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Abstract

Lattice QCD simulations are now reaching a precision wheosgin breaking féects
become important. Previously, we have developed a progoasgdtematically investigate
the pattern of flavor symmetry beaking within QCD and sudcdigsapplied it to meson
and baryon masses involving up, down and strange quarkshidrietter we extend the
calculations to QCDr QED and present our first results on isospin splittings inpgbeu-
doscalar meson and baryon octets. In particular, we obt@mticleon mass filerence
of Mp = Mp = 1.35(18)(8) MeV and the electromagnetic contribution to thensplitting
M+ — M,o = 4.60(20) MeV. Further we report first determination of the sapan between
strong and electromagnetic contributions in M8 scheme.
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1 Introduction and general strategy

Isospin breaking féects are crucial for the existence of our Universe. Our Usiavould not
exist in the present form if the— p mass diference would only be slightly fierent. If it would

be larger than the binding energy of the deuteron, no fusionlavtake place. If it would be a
little smaller, all hydrogen would have been burned to melilsospin breaking in hadron masses
has two sources, the masstdrence of up and down quarks, and electromagnetic interecti
Both dfects are of the same order of magnitude and cannot be separsebiguously due
to the nonperturbative nature of the strong interactionisis Thakes a direct calculation from
QCD + QED necessary [1, 2] 3]. While substantial progress has ineeie, [3] is the only other
published work to report simulations with fully dynamicaCQ + QED.

In [4], 5] we have outlined a program to systematically inigggte the pattern of flavor sym-
metry breaking in three-flavor lattice QCD for Wilson-typarhions. Our strategy was to start
from the SU(3) symmetric point with all three quark massesagqn, = my = mg, and ex-
trapolate towards the physical point keeping the averaggsark massn = (m, + my + ms) /3
constant. For this trajectory to reach the physical quarksesm s tuned to the physical value
of the average pseudoscalar meson méss: (Mﬁo + MZ. +2MZ, - Mﬁ) /3. We denote the
distance froomby sm; = my — m(q = u,d, s). This impliesém, + smy + éms = 0 on our quark
mass trajectory. To describe how physical quantities démenthe quark masses, we Taylor
expand about the symmetric point [5]. This results in polyrads inmandsm,, which we clas-
sify into representations of the SU(3) anglffavor groups. As we keem constant and change
only the octet part of the mass matrix, to first ordesim, flavor symmetry is broken by an SU(3)
octet, leading to Gell-Mann—Okubo mass relations. We Yolasimilar approach here with QED
added[[2].

The symmetry of the electromagnetic current is similar ® skimmetry of the quark mass
matrix. The simplifications that come frofm,+dmy+dms = 0 in the mass case are analogous to
the simplifications we get from the identiéy+e4+es = 0. A difference between quark mass and
electromagnetic expansions is that in the mass expansi@amwkave both odd and even powers
of 6my, whereas only even powers of the quark chaeg@se allowed. We consider contributions
of O(eg) only. Hence, QED corrections can be simply refidrom the mass expansion presented
in [5], dropping the linear terms and changing masses taelsar

For the masses of octet mesons with the flavor struabyeand all annihilation diagrams
turned df, we find to leading order ingy

M2(ab) = MZ + @ (5 + 6m) + S5V (2 + &4 + €) + BT (€& + &) + A5 (ea — &)?
+ 75" (€6my + €50my + €2omy) + y1" (oM, + €fom,)
+ Y5 (€2 — &) (6Ma + 6M) + Y5V (€5 — €0) (5ma — omb)
+ 75" (€ + € + &) (5my + omy) + ¥5"' (€a + &) (Bu0my + eydMy + €M)

(1)

up to corrections oO(5nﬁ). Several of the cd&cients in [1) can be matched up withferent
classes of Feynman diagrams shown in Elg. 1. The first diagnatin both ends of the photon
attached to the same valence quark, contributegitd ¢ p5™). The second diagram, with the
photon crossing between the valence lines, contributg$'toThe last diagram, with the photon
being attached to the sea quarks, is an example of a diagratribeging tos5™. It would be
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Figure 1: Examples of Feynman diagrams contributing to tesan electromagnetic mass to
O(eg). Wavy lines are photons, curly lines are gluons.

