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Introduction
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Quantum ChromoDynamics (QCD)

QCD-Gauge theory of the strong interaction
Lagrangian: formulated in terms of quarks and gluons

1 _
Lacp = —ZFE,,F“V + 0> b (D — my)
f=u,d,s,c,b,t

PG
Dp = du—ig5 A,

) W

Harald Fritzsch Murray Gell-Mann Heinrich Leutwyler

This “simple” Lagrangian produces the amazingly rich structure of strongly interacting matter in the universe.

Numerical simulation of QCD provides essential input for a wide class of complex strong interaction phenomena
— In this talk: Highlights in hadron structure related to topics discussed in this meeting
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Introduction of QCD on the lattice

QCD Lagrangian: formulated in terms of quarks and gluons

1 , o .
Lacp = —ZFSVF"”“ + D P [ (0 — igAL) — me] by
f=u,d,s,c,b,t

© quark A gluon

@ Gauge invariant discretization of QCD on a space-time lattice

@ Finite lattice spacing a provides an ultraviolet cutoff at 7 /a

@ Lattice provides a non-perturbative regularization
— “lattice regularization” well suited for an asymptotically free theory like QCD

@ Theory described by a discrete action S: S = Sg + Sr where Sp = >°, 1(x)Dy)(x)
— fermions can be integrated out of the path integral to yield det(D[U])
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Introduction of QCD on the lattice
Lattice QCD Lagrangian: formulated in terms of quarks and gluons
@ For numerical evaluation:

> Finite box L3 x T
» Fermion degrees of freedom integrated out
> Rotate into imaginary time - most drastic operation
@ Path integral over gauge fields:
o @ © © Partition function: Z = [ DU,,(x) [, det(Ds[U]) e~V
H > Monte Carlo simulation to produce a representative ensemble
win) H of {U,(x)} using the largest supercomputers

e e o i ]
U, (n)=e i2Au(n) > Computation of observables: (O) = 3=, Up) O(D; ", Uy,) need
inverse of Dirac matrix, typically of 108 x 10® dimensions

—
@ @ [

COURTESY: FORSCHUNGSZENTRUM JOLICH

5.0 Pflop/s (10" flop/s), second biggest in Europe
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Systematic uncertainties

@ Finite lattice spacing a - take the continuum limit a — 0

@ Finite volume L - take infinite volume limit L — oo

@ |Identification of hadron state of interest - depends on observable
@ Simulation at physical quark masses - now feasible

@ Inclusion of quark loop contributions - now feasible
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Fermion actions

Observables: (0) = 3y, o7, Uy)

Several O(a)-improved fermion actions, K. Jansen, Lattice 2008
(O)cont = (Oh1an + O(&°)

Action Advantages Disadvantages
Clover improved Wilson  computationally fast breaks chiral symmetry
needs operator improvement
Twisted mass (TM) computationally fast breaks chiral symmetry
automatic improvement violation of isospin
Staggered computational fast four doublers (fourth root issue)
complicated contractions
Domain wall (DW) improved chiral symmetry ~ computationally demanding

needs tuning

Overlap exact chiral symmetry computationally expensive

Several collaborations:

Clover QCDSF, BMW, ALPHA, CLS, PACS-CS, NPQCD
Twisted mass ETMC

Staggered MILC

Domain wall RBC-UKQCD, JLQCD

Overlap JLQCD
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Cost of simulations
Main cost due to fermions

Cost of dynamical quark simulations in 2001

1000 configurations with L=2fm
[Ukawa (2001)]

20
Before the 21st century: neglect pair creation
(quenched QCD)
15
JEA
’§‘_ 10
E \ a’ = 3|Gev
a' =2 GeV \ \
o§ — — —— o.s\ 21st century: Dynamical quark simulations
I‘ My /jmy,
physical contact to
point xPT (7)

i i . _ 300 em | \ep (0.1fmC:
Simulation cost: Cy, = C (#) (g)°t (Q:lm)ca
For Ny = 2 Wilson fermion simulations in 2001: Number of inversions, step size in molecular dynamics and

autocorrelations ~ miq miq miq — (m,/mx)® scaling.
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Computer and algorithmic development

Algorithm development has been decisive

TTTTTTTTTTTTTITTTTITTTTT
e Machine

O Machine + Algo

n
>
S
Z 108
0)(30)’)
E 104
— 3y
S 100
j
100
10 Pt
1987 1995 2000

year
Simulation on a 32° x 64 lattice, 5000 configurations
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ETMC simulations with physical quark masses

European Twisted Mass Collaboration (ETMC): Ny = 2 and Ny = 2 + 1 + 1 twisted mass Wilson fermions
3

10 T T T - -
O N¢=2, 10,000 trajectories, a ~0.09fm
QO Ng=2+1+1, 10,000 trajectories, a ~0.09fm
2
107 b
o
64%-x128
o
1
3 48° x96

Cost [Tflop xyrs]
=
(=]

1 ) ) ) ) ) ) )
100.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

mé [GeV?]

