTITUTE arXiv:1812.10311 PRD
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41 PACS'18, N¢=2+1

PACS'18, N¢=2+1

{ PNDME'19, N¢=2+1+1

PNDME'19, Ng=2+1+1

41 LHPC'17, N¢=2+1

LHPC'14, Ng=2+1

41 ETMC'18, N¢=2

ETMC'17, N¢=2

1 ETMC'18, Ny=2+1+1
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Nucleon Electromagnetic Form-Factors

([ )
‘ ‘ . Z expansion 0.00 | | | | * *é *
Fy
=~ 0.03} : 3 éciﬁi ¥ i
B S A H 2 -0.04 o o
g AL e pao
& 0.02} * * Tr--le-.9 < -0.08] 1
g }I ® [ ] ¢ T ,_;O: /*
& 0.01] | + | 22 -0.12 +
," _ - - Z expansion |
0.00 ‘ ‘ ‘ ‘ 0.16 ‘ | | |
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Q* [GeV?] Q% [GeV?]
\_ W,

Proton/neutron separated: need disconnected diagrams

® Good signal thanks to hierarchical probing and use of boosted frames
e® Small in magnitude (few percent level)

Tie CyPruUS
INSTITUTE arXiv:1812.10311 PRD

NNNNNNNNNNNNNNNNNNNNNNNNNNNN



RESEARC

Nucleon Electromagnetic Form-Factors

10)

® ETMCNp=2+1+1,Lm,;=3.6
i o |
®

*
4l LHPC'14 'F

¥ Experiment

A ETMCNp=2,Lmg=3
I ETMCNp=2,Lm,=4

0.06 | ‘ h l }H ) ][
“@ 0.04 | ][* Jrlﬁ | 4 { { ][
[y AR 1
Q50.02— * ;%%n%

L

o.ooﬂr {

_0.6 | n’:

_ o9 °¢

08 - a ‘ %5 nx i

1.0/ op, % *

IS 2%
SAE N - ¢
4] "8 g1
-1.6} ’ i E?ﬁ?ﬁej‘;ﬂﬂ, Lm;=3.6 |
~1.81 1 ETMCNp=2,Lm,=4
A ETMCNp=2,Lm;=3
0 o1 0.2 0.3 04 05
Q? [GeV?]

W,

Proton/neutron separated EM form-factors

® Including disconnected; non-negligible effect for neutron Ge
® Ge:slight tension at high Q2
® Gwm: slight tension at small Q2

arXiv:1812.10311 PRD
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Axial Form Factors

-
% Axial and induced pseudo-scalar

(N @', ) 45N (p, 5)) = z\/ T S s Gal@)+ 5 Cola?)) 5 un (v, )

with:

2

k A3(z) = B@) s =b(a), and = ( d )

— Known to less accuracy experimentally (e.g. compared to electromagnetic)
— Viaelasticscattering: vu+n—p™ +p
— Viacharged pion electroproduction

— Required in neutrino oscillation experiments. Traditionally modelled with a
CA@) = o o 12
dipole form: (1+37)° to extract the “axial radius”: M3

— From v-scattering: Ma=1.026(21) GeV
— MiniBooNE (2002): Ma=1.35(17) GeV
— Recent re-analysis using z-expansion (2016): Ma=1.01(24) GeV

49



Axial Form Factors

I I I I I 50 I | | I I
1.6+ - ma =1.077(39) GeV Two-state - ts=1.31 fm,
- ma=1.350(170) GeV === Fit, ma =1.322(42)(17) GeV N pion pole prediction
1.4} - — ma=1.010(240)GeV MW ts=1.31fm . 40 L B t;=1.31 fm, direct calculation _
® Experiment
=N S 30} |
4 =
< 3
:GE ?DQ 20| i
10} .
0-0 I I I I L 0 | | ] ] ]
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Q2[GeV2] Q2[GeV2]

— Axial and induced pseudo scalar from one ensemble with mz=130 MeV
— Axial form-factor within bands of experimental determinations
— Induced pseudo scalar does not follow the pion pole prediction

C
Gp(Q%) = Ga(Q?)
ﬂ:a Tae CyPrus
INSTITUTE

RESEARCHTECHNOLOGY+«INNOVATION

arXiv:1705.03399, PRD
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Axial Form Factors

0.03 _I A tsl=1.31 fIIn

00 01 02 03 04 05 06 00 01 02 03 04 05 06
Q2[GeV?] Q2[GeV?]

