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Quantum ChromoDynamics (QCD)

1 _
Lecp =~ ZFwF™ 4 > Yq(P—mg)vg
[ —

—_— g=u,d,s,c,b,t

gauge part : gluon fields fermionic part : quark fields

Main properties
o Asymptotic freedom : the coupling constant vanish at large energy

e Confinement emerging at low energy : quarks bound into hadrons

~ rich hadron structure

Lattice QCD
Non perturbative definition of QCD that allows to compute observables from

first principle with a finite list of systematics effects.
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Low lying spectrum

Baryon Spectrum
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Determination of the standard model parameters
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Other success
® Flavour physics

® Hadronic contributionto g, — 2

e Determination of low energy constant of effective theories

This talk
® Report on various hadron (mostly Nucleon) structure observables

® - why are they more complicated ?

® - what are the recent progress ?

BUT before that | have to describe the different steps of our calculation !
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QCD on a Lattice

T+ av

" .

=
)

@ Up(z) T +aj

® Discretize the QCD action on hypercubic lattice of lattice spacing a, and Volume
V=0_>3x%xT

® The fermionic part can be written : Seermion = . E(X)Dw(x)

® Many possible choice for the Dirac operator D

Systematics
® Discretization effects : O(a) or O(a?) effects
~~ continuum extrapolation <= a — 0

® Finite volume : finite L and T effects
~ infinite volume extrapolation «<— V — oo
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Path integral formulation of QCD

® QCD in Euclidean space :
(O, v, ) = [ DYDFDU &= 0[F, v, U]
exact integration of the fermionic fields
~(OfF.v.u) = [ PUPUIOD™ .U

where P[U] = e~ SanlUdet D[U]
® Use a supercomputer to generate {Us, . .., Uy} such that :

- 1 _
(Ol #, U = & 32 0D~ '[U], U] + O(1/VN)
i
(Molecular dynamics + Monte Carlo = Hybrid Monte Carlo algorithm)

Remarks

® det D[U] : highly non local objects that depends on the number of flavours N¢ used in the
simulation and of quark masses mg.
( quenched simulation <= Ny = O ordet D[U] = 1)

® Statistical errors : finite statistics of ©(1000) samples (!!) used : error scaling like 1/v/N
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Our laboratory
BlueGene/Q :Jugueen@Juelich (Germany): 458,752 cores
(7% biggest computer in the world in June 2013).

to solve the (classical) equations of motion of the Molecular Dynamics

Nyog~ 12 x V ~ 108).
(Naos x 0°%) 9/38
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Introduction

-ost .
Example of simulation cost : Caim o (%) " () (%) ° [Jansen,2009)
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Remarks
® Physical pseudoscalar meson mass limit (or chiral extrapolation) : Up to very recently it
was impossible to have at the same time mps — m,; ~ 135 MeV.

Due to algorithm progress and to the increase of computing power :

Most collaboration are now running directly with mpg = m,; ~ 135 MeV ! 10/38



Introduction Electromagnetic form factors Weak FFs Moments of pdfs and gpds
00000000 00000 0000000000000

Asymptotic behaviour of correlators

Strategy

Extract observable from asymptotic behaviour of suitable combination of correlation function. J

J 1 inferpolating field of a hadron X with definite quantum numbers
Masses :

Cha( = WIS @) ™ 4 O(e M)

X
Excited states contamination

> mer(f) = l0g s = My + ... with AM = My« — My
Matrix elements :

7 (J)O(¥)J(0)

R(t, 1) =
( S) cépts(rs)

= (X|O(O)|X) + O(e™*MU=H)) 1 o(e™2MH)

Excited states contamination
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agnetic form factors

Source of errors

® Needs control over statistical errors :

*

Finite statistics : o ~ 1/V/N

® Needs control over systematic errors :

*
*

*

Finite Size effects: V — oo

Finite lattice spacing effects: a — 0

“Chiral” limit : mg — mghys ~ 0 or equivalently

Mps — M, ~ 135 MeV

Excited states contamination : extrapolation of one or
several euclidean time scale to reach the asymptotic
regime and to have ground state dominance

® Most of the configuration used degenerate light quark masses and assume my = Mg
(isospin symmetry)

® Dynamical simulation with strange quark are now common (Nf = 2 + 1)
® First simulations with a doublet of non strange and charm quarks (Nr =2 + 14 1)

~ One issue with nucleon physics on the lattice is to identify a regime in which,

we can afford to perform simulation, and for which the systematics are small.
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Form factors and related observables