Simulation cost: Cgm o< (30%8\/)% () (2Fm)%
We find ¢, ~ 4.5 and ¢y, ~ 2 for a fixed lattice spacing.

A. Abdel-Rehim et al. (ETMC), arXiv:1507.05068
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Observables at physical quark mass

European Twisted Mass Collaboration (ETMC): Ny = 2 and Ny = 2 + 1 + 1 twisted mass Wilson fermions
4

10* —
QO Nucleon mass at 1% error
3 é QO Axial charge at 1% error
10 ] Q© Proton radius at 1% error -
T o
107 1 ]
| (e]
1
1

Cost [Tflop xyrs]
=
o»a

0 0.65 O.iO 0.15 0.20

mZ [GeV?

3
Inversion cost (for a lattice of 643x128):~ e(™p~2M)is
Methods to reduce further the statistical error are being developed
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Observables at physical quark mass

European Twisted Mass Collaboration (ETMC): Ny = 2 and Ny = 2 + 1 + 1 twisted mass Wilson fermions

10 T T T T
O Nucleon mass at 1% error
o) O Axial charge at 1% error
103 (':) Q Proton radius at 1% error -
2 | o

107 |

1 (o]

1

1

Cost [Tflop xyrs]
=
(=]

0 0.05 0.10 0.15 0.20
mZ [GeV?

3
Inversion cost (for a lattice of 643x128):~ &M~ 2Mr)is
Methods to reduce further the statistical error are being developed

Exascale computing is needed for lattice QCD
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Hadron mass

First goal: reproduce the low-lying masses
@ Use Euclidean correlation functions:

G(§, ts)

>

n=0,--- ,00
Interpolating field with the quantum numbers of 7t J(x)
0.30 . .
L]
0.25/s "
L}
@ Large Euclidean time evolution gives ground E o
state for given quantum numbers —>- enables = 020
determination of low-lying hadron properties = .
@ ak(G, ts) = In [G(G, )/ G(G, ts + a)]
hR . 0.15} o
= aFy(qg) + excited)states .
— aky(q) = am
0.10
0

> e I, 15)J7(0))

Ane” En(g)ts ts— 0 Ave™ Eg(d)ts

= d(x)ysu(x)

P

.

t [fm]

Nf =2+ 14 1TM fermions at m, = 210 MeV
N; = 2 TM plus clover fermions at physical pion mass
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Hadron mass

First goal: reproduce the low-lying masses
@ Use Euclidean correlation functions:

G(§, ts)

S e % (U(%s, 15)J7(0))

- 3 Ane En(@ts 57250 p o= Ep(@)ts

n=0,.-+ ,00

Interpolating field with the quantum numbers of p: J(x) = €3° (uaT(x)C%db(x)) u°(x)

20t 4
T 35 Q
16L+ TFrygsllOigdodET J
@ Large Euclidean time evolution gives ground 3 <., .. Y ¥ Y =
state for given quantum numbers = enables % 121 ° ; ax, - Al I i 3 = |
determination of low-lying hadron properties £ oo, ; ; P i i A
~ ) ~ ° o N
@ af.i(d,ts) = In[G(G, t5)/G(G, ts + a)] osl Tt + |
= aFy(q) + excited)states
.\ G=0 . . . . .
— aEo(q) — am 044 4 8 12 16 20

ts/a
N; = 2 TM plus clover fermions at physical pion mass
3
Noise to signal increases with ts:~ (™~ 2mm)'s
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Simulations with physical quark masses
A number of collaborations are producing simulations with physical values of the quark mass

European Twisted Mass Collaboration (ETMC): The nucleon, A. Abdel-Rehim et al. (ETMC) arXiv:1507.04936

10 : :
v experiment @ a=0.094 fm, Ny=2+1+1
9 [0 a=0.088 fm, Ny=2 W 2=0.082 fm, Ny=2+1+1
M O a=0.071fm,N;=2  4p a=0.065fm, Nr=2+1+1 |
“ O a=0.056 fm,N;=2  —— O@p?) fit to Ny=2+1+1
8t 2=0.093 fm, N; =2, i
“ A w/ Clover
7k
=
E ol
g
5l
41
3t
2 I I I I
0.00 0.05 0.10 0.15 0.20 0.25

m2 [GeV?
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Hadron spectrum

2000
—-Q
1500 o
——= =3
= % [Ea
()
= 1000 | =N
= Bl
500 —K — experiment
== width
o input
et ¢ QcD
0

N; = 2 + 1 Clover, BMW, Science 322 (2008)

