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physics beyond the Standard Model. A good theoretical wstdeding of the low energy proper-
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the extension required to explore the low energy propeiti¢se strange quark sector yet calls
for further work, also in view of a better determination oé fight quark masses.
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and then summarize the present knowledge of the light quadses.
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1. Effective low energy theory for QCD

At low energies E <« My), the weak interactions are frozen, so that the StandardeMod
reduces ta%ocp + Zoep. This Lagrangian specifies a comprehensive precision yhieorcold
matter I < My), which determines the size of the atoms, the structurelmfssahe nuclear reac-
tions in the sun, etc. Moreove#gep is infrared stable and is characterized by a pure number that
happens to be small. The effects due to the electromagmédiaction can therefore be accounted
for with perturbation theory. At low energies and over disks that are not too large, so that grav-
itational effects are weak, the known laws of nature redoc®ED + corrections. The piece de
résistance in this domain is Quantum Chromodynamics.

There are many models that resemble QCD in one way or the: dtistantons, monopoles,
bags, superconductivity, gluonic strings, lineamodel, NJL, hidden gauge, AdS/CFT, ..., but
none of these has led to an approximation scheme that wdald as, at least in principle, to solve
the theory. The observation confirms the experience thatabeis are rare, particularly in physics.

Since nonperturbative methods are required to analyzeothhe@hergy properties of QCD in
a model independent way, the development in this field has slea.. Nevertheless, considerable
progress has been achieved in recent years, with numeinualagions on a lattice, with sum rules
and dispersion relations and with effective field theoryiohtin this context is referred to as Chiral
Perturbation TheoryyPT). In all of these methodshiral symmetry plays an essential role: the fact
that the Hamiltonian of QCD withl massless quarks has an exact 8} ) x SUr(N¢) symmetry.
We also know that this symmetry is "hidden" or "spontangplsbken", the ground state being
invariant only under the subgroup SLk(Ns).

The symmetry group SUNs ) x SUr(N;¢) is broken not only spontaneously, but also explicitly,
by the quark mass term in the Lagrangian of QCD. It so hapdemsever, that the two lightest
quarks are very light. Hence the part of the Lagrangian trestts the subgroup S(2)xSUg(2) —
the mass term of the- andd- quarks — is very small: the theory does not have an exact gtrgm
but an approximate one that is nearly exact. In fact, alréady960, Nambu [1] found out that
() the strong interaction must have an approximate SK&)(2) symmetry, (ii) for dynamical
reasons, the ground state is invariant only under the is@bgroup SU(2), so that the symme-
try breaks down spontaneously, (iii) the spontaneous li@ak of an exact Lie group symmetry
entails massless particles (iv) for the strong interagttba pions play this role and (v) the pions
are not massless, only light, because the symmetry is onparoximate one. The occurrence
of approximate symmetries in nature, which at that time looked mysteridias found a natural
explanation within QCD: it so happens thmt andmy are very small.

In the meantime, it has been shown that the low energy pliepest QCD can be analyzed
guantitatively and in a model independent way by treatimgand my as perturbations. On this
basis, pion physics has become a precision laboratory. lo®kgg precision experiments on the
magnetic moment of the muon, on kaon decays ahdr~ atoms provide very significant tests
of the theory that can reveal physics beyond the StandardeMofls an illustration, Figure 1
compares the experimental and theoretical results fortin&-wave scattering lengths and shows
that the theoretical predictions are confirmed to remagkabturacy. Some of the entries shown
in this plot were discussed in detail at the workshop and aseribed in contributions to these
proceedings. The ellipse marked CGL [2] is obtained by matckhe NNLO representation of
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Figure 1: Experimental and theoretical results for the S-wavescattering lengths

XPT with the dispersive representation of the scatteringlitude below threshold, where those
higher order corrections that concern the momentum depeedee particularly small. Most of the
lattice results shown are obtained by measuring the depeeddM;; andF;; on my, my, using the
data to determine the coupling constafygs/, that occur in the effective Lagrangian and inserting
the result in the(PT formulae fora, a3 — the errors are dominated by those/in/, (for a recent
discussion of the uncertainties due to the NNLO couplingstamts, | refer to [3]). At the accuracy
reached in this field, it is important that the e.m. intei@tiis properly account for [4].

