Hadron Structure from lattice QCD

Constantia Alexandrou
University of Cyprus, The Cyprus Institute, and DESY-Zeuthen

N

Tue Cyrrus

*]f* {ﬁ INSTITUTE

Computational Particle Physics
Durbach, 15th-19th September, 2014

C. Alexandrou (Un. of Cyprus/Cyprus Inst./DESY) Hadron structure from LQCD SFB, 15-19 Sept. 2014

1/33



Outline

0 Introduction

Recent achievements

@ Simulations with physical values of the quark masses
@ Masses of Hyperons and Charmed baryons

@ Isospin effects

e Nucleon Structure
@ Axial charge ga
@ Scalar and tensor charges
@ Momentum fraction and spin
@ Electromagnetic form factors

o Conclusions
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Quantum ChromoDynamics (QCD)

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

1 v -
Laoop = 71,:5’/,_-@ + 0> b (D — my)
f=u,d,s,c,b,t

)\a
: a
D, = 8H—lg?Au

Harald Fritzsch Murray Gell-Mann Heinrich Leutwyler
Phys.Lett. B47 (1973) 365

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: Hadron structure of interest to both the phenomenological and experimental communities.
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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
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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

Creation operator for zero momentum: Jg(ts) =% p(Xs, ts) "
Proton propagator:
— xS
() (0) = Z(ou e~ Haco’s|n > < n|Jf|0) d
= Z| 0]y n) 26~ En's S25° (0|, |p) |2 e ™P's  Noise to signal increases with fs:

~ elmp— Smz)ts
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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

@ Simulation at physical quark masses - now feasible

@ Computation of valence quark loops - now feasible
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Recent achievements
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Fermion action

Observables: (0) = % PN o=, U,)
Use O(a)-improved fermion action: (O)cont = (O)1ar + O(&°)

Use the Wilson twisted mass formulation at maximal twist, R. Frezzotti, G. C. Rossi, JHEP 0408 (2004) 007
@ Automatic O(a) improvement

@ No operator improvement needed, renormalization simplified — important for hadron structure
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Fermion action

Simulations by the European Twisted mass Collaboration: see Talk by K. Jansen
@ N; = 2, 4 lattice spacings, different volumes, Ph. Boucaud et al., Comput.Phys.Commun. 179 (2008)
695; Phys.Lett. B650 (2007) 304
@ N; =2+ 1+ 1, 3 lattice spacings, different volumes, R. Baron et al., JHEP 1008 (2010) 097

@ N; = 2 at the physical point, one lattice spacing and volume, A. Abdel-Rehim et al., arXiv:1311.4522
— preliminary results at physical point, M. Constantinou (ETMC), Plenary, Lattice 2014; C. Alexandrou et
al., PoS LATTICE2013 (2013) 292

COURTESY: FORSCHUNGSZENTRUM JOLICH

5.0 Pflop/s, second biggest in Europe, 8th in the world - TOP 500 June 2014
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Simulations with physical quark masses

The nucleon
10 ‘ ; ; : :
O Experiment O a=0.093 fm, Ng=2+1+1
9 m  a=0.089 fm, Ny =2 O a=0.082 fm, Ng=2+1+1
¢ a=0.070 fm, Ny =2 < a=0.064 fm, Ny=2+1+1
8 N a=0.091 fm, Ny =2, —— O(p®) fit to Ny=2+1+1 and N;=2
w/ Clover 1
7
3
E ¢
3
5
4
3
*
02.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

2
mé [GeV?
L ~ 3fmand a ~ 0.1 fm; Lowest order heavy baryon chiral perturbation theory with experimental value
excluded
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Hyperons and Charmed baryons
SU(4) representations:
4144 = 20 20920 04

Deded = EEEIEBB]EBB]@H

First goal: reproduce the low-lying masses

Also Ny = 2 + 1 + 1 results: C.A., V. Drach, K. Jansen, Ch. Kallidonis, G. Koutsou, arXiv:1406.4310

1.8 T T T T T T T T
ETMC N;=2+1+1 —@—
17+ BMW Ny=2+1 1
PACS-CS Ny=2+1 +—A— b
1.6 [QCDSF-UKQCD Ng=2+1 —¥— & R
15 B
S 14t HZ:_ ]
3
S 13} Sy E
=
121 .? q
al e ,
1r } 4
09F ", . . . . . . . b
N A z = A z* = Q

@ continuum limit taken
@ finite volume effects checked
@ systematic error due to the chiral extrapolation estimated - biggest uncertainty
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Hyperons and Charmed baryons

SU(4) representations:
4144 = 20 20920 04

Deded = EEEIEBB]EBB]@H

First goal: reproduce the low-lying masses and make predictions
Also Ny = 2 + 1 + 1 results: C.A., V. Drach, K. Jansen, Ch. Kallidonis, G. Koutsou, arXiv:1406.4310

38 T T T T T T 5 T T T
ETMC Ng=2+1+1 —@— A ETMC Ng=2+1+1 —@—
36l PACS-CS Ny=2+1 +—A— PEA 57| PACS-CS Ny=2+1 +—A— “od
Na et al. Nj=2+1 =™ 45| Na et al. Nj=2+1 +—A— ]
34+ Briceno et al. N;=2+1+1 —&— i Briceno et al. Ng=2+1+1 —#—
i Liu et al. Ng=2+1 —¥—i
32t 1 4t 1
S S agsh
1 2
8 st 108 Losa o
z s 35f 1
= =
28 1
2.6 F ‘*‘?‘— ii R 3+ ]
\d ¥
24} - oo | age T
&e‘— 25 Set 1
Ac P2y B = Q¢ Zee Qcc s = Q; e Qge Qcec

@ continuum limit taken
@ finite volume effects checked
@ systematic error due to the chiral extrapolation estimated - biggest uncertainty
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Hyperons and Charmed baryons