Milestone calculation for lattice QCD — agreement with experiment is a success for QCD & LQCD
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Hadron spectrum

2000 18
sQ 17
1500 == 16
= $T z 15
> i ok S 14
% 1000 =gt N &ED, 13
== 12
500 —-—K — experiment 11

== width
o input 1
0 ekl + QCD 0.9

N; = 2 + 1 Clover, BMW, Science 322 (2008)

‘ ETMC ‘Nf=2+l“+1 '—.—‘1
r BMW Ng=2+1
PACS-CS Ng=2+1 +—A—
[QCDSF-UKQCD N¢=2+1 +—¥—

.{L,'?**
K

L L L L

L L

L
N AN b2 = A

s* =*

Several collaborations producing the hadron spectrum

Milestone calculation for lattice QCD — agreement with experiment is a success for QCD & LQCD

J
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Isospin and electromagnetic mass splitting

RBC and BMW collaborations: Treat isospin and electromagnetic effects to LO

B,
kil N

(MeV)

7 ¢ total

= QCD

-8 .e QED

-9 > exp.
AMy AMs, AM=

Baryon spectrum with mass splitting from BMW

@ Nucleon mass: isospin and electromagnetic effects with opposite signs
@ Physical splitting reproduced
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Hyperons and Charmed baryons

@ Spectrum using Ny = 2 + 1 + 1 for a range of pion masses from about 450 MeV to 210 MeV, 3 lattice
spacings and different volumes

@ Spectrum using an Ny = 2 ensemble with physical pion mass

18
ETMC N¢=2 with CSW -
17 ETMC N=2+1+1 -8~

16

-
- +%*#

—H—

0.9

-

B

Continuum extrapolation using three lattice spacings,
a = 0.094 fm, 0.082 fm and 0.065 fm

Volume dependence - no observable effects within
our statistics

Chiral extrapolation - biggest systematic error

Strange quark mass fixed using the 2~ mass (open
symbols)

The lattice spacing was fixed using the nucleon mass
(open symbols)

N N 2z = [ * =* Q
C. Alexandrou, V. Drach, K. Jansen, C. Kallidonis, G. Koutsou, Phys.Rev. D90 (2014) 7, 074501; C. Alexandrou

et al. (ETMC) to appear
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Hyperons and Charmed baryons

@ Spectrum using Ny = 2 + 1 + 1 for a range of pion masses from about 450 MeV to 210 MeV, 3 lattice
spacings and different volumes

@ Spectrum using an N; = 2 ensemble with physical pion mass

38 5
ETMC N¢=2 with CSW -~ n ETMC N¢=2 with CSW -~
36 ETMC Ny=2+1+1 -8~ n ¢ ETMC N=2+1+1 -8~ "e
g [}
45
34
32 4
s = [ ]
s S35
28
¢
26 = 3
My Ee— L
24 —a—
25 —He
227 P = A LS £ Qoo b = X Ze Qe Qcce
Spin-1/2 charmed baryons Spin-3/2 charmed baryons

e The charm quark mass was fixed using the A; mass (open symbols)
C. Alexandrou, V. Drach, K. Jansen, C. Kallidonis, G. Koutsou, Phys.Rev. D90 (2014) 7, 074501; C. Alexandrou
et al. (ETMC) to appear
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Pion decay constant by BMW

Budapest-Marseille-Wuppertal (BMW) Collaboration: Ny = 2 + 1 Clover improved Wilson fermions

140

2
130 | =1

#

120 +

F, [MeV]

110

100

90

54, #hdof = 17
Exp value (NO

g e

|

mt”ncn‘
o w

o
oo

value = 0.0
INCLUDED)

g &

ol ¢l

1 T 1 1
1002 20022502 3002 3502

1
400? 450%
M2 [MeV?

1
5002

1
5502

NLO SU(2) chiral perturbation theory for m, < 300 MeV, S. Durr et al., 1310.3626
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Excited states, resonances & exotics

Variational approach: Enlarge basis of interpolating fields — correlation matrix
Gi(G.ts) = g, €™ T (YKo, ) (0))J k=1, N
Solve the generalized eigenvalue problem (GEVP)

G(t)a(t; o) = An(t; 1) G(to)va(t; o) — An(t; to) = e~ En=0) yields N lowest eigenstates, M. Liischer & U.
Wolff (1990)
Large effort to construct the appropriate basis using lattice symmetries, Hadron Spectrum Collaboration

@ must extract all states lying below the state of interest

@ as m; — Myysica Need to consider multi-hadron states

@ must include disconnected diagrams

@ most excited states are unstable (resonances)
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Meson spectrum
JLab analysis using anisotropic lattice at m, ~ 391 MeV, J. Dudek, Presentation at St. Goar, March 2015

