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16. Structure functions 11

enough observables to determine all polarized PDFs. These polarized PDFs may be fully
accessed via flavor tagging in semi-inclusive deep inelastic scattering. Fig. 16.5 shows
several global analyses at a scale of 2.5 GeV2 along with the data from semi-inclusive
DIS.
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Figure 16.4: Distributions of x times the unpolarized parton distributions f(x)
(where f = uv, dv, u, d, s, c, b, g) and their associated uncertainties using the NNLO
MRST2006 parameterization [13] at a scale µ2 = 20 GeV2 and µ2 = 10, 000 GeV2.

Comprehensive sets of PDFs available as program-callable functions can be obtained
from several sources e.g., Refs. [55,56]. As a result of a Les Houches Accord, a PDF
package (LHAPDF) exists [57] which facilitates the inclusion of recent PDFs in Monte
Carlo/Matrix Element programs in a very compact and efficient format.

16.4. DIS determinations of αs

Table 16.2 shows the values of αs(M2
Z) found in recent fits to DIS and related data in

which the coupling is left as a free parameter. There have been several other studies of
αs using subsets of inclusive DIS data, and also from measurements of spin-dependent
structure functions, see the Quantum Chromodynamics section of this Review.
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10 16. Structure functions

Table 16.1: Lepton-nucleon and related hard-scattering processes and their
primary sensitivity to the parton distributions that are probed.

Main PDFs
Process Subprocess Probed

!±N → !±X γ∗q → q g(x 0.01), q, q
!+(!−)N → ν(ν)X W ∗q → q′

ν(ν)N → !−(!+)X W ∗q → q′

ν N → µ+µ−X W ∗s → c → µ+ s

pp → γX qg → γq g(x ∼ 0.4)
pN → µ+µ−X qq → γ∗ q

pp, pn → µ+µ−X uu, dd → γ∗ u − d

ud, du → γ∗

ep, en → eπX γ∗q → q

pp → W → !±X ud → W u, d, u/d

pp → jet +X gg, qg, qq → 2j q, g(0.01 x 0.5)

all polarized PDFs. These polarized PDFs may be fully accessed via flavor tagging in
semi-inclusive deep inelastic scattering. Fig. 16.5 shows several global analyses at a scale
of 2.5 GeV2 along with the data from semi-inclusive DIS.
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Figure 16.4: Distributions of x times the unpolarized parton distributions f(x)
(where f = uv, dv, u, d, s, c, g) using the MRST2001 parameterization [29,13](with
uncertainties for uv, dv, and g) at a scale µ2 = 10 GeV2.
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Prelude:
STRANGE SEA  in  Deep Inelastic Scattering

Strange quark-antiquark pairs 
from (perturbative) QCD evolution 
at high Q  and small Bjorken-x 

Lab frame picture:

2

highly excited interacting photon-nucleon system

NOT representative of sea quarks in the nucleon ground state

x =

Q2

2Mν large coherence length ∆! ∼
1

Mx



1.
LOW-Energy QCD:

Concepts  and  Strategies

Lattice
QCD

Chiral Effective
Field Theory



LATTICE  QCDLattice QCD = QCD in discrete (Euclidean) space-time

periodic lattice, spacing a,
box size L3 × T .

quarks q(x) live on nodes,
gluons Uµ(x) live on links

The lattice QCD action is

gauge invariant under SU(3)C

not unique
→ O(a)-improved actions

as a → 0: same spectrum &
dispersion relation as continuum
QCD for low-momentum modes

B. Musch (TUM) Extended Gauge Link Operators 2007-07-05 4 / 55

quarks 
on nodes

n

gauge fields (gluons)

Uµ(x → y) = P exp

(

−

∫ y

x

dx′Aµ(x′)

)

on links

for any operator    :     Ô

〈Ô〉 =

∫
DψDψ̄DA Ô e

−S

∫
DψDψ̄DA e−S

∝

∫
DU Ôeff [U] e

−Sg[U]
detM[U]

limits / extrapolations required:

a → 0 L → ∞ mq → m
phys
q

lattice spacing: lattice volume: quark masses:

ψ(x) = (u(x), d(x), s(x), . . .)T



 Hierarchy of QUARK MASSES and SCALES in QCD

0 ∞

1 GeVu,d s c

light  quarks heavy  quarks

md ! 3 − 7 MeV mu/md ∼ 0.3 − 0.6

ms ! 70 − 120 MeV (µ ! 2 GeV)
mb ! 4.2 GeV

mt ! 174 GeV

LOW-ENERGY QCD:

Expansion in powers of
      and low momentum

Non-Relativistic QCD: 
HEAVY QUARK
EFFECTIVE THEORY

Expansion in
powers of 

mq

1/mQ

mass

LQCD = ψ̄ (iγµD
µ
− m) ψ −

1

4
GµνG

µν

mc ! 1.25 GeV

separation of scales

EFFECTIVE FIELD THEORY
realized as

with spontaneously broken
CHIRAL SYMMETRY
SU(Nf )L × SU(Nf )R → SU(Nf )V



Spontaneously Broken  CHIRAL  SYMMETRY

fπ = 92.4MeV

DECAY CONSTANTS
ORDER PARAMETERS: 

π
µ

ν

SYMMETRY 
BREAKING 

SCALE 

MASS 
GAP

axial current

fK = 113.0 ± 1.3 MeV

K

Λχ = 4π f ∼ 1GeV

m
2
π
f
2
π

= −mq 〈ψ̄ψ〉 + O(m2

q
)

Symmetry Breaking:

spontaneous SB

explicit SB

chiral limit:

Gell-Mann, Oakes, Renner
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Figure 1: Vector (a) and axial-vector (b) spectral functions as given by the
parametrization (12,13) and Appendix, compared with ALEPH data [4] (the
comparison with OPAL data [5] looks very similar).
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 VECTOR MESONS,   QCD VACUUM  and  
Spontaneous  CHIRAL SYMMETRY  breaking

Current Algebra
Weinberg Sum Rules

m2

ρ = 2g2 f2π

KSFR Relation

ma1
=

√

2mρ = 4π fπ

(g = 2π)

Change of MASS GAP
with varying 

THERMODYNAMIC 
conditions

(density, temperature) ?

Goldstone

Boson

mesons baryons

1

2

+

3

2

+

N
ω

∆

VACUUM condensates 
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CHIRAL SU(3) EFFECTIVE  FIELD  THEORY

  Interacting systems of  NAMBU-GOLDSTONE BOSONS  
(pions, kaons) coupled to BARYONS

+ + ...

Low-Energy Expansion:  CHIRAL  PERTURBATION  THEORY

small parameter:  
energy / momentum / quark mass

chiral s.b. scale of order   

+

p

4π fπ

Leff = Lmesons(Φ) + LB(Φ, ΨB)

Leading  DERIVATIVE  couplings  (involving         )∂
µ
Φ

determined by spontaneously broken CHIRAL SYMMETRY

ΦΦ Φ ΦB B

1 GeV

Φ : pseudoscalar
meson octet

B : baryon octet



!"#$%"&'()$*$+),)-+. &,//"&0+,.)$0,$!

0

0.1

0.2

0.3

0.4

0.28 0.3 0.32 0.34 0.36 0.38 0.4

NA48/2 Ke4 (2003+2004) PRELIMINARY

1,//"&0+,.$23456/'%7$+)$8'/9"/$
0:'.$0:"$$)0'0+)0+&'8$"//,/$,.$
"'&:$-,+.0$';,<"$5=>$?"@A&B$2CDE$
6/'%7

B-$F+0 G),)-+.
&,// HII

G),)-+.
&,// HJ

'5

'B

5=B##$

K 5=54>

D5=5>EL

K 5=55E#

5=B4E$

K 5=54>

D5=5#LC

K 5=55E#

M88$N'0'$!O$'.%$!D &,6;+."%$
P$G),)-+. &,// HII

P$G),)-+. &,// HJ

Q'/9"$"FF"&0$3B" ,.$'5 '.%$'BR$&'..,0$;"$."98"&0"%$S

!"#
$%&%

'("
)*

+,-
-./

,--
01

T"-0"6;"/$LR$B55E U=U8,&:DN"<'VW X$1,.F+."6".0E 4#

δ = δ
0

0 − δ
1

1

[rad]

NA48/2 Ke4 (prel.)

