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Objective




e Understanding how the spectrum and structure of hadrons emerge from QCD is one of the central
challenges of Lattice QCD

e Among the key quantities to be studied are — Resonances phase shift analysis
— Generalized form factors GFFs
— Generalized parton distributions GPDs
— Distribution amplitudes DAs
— Higher twist Lattice OPE

e Since the cost of full QCD computations in a volume large enough to contain the pion grows with
a large inverse power of the pion mass, initial calculations were restricted to relatively heavy pions

e In order for lattice calculations to capture the physics of quarks and gluons in captivity, and reach
the needed accuracy requested by the experiments, simulations at physical quark masses, on large
volumes and at small lattice spacings are required

e In this talk | shall report on recent progress made in developing a quantitative understanding of
nucleon structure
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Action O(a) improved

S= Se+ S — S 4+ 0(a?)
Lattice

The Simulation

Clover
Domain wall fermions

Overlap

e Generate sequence of configurations {U/fbi)|i = 1,---, N} with probability

P{US)} x /HD¢($)D¢($) exp{—Sr — Sg} = det (D(Uﬁz)) -+ am) exp{—Sa}

Compute observable
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Costs
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Hadron Structure




Nucleon
Approaching the chiral limit
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OPE

\( / p=35(p1+p2), A=p2—p1, q=3(q1+3)
. & = 0: Momentum transfer of the struck parton

purely transverse, i.e. A = A |
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Leading Twist
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1
AL(A?) = / de " "HY(xz, A?)
0
1
BY(A?) = / de 2" " El(x, A?)
0
~ 1 ~
AZ(AQ):/ de 2" THY(xz, A?)
0

1
Al(A®) :/0 doz" "H " (z, A?)

T T
GFFs GPDs

Al (A7) = FI(AY)
B} (A7) = FJ(A%)
AT (A7) = g4 (A7)
AL(A7) = g7 (A%)

H%(z,0) = q()

ﬁq(a:, 0) = Aq(x)

H'(x,0) = §q(x)

1
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(A5(0) + B3(0)) = J* Ji




Impact Parameter Space

Generically
d’AL b, A 2
A%(bi) — (27_(_)2 el + J_AZ(AJ_)
dzAJ_ ibi A
Hq(:c,bi) — (27T)2el . J_Hq(xaAi)

Not directly accessible by experiment!
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H(z, A%) = /1%0 (g Az) q(y)

x

An+1(A2)
An—i-l(O)

1
/ de x"C(x, A°) =
0
N’

By inverse Mellin transform
q 2 by L2
H (xabj_) — ?C ;:bj_ Q(y)

d’A |
(&
(27)?

C(x, bi) =

PLAL C(a, AT)

Similarly for H? and HT ¢
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Form Factor
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ChPT
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One free parameter each



Unpolarized Parton Distributions

(z) = / de 2 [u(z, Q) — d(z, QY]
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Phenomenologically

Fy 7 (@, Q%) = (e} — e @ |ule, Q%) — d(x, Q)

PDFs refer to Wilson coefficients ¢ = [1 + O(«s/4m)]. Better match with perturbative
renormalization constants Z7

U
Reduction by ~ 10%
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Polarized Parton Distributions
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Lattice Blimlein & Bottcher
Au — Aqg 0.93(2) 0.926(71)
Ad — Aq | —0.33(2) —0.341(123)
Au 0.851(75)
Ad —0.415(124)
Aq —0.074(17)

arXiv:1005.3113



Disconnected

0.1 T T T T T T T T T T T T T T T T T T T T
0.05 B |
K3 i
0 L _
P! - @
<] . @ i
- D il
-0.05 B O Lattice 7
:% = X Hermes i
i | | | | | | | | | | | | | | | | | | | | | | | | ]
0 0.1 0.2 0.3 0.4 0.5

m= [GeV?3|

Preliminary Bali & Collins



Transversity

gr = 6u — 5d = / da [Su(z, Q%) — 5d(z, Q)]
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Spin & Flavor Density

AL quark spin

Transverse spin density _
S| nucleon spin

U
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Nucleon and quarks both polarized Spin-orbit coupling
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Higher Twist

Unpolarized

1
M3(Q?) :/0 dz Fo(z,Q%) + -

= 2 (Q%/u%, g(1?)) AY (1) + 5P (Q% /12, g(1?))

OPE without OPE

A5 ()
QQ

AV,

Renormalon ambiguity

— Nonperturbative solution



e Evaluate

W,uy = <P‘JM(Q)JV(_Q)|P> T = CZ%V,ul---,u (CLQ) <p‘0,u1 un‘p>

m,n

input input

between off-shell quark states |p) and solve for Wilson coefficients ¢}, , ..., (aq)
by SV decomposition

e Replace (p|O}; ., |p) by matrix element (px, s|O}" ., |pn,s) between nucleon
states and compute W,

Nachtmann moment

1

W) = /0 dz(F>(x, Q) + ~Fi (v, Q%))

dfl,
Mo(Q) = 5@ [ LW, 5 6

Bjorken limit



N x M x4 x 4 system of equations
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Preliminary
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Distribution Amplitudes
RG expansion Peskin, Brodsky et al.
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Moments
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¢N(x17 X2, 3, :LL2)

Barycentric contour plot
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Applications
Form factor
GM(A2) :/[dy] [dZ] ¢7V(y17 Y2, Y3, ,LL2) TM([y]a [2]7 AQ) (/bN(Zla 2, %3, :LLQ) + HT

A? large T

Perturbative above scale AZ2

DVCS

H(, 5%, €) = [ dyldz) 65 (v, vosvoo ) T[22, 5%,) v (a1, 22,23, 2) 4 HT
A? large

Hoodbhoy, Ji & Yuan
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Conclusions




Simulations at the physical pion
mass (with Wilson-type fermions) are
progressing

Structure of the nucleon changes
significantly between m, =~ 300 MeV and
the physical pion mass

e Improvement of algorithms
e Increase of computing power

Entering logarithmic mass

dependence reflecting the
pion cloud ChPT

Parton model description perhaps only valid for larger vitualities: Q2 > 20 GeV?

Lattice calculations provide insight into nucleon structure not accessible by

experiment

Our final aim is to be better than experiment. This is still a long way to go.

Costs [Pflopsxy]:

a [fm] L [fm]
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0.03 6 25 | 80 | 190
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