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1. Introduction

Recent development of the lattice QCD simulation enables us to access lpadpanties
with great accuracy. In fact, as a precise first principle calculation@Dthe result of lattice
QCD is now being used for examination of the fundamental theory, suchuagatity triangle
test of the standard modgI[1]. Yet, there are various quantities remaisettled so far. Among
them, we focus on the isospin breaking effect on baryons, such smnpmeutron p —n) mass
difference. Actually, this mass difference is one of the most fundamentaitijies in nuclear
physics. For instance, this quantity governs flidecay of the neutron, i.e., the life time of the
neutron. Note also thgk-decay/electron capture are the basic ingredients in the understanding
of the nucleosynthesis and the history of the universe: if the mass ogdegiween proton and
neutron was opposite, the universe may not exist as it is now. In theakalpprexperiment, the
isospin breaking effect on the baryon spectrum is observed not only-f n mass splitting but
also for splitting between other isomultiplets in octet/decuplet members. Theeckamgmnetry
breaking in theN — N interaction is also observed, which is caused by the isospin breaking of
nucleons.

The isospin breaking of hadrons originates in two ingredients: one is th@diplown quark
mass difference in QCD, and the other is the electromagnetic (EM) effeetlan QED. In this
sense, the determination of u, d quark mass through the study of isospkingeorresponds
to fixing the Yukawa coupling constant between u, d quark and the Higtislpawhich are the
fundamental (and unknowa priori) parameters in the standard model. Moreover, u, d quark
masses are particularly interesting from the viewpoint of the so-calledgs@8rproblem. In fact,
it is proposed that the existence of massless quark(s) can absorbatbefpdf the vacuum, and
thus resolve the strong CP problem. By studying the isospin breaking infagectrum, we can
examine whether or not such a scenario happens in our realistic worldheOsther hand, the
inclusion of QED in the QCD calculation is becoming the urgent task to developethgphysics
search beyond the standard model. For instance, in the theoretical taltofanuon anomalous
magnetic moment, it is know that hadronic light-by-light scattering contributionesitike large
uncertainty, and it is proposed to resolve this problem using the QCD + @#&iDation[2]. From
this viewpoint, the study of isospin breaking on the spectrum is a suitable topigiltba firm
foundation for the QCD + QED simulation.

In the literature of lattice QCD, the first work has been done by Durgtaal.[§], where
they employed the quenched non-compact QED combined with quenchedv@iCihe Wilson
fermion. In this pioneering work, however, both of the QCD quenchitifpat and the atrtificial
chiral symmetry breaking contamination are unavoidable. In this work, we elimihese uncer-
tainties by employingN; = 2 dynamical domain-wall QCD configuration. Our study for the meson
sector (such agr™ — %, K* — K° mass splitting) has been already reported in Ref.[4], and we
report the study of the EM effect on octet baryons in this proceedihg.€ffect of u, d quark mass
difference will be reported elsewhefle[5]. There is another prifkplitting between meson
isomultiplets with improved action but still at the quenched level. Recently, the splifip—nis
also studied]7], while only the effect of u, d quark mass differencerisicered there.



The isospin breaking effect on baryons with Nt = 2 domain wall fermions T. Doi

2. Formalism

We study the EM effect on baryons through the mass difference betiseenltiplets, such
asmp — My, Ms+ — Mo, My- — Myo, My+ — My, My+ + My — 2Mso, M=- — M=o USING the QCD
+ QED simulation. In the QCD sector, we employ tNe = 2 unquenched QCD gauge con-
figuration U,?CD(X) generated by the RBC collaboratiph[8]. The domain-wall fermion action
and the DBW2 gauge action is used with the parameteid ef L® x T = 16° x 32, Lg = 12,
Ms = 1.8,3 = 0.8. The ensembles are generated for three different (u,d-) sea mamses of
Msea= 0.02,0.03,0.04. The lattice unit is determined to be621(53) GeV so as to reproduge
meson massy, = 770MeV. The sea quark mass and the physical volume roughly cormgspo
Msea™ %ms— mg(ms : strange quark masandL® ~ (1.9fm)3, respectively. We pick up about 200
configurations from~ 5000 trajectories available at each sea quark mass ensemble. The analysis
is performed with bin size of 2, (i.e., bin size of 50 trajectory separation);dardo suppress the
possible autocorrelation.