K
±
→ π

+
π
−
e
±

ν

√

s
ππ

[GeV]

. . . works quantitatively for low-energy pion-pion interactions, also 
  quite well for processes involving kaons and for pion-nucleon interactions

CHIRAL EFFECTIVE  FIELD  THEORY

Precision measurements of 
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in perfect agreement with ChPT

 G. Colangelo et al.,  Nucl. Phys. B 603 (2001) 125



2.
NUCLEON MASS

and
SIGMA TERMS

Contribution of STRANGE SEA to 
                     SCALAR       DENSITY in the nucleonq̄q

Determination of  PION-NUCLEON SIGMA TERM
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Abstract

We review the uncertainties in the spin-independent and -dependent elastic scat-

tering cross sections of supersymmetric dark matter particles on protons and neu-
trons. We propagate the uncertainties in quark masses and hadronic matrix elements
that are related to the π-nucleon σ term and the spin content of the nucleon. By far

the largest single uncertainty is that in spin-independent scattering induced by our
ignorance of the 〈N |q̄q|N〉 matrix elements linked to the π-nucleon σ term, which
affects the ratio of cross sections on proton and neutron targets as well as their abso-

lute values. This uncertainty is already impacting the interpretations of experimental
searches for cold dark matter. We plead for an experimental campaign to determine

better the π-nucleon σ term. Uncertainties in the spin content of the proton affect
significantly, but less strongly, the calculation of rates used in indirect searches.

CERN-PH-TH/2008-005
January 2008
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Becher and Leutwyler EPJC 9; Procura, Hemmert and Weise PRD 69

Nucleon properties: from lattice QCD to the chiral limit – p.8/35

The nucleon massMN in SU(2) Baryon χPT

Z

d4x eip·x〈0|T {ΨN (x)ΨN (0)}|0〉 =
i

p/ − M0 − Σ(p/) + iε

Σ ∼
p3 p4

MN = M0 − 4 c1m2
π −

3 g2
A

32πf2
π

m3
π +

"

4 er
1(λ) +

3 c2
128π2f2

π

−
3 g2

A

64π2f2
π M0

−
3

32π2f2
π

 

g2
A

M0
− 8 c1 + c2 + 4 c3

!

ln
mπ

λ

#

m4
π +

3 g2
A

256πf2
π M0

2
m5

π + O(m6
π)

Steininger, Meißner and Fettes JHEP 9809; Kambor and Mojžǐs JHEP 9904
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FIG. 3: Chiral fit of the corrected data (diamonds). Solid and dashed curves represent the fits using

5 and 6 heaviest data points, respectively. For a reference, we also show the raw data (circles).

M0[GeV] c1[GeV−1] er
1(µ) χ2/d.o.f.

Fit 0a(5pt) 0.793(15) −1.04(3) 2.68(15) 1.86

Fit 0a(6pt) 0.808(13) −1.02(3) 2.79(13) 1.82

TABLE IV: Chiral fit parameters for the finite volume corrected lattice data. Results using all 6

data points “Fit 0a (6pt)” and those using 5 heaviest data points “Fit 0a (5pt)” are listed. The

fit function is (12) with a fixed axial coupling gA = 1.267.