missed out if the electromagnetic field was quenched insiédgnamical. Similar assignments
hold for the mixed (charge squared times mass) terms. Fogéesthoice of sea quark masses,
the 5™ andyE™ terms can be absorbed into the conststijtand thea term. However, for a
combined fit of both QCD and QCB QED data we will need these dieients. More details
can be found in[6]. Similarly, for octet baryons with the fiastructureaab we find to leading
order inagwm

M2(aab) = M3 + a1 (26m, + my) + @ (Mg — M)
+B5" (6 + € + €2) + BTV (265 + &) + 55" (ea — &) + 85" (€5 — €f)

up to corrections oO(&nﬁ). This excludes the case of baryons with threfedent quarks, as
in the 20 — A system|[[7]. Again, thgtM term can be absorbed into the mass téh The
codficientsg:M, p5M and g5M can be matched up with distinct classes of Feynman diagrams
similar to the ones in Fid.] 1.

Our goal is to compute the mass splittings of pseudoscalaonseand octet baryons at the
physical point for QCD+ QED. This amounts to determining the @@gientsa, S£M andyEV
in (@) and [2). It greatly helps to vary valence and sea quaaks®es independently! [5], which
is referred to as partial quenching (PQ). In this case thegsegk masses remain constrained
by m = constant, while the valence quark masggsuy andus are unconstrained. Defining
Suq = g — M, the resulting modification of E.](1) to PQ octet mesons is

(@)

M2(ab) = M3 + @ (a + Opto) + S5V (€5 + € + €2) + BE" (€€ + &) + B5™ (ea — &)
+ 75" (€50my + €50my + €50Ms) + y1 " (€50Ha + €01y
+ 75" (€a — &) (St + Oun) + ¥5™ (€5 — €5) (9ta — Stv)
+ 75" (6 + € + €) (Opa + Sup) + 5" (€a + &) (BUOM, + €46y + 5My) .

3)

For octet baryons Ed.](2) becomes

M?(aab) = M§ + a1 (20414 + 6n) + a2 (Spta — Optp)
+B6" (€ + &5+ €5) + BT (265 + &) + A5 (e — @) + 85" (5 — €f) .

The codficientsa, S5 andy®M in (@) and [#) are identical to those d (1) ahd (2). This isdp s
that hadron mass splittings are tiiegted by PQ at this order, as PQ moves (e.g.) all octet mesons

(4)
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and baryons by the same amount. We would have to expand toteumiyis to see PQ errors in the
splittings [5]. Hence, PQ calculationffer a computationally cheaper way of obtaining them.

In QCD + QED there is some ambiguity in the definition of the symmetomt. The defi-
nition we have chosen is that the electrically neutral pesadlar mesons have the same masses,
M2(uu) = M?(dd) = M?(sS) = M?(ds) = M?(sd) = M?(nn), wheren is a fictitious electrically
neutral quark. As annihilation diagrams are neglecteffieidint neutral mesons do not mix. We
denote the Wilson hopping parametefintroduced in[(¥) below) marking the symmetric point
by kq. We then havémy = (mg — m) = 1/2«%— 1/2«q andduq = (ug — M) = /2«2 — 1/ 2,
setting the lattice spacing = 1. It should be noted that even when all three quark masses are
equal we do not have full SU(3) symmetry. Because of theteint charges, the quark is
always distinguishable from treeands quark.

2 Lattice matters

The action we are using is
S=Sg+Sa+SE+S%+S8. (5)

HereSg is the tree-level Symanzik improved SU(3) gauge action gathge coupling = 6/¢?2,
andS, is the noncompact U(1) gauge action[[8, 9] of the photon,

1 2

Sa=5z 0, (AL + AL+ = Alx+v) - AK) .