In the QED sector, we employ a non-compact formulation of
2
LoED = LSy (d“ASED(x) - o”'\,AEED(x)) at the quenched lev@l[3]. In the generation, we first

generatd\SED in the momentum space under the Coulomb plus residual gauge fixing condition to
gether with a boundary condition for the constant modes. The configuiiatibe coordinate space
is obtained by Fourier transformation. The advantage of this formulationtishbdaeneration of
AZ™° leads to just a Gaussian random number generation, and thus there pcareiation be-
tween the configuration even for arbitrary small coupling. In addition to thatdo not have to
worry about the renormalization of the QED coupling constant, becausgigmehed QED in non-
compact formulation is a free theory. Given the QED configuration desttidbove, we obtain a
U(1) link variable byU2%°(x) = exp—iA3="(x)], and then construct the QCD + QED configu-
ration asUZ“P(x) x (UREP(x))Q, whereQ = +2/3e,—1/3e for u and d quark, respectively. In
order to study the QED charge dependence of the mass splitting, we us@yntite physical QED
charge tem = €2/41= (= aB), but also the charges Oy, = (0), (87 (089 (107 (o capt
for dem= (Ofi)z atmgea= 0.02).

The mass of baryoB is measured using the two-point correlation function
Mpg(t) = ZX<JB(X)JE(O)> with the use of positive parity projection. We use the operdiarhich
has non-relativistic limit, for instancép = €apc (UL Cysy) U as the proton operator. The operators
for other octets and singlet are obtained by the SU(3) rotation. Althougke tiv@cedures are valid
for p,n,=*,>~,=—,=0 baryons, additional treatment is necessary inGhe 0,S= —1 channel,
i.e., for =9 Ag,A\1 baryons. In fact, the mixing betweexs and/A; occurs because of the SU(3)
breaking, and the mixing betweé&, Ag, A1 occurs because of the SU(2) breaking. Note here
that=(1193 is massive tham(1116), experimentally. Therefore, in order to determine the mass
splitting such asny+ +my- — 2mso, we have to extract theC state as a first excited state@=
0,S= —1 channel. For this purpose, we employ the so-called variational m¢thdd[}actice,
we calculate not only the diagonal correlation function8lass, (t) = ¥ x(Jg, (X)Jg, (0)),Bi = Bt €
{59 Ag,/A1} but also the off-diagonal correlation functionsiag g, (), B # Bt € {3% Ag,A1}. By
performing the diagonalization of thex33 correlation function matrix of1(t = to) - M(t), we
can extract not only the ground statebut also the first excited stak®.
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3. Numerical resultsand discussions

UsingN; = 2 unquenched domain-wall QCD configuration combined with the quencE&d Q
configuration, we calculate the baryon two-point correlation functiomsafiooctet and singlet
baryons including the off-diagonal correlation function®in- 0,S= —1 channel. By solving the
inverse of the Dirac operator under the QCD + QED configuration, the fié\teés automatically
taken into account for the valence quark. In order to suppress th@muoration from excited states,
we employ the wall source and point sink correlation function under théo@dugauge fixing. In
this study, we consider the isospin breaking effect up to the first oftherefore, in the evaluation
of the EM effect, we can use the quark masses without the EM effect. Namelgerform the
lattice simulation only at the unitarity pointy, valence= Md valence= Msea= 0.02,0.03,0.04 for u,

d quarks, and we uses = 0.0446 for s quark, which is determined fratinput[8].

In theQ = 0,S= —1 channel, we use the variational method to extract the first excited state
>0 as well as the ground stafe As described previously, we first calculate<3® correlation
matrix M(t) using the flavor bases @ Ag, A1, and then diagonalizB (t = to)~*-M(t), where
the extracted eigenvalues correspond to the exponentially decayiredatiom function for each
ground/excited state. In the following analysis, we fix the arbitrary paramgtesty = 1. The
dependence oty is discussed later. In the study of the mass splitting betwegriplets, we
perform the similar procedure far", >~ as well, i.e., we usBlss(t) /Mss (t =to) instead of simple
Mss(t) whereX = = 3. By employing this procedure, we can take the full advantage of the
statistical correlation amongtriplets and obtain the reasonable signal.