1. We correct the data for the finite volume effect using the above formula. For the input

parameters M0, gA, ci (i = 1–3), we use the nominal values (M0 = 0.87 GeV, gA =

1.267, c1 = −1.0 GeV−1, c2 = 3.2 GeV−1, and c3 = −3.4 GeV−1). The size of the

finite volume corrections varies from −0.3% (heaviest) to −4.0% (second lightest) and

−6.5% (lightest). The chiral fit is then made for the corrected data points using the

simplified O(p3) formula (12) for heaviest 5 or 6 heaviest data points. The result is

shown in Figure 3 and the fit parameters are listed in Table IV. After correcting the

finite volume effect, there is a 5-8% decrease in M0 and 4-7% increase in the magnitude

of the slope in the chiral limit |c1|. The results of the fits with 5 or 6 data points are

consistent with each other.
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FIG. 10: Chiral extrapolations of the nucleon mass, plotted vs the approximate expansion parameter mπ/2
√

2πf0, with
f0 = 121.9 MeV. For comparison purposes, in all figures, we display the results of fits to the m007–m040 mass points denoted
by the small black circles with error bars. The black square is the m050 mass point not included in any of these fits. The
filled (red) circle is the physical nucleon mass, taken to be 939.6 MeV, at a pion mass mπ = 137 MeV, which is never included
in the minimization. The gray bands represent the 68% confidence interval, and are only determined from the statistical error
bar in the lattice results. In Fig. 10(a), we plot both the LO and NLO SU(2) HBχPT results. The light shaded band is from
LO and the darker shaded band is NLO. In Fig. 10(b), we plot the results of the NNLO SU(2) fit including explicit deltas.
In Fig. 10(c), we plot the NNLO SU(2) covariant fit without deltas. In comparing Figs. 10(b) and (c) one needs to note the
size of the error band is dictated by the number of free parameters and not by the use of infrared-regularization (covariant
expression). In Fig. 10(d), we plot the straight line fit, Eq. (22). All of these fits, except the LO fit of (a), are statistically
consistent with our lattice results, as can be seen in Table VIII.

We collect the results of these various extrapolations in Table VIII. The first uncertainty in the fit parameters
and the predicted nucleon mass is statistical. In the NNLO fits, the second error is a systematic error obtained by
independently varying the fixed LECs over their given ranges. In Figure 10, we display some of the resulting fits along
with their statistical 68% confidence bands. For comparison purposes, we have chosen to display fits that include the
m007–m040 mass points.12

12 If we instead perform these fits in r1 units, as commonly employed by the MILC Collaboration, the qualitative features do not change.
For example, converting our nucleon and pion mass results to r1 units using Table 1 of Ref. [2], using the m007–m040 ensembles, we

LHP Nf = 2 + 1

 A. Walker-Loud et al. 
Phys. Rev. D79 (2009) 054502

JLQCD Nf = 2

H. Ohki et al. 
arXiv:0806.4744 [hep-lat]

Pion masses now down to 
         ~ 300 MeV

ChPT at NNLO used for
chiral extrapolation

Finite volume corrections
included

Full QCD simulations
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Pion-nucleon sigma term:

Pion-nucleon sigma term σN in SU(2) Baryon χPT
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Nucleon properties: from lattice QCD to the chiral limit – p.26/35
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From most recent dynamical QCD simulations + chiral extrapolations 
 (2+1 flavors) 

 LHP   A. Walker-Loud et al.,  Phys. Rev. D79 (2009) 054502 PACS-CS   S. Aoki et al.,  arXiv:0807.1661 [hep-lat]   

HSC   H.W. Lin et al.,  arXiv:0810.1661 [hep-lat]   S. Dürr et al.,  Science 322 (2008) 1224  

Combined analysis of baryon octet (and decuplet)

3

uncertainty arising from the truncation of the ex-
pansion is automatically incorporated into the un-
certainties of the fit;

• if lattice results are included from outside the PCR,
then through the χ2, Λ is optimised so as to give
a best-estimate of a resummation of a subset of
higher-order terms from beyond the working order
of the chiral expansion.

To begin, we introduce a single new energy scale
through the dipole regularisation form. The best-fit to
the LHPC (PACS-CS) results, with 5 fit parameters, is
shown in the upper (lower) panel of Fig. 1. As explained
above, the fits include only those simulation points for
m2

π < 0.2 GeV2. Nevertheless, we see that the level of
agreement with the lattice simulations at higher m2

π is
remarkably good. The errors indicated by the bands com-
bine the statistical errors with the errors associated with
the variation of Λ within the range allowed by χ2.