| add a remark concerning pion form factors, which can now bkscalculated on the lattice.
Theelectromagnetic pion formfactor is known very well from dispersion theory: the experimental
information obtained frone*e~ — " T andrt e — 1 e suffices to reliably evaluate the relevant
dispersion integrals and to determine the form factor veoueately. The lattice results do not yet
reach the precision to which the e.m. form factor is knowrt,tha calculations offer an excellent
testing ground for the lattice method. Teealar pion form factor is of particular interest, because
it reflects aspects of the low energy structure of QCD thatareial for our understanding, but are
not accessible to experiment — nature is not kind enoughféo a$ a sufficiently light scalar boson
that could be used as a probe analogous to the photon. At MieOowv energy behaviour of the
scalar form factor is determined by the same two low energ;skamts@ﬂ that were discussed
above. The value at = 0 is connected with ther-term of the pion, i.e. with the logarithmic
derivative ofM2 with respect tam,, my. First results for the scalar radius [5] are consistent with
the theoretical prediction [2], but the uncertainty is ya targe to draw conclusions. The lattice
determination of the scalar form factor is of great inteeasi should vigorously be pursued.

2. Expansionsin the mass of the strange quark

In the limit where all three light quarks are taken massIl€&3D acquires an exact symmetry
under SU(3) xSU(3k. Chiral Perturbation Theory can be extended accordingdgting not only
my, My, but alsomg as a perturbation. The key question in this extension is enehe physical
value ofmg is small enough for SU(8x SU(3k to represent a useful approximate symmetry. The
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conviction that this must be the case originates in the sscoéthe eightfold way of Gell-Mann
and Ne’eman: there is good evidence that the group SUg3joes represent a decent approximate
symmetry (multiplet pattern, approximate validity of thelaMann-Okubo formulae, prediction
of the Q~ baryon, approximate equality of the decay constants of piwh kaon, etc.). In the
framework of QCD, the only plausible explanation of thisetyation that | am aware of is that the
guark mass differencass — my, my — my, which are responsible for the level splittings within the
multiplets, are small and can be treated as perturbatiomes.fact tha1|\/|§ is much larger thaivi2
implies thatm is much larger tham, or my. Hencemy itself must represent a small perturbation,
so that SU(3)xSU(3kr must be an approximate symmetry as well. Singe- my ~ mg, the
symmetry breaking is of the same size as the one for &J(3)The fact that the squares of the
Nambu-Goldstone masses obey the Gell-Mann-Okubo fornemtearkably well indicates that the
tree level formulae for these masses, which follow from tkteresion ofyPT to SU(3) x SU(3),
do represent a good approximation. | conclude that the est@autin powers ofn,, my, ms ought to
work, but a comparatively slow convergence is to be antiegha

The terms occurring in the chiral perturbation series ofrtfasses and decay constants can
now be calculated on the lattiéeln accordance with the comments given in the precedingsecti
the xPT predictions for the dependence of the pion decay conetamt,, my are confirmed. The
expansion in powers of these masses is dominated by the¢etatim, which represents the value
of Frin the limit m;,my — O and is denoted bl. The lattice resultF,;/F = 1.0621)(3) [7], is
consistent with the predictioR,/F = 1.072(7) [8].

If the OZI rule were exact:; would be independent @ifs. This suggests th#t is close to the
limiting value Fy, obtained if all three light quark masses are set equal t. ZEne lattice result,
F /Fo = 1.10(4) [7], indicates that the violations of the OZI rule are indeédnodest size. If the
expansion in powers ofy is truncated at NLO, thg PT formula for the ratid= /Fy only involves
the effective coupling constahg. With the value obtained by MILC¢PT yieldsF /Fy '= 1.09(3).
This shows that, in the expansion Bf Fy in powers ofms, the corrections are dominated by the
term proportional tans — those of higher order are hidden in the noise of the calomat

The resultFx /Fr = 1.1982)(*§) [7] implies that the contributions from the valence quarks
are more important than those from the sea quarks.Fc@fF, the truncation of the expansion at
NLO only involves the coupling constaht. With the MILC result forLs, the NLO formula of
XPT yieldsF¢ /Fr = 1.16(4), again leaving little room for contributions of NNLO. Altether,
however, the increase in the value of the kaon decay congtdrated by the quark masses is
quite substantial: the MILC results fék /F;; andF/Fy imply F¢ /Fo = 1.40(5). The NLO term
of the chiral series dominates the correction also in thsrcavith the MILC values fot4, Ls, |
getFx /Fo = 1.31(5), leaving 0.09(8) for the remainder from higher orders. Tdusfirms that a
truncation of the chiral perturbation series is meanindfut the accuracy is quite limited if terms
of NNLO are neglected.