X<V

(6)

We employ the nonperturbativet9(a) improved SLINC fermion action [10] for each quark
flavor,

50 = 315 3 @090 - De A0, (9a0x+ ) ~ TN, + DESSEPT](x - fdalx - )

X 7

500000 - %cswg]a(x)amv(x)q(x)}. )

This action features single iterated mildly stout smear&@DQinks with @ = 0.1 [5] and un-
smeared QED links in the hopping terms, while the clover teomtains unsmeared QCD links
only. We keep the action deliberately local, as excessiveasimg will lead to large autocorre-
lation times. Stout smearing is analytic, so a derivative loa taken, which makes the HMC
force well defined. The clover cfiicient has been computed nonperturbatively in QCD [10].
We presently neglect electromagnetic modifications to tbeec term. This will leave us with
corrections oO(agpy eg a), which turn out to be no larger than tl¥a?) corrections from QCD
in our simulations. We check this later by comparing neutraton masses withftierent quark
charges, (Fig.[3). Adding an electromagnetic clover term wiff}, = 1 would leave us with
corrections oO(agpm eg g?a) (to this order inegy), which is not a significant improvement, if at
all. Simulations are performed using the HMC and RHMC [1gjpaithms. The gluon field and
the EM field are updated sequentially.

In this study, we limit our calculations to a single valuelo# strong coupling constant (lattice
spacing)s = 5.50, where we have our largest sample of dynamical QCD coriguns [12].
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Furthermore, we restrict ourselves to simulations at tmersgtric pointom, = my = émg = 0,
which we define a¥?/X2 = 0.126, whereX? = (M2 + M2 + M2_ + M2, + M2_ + M%) /6. We
may use eitheX, or Xy to set the scalé [5]. After several tuning runs carried ouéhx 48
lattices we arrived at the valuesk, = 0.124362 kg = ks = 0.121713. At these values, we
study three dferent volumes, 2448, 32x64 and 48x96, withO(2000) toO(500) trajectories.
We like to add that simulations at the symmetric point alyeeatch the essential features of the
physical QCD+ QED vacuum, as flavor singlet quantities vary slowly alorgrth= constant
trajectory [5].

On these ensembles we have computed PQ pseudoscalar mdsmietrbaryon masses for
a variety of quark masses ranging fronas/my = 0.22 to Q5, withe, = —1/3,0 and+2/3. This
leads to about 40 pseudoscalar masses and 70 baryon massesgrable. The baryons include
several artificial states containing the fictitiouguark and charge 2 baryons with flavor structure
uuu’.

The action[(b) is invariant under U(1) gauge transformation

A) = AX) +4,a(x),  g(x) —» €27 g(x). (8)

However, this is not the case for propagators of chargedcpest which demands fixing the
gauge, as in perturbation theory. We choose the Landau gatgeh is defined by the condition
4,A,(X) = 0, whered,, (4,) is the forward (backward) lattice derivative. The Landauge does
not eliminate all gauge degrees of freedom, but allows fdtssh,a(x) of the photon field with
A%a(X) = 0, whered? = 4,4, [9]. To maintain (anti-)periodicity of the quark fields(x) must
be periodic up to a transformation of the form

2n
eq(X) :Z T X M €Z,
I H
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Figure 2: Left panel: The background field on the® 2448 lattice divided into three bins of
approximately constar2. Right panel: The bin averaged energy of the charged piorsit r
against the bin average®?). The black squarem) indicates the ensemble average (EnAv) of
bothaM,- and(B?). The line is a one-parameter linear fit through the three rpaisgs.



whereL, is the extent of the lattice ia direction. This gauge field redundancy can be eliminated
by adding multiples of 2/e,L, to A,(X), such that

n n 1
_mdgﬂgm, B":VZXlA“(X)' 9)

Takinge, = —1/3 in (9) serves both charges. The advantage of this procesltinat it leaves
the fermion determinant and Polyakov loops for all quarkdtawinchanged. In other popular
gauges|([B] this is not the case, but results in a permanegakol loop/ly, -, LEM(X,,) =1,
which we would not know how to correct for in a simple manner.