SU(4) representations:
4144 = 20 20020 04

DedeOd = EEEIEBBJEBB:]@H

Results by ETM Collaboration using Ny = 2 simulations with physical pion mass for one lattice volume and
lattice spacing a = 0.093 fm
Preliminary results

18 T T T T T T T T
ETMC Ni=2 with CSW —@—
1.7 BMW N=2+1 —ll— 4
PACS-CS Ny=2+1 A L
16 figa g
=

15F g
$ et P23 ]
\:« 13t ox 1 ]
12 ..z | | 4
11t Sex 1
1r 4
09", . . . . . . . b

N A z = A T* = Q
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Hyperons and Charmed baryons

SU(4) representations:
4144 = 20 20020 04

DedeOd = EEEIEBBJEBB:]@H

Results by ETM Collaboration using Ny = 2 simulations with physical pion mass for one lattice volume and
lattice spacing a = 0.093 fm
Preliminary results

3.8 T T T T T T T 5 T T T T T T
ETMC N¢=2 with CSW —@— 0, ETMC N¢=2 with CSW —@—
a6l PACS-CS Ny=2+1+1 +—A—i 2% 3% | PACS-CS Ni=2+1+1 —A— Aos
Na et al. Ny=2+1 +—A— = 451 Na et al. N=2+1 —A— |
3.4} Bricenoetal Ng=2+1+1 —o— i Briceno et al. Ny=2+1+1 ——
i Liu et al. Ng=2+1 —¥—
32 4 4+ 4
2 2 a0za
(1 L g
3 3 40 A054
= < 35¢f 1
= =
28 q
Y
\4 . 4
26 . . P B 3
241 S = 1 soe *®
¥ 25 -4as 4
22 LI . . . . . . . . . . . .
Ac I = = Qc Zec Qcc % = Q i Q. Qcee
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Isospin and electromagnetic mass splitting

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

o =

a__.
SR N

= -3
2 -4
-5
s i
_7 ¢ total
= QCD
-8 | .o QED
-9 4 exp.
AMy AMsy, AMz

Baryon spectrum with mass splitting from BMW, Sz. Borsanyi et al., Phys. Rev. Lett. 111 (2013) 252001

@ Nucleon mass: isospin and electromagnetic effects with opposite signs
@ Physical splitting reproduced
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Nucleon structure

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

too—tg)AS>1
R(ts, t, 1) 220

M + ... e 2P —10) 4 o= A (5= tms)]
(15— lng) B3>

Or
G=7 -7
T
é =p'-p
o T
_— (Xine:tins) \\\
(xols) @@ (x0.10) Y
o P T ete)
. _ ~
~_ - (. 1,) @ (o, to)
connected contribution S _—
~ >

disconnected contribution

@ M the desired matrix element; ts, tns, fy the sink, insertion and source time-slices; A(p) the energy gap
with the first excited state

@ Identification of hadron state of interest - dependent on Or i.e. different for g, o-terms, EM form factors
@ Connect lattice results to measurements:
Oxis() = Z(p, @)Oru(a) = evaluate Z(u, a) non-perturbatively
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Axial charge ga

The good news:

) = 3 N n ~
Axial-vector FFs: A% = 9,75 $(X) = $0n(0") [175 Ca(®) + T2 Gol(9)] ()l 2
— yields Ga(0) = ga: i) well known experimentally & ii) no quark loop contributions

Isovector
14

@ g, at the physical point mass indicates
agreement with the physical value — important

T
< T I to reduce error
o 12 | by . )
% E JE § 1 3 % @ many results from other collaborations, e.g.
- o Nf = 2 + 1 Clover, LHPC, J.R. Green et al,
arXiv:1209.1687
10 | ®N=2 2=0.089fm L=2.ifm O N,=2+(+1 a=0.082fm L=2.6fm -| e Ny = 2 Clover, QCDSF, R Hosley et al.,

13 |

11 F

;
e ot Ltaim B Noanit st e |z 2
2 0=0.070fm L=22fm X N.=2/Clover a=0.084fm L=4.5fm
09 [ 4n=2 0=0056m L27fm A e N; = 2 Clover, CLS, s. Capitani et al. arXiv:1205.0180
ON,=2 2=0.066fm L=18fm o Ny = 2 + 1 Clover, CSSM, B.J. Owen et al.,
0.8 y . . . arXiv:1212.4668
.00 .05 .10 15 20 ' )

e Ny =2+ 1 4 1 Mixed action (HISQ/Clover),

2 2
m.,, (GeV ) PNDME, T. Bhattacharya et al., arXiv:1306.5435

ETM Collaboration
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Nucleon charges: ga, Os, Ot

@ scalar operator: OF = $(x) e ¢b(x)
@ axial-vector operator: OF = B (x)v" s T 1(x)
@ tensor operator: 0% = &(x)a“"*—;w(x)

= (N(P")OrN(B))| ;2_, Yeilds gs, ga, g7
(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