Often, the perturbation series for the eigenvalues of thaildanian is more rapidly convergent
than the one for the matrix elements. This also occupeHi, where the corrections to the leading
order formulae for the masses of the Nambu-Goldstone baemnsubstantially smaller than those

1In the present report, there is not enough space for a cosopadf the results obtained by the various lattice
collaborations. | restrict myself to the MILC data. For a ggehensive discussion of the lattice results relevantdar |
energy particle physics, | refer to the forthcoming revigmttiee FLAG working group of Flavianet [6].
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Figure 2: Mass of the strange quark, in tMS scheme at running scale= 2 GeV. Except for some of the
early estimates, disks indicate sum rule determinatiohgewgquares represent lattice results.

found for the decay constants. It turns out that, in}fR representation for the masses, the NLO
contributions from the valence quarks and from the Dira@meinant are of opposite sign and
roughly cancel. Accordingly, the Gell-Mann-Oakes-Renfoemula describes the dependence of
MZ on ms quite well, on the entire range between the chiral limit amel physical value ofn:
despite the fact that the mass of the strange quark is abdih&% heavier than the meanwéand

d, the departure from linearity is remarkably small. | wiltuen to the convergence properties of
the expansion in section 4, in connection with the quark metgsms/myq.

Note also that the numbers obtained at NLO are unambiguolysupnto contributions of
higher order. Although this only matters beyond NLO, thevewgence appears to favour the rep-
resentation obtained by expressing the corrections ingefthe masses and decay constants of
the Nambu-Goldstone bosons rather than the quark massesaplthgs occurring in the effective
Lagrangian. At least in part, this can be understood fromfdlaethat the properties gfPT are
governed by the infrared singularities of QCD. Since thetosof these singularities is deter-
mined by the masses of the Nambu-Goldstone bosons, expgabs formulae in terms of these
before truncating the series ensures that the singukaatie sitting at the proper place, ab initio.

The progress in the numerical simulation of QCD with lighhdgnical quarks is impressive,
but Figure 2 shows that the lattice determinationsngflo not yet yield a satisfactory picture (for
some of the lattice entries, only the statistical error @i, because an estimate for the systematic
error is lacking). One of the problems may arise from nonpbdtive renormalization effects —
some of the collaborations still use perturbative renoizatibn. Also, sincary is often taken
in the vicinity of the physical value, whileny is substantially larger than in nature, the mass of
the kaon is too large for the NLO formulae pPT to yield a good basis for the extrapolation to
the physical values. Within the present uncertainties ldtiece results confirm the values of;
found on the basis of QCD sum rules. It does not take much geuxapredict that the progress
being made with lattice simulations of light dynamical desawill soon lead to a significantly more
precise determination of.
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3. Contributions from the electromagnetic interaction

When comparing QCD calculations with experiment, radétigrrections need to be applied.
In lattice simulations, where the QCD parameters are fixddrims of the masses of some of the
hadrons, the electromagnetic contributions to these rmamsast be accounted for.

The decomposition of the suifi,c, + Zoep iNto two parts is not unique. The problem arises
because the parametems, m,, ... need to be fixed in order to speciff,cp. These quantities
depend on the renormalization scale and the dependence snate in the full theory differs from
the one in QCD. If.%, is specified by setting the values af and of the quark masses equal
to those relevant in the framework of the Standard Modeh the result depends on the scale at
which the matching is done. The full theory is unambiguous the decomposition into two parts
involves a convention. The value of the mass of the charged ipi QCD, for instance, is not a
physical quantity, it is a matter of choice.