The constant background field can be factored out from thenfiatrices, configuration by
configuration, and absorbed into the quark momenta by sitifaigvard aIgebrE.This leaves us
with photon propagators that are devoid of zero modes. Ipthgence of a constant background
field B, the correlator of a single hadrahthus becomes [9]

OH®H(0)[0) = [Zy4/2 & VME(Prosdt (10)

whereMy, p andey are mass, three-momentum and electric charge of the hagspectively.
This amounts to a shift of the rest energy of the charged sk, — /M2 + €, B2 ~ My +

€ B2/2My. We determine the ensemble averagBadirectly on each of our three volumes. The
result is 0024, Q0079 and M0O0095 for the smallest to largest volumes, respectivayexiract
masses, we remove the influence of the background fiétteby subtracting the associated
kinetic energy from the ensemble averaged lattice energydemonstrate the validity of this
procedure, we have divided a subset of out 248 ensemble into three bins of approximately
constant background field in Fig. 2 and plot the correspantiitiice energies for each of these
bins against the correspondié@. It shows that both the energies of the individual bins a$ agel
the ensemble averaged energy fall on a single straightitiiane with our subtraction method.
On the 48 x 96 lattice the &ect of the background field is comparable to our statistigatigion.
With the zero modes removed, we then can employ establiske#ubals, such as [13], to correct
for the remaining electromagnetic finite sizeets associated with the long-range tail of the
photon field. Any residualféect of the background field will only act to modify the recailezgy

of any charged hadron propagator within loops.

Our strategy is to simulate at an artificial couplafg= 1.25, and then interpolate between this
point and pure QCD to the physical fine structure constaft= 1/137. This value is chosen so
that electromagnetid¥ects can be easily seen, but is still small enough that thedg soearly in
€ and we do not need to consider higher order terms. Most irapthyt Z; = 0.94(3), obtained
from the vacuum polarization. Furthermore, in Figs. 4 and fppwe have plotted 1S, 1/«q
and the bare quark mass at the symmetric pojf#ixg-1/2«¢, againseg fore; = -1/3,0and 23
and found that all three quantities lie on a straight lineadidition, we find that the cdgécients
a anday, a, in (3) and [4) agree to a good precision with the correspandimbers in pure
QCD [5]. This rules out significant higher order correctioms?.

INote that the transformatiog(x) — €/*q(x), q(X) — q(x) e “* amounts to a shift of quark momenpa—
p+4.
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Figure 3: The neutral pseudoscalar meson malgig§aa) on the 48 x 96 lattice as a function
of 6uP for quark charges, = —1/3 (blue), 0 (green) and/3 (red). Solid (open) symbols refer
to unitary (PQ) masses. The horizontal lines display thesjgiay=°, K° andns meson masses,
the vertical lines indicate the physiaahnds quark masses.

3 Results

After the initial small volume tuning runs, it turns out thi&we choserx values do not quite
satisfy our constraint of equal neutral pseudoscalar mesmses. A more accurate estimate can
be determined from a fit to the pseudoscalar meson massebe@#gtx 96 lattice we obtain

ky = 0124382 k4 = ks =0.121703 «, = 0.120814 (11)

which is only a small displacement from the underlying siatioin kappas. We shall expand
about these values in our subsequent fits.

In contrast to QCD, equal meson masses at the symmetric poil@nger mean equal bare
guark masses. We renormalize the quark masses to remodetad. We do so by absorbing the
QED terms of the neutral pseudoscalar mesons into the ge#rkreergies. On our symmetric
backgroundgm, = émy = dms = 0, this is achieved by replaciniy, by the ‘Dashen’ scheme
mass|[6]

oug = [1+ (/")) ] Spq. (12)

Substituting[(IR) into[(3), and absorbiaf into M3 andyf™ into «, we obtain in the ‘Dashen’
scheme

