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1. Introduction

Lattice QCD has long been used to determine nonperturbative hadropierfies; the spec-
trum, in particular, has been extensively investigated. However, eleagratia and isospin-
breaking effects are usually not included in those investigations. Alththgktrong interaction
is blind to the electromagnetic charges, we do in fact have mass splittings ohsnaso baryons
in the real world which depend on both isospin-breaking and electrortiagneractions. Fur-
ther, it has been pointed out that the current evaluation of the light qunasses, particularly the
ratiom,/my, suffers significant uncertainties coming from the electromagnetic cotitnitsuto the
masses ofr and especiallk mesons[[1].

It is therefore important to include electromagnetic effects in the lattice QCD dionsa
for more realistic spectrum calculations. The pioneering attempt to calculatgezhand neutral
pion splittings and the light quark masses from lattice QCD with electromagnetiadtitars was
by Duncan, Eichten and Thackdt [2]. The photon fields were intratlir@ion-compact form
and were treated in the quenched approximation. The pseudoscalar masses were calcu-
lated with the Wilson action and at different values of electric charge. iigc@lum et al. [§]
have calculated electromagnetic contributionsttandK mesons mass splittings and determined
the light quark masses with domain wall quarks &fd= 2 QCD configurations at the physical
value of electric charge. They have also estimated the correction to themasheorem[]4] at
0(amy), and foundAem = 0.337(40) or 0.264(43) depending on their fitting range. Electromag-
netic splittings ofrr and p mesons have also been calculated using a RG-improved gauge action
and a mean-field improved clover quark action at two different volumeshaed lattice spacings
in Ref. [B]. Electromagnetic effects on baryons have been discus&fsn [$[}]; and calculation
with unquenched photon fields in Reff [8].

In this work, we study the electromagnetic mass splittings of pseudoscalansriadbe pres-
ence of a quenched electromagnetic field and calculate the correction ta#hers theorem,
parametrized following the chiral perturbation theory calculation of UrBthThe lattice data is
fitted using partially quenched chiral perturbation theory formulag(af*, ezrrh) given by Bijnens
et al. [f[ld]. We have used a non-compact action for the photon fields folloviihgThe valence
quarks are asqtadl [11] staggered quarks, and the configurateniseaMILC Ny = 2+ 1 QCD
configurations at lattice spacingl® fm, with varying sea quark massgés][12].

2. Lattice QCD with electromagnetic interaction

The mass differences among the members of hadron isomultiplets arise frasnuvees: §)
strong isospin-breaking contributions due to the difference in masseg tifjtht quarks andh
different electromagnetic charges of the quarks. Apart from a smaliisdoreaking contribution
of order(my —my)?, therrtt — n° mass splitting is almost purely electromagnetic in origin; whereas
it is the isospin-breaking contributions that dominateK8r— K*. Dashen’s theorenf][4] summa-
rizes the electromagnetic effects on meson masses: in the chiral limitef), electromagnetic
interactions modify the leading ord&t2. andMZ. masses while the® andK® masses remain
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unaffected,

M2, = 2By + AVEA(qy — ga)?, MZ. = (+ms)Bo+ AV (qu — gs)? 2.1)
2 2 2 .

(Mﬂi - Mno)em = (MKi IVIKO)em’
whereqy, gq, andgs are theu, d, ands quark charges in units af. At ﬁ(ezm), however,MfﬁO
andMﬁiﬁ0 can receive large and different contributions, and the correctionsbéres theorem can
parametrized as,

AMI% = AMK AMZ (MKi Mlio)em_ (M%i B M721° (2.2)

)em’
or asAg, defined byAMZ = (1+Ag) AM2. The partially quenched chiral perturbation theory rele-
vant for QCD + QED with 2+1 dynamical flavors at NLO has recently beerked out by Bijnens

et al. [[IJ]; it can be used to perform fits to the Iattilb’l%K data in order to determine the electro-
magnetic low energy constants. The pure electromagnetic correctioramefev calculating the
correction to Dashen’s theorem, can be computed from the expression,

AM?[em = MZ(X1, X3, 01, 03) — M3g(X1, X3, O3, Os)
MFZJS(X].leaqlaq?:) + MFZ)S(X17X1aq35q3)' (23)

In this notation [[10], the normalized quark massis= 2Bom;, whereBy is related to the quark-
antiquark vacuum expectation value in the chiral limit, :Mﬁ;(xl,xg,ql,qg) denotes the squared
pseudoscalar meson mass having valence quark mggsesand valence chargeg, gz in units
of electron charge. In the isospin limitm, = myq, whenx1 = m,, X3 = ms and the quark charges
01 = Qu, g3 = Gs, We haveAM3 = AM?|er. We fit the lattice data foAM3 according to

AM3 = oA (X13— X11) + 9 {X13|09 ():1 > X11log <)I(111>}

+ o3 [le log <)I(112f> X3t log (ff )}
S )

where, xij = (Xi + Xj)/2 and.2 are the constants to be determined from the fit. For the gcale

we have used 1000MeV. The sea-quark dependence of the log-tppmara throughyis, where

the sea-quark indek is summed over all the sea quarks. Terms with the sea-quark charges con-
tributing toAM3 do not involve unknown low energy constants (LECs) at this order andéare
computable without lattice simulatiof J10]. In our expression we have incltidegparameters
/3.4, Which are not present in Refl J10], in front of the logarithm terms. Thisecause we ex-

pect the continuum expression to be modified by discretization effects aquiteecoarse lattices

we are using. Finite volume effects, due to the masslessness of the photoa)smde rather
significant. At this stage, therefore, we can obtain at best a rough estifrtae quantityAM3; a
precise determination will require lattice data at finer lattice spacings and {aigenes.
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3. Numerical results

Phenomenologically relevant quantities, such as the mass-squaredrdiéferof charged and
neutral mesons and the correction to Dashen’s theorem, can be caldudatguhrtially quenched
lattice QCD where photons are treated in the quenched approximation. fdreer&e can use
the existingSU(3) configurations generated without dynamical photons. For unquer@Qa
gluon configurations, we have used four ensembles of exiating.15fm MILC lattices with 2+1
dynamical flavors, the details of which are provided in Table 1. The lattigeisg is set by the
static quark potentia[]]2].