In pion physics, the standard convention used is such thahei isospin limitM,; coincides
with the physical mass of the charged pion and the radiatimections that account for the effects
due to the e.m. interaction are done accordingly (see, &amnte, [4]). The reason for this choice
is that the numerical values of scattering lengths and athentities of physical interest are usually
given in units of the physical value ,+ —working with a different value of the pion mass would
lead to a rather clumsy framework. The convention is pdsfdegitimate, but it corresponds to
matching at a scale that is very different from the standaadoe u = 2 GeV, made when quoting
quark mass values. In order to give results for the quark esassthe Standard Model at scale
U = 2GeV, on the basis of a calculation done within QCD, the twamthes must be matched at
this scale. In the following, | adopt this convention.

The electromagnetic interaction plays a crucial role iredatnations of the ration,/my,
because the isospin breaking effects generated by thismien are comparable to those from
my # my. In determinations of the ratims/myq, the electromagnetic interaction is less important,
but at the accuracy reached, it cannot be neglected. Therréaghat, at leading order in the
chiral expansion, this ratio is inversely proportionaMg. Since the pion mass represents a small
symmetry breaking effect, it is rather sensitive to theyrbdtions generated by QED.

The information available about the e.m. self energieg’aindrr™ is meager. The Cottingham
formula [9] represents these as an integral over electratiesing cross sections; elastic as well
as inelastic reactions contribute. For the charged piontélm due to elastic scattering, which
involves the square of the e.m. form factor, makes a sulistaantribution. In the case of the?,
this term is absent, because the form factor vanishes omuatobcharge conjugation invariance.
Indeed, the contribution from the form factor to the selé®yy of thermr™ roughly reproduces
the observed mass difference between the two pariciesis does not imply, however, that the
electromagnetic self-energy of ti#@ is negligibly small — the size of the inelastic contributon
is not reliably known. The low energy theorem of Das, Guiglhlathur, Low and Young [10]
ensures that, in the limity, my — 0, the e.m. self-energy of the" is given by an integral over the
difference between the vector and axial spectral funcffomile the one of ther vanishes, but
the size of the corrections of ordetM; is difficult to estimate. A more accurate evaluation of the
self-energy of the pion is required in order to improve thargumass determinations on the lattice.

2A reevaluation on the basis of the present knowledge woultf bensiderable interest.
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At the present level of accuracy, it does not matter whethisris done for the charged or for the
neutral pion, because the uncertainty in the differencerdet charged and neutral pion masses in
QCD is small compared to the one in the self-energies. Inliserece of a good determination of
the e.m. self energy on the lattice, | think that it is adviedb use a conservative estimate, allowing
inelastic processes to contribute at the level of 1 MeV. Tihi#ts the accuracy to which the ratio
ms/myq can presently be determined to abowt @1 MeV/135MeV) ~ 1.5%.

4. Quark massratios

At tree level of the effective theory, the masses of the Na@bldstone bosons obey the Gell-
Mann-Oakes-Renner formuldé2, = Bo(my+my), MZ. = Bo(Mmy+ my), MZ, = Bo(Mmg + m).
The constanBy is related to the quark condensate, but sig€I does not predict its size, there
is no prediction for the size of the quark masses, either.irfhdos, on the other hand, can be
expressed in terms of the meson masses. Correcting thedeferm. self-energies with leading
orderxPT ("Dashen theorem") and neglecting contributions of sdayder in the isospin breaking
mass differencen, — my, one arrives at Weinberg’s relations of 1977 [11]:

m w MZ. — M2, +2M32, — M2, B

= — 056 ﬁEM}%++MI§O_M72T*
TR VA VAN VA

me M2, —M2, +M2,

=202. (4.1)

These relations are valid only to leading order of the chpetturbation series. In view of the
fact that amassless u-quark would solve the strong CP-problem, many authors have ceresid
this an attractive possibility and some have even claimadtttis solution only calls for modest
contributions from higher orders. That, however, is notdhee [12]. Ifm, were equal to zero,
then the above relation fon,/my would predictMyo — Mg+ = 16.9MeV, to be compared with the
observed mass difference of 3.9 MeV. It should be evidentahHemework that treats the higher
order contributions as corrections cannot recover froni sutailure. A very generous range for
which a truncation of the chiral expansion is not a priori megless is ®5 < m,/myq < 0.7 (see
Figure 3; the reordering of the series required above 0.7ssudsed in [13]). The conclusion
to draw if m, were to vanish, would be that it is meaningless to truncagecttiral series at low
orders, so that the success of the eightfold way cannot berstosbd within QCD. In effect, the
proposal thus merely replaces one puzzle by the other. Thie dame on the lattice should close
this chapter, confirming that a masslesguark represents an interesting way not to understand this
world: none of the lattice results is consistent with= 0. In particular, the MILC collaboration
rules this solution out at 16. Nature solves the strong CP problem differently.