u d

Experimental values: g4 = 0.397%% and g¢ = —0.25%%3

C. Alexandrou (Un. of Cyprus/Cyprus Inst./DESY) Hadron structure from LQCD



Nucleon charges: ga, Os, Ot
Isov1ei:tor

T T T T
25 - T T T
w3k p 3
T 20 E
Of*( 12 I 1 A
% ] 3 i & o ey I .
1k E 0L % % § o
: l% X B
1.0 [ON=2 a=0.089fm L=2.1fm O N=2+1+1 a=0.082fm L=2.6fm - 05 : 7
BN=2 a=0.089fm L=2.8fm ® N,=2+1+1 a=0.064fm L=3.1fm :
09 | AN=2 a=0.070fm L=2.2fm X N,=2/Clover a=0.084fm L=4.5fm| 00 } a
. #N,=2 a=0.066fm L=2.7fm .N (=2+1+1 TMF a=0.082fm U N =2+1 Clover a=0.09 fm
ON.=2 2=0.056fm L=1.8fm —05 Ay ,=2+1+1 TMF a=0.064fm O N =2+1 DWF a=0.084fm
0.8 : ! ! | | = [ Wy, sa TMF/Clover a=0.094fm X N =2+1 MILC/DWF a=0.124fr]
- 00 05 10 15 20 _10 : \ X Ny 2+|1+1 HISQ/Clover g=0.12fn]
m,,z (Gev?) .00 .05 .10 .15
. . : m 2 (Gev?)
12 F B
- : @ g, at the physical point mass indicates
AR % % % o ¢ o agreement with the physical value — important
; % B to reduce error - many results from other
10 i E collaborations
09 L | @ Experimental value of gr ~ 0.5475, from
O N =2+1+1 TMF a=0.082fm L) N =2+1 Clover 2=0.09 fm global inalySIS of HERMES, COMPASS and
0.8 AN F2+1+1 TMF 2=0.064fm O N, —2+1 DWF a=0.084fm | Belle e e™ data, M. Anselmino et al. (2013)
Wy e ® . _—
N2 TF/Clover as00bitm | _;ﬁ’;gg‘fcﬁg ‘;"0'21‘2:: @ Large excited state contributions to gs:
0.7 00 0'5 o 5 increasing the sink-source time separation to
. . 2 o2 . ~ 1.5 fmis crucial
m % (GeV?)
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Disconnected quark loop contributions

q=p -y
Notoriously difficult 6

@ [(Xins) = Tr [ G(Xins; Xins)] — need quark propagators from all Xi,s or
L3 more expensive as compared to the calculation of hadron masses

@ Large gauge noise — large statistics

@ Use special techniques that utilize stochastic noise on all spatial lattice sites — N, more expensive that
hadron masses with N, < L3

@ Reduce noise by increasing statistics
— take advantage of graphics cards (GPUs) — need to develop special multi-GPU codes
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Disconnected quark loop contributions P

Notoriously difficult
@ [(Xins) = Tr [ G(Xins; Xins)] — need quark propagators from all Xi,s or
L3 more expensive as compared to the calculation of hadron masses
@ Large gauge noise — large statistics

@ Use special techniques that utilize stochastic noise on all spatial lattice sites — N, more expensive that
hadron masses with N, < L3

@ Reduce noise by increasing statistics
— take advantage of graphics cards (GPUs) — need to develop special multi-GPU codes

A Fermi card

Cluster of 8 nodes of
Fermi GPUs

C. A., M. Constantinou, S. Dinter, V. Drach, K. Hadjiyiannakou, K. Jansen, G. Koutsou, A. Strelchenko, A. Vaquero arXiv:1211.0126
C.A., K. Hadjiyiannakou, G. Koutsou, A. O'Cais, A. Strelchenko, arXiv:1108.2473
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Disconnected quark loop contributions =y
Notoriously difficult

@ L(Xins) = Tr [FG(Xus; Xins)] — need quark propagators from all Xi,s or
L3 more expensive as compared to the calculation of hadron masses
@ Large gauge noise — large statistics

@ Use special techniques that utilize stochastic noise on all spatial lattice sites — N, more expensive that
hadron masses with N, < L3

@ Reduce noise by increasing statistics
— take advantage of graphics cards (GPUs) — need to develop special multi-GPU codes

Nr =2+ 1 4 1 twisted mass, a = 0.082 fm, m,. = 373 MeV, ~ 150, 000 statistics (on 4700 confs) J
008 0.01
C 5 i f} ; 0.00 %
- % :} & 25 ~0.01
T 0% AIEREE, %
E " = -0.02
2-0.10 : )
e — sM £ 1
] é t=8a & ~0.03{|— sM i 1 T I
-0.15| ® t=10a ; ::iliga 4
: E:E: “0.04 5 (120
- 4 t=14a
0205~ 2 2 0 2 4 6 8 -0.03

-8 -6 -4 -2 0 2 4 6
(tins~ts/2)/a

Strange quark loop

(tins=ts/2)/a

Disconnected isoscalar, agrees with Baii et al
(QCDSF), Phys.Rev.Lett. 108 (2012) 222001
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Disconnected quark loop contributions

Notoriously difficult

@ L(Xins) = Tr [[ G(Xins; Xins)] — need quark propagators from all X, or
L3 more expensive as compared to the calculation of hadron masses

@ Large gauge noise — large statistics

(&,

~

~_
U%—<ﬁ (Fo, tn)

~ ~

@ Use special techniques that utilize stochastic noise on all spatial lattice sites — N, more expensive that

hadron masses with N, < L°
@ Reduce noise by increasing statistics

— take advantage of graphics cards (GPUs) — need to develop special multi-GPU codes

(§u-30)
Gf
0.005 — T T T T T T T
1 disconnected
0.004 =
0.003 |- II {} { E
0.002 f
0.001 —I
0.000 [
—0.001 L~ L L

@ (GeV?)

1 1 I
00 0.1 02 03 04 05 06

0.010
0.005
0.000
-0.005
-0.010
-0.015

-0.020

(3u-30)
GM
L i T £
i i # |
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Q@2 (GeV?)

100,000 Statistics using hierarchical probing, Ny = 2 + 1 clover (one level of stout smearing), V = 32% x 96,
an~ 0.114 fm, m, ~ 320 MeV, st. Meinel et al., Lattice 2014, N. York, June, 2014
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Isoscalar nucleon charges: ga, gs, 91

@ scalar operator: OF = $(x) e 1b(x)
@ axial-vector operator: O3 = &(X)'y“'ys%aw(x)

@ tensor operator: O3 = zZ(X)a“”%ail)(X)

o Ny = 2 + 1 + 1 twisted mass, a = 0.082 fm, m, = 373 MeV
e Disconnected part, ~ 150 000 statistics using GPUs J

Results shown in MS at 4 GeV?
Analysis at the physical point still preliminary

10 - T : : 10 5 0 P
| BN,=2+1+1 TMF @=0.082fm, with disconn. contr. "
: 05 | A
: ° 5 i
RN . é C”"— Experiment
o 2 % 0.0 b T
6 I [ -
X & + o
e -05 O N,=2+1+1 TMF a=0.082fm q
4r N=2+1+1 TMF a=0.062fm T AN,=2+1+1 TMF a=0.064fm
N,=2+1+1 TMF 2=0.064fm BN =2 TMF/Clover a=0.081fm
: MN =2 TMF/Clover 2=0.091m X N,=2+131 HISQ/Clover az0.12fm \
. X N,=2+131 HISQ/Clover a50.12fm X -10
2 00 05 o . .00 .05 .10 .15
. : 2 i p : m_? (GeV?)
m ? (GeV?)