— Strange components from disconnected contributions
— Negative and non-zero signal

Tie CyPruUS
INSTITUTE arXiv:1705.03399, PRD
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Lattice QCD — Large-scale simulations

A combination of

® Use of advanced computers
® Development of new algorithms

107 ——

106

Cost of MDU [core-hours]
\

-
——’
-
-

—
——— ]
—-

-
—-—
-
-—

40

Tae CYPRUS
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60

80

100

120

2015: baseline,
JuQueen
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Lattice QCD — Large-scale simulations

A combination of
® Use of advanced computers
® Development of new algorithms

107 3 I ! I T T T T . T T —_:
: oS === 2015: baseline
| B O @6t | @ ri0ueen ,
106 ¢ N -l q T o ] JuQ
| e 2016: Added multi-grid

® to N¢=2

2017. Added multi-grid
®  toNE=2+1+1

Cost of MDU [core-hours]

40 60 8 100 120

Tae CYPRUS
INSTITUTE
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Lattice QCD — Large-scale simulations

A combination of
® Use of advanced computers
® Development of new algorithms

107 3 ' ' ' ' ' ' ' ) d 3
; PR m@f‘?)——::j%{;% ° 2015: baseline,

7 108| N2 -=2Zlgooino manlte | JuQueen
< ) ° 2016: Added multi-grid
o to N¢=2
o
o ° 2017: Added multi-grid
A to Ng=2+1+1
=
3 2018: Added 4™-order
§ ® integration scheme
O =2+1+1, multigrid,

102  with 4™ order integrator

Tie CyPruUS
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Setup

Ou,ul (finsv tins) Connected:

(fsa ts) ® Sequential inversion through the sink

® Fix: Sink-source separation (ts), nucleon
polarisation ('), sink momentum p’

(%o, to)
/o Mo % Nigaras ® Four polarisations o, 'k
: cB211.072.64 cA2.09.48 cA2.09.64 , L, =
3 1750 — — ® Sink momentum fixedto p' =0
1(2) ixggg 12??2 s ® More statistics for two-point function
X X X . -
y; B g g from disconnected calculation
16  16x750 88x530%  32x515
18 48x750 88x 725" .
20  64x750 - =
2-point  264x 750 100x2153  32x515
* Only for lo

Tiae CyPruUS
INSTITUTE
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Setup

O,u,,ul ben (fin& tins) Connected:
(fsa ts) ® Sequential inversion through the sink

® Fix: Sink-source separation (ts), nucleon
polarisation ('), sink momentum p’

(%o, to)
/o Mo % Nigaras ® Four polarisations o, 'k
s cB211.072.64 cA2.09.48 cA2.09.64 , L, =
S 1750 - - ® Sink momentum fixedto p° =0
1(2) ixggg 12??2 s ® More statistics for two-point function
_2X 100 x4 X X - :
Y s s g from disconnected calculation
b 3 o o . o .
16 16x750 x4 88x530 32515 ® Increased statistics with increasing ts
18 48x750 88% 725 -
20  64x750 x4 - -
2-point  264x750 100x2153  32x515
* Only for lo

Tiae CyPruUS
INSTITUTE
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Treatment of excited states

® Analysis of nucleon two-point correlation function

3.5 | | T T T T
Lattice data Phenomenology (finite volume)

= 3.0 i + i
8 p—
— 2.5 T — T
P —
= f— — E—
v 2.0F T — — .
- — —
D — S— —
2 15¢ T — — o =
S [ —
N

10re e o7 T

1-state 2-state 3-state N@O) NOm@)mn(-p) NE@mn(-p)
fit fit fit

Excited state consistent between 2- and 3-state fit

Tie CyPruUS
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