M%(ab) = M3 + @ (65 + oup) + S5 (ea — &)?
+Y5M (€2 — @) (61S + o) + ¥5M (€2 — €0) (61l — o) -

Note that since we choose the neutral pseudoscalar mesbasedhe same mags;"' = 0 by
definition. We define the critical poinkg for each flavor, to be the point where the masses of
the neutral pseudoscalar mesons vanish. It is then eagitytbat the ‘Dashen’ scheme quark
masses are all equal at the symmetric pqi@t,:_MS/Za, g = u,d, sandn, see|[6] for further
details. It follows that the total electromagnetic conitibns to the neutral pseudoscalar meson
massesM,o and Myo, are zero. In Figl]l3 we show the neutral meson mast&sa) against

(13)
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Figure 4: The chargey = +1 (p andX™) baryon masseM?(aab) on the 48 x 96 lattice as a
function of 5. + oup. Solid (open) symbols refer to unitary (PQ) masses.

oul. It is striking to see that the data fall perfectly on a sthaiine, which strongly supports
our group-theoretical classification of SU(3) flavor symimddireaking as well as octet (Gell-
Mann-Okubo) type mass splittin@(eeyv €2 a) corrections would result in deviations from the
straight line proportional te?, for which we see no evidence. To be consistent, we also expan
the baryon masses in terms of the ‘Dashen’ masses,

M?(aab) = M§ + a1 (20u5 + ) + a2 (63 — Spap)
+ BTV (265 + &) + 5" (e — @)% + 5" (€2 - ).

In Fig.[4 we show the chargs = +1 baryon massell?(aab) against 3u> + ouD. Again, the
data fall perfectly on a straight line, in accord with our 8aexpansions.

For the total contribution of QCB QED it does not matter which scheme we use to define
the quark masses, but for the individual contributions o3 d QED it will make a dference.
The fits of [IB8) and{14) to the lattice data are quite robtging y?/dof = 0.7 — 1.2. To obtain
physical numbers, we extrapolate the oéentsp™ andy™ to agy = 1/137 by scaling them
with a factor~ 10/137. In our extrapolation to the physical point we keep tha sfithe quark
masses constant. We choddé andMZ, — Mz, + MZ, — M2, to determine the physicalvalues.

In Fig.[3 we show the result of the fit to the meson and baryorsesasn the 48x 96 lattice.

We obtainX?/X2 = 0.128(3), which is to be compared with the physical valu#26. This tells

us that we have hit the symmetric point with remarkable gienl UsingX, to set the scale, the
lattice spacing turns out to kae= 0.068(2) fm. The figure also indicates that the baryon masses
extrapolate nicely to their experimental values, leavitilglroom for quadratic terms. Similarly
good results are found on the®R 64 lattice. Having found the values of the physical point
and the point where the ‘Dashen’ scheme masses vanish ftilcalgroint), we can determine the
quark masses. For the quark mass ratios we find on the 88 lattice in the ‘Dashen’ scheme

m _ Ms _
= 0.52(2), ~ 19.7(9). (15)

(14)

In [6] we have shown how to switch between the ‘Dashen’ Bi®Ischemes. Applying this, we
find the ratiom,/my in theMS scheme gt? = 4 Ge\? decreases by less than a percent, whereas

8



2
T

Bs/

N/ X%

20.008 -0.006 -0.004 -0.002  0.000  0.002
(Optu + 1) /2

Figure 5: Fan plots of pseudoscalar meson (top) and bary@sesgbottom) on the 3& 96
lattice as a function oduy + Sug, With duy + dug + dus = 0. The baryon masses are the averages
of the isospin doublets.

ms/My remains a renormalization group invariant, even in thegares of QED. Hence Ed. (lL5)
represents our results in thS scheme at? = 4 Ge\~.