. . . . ) Experimental values from global analysis of HER-
Large source-sink separation and inclusion of discon-  \MES COMPASS and Belle et e data, M. Anseimino e
nected is required a (201’3) T
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Nucleon momentum fraction and spin

What is the distribution of the nucleon momentum among the nucleon constituents?
— needs knowledge of the parton distribution functions (PDFs)
One measures moments of parton distributions,in DIS:

@ Unpolarized moments: (x")q = [ dxx" [g(x) — (—1)"§(x)]
@ Helicity moments: (x")aq = [ dxx" [Aq(x) + (—1)"Ag(x)]
@ Transversity moments: (x")sq = [ dxx” [3g(x) — (—1)"5G(x)]

, q(x) = q(x)y + q(x)+
5 Aq(x) = q(x)y — q(x)+
, 3q(x) = q(x) L +q(x)T
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Nucleon momentum fraction and spin

@ Unpolarized moments: (x")q = [ dxx" [q(x) — (=1)"g(x)] q(x) = q(x)y + q(x)+
@ Helicity moments: (x")aq = [ dxx" [Aq(x) + (—1)"Ag(x)] , Aq(x) = q(x), — g(x)+
@ Transversity moments: (x")sq = [, dxx" [5g(x) — (=1)"5g(x)] , 5q(x) = q(x)L + q(x)T

Consider n = 1; results obtained in the MS scheme at 1 = 2 GeV.

T T T T T T T T
30 E
i k) [} 1 i s
25 + z 5 4 3+ 7 @ 2
I 4 °
> I S i
~
x .20 ‘T B 3 X é
~ N 1
* L 4
RERS 4 X 2r =
10 F ® N,=2 8=0.089fm L=2.1fm i © N2 am0.080fmm Let bt
. BN =2 2=0.080fm L=2.8fm (=2 a=0.089fm 1=2.6fm
AN: =0.070fm L=22fm O N=2+1+1 a=0.082fm L=2.6fm 1 [ ®N=2 2=0.070fm L=2.2fm T
05 [ #N.=2 a=0.056fm L=27fm B N,=2+1+1 a=0.064fm L=3.tm | AN =2 a=0.056fm L=2.7fm O N,=2+1+1 2=0.082fm L=2.6fm
CIN,=2 a=0056fm L=18{m X N,=2/(lover a=0.094tm L=45fm HN,=2 a=0.056fm L=18fm & N=2+41+1 a=0.084fm L=3.1fm
00 00 05 P 5 20 0 DN, =2 a=0056tm L=18{m X N,=2/lover a=0.084fm L=4.5fm
’ ' ’ ' ’ "0 05 ) 5 20
mﬂz (Cevz) B B . ) . ) -
m 2 (Gev?)

@ (x),_q and (x)au_ng approach physical value for bigger source-sink separations — need an equivalent
high statistics study as at m, = 373 MeV

@ Can provide a prediction for (x) su—sa
@ These are computed within B3 for both Lattice and Phenomenology

Experimental values:
® (x),_ ¢ from S. Alekhin et al. arXiv:1202.2281 ® (X) Ay— A from Blumlein et al. arXiv:1005.3113
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Where is the nucleon spin?
Spinsum: 7 = >, (EAZQ + Lq) +J¢

—_———
Jq

J9 = 1 (AL(0) + BL,(0)) and AT = g

Connected contributions

04 ——— ‘ : : 04— :
£ 3 - £ . * -
& 03| % & b g} ] 2 03 i AR ¢ ¢ | Asutd
= H =
15} : # 0.2 ;
3 {c 3 3
é 021 % § 0.1 P Led
2 | 2 0pf i{}{' rrrrrrrrrrrrrrrrrrrrrrrrrrrr ]
EROR S o1 4
2 2 oal
g X é g v
£ opho PR T R— DR . 5
= YIS d
8 3 1 J 8 03
R . . . . 04 L . . . .
01 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 02 025
m2 (GeV?) m? (GeV?)

— Total spin for u-quarks J" 2 0.25 and for d-quark J9 ~ 0
@ Y+ ~ 0 at physical point
@ Ax“*9in agreement with experimental value at physical point
@ The total spin JY*9 ~ 0.25 = Where is the other half?
However, more statistics and checks of systematics are needed for final results at the physical point

C. Alexandrou (Un. of Cyprus/Cyprus Inst./DESY), Hadron structure from LQCD SFB, 15-19 Sept. 2014 18/33



Where is the nucleon spin?
Spinsum: 7 = >, (EAZQ + Lq) +J¢

—_———
Jq

J9 = 1 (AL(0) + BL,(0)) and AT = 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 - T T T T 0.4 . . . . .
g L ) Ju = L " c ]
2 03¢+ * %? ‘ié § 1& 03 i ¥ # b vg ° lkzu-ﬂl
§ * * g 02¢ : : i
< 02 % 2 :
3 : S 01 ¢ e
s 2 :
2 o1t 2 o L U S
g g 0.1
R e e L BRI UE i BN
] 2 02| ! 1
2 01 g
S 18 03 1
02 L s ‘ s ‘ 04— ‘ s ‘
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
m2 (GeV?) m2 (GeV?)

@ Disconnected quark loop contributions non-zero for AYY%$

@ [T~ Y

@ The total spin J“*¢ ~ 0.25 = Where is the other half?