For the LHPC (PACS-CS) results the optimal dipole
regularisation scale is found to be Λ = 1.1 ± 0.4 GeV
(1.20±0.24 GeV). The optimal χ2

dof is 0.25 (0.33), where
the improvement over the above linear forms is evident.
As discussed, the existence of a preferred regularisation
scheme is a direct signature that the results lie outside the
PCR. Nevertheless, the extrapolated precision obtained
is rather encouraging, considering that the uncertainties
incorporate the effect of the relatively large range per-
mitted for the regularisation scale, ∼ 0.7–1.5 GeV.

The lower panel of Fig. 1 shows a fit to just the three
lightest values of the light quark masses, at fixed κs, used
by PACS-CS. Also shown is a comparison, using that fit,
to the results of the simulation at the third lowest light
quark mass, which also involved a lower strange quark
mass. The agreement between the results of the simula-
tion and the predicted values is illustrative of the relia-
bility of the fit in estimating the dependence of the octet
masses on the strange-quark mass. In the following anal-
ysis, the lattice points at the extra strange-quark mass
are included.

Given that our results do demonstrate that we are out-
side the PCR, we also use the sharp cutoff regularisa-
tion as an alternative, in order to quantify the model-
dependence. Other smooth forms [19] yield results which
are essentially indistinguishable from the dipole form.

In Table I we report best-estimates of the physical
masses by combining the different lattice simulations as-
suming they are each good approximations of the con-
tinuum limit. We treat the difference between the sim-
ulations as an estimate of the discretisation uncertainty.
We also report the dimensionless baryon sigma terms,
σ̄Bq = (mq/MB)∂MB/∂mq. We note that the model-
dependence, estimated by the difference between the
dipole and sharp cutoff regularisation forms, is relatively
small compared with the present statistical precision. On
the other hand, this model-dependence will not decrease
with increased statistics and therefore the present analy-
sis, at this order and at these quark masses, is precision
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FIG. 1: The upper and lower panels show, respectively, the
dipole fits (lines) to the LHPC and PACS-CS lattice simula-
tion results (circles) of the octet baryon masses (curves top to
bottom show Ξ, Σ, Λ and N). The curves show the extrapola-
tion based on the mK values of the actual lattice simulation.
The squares at the physical pion mass display the extrapo-
lation to the physical quark masses. The stars denote the
physical baryon masses. The third lightest pion mass of the
PACS-CS results, which involved a lower strange quark mass,
is not included in the displayed fit. This allows a prediction
(squares) based on the other points (see text).

limited. Improvements beyond this will certainly require
increased efforts in the EFT and numerical computations
deeper in the chiral regime.

Our results show agreement between the absolute val-
ues of the baryon masses and the corresponding exper-
imental values. Firstly, this is an important indepen-
dent confirmation of the scale determination reported by
Aubin et al. [6]. Indeed the agreement appears better
than one could expect based on the nominal 2% error
quoted in Ref. [6], suggesting that the quoted precision
may have been underestimated. Further, the sigma terms
extracted by differentiating the fitting formulae, have
some quite interesting features. Firstly, the pion-nucleon
sigma commutator is consistent with phenomenological
estimates. The strangeness sigma commutator is consis-
tent with best EFT estimates [10], yet an order of mag-
nitude more precise. This small value is observed to be

R.D. Young,  A.W. Thomas
 arXiv:0901.3310 [hep-lat]  
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σN = 47 (9)(1)(3)MeV

(statist.)   
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consistent with earlier results,  
with recent JLQCD (2 flavors) 
and with phenomenology

σNs = ms 〈N|̄ss|N〉 = ms

∂MN
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Strange quark contribution

σNs = 31 (15)(4)(2)MeV

much smaller than previously expected !
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Strangeness  el. - mag.  Form Factors 
and Magnetic Moments of the Nucleon