« meson spectrum for a range of J*

exotic JPC
- . o
-
25 - 4 4t T - B
[ - [} _ T -
"
- - L - g+ att g
o 2.0 - 3 - u ]
- 3 -
§ - 27" 2=+
® sl = L _ 1
1 _ ot+
1++
10 i o+t 1
' . My ~ 391 MeV
1= a~012fm
3
05 | 24° x 128 ]
— (N 3fJII)3
0+
Carl PRD88 094505 (2013)
Monte Carlo

stat. uncertainty
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p-meson width

@ Consider 777~ in the | = 1-channel
@ Estimate P-wave scattering phase shift 511 (k) using finite size methods
@ Use Lischer’s relation between energy in a finite box and the phase in infinite volume
@ Use Center of Mass frame and Moving frame
) 245
180 X/ Naof = 37— =084
my ~ 391 MeV
150 +
mp = 854.1 £ 1.1 MeV
120 g=580+0.11
o
-~ 7 P}
.—c-—lo 90| 1“,;:67%:12.4105Mev
i
B
60 o L=19fm
o L=24fm
30L a L=29fm
0 T a T T T T T
800 850 900 950 1000 1050 Ecm / MeV

8phys. = 5.95(2) P0G

Impressive results using Ny = 2 + 1 clover fermions and 3 asymmetric lattices for pion mass about 400 MeV,
J. J. Dudek, R. G. Edwards and C.E. Thomas, Phys. Rev. D 87 (2013) 034505
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Low-lying nucleon resonances

28

24

0.8

04

C. Alexandrou (Univ. of Cyprus & Cyprus Inst.)

Nucleon Mass Spectrum (Exp)

R —
2) 2] 1,,,(2600) '.,.E(z;uo) 1, (2600)
x

| Hgezzo  Hyezo 2 S e, o
G,l2130) G,2150)  G(21%0)
P, (2100) .

F, 00) F,
%v) 122 s,@0s0) D z0s0)

F\(1990) . Fy{1990)

i
g
P
1720) s s 2700
1PW01719) £ Ties0)

F, {1680) === D,li673) D“(T:)
—
L N
—
P, (933)
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Low-lying nucleon resonances

14 o 2o m=0.1=
120 o 22 @
1.0
0.8 o
0.6[0.676a7) W ¥ - 0 .
0.40.443a7) w f T
S 02
T=
D1 g pame0 el
L N 4x4 (n=1),]°=}"
1.0
0.8 A 3 i i
0.610.662(60) )
0.4 ® e o 0 o oo o &
0.2[0341561) y QY L4 1
0 2 4 6 8 10 12 14 16
t/a

N; = 2 Clover fermions, m,, = 156 MeV - configurations provided by QCDSF, c.A., T. Korzec, G. Koutsou, T. Leontiou,
arXiv:1302.4410

[*) R.G. Edwards, J. J. Dudek, D. G. Richards, S. J. Wallace. Phys. Rev. D 84 (2011) 074508

@ M. Mahbub et al., Phys. Lett. B679 (2009) 418

@ cr Engel, C. Lang, D. Mohler, A. Schafer, 1301.4318
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Scalar mesons

Start with a,(980) and ~(800)
In our study: 4(+2) operators with the quantum numbers of a(980).

0% = 7, (dcux) 09

OKK, point — 5 (gx%ux) (jx% Sx) l [

Qe POt — >ox (§x755x) (d_x'ysux) ‘ ‘I'

7 - —

OKK, 2-part _ Ex,y (Ex’ysux) (dy755y)

ONsTs 2-part _ Zx,y (gx%sx) ((nyysuy)
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Scalar mesons

Start with a,(980) and ~(800)

nsm T
OQpart

KK |
02part

(f)QQT

A
@

=b
=l

=P

q

O XN

q

Z

G=p d==p d—=p

4

an
X g
b
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DN

= e E__ Ew
Q(\_o d—=p d—=p AUW Z
= e e E E
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S W_ E
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Scalar mesons
Start with a,(980) and (800)

N al . 51 T v
out  OKE, orrt 0 05;%:“ ozp:,ﬁ

OKK

point

0773 ™

point

0RQ

02Pm., A\ VARV /

0775 ™

part| [/ o\ L

Preliminary results show weak overlap with a qg state
Need to compute disconnected diagrams - very challenging!
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Nucleon charges
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Evaluation of matrix elements

Evaluation of three-point functions:
GMY (1, G, ts, ts) = Z;S,yins €”ins I (Ui (Xs., ts) OFY (Xing, tins)J 5 (X0, 1))

Or
0 i=7-7
T

éq =p' -p

T )

(x5 ts) (o, 7o)
- -
S~ -

connected contribution

disconnected contribution

Form ratio by dividing the three-point correlator by an appropriate combination of two-point functions:

(bins — o) A1
R(ts, tus, o) —2—2

M+ ... e AP)tns—to) 4 e~ AP )(ts— ins)]
(ts — tipg) A>1

@ M the desired matrix element
@ s, tas, by the sink, insertion and source time-slices
@ A(p) the energy gap with the first excited state
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Evaluation of matrix elements
Evaluation of three-point functions:

G (1§, ts, tns) = Toge 5. €T o (o (R, 1) OFY (Fins tins) 5 (0, 1))

connected contribution

Form ratio by dividing the three—point correlator by an appropriate combination
of two-point functions:

ins —(0) B> 1
H(ts’tms’to) o)

M1+ ... e APNn—t0) | o= AF )Is—tny))
Ry

@ M the desired matrix element

@ (., ty, b the sink, insertion and source time-slices

@ A(p) the energy gap with the first excited state
Summing over fy:

Is
S R(ts, ts, to) = Const. + M((ts — o) + O(e~ APNs=0)) L (e~ AP Nl ~ho)y).

lins=lo

So the excited state contributions are suppressed by 05
exponentials decaying with ts — ty, rather than s — i
and/or tns — fy. 04
However, one needs to fit the slope rather than
to a constant

(X)u-a

Connect lattice results to measurements:

O]\Ts(l‘) = Z(p, a)Orn(a) 0.1
— evaluate Z(yu, a) non-perturbatively

-2 0 2
(tins—ts/2)/a
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Nucleon charges and axial charge of hyperons

@ axial-vector operator: OF = B (x)v"ys T 1(x)

@ tensor operator: 02 = (x)o ™" T ah(x)
@ scalar operator: OF = $(x) T 1b(x)

= (N(P")OrN(B))| ;2_, Yields gs, ga, gr
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Scalar charge

e High statistics analysis with Ny = 2 + 1 + 1 TMF, a = 0.082 fm, m,, = 373 MeV
e Connected part with 1200 statistics

W t-12a e t-1%a
® =14a -- Fitw/ excited states
4 t=16a —— Summation

® isov O isos

N
R” (t5, ;)
1O N W U1 0O

(ti~ts/2)/a

Agreement of summation, plateau and two-states fits
give confidence to the correctness of the final result
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@ g4: No detectable excited states
@ gr: similar to ga
@ g,: severe contamination from excited states
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Nucleon charges: ga, Os, Ot

The good news:

Axial-vector FFs: A% = 7,5 5 1/)(X) = lun(p) [’Yu’YSGA(q )+ q L25Go(q )] un(P)lg2—o
— yields Ga(0) = ga: i) well known experimentally, & ii) no quark loop contrlbutlons

Isovector
1.4 T T T T T
1.3 ]
12 % | @ g, at the physical point using ~ 1500
P % g % measurements indicates agreement with the
<11 | physical value — important to reduce error
o 1
@ many results from other collaborations, e.g.
1.0 1 e N¢ = 2 + 1 Clover, J. R. Green et al., arXiv:1209.1687
@ Ne=2+1+1, a=0.082 fm e N¢ = 2 Clover, R.Hosley et al., arXiv:1302.2233
& N;=2+1+1, a=0.064 fm ° N, = 2 Clover, S. Capitani et al. arXiv:1205.0180
0.9 XA Nr=2 TMF/Clover, a=0.093 fm 1 o N =2+1 Clover, B. J. Owen et al., arXiv:1212.4668
% experiment ® Nf = 2 + 1 4 1 Mixed action (HISQ/Clover), T. Bhattacharya et
0.8 al., arXiv:1306.5435
0.00 0.05 0.10 0.15 0.20 0.25
m? [GeV2 ]

A. Abdel-Rehim et al. (ETMC) arXiv:1507.04936
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Hyperon axial charges

@ Hyperon axial charges: gas ~ 0.60, gss, g== not known experimentally

@ Calculation equivalent to ga of the nucleon:{h|~,,vs|h) |q2:0 - Efficient to calculate with fixed current
method

@ SU(3) breaking can be checked systematically

Preliminary

0.3 T T T —
| 0.4 T T

O5u(3) = 8aNN ~ 8xxx + n=z
: 8nan — 38;

02 r 3 1 0| &maTgmr g ;

8 - :

5 + e ﬁ :
01} 1 S ol 10 L e .