In this Letter we are primarily interested in the isospiritipgs of pseudoscalar meson and
octet baryon masses. To get to our final numbers, we need tectdor finite size fects first.
From QED we expect power-law corrections, due to the photngomassless, in addition to
exponential corrections from QCD. We correct for QCD finiteesdtects by using the results
of [14,[15], adapted to three flavors of PQ quarks. In caseehtitleon the corrections amount
to approximately 1% on the 48 96 lattice and to 5% on the 3264 lattice. Having successfully
removed the zero modes, we can correct for the remaining QEbte by employing the mass
shift formulae of &ective field theory (EFT)[13]. We test this in Fig. 6, where s@mpare

(Mp - Mn)QED [MeV]

1+ Oa .
0 | | ! | ! | ! | !
0 0.01 0.02 0.03 0.04 0.05
a/L

Figure 6: The QED contribution to the— n mass splitting on the 32 64 and 48 x 96 lattices
compared with the prediction df [13].
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Figure 7. Mass splittings of pseudoscalar meson (top) angbbanasses (bottom) as a function
of the spatial size of the lattice. The numbers on the largalsime have been extrapolated to
infinite volume using[13].

the QED contribution to the — n mass splitting, ¥, — Mn)oep, With the prediction of([13] on
our two largest volumes. We find good agreement between theadd the analytic expression,
indicating that QED finite sizefiects are well accounted for by EFT. In Hg. 7 we present our
QCD + QED results for the isospin splittings of mesons and bargsres function of lattice size.
The curves represent the predictions[ofl [13]. They have beanwn through the points on the
48° x 96 lattice. We find good agreement between the curves andaitispn the two largest
lattices, while the data on the 24 48 lattice (withL ~ 1.6 fm) appear to lie outside the range of
validity of the expansion. We consider the extrapolatiothef48 x 96 lattice points t@/L = 0
by [13] our best estimate of the infinite volume result. We pane this result with a fit to the
points on the two largest lattices. Thedfdrences are taken as an estimate of systematic error.
In Table[1 we list our final results for the mass splittingstia infinite volume, for the total and
the QED contribution separately. Following [6], we find thE@contributions in the ‘Dashen’
scheme and th#S scheme at® = 4 Ge\? to differ by less than a percent. As a result, the
QED contributions in Tablgl1 also represent our resultsé@MB scheme gt = 4 Ge\2. The
traditional way of expressing the electromagnetic contitins is throught, = M2, — Mﬁo and
the e parameter,

(MZ: — MZo)oep — M2 + M2, = €4, (16)

On the 48 x 96 lattice we findk = 0.49(5), which translated tMS gives [6]
€ = 0.50(6). (17)

This result is well within the range quoted by FLAG [17], atbeith significantly reduced
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AM QCD + QED QED QCD [16] | Experiment
M.+ — Mo 4.60(20) 4.59
Mgo — Mg+ | 4.09(10) —-1.66(6) 393

M,-M, | 1.35(18)(8) | —2.20(28)(10)| 3.51(31) 1.30
Ms- — Mg+ | 7.60(73)(8) | —0.63(8)(6) 9.07(47) 8.08
= — Mz | 6.10(55)(45)| 1.26(16)(13)| 5.58(31) 6.85

Table 1: Mass splittings in the infinite volume, in units of Wi he first error is the statistical
error from the extrapolation of the points on the®4896 lattice. The second error (if any)
is a systematic error estimated from the fit to both th& 486 and 32 x 64 volumes. The

QCD + QED and QED results are compared with previous results frora CD [16] and the

experimental numbers.

uncertainty. We now can compare the baryon mass splittihdgsocalculation with our recent
results from pure QCD_[16]. The QCD numbers are quoted in oot column of Tabl€]l.
They have been brought in line with our new valueeofl4). Both sets of results are found
to be largely consistent. It is worth emphasizing that theDQEhd pure QCD contributions
to the nucleon mass splitting sum up nicely to the total QEQED contribution, which is
encouraging. Finally, in the last column of Table 1 we qubt éxperimental mass splittings.
We observe good agreement for both octet pseudoscalar smasdnoctet baryons. Since we
have not yet computed the QCD contribution to #femass fromr°—; mixing, arising from
guark-line disconnected diagrams, we only quote the QEDribation to theM,: — M0 mass
difference. It is worth noting that phenomenological estimfatethe disconnected contribution
are of the order of 0.1 MeV[18], which is within the precisimiour present calculation. Figure 8
summarizes our results.