@ Contributions from J%? — on-going efforts to compute them, K.-F Liu et al. (xQCD), arXiv:1203.6388; C.A. et al.

arXiv:1311.3174
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Where is the nucleon spin?
Spinsum: 7 = >, (EAZQ + Lq) +J¢

—_———
Jq

J9 = 1 (AL(0) + BL,(0)) and AT = g

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

= ‘ = ,
S04t & L % Aad ‘e ﬁlAzw = 027 * 1
£ 2 g * L ? Yy 2 0 2
3 ! 3
B : B
2 02} 1 2 0 i
8 : 8
2 g P e L
. £ ] » ¢ €
é Layd ,5 -0.2 + * * q
g B on® o 4 0 & Z :
o 02 % q 0 !
! : . : . 0.4 L . . : :
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
m2 (GeV?) m2 (GeV?)

Disconnected quark loop contributions non-zero for AYY:%$
L9~ -
The total spin JY+9 ~ 0.25 = Where is the other half?

Contributions from J¢? — on-going efforts to compute them, k.. Liu et al. (xQCD), arXiv:1203.6388; C.A. et al.
arXivi1311.3174

C. Alexandrou (Un. of Cyprus/Cyprus Inst./DESY), Hadron structure from LQCD SFB, 15-19 Sept. 2014 19/33



Direct computation of PDFs

Ongoing work: C.A., K. Cichy, E. Garcia Ramos, K.Jansen, K. Hadjiyiannakou, F. Steffens, C. Wiese

Quasi distributions, x. Ji, arXiv:1305.1539:
~ 2 1 —izxpz A2 m%l
a0 17, p2) = 4 /dze (N(p2)9(2)7z P(2,0)¢(0)IN(p2)) + O | —, ra
4 4
Needs to be matched to the distribution extracted from experiment

. 2 dy <x u) A2

qix, =, p. :/72 - —)ay,W)+ 0| =, —%

( ) yZ\yp ) a0 P2’ P2

Real question is how large should the momentum be?
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Direct computation of PDFs

Ongoing work: C.A., K. Cichy, E. Garcia Ramos, K.Jansen, K. Hadjiyiannakou, F. Steffens, C. Wiese
Quasi distributions, x. Ji, arXiv:1305.1539:

~ 1 i N2
a0 u2,pz) = — /dze P2 (N(pz) % (2)7z P(2,0)%(0)IN(p2)) + O | —, —F
4r P2’ P2
Preliminary results
PDF project, matrix element h, N.,=750
18 T T
source-sink = 10 +—+—
16 B
1.4 } } 1
12 - b y=(r9)
g 1f i f E AZ{
5
° osf 1 NGO ) Ntz
£ i 1
£ 06} 4
1 f t
0.4 J -
3 E
02 - z z B
[ ) R : ot aa
-10 -5 0 5 10
Delta z
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The quark content of the nucleon

@ o/ = mi(N|uu + dd|N): measures the explicit breaking of chiral symmetry
Extracted from analysis of low-energy pion-proton scattering data
Largest uncertainty in interpreting experiments for dark matter searches - Higgs-nucleon coupling
depends on oy, J. Eliis, K. Olive, C. Savage, arXiv:0801.3656

@ |In lattice QCD it can be obtained via the Feynman-Hellman theorem: o, = m,%im’y

omy
dmg

@ Similarly os = ms(N|5s|N) >= ms

2NISSIN) 1 _ 20 \yhere o is the flavor

@ The strange quark content of the nucleon: yy = TN 3dTNy e

non-singlet

@ A number of groups have used the spectral method to extract the o-terms, R. Young, Lattice 2012
But they can be also calculated directly
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The quark content of the nucleon
@ o) = m(N|Tu + dd|N):

@ |In lattice QCD it can be obtained via the Feynman-Hellman theorem: o = m,aaim’y
© Similarly o5 = mq(N|3s|N) >= me

@ The strange quark content of the nucleon: yy = ﬁ%ﬁ% =1- Z—‘I’, where oy is the flavor

non-singlet
@ A number of groups have used the spectral method to extract the o-terms, R. Young, Lattice 2012
But they can be also calculated directly

A+Bmy +Cmé W
A+ B my, m;<0.4 GeV
a=0.064 fm, ts = 1.15 fm, L = 3.07 fm —@—
a=0.082fm, ;=098 fm, L =264 fm —a— |
a=0.082 fm, ts = 0.98 fm, L = 1.97 fm
Physical point —#—

0 0.1 0.2 0.3 0.4 0.5
mp(GeV)
We find yy = 0.135(22) (33) (22) (9)
~ =

0 20 40 60 80 100
stat. ch.extr. exc.stat. fin.a oxn [MeV]

Using os = %%yfqa/ we find o to be less ~ 200 MeV
C.A., M. Constantinou, s. Dinter, V. Drach, K. Hadjiyiannakou, K. Jansen, G.Koutsou, A. Vaquereo, arXiv:1309.7768
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Electromagnetic form factors

(NP, &) (Q)IN(P. 8)) = Tn(p', &') [+ Fi(¢F) + 5 Fo(¢P)] (P 9) ‘
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Electromagnetic form factors

(NG, )1 O)IN(P, ) = (P, ) [1 F1 (@) + Zn Fo ()] un(p s)

The good news

Two studies at near physical pion mass:
@ ETMC: N; = 2 twisted mass with clover, a = 0.091 fm, m,. = 134 MeV, 1020 statistics

@ MIT: Ny = 2 + 1 clover produced by the BMW collaboration, a = 0.116 MeV, m,. = 149 MeV, ~7750
statistics, J.M. Green et al. 1404.4029

0 | 5 T T T T
O N,=2 TM/Clover m =134 MeV: Plateau t=13fm
08 - f§§ i 4 A N,=2+1 Clover m =149 MeV: Plateau t=1.4fm -
—~ —~
< §§§ S
= 06 §£ E % 1 = 3r 4
& % T
o
o 1+ 2t iy |
'3
0.2 O N,=2 TM/Clover m =134 MeV: Plateau t=1.3fm - 1+ § ; § 5 5 § B
A N,=2+1 Clover m =149 MeV: Plateau t=1.4fm § § §
0.0 ‘ . : ‘ 0 s . ‘
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?) Q2 (GeV?)