& 2 ° % :

o < |

Physical Point Physical Point ——

- 0.4 . . .
0 0.1 0.2 0.3 0.4 0 01 02 03 0.4

* x

Also results from H.- w. Lin and K. Orginos, PRD 79, (2009)

Probe deviation:
. _ AN b = _ 2 2 22
@ Octet: dsy;3) = ga — gz + g versus x = (my — mZ, ) /4x=f

@ Decuplet: Three relations one can check
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Nucleon charges: gs, gt

@ scalar operator: OF = $(x) e ¢b(x)
@ axial-vector operator: 0§ = z/_;(x)»y“»ysL;w(x)
@ tensor operator: 0% = &(x)a“"*—;w(x)

— extract from ratio: (N(E’)OXN(ﬁ)Hqg:o to obtain gs, 9a, gr

(i) isovector combination has no disconnect contributions; (i) ga well known experimentally, gr to be measured
at JLab

Planned experiment at JLab, SIDIS on ®He/Proton at 11 GeV:

g AW N =

1 1 1
15 =06 -04 -02 0

od

Experimental values: §u = 0.397% '8 and 6d = —0.257G3
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Nucleon charges: gs, gt

Isovector
1.2 - . . . . . . . 25 : : : : : : : :
|
! 2.0 4
1.1 ! ,—
1 :%r (o) (o} i
5 L] 1.5 1 % ]
P g i T 4
1.0 1 1.0 i : " i
- h s . P 3 ;{ g
2% 1 ey 05 : ¥ li |
0.9 q N
B N=2+1+1 TMF: X N;=2+1 MILCDWF: a=0.124 fm ] X Np=2+1 MILC/DWF: a=0.124fm
& Ni=2+1+1TMF: ¥ Np=2+1+1 HISQ/clover: 2=0.09, fm 00r g ¥ Np=2+1+1 HISQ/clover: a=0.12, fm 9
0.8} & Ni=2 TMF/clover: a=0.093 fm @ N¢=2 clover: a=0.08,fm 1 A @ Np=2 clover: a=0.08,fm
A Nr=2+1clover: a=0.116, fm @ N¢=2 clover: a=0.07,fm -0.5 A & Ny=2clover: )7,fm B
F Ne=2+1 clover: a=0.09, fm @ N=2 clover: a=0.06,fm E N @ Ne=2 clover: a=0.06,fm
O Np=2+1 DWF: a=0.084 fm O Np=2+1 DWF: a=0.084fm
0.7 -1.0
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
mZ [GeV?] m% [GeV?]
@ Experimental value of gr ~ 0.547%3% from global analysis of HERMES, COMPASS and Belle e e~
data, M. Anselmino et al. (2013)
@ For gs increasing the sink-source time separation to ~ 1.5 fm is crucial
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Electromagnetic form factors
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Electromagnetic form factors .

(NP, &)1 (Q)IN(P. 8)) = Tn(p', &') [ Fi(6F) + 5 Fo(0P)] un(p. )

e WEEKLY JOURNAL OF SCIENCE

@ Proton radius extracted from muonic hydrogen is
7.7 o different from the one extracted from
electron scattering, R. Pohl et al., Nature 466 (2010) 213

CHIMPANZEES 3
battle for, , 3 ) ) ]
% @ Muonic measurement is ten times more accurate
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Dirac and Pauli radii

__ G __ _ _6 9 _ 12
I+ /PR = (rf) = F =0 = w2

Need better accuracy at the physical point

Dipole fits:

07 . : . -
PDG .o coarse487x48 @ coarse327x24 . « .
Up o coarse323x96 . - . coarse 247x48 . @
¢ coarse 32x48 -+ coarse 243x24 -
[ fine 323x64 v
0.6 \
®
~05)
£
B \
& ]
=04 N\
03} ® ‘
048 .
.10 0.15 020 025 030 035 040
my (GeV)

Using results from summation method, J. M. Green et al,, 1404.4029
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Position methods

@ Avoid model dependence-fits

@ Application to Sachs form factors — nucleon isovector magnetic moment Giy (0)
@ Isovector rms charge radius of the nucleon

@ Neutron electric dipole moment

As a first step we calculated Gy,(0) (equivalently F»(0)) at m, = 373 MeV.

C.A., G. Koutsou, K. Ottnad, M. Petschlies, PoS(Lattice2014), 144
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Position methods for Gu(0)
@ Plateau for large Euclidean times t, ts — t
I|m ) Iltm RM(ts,t,4,T,) =N" (§,T.),
—oo s

@ Extract Sachs form factors from

Mo (G, To) = 70%:%/65 (Oz) ,

o i
n; (g,ro) = _CminE (02) ,
o 1
N (G,Tx) = _CmeinQjGM (02) ,

where Io = 5 (1 + 7o), Tk = }iSToys7x and C = OIGOEME

= Due to the factor g; the magnetic moment Gy,(0) cannot be extracted directly!

Apply a partial derivative to remove momentum dependence ~ g;

o] 1
lim —n;(t,g,T — €ikGu(0) .
2™ 5g ni(t, q,Tx) = 2y m(0)

.. and calculate Gu(0) directly.