Both the total QCD+ QED mass splittings as well as the QED contributions satiséy
Coleman-Glashow relation [19] by construction. So do theeeixnental values, which once
again supports our group-theoretical approach and triomcgf4). The QED contribution to

8 ? |
Z o ¢ |
2 L i
s 4 . 1
=7

2 L i

| ——

0 =

T K N b =

Figure 8: Mass splittings/M of octet pseudoscalar meson and baryon masses compared to

experiment.
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Figure 9: The allowed ratio of quark massagmy for a range of againstgy. The solid circle is
our result in theviS scheme. The region of no fusion is to the left, the regioenefall hydrogen
is converted to helium stars is to the right.

then — p mass splitting in the ‘Dashen’ adS schemes turns out to be somewhat larger (in
absolute terms) than the numbers derived from the Cottimglamula [20]. It should be noted
though that the individual estimates [20] cover a wide raofjgealues. To accommodate the
lower numbers from the Cottingham formula, the result ofep@CD [16] (fourth column of
Table[1) would have to be smaller by a factor up to two as wellr QED result is also larger
than the recently reported lattice numberlih [3]. In our @aph the QED and QCD separation
is defined within the meson sector. In contrast, [3] choseQE® part of theX* — X~ mass
difference to be zero, for which we identify a clear nonzero s$igfihis would be the case
if (2/3)BT™ + g5M + (1/3)B5M = 0 in our mass expansiofi{14). A fit to our data with this
constraint givesN, — My)oep = —1.71(28)(10) MeV in the ‘Dashen’ scheme. While this result
is largely compatible with the analysis of Walker-Loud, Ban and Miller [20], M, —Mp)oep =
—1.30(50) MeV, itillustrates quite clearly that the QED partloén— p mass diference depends
sensitively on how electromagnetic and strong contrilmgiare separated. While our results do
not support higher order terms in the quark mass expangiomy be possible that one source
of the discrepancy could be related to nonlinearities irctiieal behavior of the electromagnetic
self energy([211] that are not being captured by the Tayloaasn.

As discussed in the introduction, the existence of the Us&as we know it is highly sensi-
tive to the magnitude of the — p mass diference. Having an analytic expression for the mass
of neutron and proton, EJ._(IL4), we can express the allongidmen terms of the fundamental
parametersn,, my and agy, as shown in Fig]9. Not shown are the boundsegp from the
stability of atoms[[22]. It turns out that botly and the ratio of light quark masses,/my
are finely tuned. At the physical fine structure constant #tie iis restricted to a narrow region
aroundm,/my = 0.5.
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4 Conclusion and outlook

We have outlined a program to systematically investigatdltivor structure of hadrons in a full
QCD + QED lattice simulation. By treating the valence quark massifferently to those in
the sea allows for a range of valence quark masses and chiargeexplored and significantly
enhances our ability to accurately constrain the fit pararseéh our flavor-breaking expansions.
As aresult, we have successfully computed the isospirtisgktof pseudoscalar meson and octet
baryon masses. By using our recently introduced ‘Dashdrérse as an intermediate step [6],
we are able to quote the first lattice results for the QED doution to then — p mass splitting

in theMS scheme.

The calculations have been done at lattice spaeing 0.068 fm. At this lattice spacing
discretization errors are expected to be less than[2% [1Richware well below our present
statistical and systematic errors. To reduce the errorsgam full control over the infinite
volume extrapolation, simulations on%# 128 lattices and larger will have to be done. To
further constrain our fits, and test for potential, effects, we have started dynamical- 1 + 1
flavor simulations along them = const line, withém, # dmy # dms # 0 and sea quark masses
approaching the physical point. Finally, future simulasawill also naturally be required on
lattices with diferent lattice spacings to allow for a continuum extrapofati
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