Agreement even before taking the continuum limit
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Dirac and Pauli radii

i T G 2 dF;
Dipole fits: W = (rf) = _%ﬁhﬁ:o - T

Need better accuracy at the physical point

0.7
PDG i & coarse48°x48 . @ coarse323x24 , « .
Hp o coarse327x96 . . coarse 247X48 . @
¢ coarse 327x48 - & coarse 247x24
06 \ fine 32764 v |
O\
~05} i
g
£
N \
& |
S04 N
. T
03 [
02 L
0.10 0.15 0.20 025 030 035 0.40
my (GeV)

Using results from summation method, J. M. Green et al,, 1404.4029
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Momentum dependence of form factors

Avoid model dependence-fits: As a first step we calculated Gy (0) (equivalently F»(0)) at m, = 373 MeV

8 T T T T T
y-summation, 300 confs
y-summation G5 (Q? = 0) —=—
7 standard sequential method, 300 confs ——&——
6 F
5 F
S
SN %
2=
G}
3L
L]
2 r L]
L} - .
1t L] i E %
EE .
0 L L L L L 1
-0.5 0 0.5 1 1.5 2 2.5
Q? [GeV?)

Work in progress, C.A., G. Koutsou, K. Ottnad, M. Petschlies
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Momentum dependence of form factors

Avoid model dependence-fits: As a first step we calculated Gy (0) (equivalently F»(0)) at m. = 373 MeV

Disconnected contributions small

5
J T T T T T T
y-summation, 300 confs
y-summation G%,(Q? = 0) +—=—
standard sequential method, 300 confs —=—
4L ]
— 3t 1
&
= /
a=
2 | ]
L]
L}
L}
1+ L I s 4
iy E %
b
0 L L L L L L]
-0.5 0 0.5 1 1.5 2 2.5
Q*[GeV?)

Work in progress, C.A., G. Koutsou, K. Ottnad, M. Petschlies

—6(G(Q%) - G3(0)/(aQ)?

90

80
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10

T T T T T
analytic continutation, 1446 confs
analytic continutation, 1446 confs

analytic continutation (arf)?, tuep = 12 +—8—
analytic continutation (ar%,)?, teep = 14 +—8—
sequential method, 1446 confs, tep = 12 —8#—
sequential method, 1446 confs, tue, = 14 —8—

i

L iiiiiii E

0 0.05 0.1 0.15 0.2
(a0)?
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Conclusions

Simulations at the physical point — that’s where we always wanted to be! An excellent outcome of SFB TR9

Future Perspectives

@ Confirm ga, (x),—_d, etc, at the physical point

@ Provide predictions for gs, g7, tensor moment, sigma-terms, etc.

@ Provide accurate results on proton radius

@ Develop methods for resonances

@ Develop methods for calculating the neutron electic dipole moment and other challenging obsrervables
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Conclusions
Simulations at the physical point — that’s where we always wanted to be! An excellent outcome of SFB TR9

Future Perspectives

@ Confirm ga, (X)y—q, etc, at the physical point

@ Provide predictions for gs, g7, tensor moment, sigma-terms, etc.

@ Provide accurate results on proton radius

@ Develop methods for resonances

@ Develop methods for calculating the neutron electic dipole moment and other challenging obsrervables

Many challenges ahead ...
But as simulations at the physical pion mass and more computer resources are becoming available we expect
many physical results on key hadron observables that will impact both experiments and phenomenology
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Hadron mass

First goal: reproduce the low-lying masses
As in the meson sector we need:
Use Euclidean correlation functions

u
GG.ts) = > e "I (U(%, t5)J(0)
Xs Xg
d
_ Z Ane—En(a)fs 'Si';o Aoe—Eo(a)fs
n=0,--- ,00
@ Noise to signal increases with t; 2.5 3
> use techniques to improve ground state my =210 MeV
dominance in correlators N
» enough statistics so that the signal 200 4 @
extends to large enough ts at which any s PR
remaining contamination from higher 3 . s ’0”.6 S s cp d ; + * =
states is negligible =15 L LN
£ At o=
@ Large Euclidean time evolution gives ground 5 L T R S
state for given quantum numbers = enables e, " _'—'4-—-7-—-—;—‘?—?—? A
determination of low-lying hadron properties 1.0 e AT A Ve a R
Special techniques to extract excited states t
@ aE(d, &) = In [G(d, 1)/ G(d, s + a)]
= aFy(§) + excited states 0.5 5 10 15 20 25

- ts/a

-y G=0
— ako(q) = am N; =2+ 1+ 1 TM fermions
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Challenges: Il. Nucleon structure
Evaluation of three-point functions:
G“"(r, a: tSa tins) = Z)?S’;(ins elxi“’-q r 3 ox (Ju (;33 ts)O[LV()_(;n57 tins)J!i()?O- tO))

,/VJJ o
- ~
(xarts) .@4—4%“” ) I
~ ~ — SN
~ @. r.;e‘—‘% (Fo.to)
_

~ -
e Form ratio by dividing the three-point correlator by an appropriate combination of two-point functions:
ms YO JAS1

R(ts, ts, o) roast M1+ < 0|Uy|N >< N|Or|N' >< N'|Jf [0 > e~ AP =
mS

i)

+ < OJdnIN' >< N'|OF|N >< N|J [0 > e 2P0~ ) 4]

e M the desired matrix element;

ts, tas, Io the sink, insertion and source time-slices; 0.5/
A(p) the energy gap with the first excited state
e Connect lattice results to measurements: 0.4

OWS(”) = Z(p, a)Owuu(a)

— evaluate Z(u, a) non-perturbatively Tos ; ., f e . }
El
by et b
0.2
0.1
008 -6 -4 -2 2 4 6