Size | B=10/¢? anft /an, a(fm) | # Cfgs
20° x 48 6.566 0.00484/0.0484 ~ 0.15| 200
16° x 48 6.572 0.0097/0.0484| ~ 0.15| 400
16° x 48 6.586 0.0194/0.0484| ~ 0.15| 400
16° x 48 6.600 0.0290/0.0484| ~ 0.15| 400

Table1: Ny = 2+ 1 MILC lattices used in this project.

The quenched photon configuratiof®, (n)} are generated from the non-compldtl) action,

Som= % Y (85AV(n) — d5AL(m)*, (3.1)

nav

subjected to Coulomb gauge fixiniin(n) = 0. Additional global gauge fixing is done to en-
sure that Gauss’s law is satisfied. In momentum space, the action is Gadissigouted, and the
scalar and vector potentidiso(p), A(p)] can be generated independently of each other from Gaus-
sian distributed random numbers. The coordinate-space Coulomb-ghoitps configurations are
recovered by FFT. The necessary valence quark propagatocslatgated with wall sources in
theseSU(3) x U (1) background fields. We calculate the pseudoscalar meson propagatoirveth
different valence quark masses1®; < my < 1.0nt. All the fits we report here are obtained by
correlatedy?-fit; the errors are obtained from a jackknife analysis. The meson massestracted
from the exponential fall-off of the meson propagators in the time ranged9 taking into account
the correlations among the time slices. We have ignored the contribution frodistennected
diagram that effects the neutral pion mass.

We first try to estimate the&(e?) and ¢(e?m) contribution to pseudoscalar masses at three
different (physical and non-physical) values of electric charge,

MZ(e# 0) — MZ(e = 0) = #€(qy — da)” + O(€°m). (3.2)

In Fig. [1, we plot the dependence ofmass-squared splittings corresponding to Hg.] (3.2). A
straight line fit describes the€(e?) behavior fairly well over the full range of electric charges that
are examined. In a further test to ascertain &{@’m) or higher order effects, in Fig] 2, we plot
the variation of the same pion mass-squared splittings against quark melssedope of each of
line, corresponding to different electric charges, nicely matches & italue.
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Figure 1: Thee? dependence of mass-squared electromagnetic splittirthe gion.
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Figure 2: The ¢ (€?m) behavior of mass-squared electromagnetic splittingseopton.

In a series of four plots in Fig.] 3, we show the meson mass splittings betweemsnesm-
puted with physical electric chargé = 4maem and withe? = 0. The labels}; 0z in the plots denote
qguark charges,e., ud indicates quarks with chargg = 2e/3 andqq = —1e/3. The points using
the same symbol and color are obtained by varyingghgquark mass. The lines are merely to
guide the eye. We have not yet fit the squared meson masses to the Bijmarsaked on partially
quenched chiral perturbation theory (and hence not yet extractedeitieomagnetic LECs]T10].
These LECs will be important in determining the physical isomultiplet splittings in mseaad
therefore in calculating quark masses.

The electromagnetic LECs can be used to obtain the correction to Dasheorerth but we
have estimated this correction directly by chiral extrapolation of Ed. (2i@yu&g. (2.4). We put
01 = Qu, O3 = Gs in Eq. (2.B) and extrapolate/interpolatep= 2Bomy, x3 = 2Boms. Figure[} is
our preliminary result for the violation of Dashen’s theorem, where we Ipotted theAM3 for
two ensembles = 6.566 and 6.572, as a function bF2, obtained withe? = 0, in physical units.
The data from the remaining two QCD ensembles at heavier quark mass dpeigtillanalyzed.
We have determined the coefficientsin Eq. (2.4) using our lattice data for pseudoscalar masses
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Figure 3: The mass-squared splittings between pseudoscalar me#brswsical value of electric charge
€ = 4naem and€® = 0. Each panel corresponds to differghtand light sea-quark mags1| for fixed
sea-strange quark maas{ = 0.0484. The labels; g, denote the quark charges. We writenstead of d
whenevermy, is equal tony, the strange sea-quark mass in the simulation.

Xij, after which chiral extrapolation is performed at the experimental massesdndK. Our
preliminary result for the deviation from Dashen’s theorem 87104 < AM3 /(GeV?) < 1.8 x
10-3. This may be compared with the estimate in Hef [10P7ix 10-3. Although we find that
our value is consistent with the phenomenological estimate, the error insulriselarge and does
not yet include the systematic errors due to discretization and finite volumet®ffWe hope to
reduce the error by increasing the statistics and extending the calculatinarttatiices and larger
volumes. Fitting the meson splittings in Fig. 3 to determine the electromagnetic LECHydinay
also provide better control over our errors.

4. Conclusions and outlook

In this work we have calculated the electromagnetic mass splittings of pselmiostasses
with & (a?) improved staggered fermions arx 0.015fmNs = 2+ 1 MILC SU(3) ensembles and
Coulomb-gaugé) (1) configurations. We have determined the correction to Dashen’s thedrem a
the physical point (in the isospin limit), but with relatively large erroses, a wide range foAM3.

Our determination of meson and baryon isomultiplet splittings and quark masseprgress.
Our immediate goal is using finer lattices to reduce the error in the correctiorstteDa theorem
enough to bring down the present erromip/my.
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