36/52
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Magnetic moment Gi5?(0)

6 T
y-summation
y-summation G%7(Q? = 0) —8—i
- sequential method +—#——
5 L ]
'
4 b i
@ In principle, values at larger Q® have very little ~ —~
influence S 3
og r i B
@ Value for Gy = 4.45(15), larger than result .
from dipole fit 3.99(9)sta 2+ . 1
n
@ Closer to exp. value (4.71) "~
1F - g
L]
LN
0 L L L L
0 0.5 1 1.5 2

Q* [GeV?)
i*»(0) from O(4700) gauge confs of B55; t,/a = 14
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Check G¥°(0)

15 — . - -
y-summation
sequential method +——8——
195 L y-summation G5°(Q* = 0) +——=—
@ G¥(Q = 0) = 1 by definition
104 ]
@ Canuse —
; 7 ;@; 0.75 | \ 1
N (G,Mo) = —Cx—qiG , &
:(q O) 2qu/ E( ) [} .
0.5 [ . ]
and apply same method as for Gi°(Q?)... N
0.25 ’
@ Value at zero momentum nicely reproduced ' e i E
Gg°(0) = 1.00(5). .
0 0.5 1 1.5 2
Q? [GeV?

G2 (0) from ©(4700) gauge confs of B55; t,/a = 14
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Magnetic moment for proton and neutron

Disconnected diagrams yield only small contribution

0.012
0.010
0.008
0.006
0.004

Gg

0.002

0.000

—0.002 | t  strange ]
—0.004 | ¢ light disconnected | |

0.0 0.2 0.4 0.6 0.8 1.0 12
Q* (GeV?)

J. Green et al., arXiv:1505.01803
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Magnetic moment for proton and neutron
4 T T 0

y-summation
y-summation G}, (Q* = 0) +—=— — L]
sequential method ——=—i . -
.
-
3 r -
(] 1 " |
-
! S
= L 2=
L
L] _2 4
-
1F n
L
L
Wy, i y-summation
L] y-summation G2, (Q? = 0) +—a—
0 3 sequential method +——#—
-0.5 0 0.5 1 1.5 2 0 0.5 1 1.5 2
Q*[GeV?) Q*[GeV?)

@ Magnetic moment for proton (l.h.s.) and neutron (r.h.s.) on B55
(neglecting disc. contributions)

@ G} (0) = 2.73(9)su and Gjy(0) = —1.72(6)u close to exp. values
2.79 and -1.91, respectively.

@ Dipole fit gives again smaller values %(0) = 2.47(6) and Gj;(0) = —1.54(4))
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Isovector charge radius rg js,

Consider isovector rms charge radius of the nucleon:

d
Mo = —GﬁGE(QZ)

Q2=0

@ Start from most simple relation for Gg(Q?):

i En + m,
Mo (8.10) = =/ =55, Ge (@) -
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Results for ris

0.8 .
direct computation
CODATA 1%,
muonic atoms 1%
& direct computation 13 ., ——e—t
g 0.6 standard method —e—i |
§ @ We use an ETMC 48°% x 96, N; = 2 ensemble
= { with physical pion mass
-@U‘“ 04 { ] @ Data shown in plot are for O(1400) confs ~—
! { very expensive!
09 E ! E - i @ t/a = 14 compatible with experiment!
2R
% 0.2 { b { 1 @ Unfortunately errors are still not small enough to
T

distinguish the two experimental values

‘
0 0.25 0.5 0.75 1
Q?[GeV?)
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Parton Distribution Functions
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Generalized Parton Distributions
Factorization leads to matrix elements of local operators:

@ vector operator
Oy =gy tiD 2. i D wny 7
va = U s 5 P(x)

@ axial-vector operator
a

- > >
O = B0y i D 2P D s p(x)

@ tensor operator

_ > <~ a
04 = G2 B LT D ()

Special cases:
@ no-derivative — nucleon form factors

@ For @® = 0 — parton distribution functions
one-derivative — first moments e.g. average momentum fraction (x)
Generalized form factor decomposition:

,‘U{uaqapv}
2m

{rgr¥11
+Czo(q2)q J }EUN(F%S)

(N(p'. s")| 04 IN(p, 5)) = Un(p', s") |:A20(<72)’Y{“PU}+520(<72) —
Nucleon spin J9 = } [Azo(o) + Bzo(O)] and (x) = Ax(0)
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Momentum fraction and the nucleon spin

What is the distribution of the nucleon momentum among the nucleon constituents?
(x) obtained in the MS scheme at u = 2 GeV.