0
(tins—ts/2)/a
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Challenges: Il. Nucleon structure
Evaluation of three-point functions:
GHY(1, 8, by tus) = Dogg 5, €70 T 150 (Ju (K, 1) OM (Rins, )5 (X0, 10))

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

ig)A
R(ts, tus, ) % M1+ < O[y|N >< N|OFIN' >< N'|Jif[0 > e~ AP)lns—0)
lﬂS >>

+ < OJdnN' >< N'|OF|N >< N|JF [0 > e 2P —tm) |

e M the desired matrix element; s, tns, to the sink, insertion and source time-slices; A(p) the energy gap with
the first excited state
e Summing over ti:

ls
3~ Rt tas. o) = Const. + M[(ts — to) + Oe~2PNE=0)) - 0(e~ AP s~y
tins=lo
So the excited state contributions are suppressed by exponentials decaying with t; — ty, rather than t; — ty

and/or fi,s — fp. However, one needs to fit the slope rather than to a constant.
o Fit R(ts, tns, fo) including the first excited state

All methods should yield the same result if the ground state is identified

Connect lattice results to measurements: Ogs(p) = Z(1, @)Onn(@) = evaluate Z(y., a) non-perturbatively

M
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Challenges: IV. Decay width of baryons

Use the transition amplitude method, c. McNeile, C. Michael, P. Pennanen, PRD 65 094505 (2002)
Test the method for the A
AT P NT, Py

7T — Nt — bound state

VAV ~gey Tt e
= compute transition amplitude x = (A|N=) from the correlator GANT
@ Need Ep ~ E; + Ey
@ Applicable for xt < 1

Hybrid calculation at m, ~ 360 MeV with L = 3.6 fm

\anwc;da::»—< ‘ ‘ ‘ ‘ ]:
035 I I i
! A— 7N A = :
st ™t Q, h(At/2
p A(t) = G (t,Q,q) ~ Ay BSP (At/2 )
g o S g GA(t,§) GN~(t, @, §) sin(&/2)
oz f - 1 ~ A+ Bt
0.15 ~ : i
R Ia-n = 27.0(0.6)(1.5) — I'a = 99(12) MeV
00 P ; . s 0 A

va
C. A., J. W. Negele, M. Petschlies, A. Tsapalis, PRD 88 031501 (2013)
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Setting the scale

For baryon observables use nucleon mass at physical limit

Extrapolate using lowest one-loop result: my = m$, — 4cim? —

2
39
A_ m3
16712

Estimate systematic error from next order in HBxPT that includes explicit A-degrees of freedom

14 T T T T
131 = . 1
L ]
_ 12 T = 1
] E S I 190U 1. e For Ny = 2 + 1 + 1 three different lattice spacings
g ur S 0, La=2 smaller than 0.1 fm — allows continuum extrapolation
ol o - La=2 e For Ny = 2 with clover term a = 0.0937(2)(2) fm
, L/a=3: .
Ua=2 and pion mass 130 MeV.
09+ ¥ L/a=4
) B=2.10, L/a=3: 3
08 L B=2.1|0, CSW=14575|51, L/a=48, L=?45fm ——
o 0.05 0.1 0.15 0.2 0.25
m2 (GeV?)

@ o-term from my using O(p®) and m. <300 MeV: oy = 58(8)(7) MeV
@ Using the nucleon mass we find rp ~ 0.495(5) fm in the continuum limit
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Pion form factor

Several Collaborations e.g. ETMC, Ny = 2, , R. Frezzotti, V. Lubicz and S. Simula, PRD 79, 074506 (2009); B.B. Brandt, A. Juttner, H.
Wittig (CLS) arXivi306.2916, Using three lattice spacings smaller than 0.1 fm and pion masses ~ 250 MeV and
~ 600 MeV

@ Examine volume and cut-off effects = estimate continuum and infinite volume values
@ Twisted boundary conditions to probe small @ = —g?

@ All-to-all propagators and ‘one-end trick’ to obtain accurate results

o

Chiral extrapolation using NNLO — (r?) and F,(Q?) = (1 + (rZ)OZ/G) -

1.04 T 2.2 T

' NA'Y—expel‘riment 4 PDG n
1.02 + Nguyen et al., my = 296 MeV :---@--: 4 2 Nguyen et al. ---—-6--—-+
RBC/UKQCD, my, = 330 MeV s 186 m ETMC g ]
N Ly emmyg F6 om0 o ) . RBC/UKQCD &
S & gm F7 +o = 167 L. ro/a=10.00 & 7
S 098t b . 1 & 14t Lo 70/a =726 e
& 0.96 L g I T® ro/a =06.15 ——v -
- ’++PD 0. 12t yhgéi 1
0.94 + Do e 1k B o o 40 i
HE o a
0.92 . . . . . 08 £ . . . . ]
0 0.05 0.1 0.15 0.2 0 0.5 1 15 2 2.5
@ro)* (o)

B.B. Brandt, A. Juttner, H. Wittig (CLS) arXiv1306.2916
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Pion form factor

Several Collaborations e.g. ETMC, Ny = 2, , R. Frezzotti, V. Lubicz and S. Simula, PRD 79, 074506 (2009); B.B. Brandt, A. Juttner, H.
Wittig (CLS) arXiv1306.2916, Using three lattice spacings smaller than 0.1 fm and pion masses ~ 250 MeV and
~ 600 MeV

@ Examine volume and cut-off effects = estimate continuum and infinite volume values
@ Twisted boundary conditions to probe small @*> = —q?
@ All-to-all propagators and ‘one-end trick’ to obtain accurate results

@ Chiral extrapolation using NNLO — () and F,(Q?) = (1 +(A)Q? /6) a

—
+ — RBC/UKQCD
S
Il
— Nguyen et al.
“
=
— Mainz
IS
0 R — QCDSF
= —_—— ETMC
- JLQCD/TWQCD
8 . PDG
=}
.—.“:“‘ i Amendolia et al.
g S BCT

036 04 044 0438 0%2
(r2)/fm?