Goal : describe the effective yN vertex.(j* = Uy*u — dy™ud : vector current )

/a“ Qv

(NP, 8") 1#] N(p, s)) ~+*Fi(q7) + PAP), o=@ -p¥ O

Or: Ge(q?) = Ai(9?) + (2m F2(9%) and Gu(d?) = F(G) + Ra(FP)

F1(0) : nucleon charge, F,(0) : anomalous magnetic moment

6 dR(e?) P
e o lee=o  1=1.2

Isovector operator: Gg = Gp "' (using isospin symmetry)

radii 1 <12 >= —

Motivations
® Benchmark quantities for lattice calculation in the range :
Q2 ~ [0.2,2] GeV?

® Experimental discrepancy of the squared radius

® Debate on the large @2 behaviour of GE/Gp,
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Electric Sachs form factor
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Mild dependence as a function of my [ETM, 1302.597]

Dashed line : Parametrization of the experimental data 14/38
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Magnetic Sachs form factor
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Mild dependence as a function of my [ETM, 1303.5979]
Dashed line : Parametrization of the experimental data

[J.J. Kelly, Phys. Rev. C70 068202 (2004)] 15,38
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Charge radius

Moments of pdfs and gpds
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3
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A
A E N =2 a=0.070fm L=22fm O y _5.141 a=0.086fm L=2.8fm

* N =2 a=0.056fm L=2.7fm g N

=2+1+1 a=0.066fm L=3.2fm

.0

N 2 3
m_ (GeV)

Systematic effects under control for m,; > 270 MeV

Chiral extrapolation rely heavily on Heavy baryon chiral perturbation theory

(HBxPT) and singular in the chiral limit.

~ extrapolation need to be checked with simulation at lower pion mass

4
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Charge radius
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Systematic effects under control for m, > 300 MeV

Chiral extrapolation rely heavily on Heavy baryon chiral perturbation theory

(HBxPT) and singular in the chiral limit.

~ extrapolation need to be checked with simulation at lower pion mass 17/38
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Magnetic moment
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Systematic effects under control for m,; > 300 MeV
Chiral extrapolation rely heavily on Heavy baryon chiral perturbation theory

(HBxPT) and singular in the chiral limit.
~ extrapolation need to be checked with simulation at lower pion mass 18/38
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TMF: 373MeV ||
TMF: 213MeV | 1
TMF: 126MeV |
exp

TMF: 373MeV
TMF: 213MeV
TMF: 126MeV
exp

Computation at the phyical point : stafistic is too small fo conclude...
[ETM,'GTﬂCG 201 3] 19/38
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Summary

Results
® Qualitative agreement

e systematic effects (V, a, excited states ) : good control for m, > 300 MeV

e Comparison with experiment relies so far on delicate extrapolation

BUT simulation at the physical point are now performed

Perspectives
e Large ¢?
e Twisted boundary condition to improve resolution at low g? (magnetic

moment determination, radii)
® Lower pion masses

® singlet form factor : proton and neutron electromagnetic FFs (including

disconnected contribution)
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Definitions

Matrix element that describes g-decay :

(NG, ALIN(P, $) ~ | GA(GP) s + ;’;j; Go(?) @
where:
- TO
AL )=Y ()75 5 ¥ 3
73~ NO disconnected contributions
Ga(g?) : axial form factor (Ga(0) = ga)

Gp(g?) : induced pseudoscalar form factor

Similarly to the EM case, one can define axial radii.
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Axial charge puzzle
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[1303.5979]
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Ga
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04
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Mild dependence as a function of mx [ETM,1303.5979]
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Preleminary encouraging results at the physical point. [ETM,LOTTice 201 3]
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Parton Distribution Functions (PDF)

® Deep inelastic scattering (DIS ) : I(kK)N(p) — I(k")X
I(k) (k")

QQ — _q2
x=&%/2p-q

(] foc’ronzo’rlon
(N

o

d3k’ fo agd g Cés,j (€p,q)a(é)

* Iep’ron por’ron cross section is perturbative for large &2
* q(&) encodes non perturbative dynamics
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Parton Distribution Functions (PDF)

Definition (unpolarized PDFs)

_ ax /prn _i _i i i
ax.m) = [ 5— (P.sIg | —5n ) AWn(=5n.Zna( 5n)1P:9) -
with
A A /2
Wh(—=n, =n) = Pexp ig/ daA(an)-n | .
272 a/2

PDFs involve quark and gluon fields seperated along the light-cone

~ difficult to construct explicitly in Euclidean space
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Moments of PDF

Definition :
1 1
(gpe = [ aoraten®) = [ aor {qee) - (<180}
Forward matrix elements of twist-two operators :

(p,s|GO)y1iD#2 .. iD* Y q(O)|p, s)| = 2(x"), 2Pt - pHin}

2

"
7{mpn} . symmetrization and substraction of the traces

D+ : covariant derivative

Moments are related to local operators that can be calculated in
Eucliean space.