In order to study the QED charge dependence of the mass splitting, waakvéhe QED
charges oftem = (0), all¥, (04‘22, (Ofi?z, (ﬁ?T)Z (except foraem = (0_2?2 at msea= 0.02). For each
Oem, We calculate the correlation function for not oy ++/47dem but alsoe = —+/4maem and
take the average between them. This corresponds to the use of the Qfidiaiion of {AZ-"}

— {AZEP, —AZP} with binning betwee®?=> and—AZ"". In this proceduref/(€) contamination

in the correlation function can be eliminatacgriori. In fact, because the EM effect on physical
observables appears only frofi(€?), such¢(e) contamination is nothing but a statistical noise.
Practically, we find that this procedure actually improve the S/N drasticallijissessential for the
study of the baryon EM splitting.

In order to demonstrate the signal of the mass splitting, we analyze the ratiedretive
correlation functions of the isomultiplets. Considering the n mass difference for example, we
can express the correlation function for proton and neutroil @sét) = Apexp—mgt], Mp(t) =
Anexp—mat], respectively, wheré, (A,) is the proton (neutron) overlap constant between the
state and the operator. Noting ti{p — An) and(m, —my,) ared'(¢?), we can write the ratio of the
proton and neutron correlation functions as

Ro/mn(t) = Mpp(t)/Man(t) =1+ 2(Ap = An)/(Ap+An) — (Mp—My) -t + o(eh). (3.1)

Therefore, the slope d®;/y(t) in terms of the Euclidian timeé directly corresponds to thp—n
mass splitting. In Fig[]1, we pldRy/n(t) in terms oft. For each QED charge, we find a clear
negative linear slope, which indicates > m, from the EM effect.

In the practical calculation of the mass splitting, we perform the exponenfiat 8ach baryon
correlation function and evaluate the mass difference, where the statstioals estimated by the
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Figure 1: The ratio of the correlation function Figure2: The proton-neutron mass differenog —
of proton and neutrorR,/n(t) at Msea= 0.03 is My from the EM effect atmsea= 0.03 is plotted

plotted againstt for each QED charge of — againstoem = €?/(4m). The result abidy is shown
(0),ephy,0.6,0.85,1.0. Negative linear slope corre-as the second point from the left. The solid line cor-
sponds tan, > m, from the EM effect. responds to the best linear fit in termsogf,.

jackknife method. In Fig[]2, we plot thp— n splitting determined at each QED charggn,.
We observe that the splitting behaves linearly in terms&gf, and there is no indication of the
appearance of higher order EM effect(a2,,). Because we consider the EM effect upt¢dem)
as a framework, this observation guarantees that our procedure-tossiftent.

Finally, we fit linearly the splitting in terms afem, and determine the splitting atm, = aby.
We perform this procedure at each lattice simulation with quark mass-6fmygence= Msea=
0.02,0.03,0.04. Fig.[B shows the result fqs — n mass splitting from the EM effect. We ob-
serve the non-trivial EM effect op — n for eachm. Note that these are the first results obtained
non-perturbatively using dynamical lattice simulation. It is interesting to sdethlaresult at
eachm is roughly consistent with the model estimation using Cottingham fornmja;- m, =
0.76(30)MeV[LQ]. The splitting in the real world can be obtained by the chiral exti@on of the
lattice data. We, however, find that the resuliret 0.02 is afflicted with larger statistical fluctua-
tion, and the reliable chiral extrapolation becomes difficult. In fact, the lineiaalcextrapolation
in terms ofm leads to only zero-consistent result for- n mass difference. In order to extract
better signal, the statistical improvement is in progress.