B.B. Brandt, A. Juttner, H. Wittig (CLS) arXiv1306.2916
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p-meson width

@ Consider 777~ inthe | = 1-channel

@ Estimate P-wave scattering phase shift J11 (k) using finite size methods

@ Use Luscher’s relation between energy in a finite box and the phase in infinite volume
@ Use Center of Mass frame and Moving frame
o

2
Use effective range formula: tandys (k) = 36’,’% ﬁ, k = \/E2/4 — mZ — determine mg and
2~

2 3
g K

_ Ypmm *R — /m2 2

Jprn and then extract ', = £ m%’ kp = \/mg/4 — m2

M. = 309 MeV, L = 2.8 fm

T

> eme
=
3

s n2(6)=1=>aMR

sin(3)
o
8
!
!

-

4
83505 o4 05 05 06

)

i

|

i

i

|

i

i

|

i

i

!

1 Il
0.
kg,

Nf = 2 twisted mass fermions, Xu Feng, K. Jansen and
D. Renner, Phys. Rev. D83 (2011) 094505
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p-meson width

@ Consider 7" 7~ in the | = 1-channel
@ Estimate P-wave scattering phase shift §11(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
2
) g 3 )
@ Use effective range formula: tandy1 (k) = 57~ E(m2k752)’ k = \/E?/4 — m2 — determine mg and
2,
23
Jonn and then extract I, = =47~ m%, kp = \/m%/4 — m2
R
m, = 309 MeV, L = 2.8 fm 180
160
1 140
F o Breit — Wigner
120 -
~ 19)(6) MeV
o e < 100 (13)(2)
* M2 o
s 4 Sn(§)=1=>aM 11 g0 10.1(6)(1) MeV
“f:O.S 777777‘ Rl | )
o ! 60 o L =29fm
| 40 o L=24fm
i 20 ©L=19fm
8555 04 o4 05 05 = 06 0
E 800 850 900 950 1000 1050 E, /MeV

Ng = 2 twisted mass fermions, xu Feng, K. Jansen and . . .
D. Renner, Phys. Rev. D83 (2011) 094505 Impressive results using Ny = 2 + 1 clover fermions

and 3 asymmetric lattices, J. J. Dudek, R. G. Edwards and C.E.
Thomas, Phys. Rev. D 87 (2013) 034505

C. Alexandrou (Un. of Cyprus/Cyprus Inst./DESY), Hadron structure from LQCD SFB, 15-19 Sept. 2014 32/33



Volume dependence axial charge ga
Comparison with other groups

lo! T T T T
w3k E
¥
o2 f th I g
T ¢
L R ) s
11 F ® l E
1
10 b
A N,=2 Clover a=0.071 fm
0.9 | ON;=2 THF 2=0.089, 0.07, 0.066 fm X N,=2+1 DWF a=0.114 fm |
¥ | BIN=2+1+1 TMF a=0064, 0,082 fm A N,=2+1 Hybrid a=0.124 fn}
XN,=2 TMF/Clover a=0.004 fm
0¢8 1 1 1 1
.00 .05 .10 15 .20

e Results at near physical pion mass are now becoming available — need dedicated study at physical point

m 2 (Gev?)

with high statistics and larger volumes
e A number of collaborations are engaging in systematic studies, e.g.

CA., M.

C. Alexandrou

N¢ = 2 + 1 Clover, J. R. Green et al., arXiv:1209.1687

N, = 2 Clover, R.Hosley et al., arXiv:1302.2233

Nt = 2 Clover, S. Capitani et al. arXiv:1205.0180

Nf = 2 + 1 Clover, B. J. Owen et al., arXiv:1212.4668

Nf = 2 +1 + 1 Mixed action (HISQ/Clover), T. Bhattacharya et al., arXiv:1306.5435
Also several talks in Lattice 2013 e.g. S. Ohta, M. Lin, RBC-UKQCD

Constantinou, S. Dinter, V. Drach, K. Jansen, C. Kallidonis, G. Koutsou, arXiv:1303.5979
of Cyprus/Cyprus Inst./DESY) Hadron structure from LQCD

SFB, 15-19 Sept. 2014

Results obtained using the plateau method with sink-
source time separation ~ (1.0 — 1.2) fm
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Volume dependence axial charge ga
Comparison with other groups

1.4 T T T T 14 T T T
13 | T - 13 +
T I
<
o 12t % i 3k 1 o2t
i i ¢ iﬁ s
1.1 F f l . 11 F
1
10 b 1.0
A N,=2 Clover a=0.071 fm ON,
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e Results at near phy5|cal plon mass are now becoming available — need dedicated study at phyS|caI point
with high statistics and larger volumes
e A number of collaborations are engaging in systematic studies, e.g.

N = 2 + 1 Clover, J. R. Green et al., arXiv:1209.1687

N, = 2 Clover, R.Hosley et al., arXiv:1302.2233

N¢ = 2 Clover, S. Capitani et al. arXiv:1205.0180

N; = 2 + 1 Clover, B. J. Owen et al., arXiv:1212.4668

Nf = 2 +1 + 1 Mixed action (HISQ/Clover), T. Bhattacharya et al., arXiv:1306.5435

Also several talks in Lattice 2013 e.g. S. Ohta, M. Lin, RBC-UKQCD

o Volume effects may not be the full story if we compare the result by QCDSF (Lm, ~ 2.7) and LHPC
(Lm, ~ 4.2) at near physical pion mass

C.A., M. Constantinou, S. Dinter, V. Drach, K. Jansen, C. Kallidonis, G. Koutsou, arXiv:1303.5979

C. Alexandrou of Cyprus/Cyprus Inst./DESY) Hadron structure from LQCD SFB, 15-19 Sept. 2014 33/33




	Introduction
	Recent achievements
	Simulations with physical values of the quark masses
	Masses of Hyperons and Charmed baryons
	Isospin effects

	Nucleon Structure
	Conclusions