3.
STRANGENESS

VECTOR  CURRENT

〈N|̄sγµs|N〉

II. QCD CONSTRAINTS ON CONTRIBUTIONS TO BARYON MAGNETIC

MOMENTS

A. Valence Versus Sea Quarks in Baryons

The Euclidean path integral formulation of quantum field theory is the origin of funda-
mental approaches to the study of quantum chromodynamics (QCD) in the nonperturbative
regime. An examination of the symmetries manifest in the QCD path integral for current
matrix elements reveals various relationships among the quark sector contributions [3]. As
we will see, these relationships, together with the constraints of charge symmetry (which
should be very accurate) are sufficient to express the strange-quark contribution to the nu-
cleon magnetic moment, Gs

M(0), in terms of the experimentally measured baryon magnetic
moments of p, n, Σ+, Σ−, Ξ0 and Ξ−, and two ratios of quark contributions to magnetic
moments.

We begin by clearly defining the nature of the various quark sector contributions referred
to throughout this manuscript. We stress that our theoretical analysis is made within the
framework of full (unquenched) QCD, so the line diagrams should be understood as including
any number of quark loops and gluons. For our purposes the most important division to
define is that between the “sea”-quark and “valence”-quark contributions to the magnetic
moment of a baryon.

Current matrix elements of hadrons, such as the magnetic moment of the proton, are
extracted from the three-point function, a time-ordered product of three operators [3]. Gen-
erally, an operator exciting the hadron of interest from the QCD vacuum is followed by the
current of interest, which in turn is followed by an operator annihilating the hadron back to
the QCD vacuum. In calculating the three point function, one encounters two topologically
different ways of performing the electromagnetic current insertion. Figure 1 displays skele-
ton diagrams for these two possible insertions (with Euclidean time increasing to the right).
(As already noted these diagrams may be dressed with an arbitrary number of gluons and
quark loops.) The left-hand diagram illustrates the connected insertion of the current to

FIG. 1. Diagrams illustrating the two topologically different insertions of the current within

the framework of lattice QCD. These skeleton diagrams for the connected (left) and disconnected
(right) current insertions may be dressed by an arbitrary number of gluons and quark loops.

3

FIG. 6. Separation of valence and sea contributions to the π0 loop contribution to the magnetic
moment of the neutron – (a) through (c). While the net effect is vanishing, valence and sea

contributions are equal and opposite in sign. The related processes, (d) and (e), with the same
chiral behavior as (c) are discussed in the text.

for β in terms of the SU(6) constants F and D.) The heading “u-flavor-sector” is the u-
quark contribution to the LNA behavior of the baryon magnetic moments in full QCD;
“u-sea-quark loop” gives the terms we just discussed (such as Fig. 5(c) and Fig. 6(c)) and
“u-valence sector” is the difference (corresponding, for example, to Fig. 5(b) plus Fig. 6(b)).

For the calculation of Gs
M(0), the LNA chiral behavior of un and uΞ0 is crucial, as

the corresponding coefficients are of opposite sign. As a result, the ratio of these u-quark
contributions, extrapolated with the correct chiral behavior, will be completely different from
the linearly extrapolated ratio. That the signs of these chiral coefficients are opposite may
be traced back to the charge of the predominant pion cloud associated with these baryons.
The chiral behavior in the neutron case is dominated by the transition n → p π− → n,
where there is a contribution from a ū loop. On the other hand, for the Ξ0 the LNA u-
quark contribution is dominated by the process Ξ0 → Ξ−π+ → Ξ0, shown in Fig. 7. In
this case there is no contribution from a u-sea-quark loop, rather the virtual π+ involves a
valence u-quark – and hence the sign change. Of course, one must account for a u-quark
loop contribution in the process of Fig. 8, which is completely analogous to Fig. 6.
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Figure 5.1: The Feynman diagrams contributing to the nucleon form factors at order p3. The solid lines denote

the propagating nucleon, dashes lines represent pions and the wiggly line is the incoming photon.
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Figure 5.2: The Feynman Diagrams contributing to the nucleon form factors at order p4. The solid dots denote