0.35 T T T T T
0.30 q] 4
H I
|
0.25 + { 3 *f |
{ Xx i x
= 0.20 % 4
2
*
¥ 01s |
0.10}C  N¢=2 T™MF: a=0.089, 0.07, 0.056 fm % Ng=2+1 DWF: a=0.114 fm 1
W Ne=2+1+1, TMF: a=0.082,0.064 fm ¥ N;=2+1 MILC/DWF: a=0.124 fm
0,052 Ne=2 TMF/clover: a=0.093 fm & N;=2 clover: a=0.075 fm
: A Ng=2+1 clover: a=0.116 fm ® experiment
& Ng=2 clover: a=0.07 fm
0.00
0.00 0.05 0.10 0.15 0.20 0.25
mé [GeV?]

@ (x),_q approach physical value for bigger source-sink separations — need an equivalent high statistics
study

@ Can provide a prediction for (X)s,_sq

Experimental values:
® (x),_ ¢ from S. Alekhin et al. arXiv:1202.2281
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Where is the nucleon spin?
Spinsum: 7 = >, (EAZQ + Lq) +J¢

—_———
Jq

J9 = AJ,(0) + B,(0) and AX? = g

For one ensemble at m, = 373 MeV we have the disconnected contribution — we can check the effect on the
observables, ©(150, 000) statistics

0.4

(=]

Contributions to nucleon spin

03}

02}

0.1}

Contributions to nucleon spin

04

03+
0.2
0.1+

0L--
-0.1 +
-0.2 F
-0.3 -

] |

‘ﬁ‘ VQ‘A o‘tl‘

1 d 1
§A2u+ |

Letd A

?‘% ,,,,,, 1 B P

0.05 0.1 0.15 0.2
m2 (GeV?)

-0.4
0

0.05

= Total spin for u-quarks J" 2 0.25 and for d-quark J¥ ~ 0

@ (U9 < 0 at physical point

@ AxX“?in agreement with experimental value at physical point
@ The total spin J“*¢ ~ 0.25
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Where is the nucleon spin?

1
Spinsum: 3 =3, (EAZQ + Lq> +J¢
—_—

s
J9 = AJ(0) + BJ,(0) and AXY = g

For one ensemble at m, = 373 MeV we have the disconnected contribution — we can check the effect on the

observables, ©(150, 000) statistics

m2 (GeV?)

8 : a &
z 04y & Bele e "Laz
o .
ko
Q
2 027
g
2
B Y S
2 JAZ?
g B on® o 40 &
O 02 %
0 005 01 0I5 02 025

@ Ax“d consistent with experimental values

@ (9~ 1Y

Contributions to nucleon spin

02}

0 0.65 d.l 0.15 0.2 0.25

m2 (GeV?2)
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Parton distribution functions

. +oo .
a0 A P = [ o g, ),

anpy= [ 6% (P2, 0))7s W(2)0(0,0)|P)

—oo

h(P3,2)

is the quasi-distribution defined by X. Ji Phys.Rev.Lett. 110 (2013) 262002, arXiv:1305.1539

h(Ps, z) can be computed in lattice QCD v=")
@ We use our test B55 ensemble z {
@ Perform HYP-smearing on the gauge links

@ Use the stochastic all-to-all propagator in the N(B,0) NP1
three-point function ? ’
@ Extract quasi-distribution for 27, 47,

-
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Relate the quasi-distribution to the measured PDF

Our starting point is

. as a (B A as /1 ay oy (X w NN 2
= GG A, Ps) — 22 G0x, A, Py)sZz) (£, D) 2 [0 o (X B R sy AP+ O
q(x, n) = q(x 3) qu(x 3)0Z¢ (Ps P3> =)y VP P aly 3)+O()

@ The calculation of the leading UV divergences to g in PT are done keeping P; fixed while taking A — oo
(in contrast to first taking P; — oo for the renormalization of q)

@ We still do not have a renormalization procedure
— identify the UV regulator as n for g and as A for the case of the quasi-distribution.

@ The dependence on the UV regulator A will be translated, in the end, into a renormalization scale p after
proper renormalization

@ Single pole terms cancel when combining the vertex and wave function corrections, and double poles are
reduced to a single pole that are taken care via the principal value prescription

@ A divergent term remains in §Z(') that depends on the cut-off X
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Preliminary results

no HYP smearing [
2 steps of HYP smearing [~ )
5 steps of HYP smearing

Isovector quasi-distribution for P; = 47 /L

Renormalization still has to be done to remove the cut-off x; and the remaining divergent term ~ In(xg —
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Conclusions

Future Perspectives

Confirm ga, (x)y—d, etc, at the physical point using Ny = 2and Ny =2 + 1 + 1
Provide predictions for gs, g7, tensor moment, sigma-terms, etc.
Improve the accuracy of the results on proton radius using position methods

Use the developed methods for calculating the neutron electric dipole moment, PDFs, etc at the physical
point

@ Develop methods for resonances
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