Benchmark quantity :

- iy » X u
(P, sliy D Tyl 5)| =200 g2 P, with = (d>
o
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A long-standing puzzie

Infroduction

(X)y_g MS-scheme p =2 GeV)

3

o]

AA

<X>u—d

]
; ¢, s pxs 0w
’ A

2 F %

*
® N =2 TMF a=0.089, 0.07, 0.056 fm
®N,=2+1+1 TMF a=0.086, 0.068 fm b
XN = _
o N;=2+1 DVF a=0.114fm O N,=2 Clover a=0.071fm

N,=2+1 Hybrid a=0.124fm
XN =2 Clover a=0.075fm )
.00 .05 .10 15 .20
m 2 (GeV?)

m

PN

® very good general agreement
® First calculations close to the physical points !
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(X)aq,2 - polarized pdfs

T T T T
@
3 ] § X -
°f 1. & R L
| i T ,A
3
<4
A~
X 2 % T
~
® N,=2 TMF a=0.089, 0.07, 0.056 fm
-1 BN =2+1+1 TMF a=0.086, 0.066 fm T
XN,=2+1 DWF a=0.114fm
AN =2+1 Hybrid a=0.124fm
0 ®IN,=2 Cloyer a=0.075fm | |
.00 .05 .10 15 .20
m_? (GeV?)
™

[ETM, 1104.1600]
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GPDs

The GPDs parametrize the matrix elements of the operators
ax E5Y _ig M2
Or(x) = /—e'”a(—”)rvve O3z oo AL, (—) @
4r 2
x is the momentum fraction, A = P’ — P,t = A2and ¢ = —n- A/2.

F=pf~ (HE), T =y~ (HE), T =n,o"~ (H,Er)and (Hr,Er). ©)

For ' = p, the ‘unpolarized’ case

VRN i WE(x, &, 1, 1), ©

GPDs determine the distribution of partons and their helicities in |mpc1ct parameter space (?),

(PN

=/ ?Z:L e BLPL H(x,£=0,-4%), Ag(x,by)=[ dQ:fz- e ALPL fi(x, 6 =0,-A2).

Mellin-moments of the GPDs, H(¢, 1) = [, dxx"~"H(x, &, 1).

HH(& 1) = Anw(h), EN(E, 1) = Buo(h),

H™2(, 1) = Awo(f) + (26)2Cao(1),  E™2(£, 1) = Boo(F) — (2€)?Con(h), <7>
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(NP’ )05 IN(p, 5)) = Tn(P', ) [ Aol @?) v P +Bo( )

(N(',$") |04 IN(p, 5)) = Tn(P', s') [Aan(q) 1P + Boo )
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Generalized form factors

O Hn — ,l/; {H\/‘ B H2 i B Mo} 8
v v P ®

JTAREyTN — 7y {H\'HMQ 'Hun}
o = gytiD P iD Pl ®

io{“o‘an”}

1
C, — gttty X
5 +Cn(d’) —a'*q ]N(p

gtrpvt
2m

75] uN(p) S)
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Boo and Cyg
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[ETI\/I 1 303.5979}
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Proton spin

Quenched results

0 0.1 0.2 0.3 0.4 0.5

m? (GeV?)

[XQCD,unpublished - from PoS 2011, 1203.6388]
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Unguenched but neglect disconnected insertion

Contributions to nucleon spin

Physical points are from the HERMES 2007 analysis.

0.4

0.2

§ § %é i’§ { ] 5}
| Il .
| ZATY]
| Jaxd
g ¢ T . <
. | | | | i
0 0.05 0.1 0.15 0.2 0.25
e (Gev?)

[ETM, 1303.5979)]

Moments of pdfs and gpds
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Results
® Promising !

® \Very good control of the techniques presented

e Computations af the physical start to be available

Moments of pdfs and gpds
0000000000008

Other observables
® og-terms and the strangeness of the nucleon

® Disconnected insertions are now studied
® (X)g

® Access to the x dependence of the pdfs ?
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