xPT predicts the two quark mass ratios in terms of meson masdgat leading order. At
NLO, chiral symmetry implies only one parameter free relatoetween the quark masses and the
meson masses of QCD [14]:

szmg—mﬁdN;o MKZ—M%.M_% (4.2)
mg—mg M2, —MZ. M3

The values in (4.1) implQ = 24.3. The critical input here is the Dashen Theorem: the e.rf. sel
energies are accounted for only at tree level of the effe¢tieory. AlternativelyQ) can be extracted
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Figure 3: Ratios of the light quark masses

from the experimental information concerning the degay> 3. Since the electromagnetic con-
tributions to this transition are suppressed, this deteation of Q is less sensitive to the uncer-
tainties therein. A comprehensive analysis of this decayder way [15]. The gray elliptic band
in Figure 3 corresponds to the ran@e= 22.3+ 0.8, which in my opinion is a fair assessment of
the current knowledge based gn— 3m. The MILC results for the quark mass ratios [7] imply
Q=217+1.1 and are thus consistent with the above value, but thoseneldthy the RBC col-
laboration [16], which are based on a simulation With= 2, disagree with it, as they correspond
t0Q=261+12.

The position on the ellipse cannot be determined on the lohgikenomenology alone. The
expansion in powers of /N. does give a theoretical handle. Unfortunately, howevesr,btbund
| had obtained in that framework [17] receives large coroest from higher orders [18]. The
experimental information about the width of the decgys: yy andn’ — yy can be used to bring
the 1/N. expansion under better control. The resulting patternHerrhasses and mixing angles
of the pseudoscalar nonet implieg/myq = 26.6 4+ 1.6 [18], indicating that the corrections to the
valuems/myq = 25.9 that follows from the leading order ratios (4.1) are small.

The lattice results foms/myq are slightly higher. Adding the quoted errdis quadrature, the
MILC result readams/myg = 27.4(2) [7]. As a check on the convergence of the expansion in this
case, it is instructive to evaluate the NLO formfila,

Ms nNLO ZM% M2 M2
—_— = 1-8—K_'m
Mg M3 F2
where the chiral logarithms stand fgp = M3 ¢n(M3/u?)/(32r?F2). For the relevant combina-
tion of effective coupling constants at running scale= M, the MILC collaboration quotes the
value 25— Ls = —0.48(8)(21) x 10-3 This leads tans/my = 28.1(0.5)(1.2). Although the un-
certainty in the couplings still leaves room for contriloms from higher orders, the NLO formula

does represent a decent approximation.

(2L3 L5) + U — Up } -1, (4.3)

3These do not account for the uncertainties in the electroetagself-energies discussed in section 3.
4The constanEy; can be replaced biy — the operation merely affects the size of the NNLO correstio
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5. Conclusions

« XPT based on SU(2x SU(2x has become a precision tool.

« The lattice yields remarkably coherent and significantltedar pion physics already now.

« my # 0. Nature solves the strong CP problem differently.

- The lattice results fomg are consistent with the values obtained from sum rules.

« The extension to SU(B8k SU(3), i.e. to the physics of the strange quark, is making progress

« The lattice results indicate that, at the physical valughefquark masses, the extension works,
but configurations wittMx > 600 MeV are beyond reach of NLQPT.

- ForMp, Mk, M, leading ordelPT yields a decent approximation, but for some of the matrix
elementsf for instance, the corrections are large, NNLO contribigioannot be neglected.

- Representations for many quantities of interest are dleila that order [19].

- The main problem at NNLO is that the knowledge of the releedifigtictive coupling constants
is still rudimentary, but the lattice determinations of twiplings are steadily improving.

- Significant progress at the interface between lattice afedtfe field theory is ante portas.
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