insertions from the second order Lagrangean of eq.(5.13).
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Figure 5.1: The Feynman diagrams contributing to the nucleon form factors at order p3. The solid lines denote

the propagating nucleon, dashes lines represent pions and the wiggly line is the incoming photon.
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Figure 5.6: The quark-mass dependence of the normalized isovector anomalous magnetic moment of the nu-

cleon in covariant BChPT (solid: covariant O(p4) BChPT result fitted to the shown dipole-Q2-extrapolated

lattice data; dashed: corresponding O(p3) curve with the same set of parameters) and lattice QCD [AKNT06]

(squares: dynamical simulations, diamonds: quenched simulations). The bold square represents the physical

point [Y+06] not included in the fit. The grey shaded band is an estimate of statistical plus systematic BChPT

errors and originates from fits with δκv = ±3 (see eq.(5.21)) to the data.
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the (r.h.s.) of Eqs. (4) and (5) have modifications in the
kinematical factor, which we do not show explicitly. It is
found that the results from these equations are basically
the same as before, so we conclude that the contamina-
tion regarding the S11 state is negligible.

As remaining sources of systematic error, one might
worry that the finite volume artifact could be substan-
tial considering that the physical spacial size of the lattice
is about (2fm)3. However, we recall that Sachs radii are
found to be quite small, |〈r2

s〉E,M | % 0.1fm2, which indi-
cates a small finite volume artifact. We also expect that
the discretization error to be small, thanks to the O(a)
improved fermion action. Of course, more quantitative
investigations on these issues are necessary with larger
and finer lattices, and such work is in progress.

Here, we summarize our final results. For the mag-
netic moment, Gs

M (0) = −0.017(25)(07), where the first
error is statistical and the second is systematic from un-
certainties of the Q2 extrapolation and chiral extrapola-
tion. We also obtain Λa = 0.58(16)(19) for dipole mass
or Λ̃a = 0.34(17)(11) for monopole mass, and gs

E =
0.027(16)(08). These lead to Gs

M (Q2) = −0.015(23),
Gs

E(Q2) = 0.0022(19) at Q2 = 0.1GeV2, where error is
obtained by quadrature from statistical and systematic
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errors. Note that these are consistent with the world av-
eraged data [5, 6, 7], with an order of magnitude smaller
error. In Fig. 3, we plot Gs

M (Q2), Gs
E(Q2), where the

shaded regions correspond to the square-summed error.
The lattice data for each κud are also plotted.
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Indirect results:  sea quark effects from Lattice QCD + charge symmetry
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uncertainty

Leinweber et al

Q2 = 0.1 GeV2

!Proton not all that strange

!New data not yet included at 

0.23 and 0.6 GeV2 (PVA4 – just out,   

G0 – final analysis, HAPPEx III – will 

start this year)

JLab

Global Analysis of PVES Data

Courtesy of R. McKeown, R. Young, J. Liu

From NSAC Long Range Plan 

Global analysis: Young et al., PRL 99 (2007)122003
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PVA4 Mainz 2009: Q2 = 0.22 GeV2

GM
s = -0.14 ± 0.11 ± 0.11 µN ;  GE

s = 0.050 ± 0.038 ± 0.019

arXiv: 0903.2733v1
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status summary

in comparison with 
EXPERIMENTS
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R.D. Young et al.,  PRL 99 (2007) 122003

PVA4 (Mainz)
S. Baunack et al.,  
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SUMMARY

LATTICE QCD and CHIRAL EFFECTIVE FIELD THEORY 
in combination have reached the level of quantitatively accurate tools 
for LOW-ENERGY QCD 

full QCD with almost physical quark masses
reliable chiral extrapolations now feasible 

STRANGENESS CONTENT of the 
                     NUCLEON GROUND STATE 
                                  turns out to be unexpectedly SMALL (few %)

not only in VECTOR (electromagnetic) currents  

but also in SCALAR densities (sigma terms)  

Special thanks to  Philipp Hägler  and  Tony Thomas 