In Fig. 4, we also show the result of the EM splitting fmg+ + ms- — 2mso at eachm =
0.02, 003, Q04. The splittingms+ + ms- — 2mso is an interesting quantity from the viewpoint of
discrimination of the two ingredients in isospin breaking, i.e., the EM effecttaand,d- quark mass
difference effect. In fact, if we consider the SU(2) rotation offexpro?/2] (i.e., u,d exchange), the
> triplets rotate a& ™ — >, 3>~ — =+, 30 — 50, Therefore, in the splitting afy+ +ms- — 2myo,
there is nod(m, —my) term and there exists only’(aem) EM effect up to the first order of the
isospin breaking effect. Under this consideration, the result from thecEdtt can be directly
compared with the experimental value abMeV, in principle. Unfortunately, because of the
statistical fluctuation, we obtain only the zero-consistent resultrior+ ms- — 2mso after the
linear chiral extrapolation. The upper bound of the lattice result for thésjty is found to be
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Figure 3: The proton-neutron mass difference fronfFigure 4: The mass differenceis+ + ms- — 2mso
the EM effect at physical QED chargdy = 1/137 from the EM effect at physical QED chargeby’
plotted at each quark massmf= mygence= Msea plotted at each quark mass Wf= Mygence= Msea

smaller than the experiental value, while this discrepancy may be attributect hiyitie volume
artifact[3].

Before closing this section, we comment on the systematic error in these résuitsler to
check the stability of the analysis, we examine the several alternative methexisact the mass
difference. For example, we perform the linear fit for the ratio of pratneutron correlation
functions (i.e., for the ratio shown in Figy.1) in termstpinstead of exponential fit of each correla-
tion function. We find that the result is consistent with each other and oottiat the results are
reliable. In the variational method, we choose sevigraistead oty = 1 choice when diagonaliz-
ing N(t =to)~1-M(t), and check the dependencetgnlt is found that the results are insensitive
to to, and we confirm that our variational procedure is stable. Yet, the rulxttice results are
afflicted by the statistical noise, particularly in light quark mass sector, andiificult to perform
the definite chiral extrapolation. Further calculation is desirable to achievéedtier statistics,
which is actually our ongoing work. Although the uncertainty in the resultaeitd from the
current lattice setup has been evaluated as describe above, the moletsiboe artifact remained
is the finite volume artifact, because the QED interaction is a long-range ititgratn fact, the
model-based calculatidd[3] suggests that such artifact is sometimes céep@rahe results of
the lattice simulation. At this moment, we cannot evaluate the finite volume artifactuvitisong
model calculations, and the results given above would receive some mtdifscaThe explicit
calculation of the finite volume artifact is planned with the usdlpt 2+ 1 configurations gener-
ated by the RBC-UKQCD collaboratign]11], with which the configurations witferent volumes
are available.

4. Summary and outlook

We have investigated the electromagnetic (EM) effect on octet baryatrepeopy. By em-
ploying N; = 2 dynamical domain-wall QCD configuration combined with non-compactahesh
QED configuration, the u, d sea quark effect in QCD has been incatgmhr The mass split-
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tings between isomultipletg, n), (2,39 57), (=%, =) have been studied by evaluating the two-
point correlation function, where the variational method has been adopted Q = 0,S= -1
channel in order to extract tHe” state as a first excited state in this channel. In order to study
the QED charge dependence of the mass splitting, we have chosen the@Eesofaem =

(0), ally. (oﬁz, (Oﬁ?z, (14?1)2. We have found that it is essential to calculate bote f +/4aem

for eachaem, in order to cancel th&'(e) contamination and to achieve the reasonable S/N in
the baryon EM mass splitting. By fitting the mass splitting linearly in termsigf, we have
obtained the first result from lattice dynamical simulation for the baryon EMsrsaétting at
eachm = 0.02,0.03,0.04. The investigation of the effect of u, d quark mass difference is also
in progresd[b]. There remains uncertainty originates from the finite volmifact. In order to
investigate it explicitly, we are planning to perform the analysis using\the: 2+ 1 dynamical
domain-wall configuration generated by the RBC-UKQCD collabordtidin[Ihere, we can also
eliminate the quenching artifact for the strange quark as well. In futuranthesion of the dy-
namical QED effect is interesting to investigat¢[12], in which we expect dfi@ite calculation of

the isospin breaking effect is possible with all the uncertainties in the simulatider wontrol.
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