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1. Introduction

One of the most profound open questions in particle physi¢e understand the pattern of
flavor symmetry breaking and mixing, and the origin of CP afi@n. In [1] we have outlined a
program to systematically investigate the pattern of flaayanmetry breaking. The program has
been successfully applied to meson and baryon massesimyalp (), down @) and strangesdj
quarks.

A distinctive feature of our simulations is the way we tune light and strange quark masses.
We have our best theoretical understanding when all thraekdiavors have the same mass, be-
cause we can use the full power of flavor @YU Starting from the S(B) symmetric point, our
strategy is to keep the singlet quark mass- (m, + my + ms) /3 fixed at its physical value, while
omyg = mg—m, g = u,d,sis varied. As we move from the symmetric poing = mq = ms (where
the pion mass is- 411 MeV) to the physical point along the patih= constant the s quark be-
comes heavier, while the andd quarks become lighter. These two effects tend to cancelyin an
flavor singlet quantity. To leading order, the cancellati®xact at the symmetric point, and we
have found that it remains good down to the lightest pointhiaee simulated so faf][1].

In order to compute physical observables to high precisibrg important to include and
control contributions from QED. Recent lattice investigas of electromagnetic (EM) corrections
to hadron observables have been performed on pure QCD lmagidyconfigurations[]2], while
a simulation with dynamical photons, including meson-phatixing effects, is still missing. In
this project we will extend our previous simulations of 2 flavor QCD with SLINC fermions to
a fully dynamical simulation of & 1+ 1 flavor QCD + QED.

2. QCD + QED pseudoscalar meson mass formulae

In pure QCD [lL] our strategy was to start from a point with hliee sea quark masses equal,
my, = My = ms, and extrapolate towards the physical point by keeping tkeeage sea quark mass
m= (m,+ my + ms)/3 constant. For this trajectory to reach the physical poiatstart at a point
m = mg, whereM,; = Mg with 2M§ + M,ZT equal to its physical value. Thath4é,; = Mx =413 MeV.
We call this point the physical SU(3) symmetric point. We aterthe distance frommy by dmg =
Mg — Mo, g = u,d,s. This forms a plane, as we have the constramg, + dmg +dms = 0. The bare
guark masses are defined by

1 1 1 1
arrb:Z—KO—Z—KC, anhzz—Kq—z—Kc, (2.1)
where kg gives the quark mass at the physical SU(3) symmetric poird, véhere vanishing of
all quark masses along the ling = Kq = Ks determinesk.. The quark massesy, are subject
to additive and multiplicative renormalization, while treference pointng gets multiplicatively
renormalized only[]1].
In this presentation we shall concentrate on the pseudosoason octet. The expansion

aroundmg = my, valid for the outer ring of the pseudoscalar octet, was dicrbe [1]

M?(ab) = M§ + a (8ma + Smp)

+ Bog (3G + S1MG + SME) + B1(ONM + SM) + B2(dMy — 6My)? (2.2)
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for arbitrary quarksy = a, b, with a and 3y, B1, B> being the LO and NLO expansion coefficients,
respectively.

It is useful, in many respects, to vary valence and sea quasses independently. This
is referred to as partial quenching (PQ). In this case theggagk masses remain constrained by
m= constanf while the valence quark mass&s d, [s are unconstrained. Definirliug = tg—m,
we obtain the PQ mass formula

M2(ab) = M3+ a (S a+ S i)
+ Bok (BME + NG + SME) + Bu(SHZ + SHE) + Bo(Sa — Sphy)?

When g — my, this result reduces to the previous res[ilt](2.2). The coeffis that appear in the
expansion about the flavor symmetric pojnt}2.2) and in thec®@ [(2]3) are the same. Hence this
offers a computationally cheaper way of obtaining them.

The symmetry of the electromagnetic current is similar ® sgmmetry of the quark mass
matrix. The simplifications that come from the constrain, + dmy + dms = 0 in the mass case
are similar to the simplifications we get from the idensty+ eq + es = 0. One difference between
guark mass and electromagnetic expansions is that in the exgsnsion we can have both odd
and even powers a¥mg, whereas we are only allowed even powers of the quark chavjesan
therefore read off the leading QED corrections frdin [1],miog the linear terms and changing
masses to charges. For the outer mesons, and also for tielpamenchedgg mesons with all
annihilation diagrams turned off, we find

(2.3)

M?(ab) = M§ + a (S pia+ Opn)
+ Bod (O + SMG + 8E) + Bu(OZ + SHE) + Bo(Sha — Shp)°
+ B (€ + €4+ €) + B (€5 + €) + BE ' (€a — €)? (2.4)
+ Y5 (€h0My + oMy + EE3Mms) + i (€50 Ha + 5O )
+ V5™ (€2 — )?(Oia+ Opp) + V5 (€5 — &) (Shta — Shy) -
The coefficients in[(2]4) can be matched up with differenssés of Feynman diagrams shown
in Fig. 1. The first diagram, with both ends of the photon d¢atcto the same valence quark,

contributes to BEM + BEM) as well ag(yFM + yEM + yEM). The second diagram, with the photon
crossing between the valence lines, only contribute88 and y£M. The last diagram, with the
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Figure 1: Examples of Feynman diagrams contributing to the mesortrefeagnetic mass to orde.
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photon being attached to the sea quarks, is an example ofjediecontributing tg3EM and y5M.
It would be missed out if the electromagnetic field was queddhstead of dynamical.

Except for By, BEM and y§M, all coefficients can be determined by PQ simulations at our
expansion point. The terB§™ (€7 + €5 + €) can be absorbed intdl3. The coefficients3y and
yeM require simulations with unequal sea quark masses. Marlyedferms in[(2]4) cancel in the
combination

M?(ab) — [M?(ad) -+ M2(bb)] /2 = Ba(Stta — S1b) + B (€a — &)?

(2.5)
+ V5" (€2 — €)*(Oia+ Opho) + V5" (€5 — &) (Skta — Skio)
that will be important in our later discussions.
3. Lattice setup
The action we are using is
S=S+S+E+E+S. (3.1)

Here&s is the tree-level Symanzik improved SU(3) gauge action, &nid the noncompact U(1)
gauge action[[3] of the photon,

=§§ > (A () + Ay (X4 1) — Ay (X+ V) — Ay(x))?. (3.2)
X, U<V

The fermion action for each flavor is

§::z{%zmuxw—n€%%wkumu+m—mwmﬁ4w%Mwnu_gmu_m]
X m

+2—iqC1(X)Q(x) = %CSW;Q(X)UHVFHV(X)Q(X)} . (33
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Figure 2: The average plaquette f@ = 5.50 andk, = kq = Ks = 0.12090 on the 2%x 48 lattice for
€ = 1.25 (bottom red line) ané® = 0 (top gray line) as a function of trajectory number.
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whereUu is a single iterated mild stout smeared lifk [1]. The cloveefticient csw has been
computed nonperturbatively][4]. The quark chargesegre 2/3 andeq = es = —1/3 (in units of
€). We presently neglect EM modifications to the clover terrhisTwill leave us with corrections
of O(€?a), which are presumably smaller than #éa?) corrections from QCD.

Upon integrating out the Grassmann variables in the pamtiiinction, and rewriting the re-
sultant determinant using pseudofermions, the effectitierareads (generically)

SU.A {0, 0}] = SelU] + SUA + ¢l [ 4 (ko) ()] 2
+ @ [ (k) (ka)] 2 qu+ @ [ (ks) L (Ks)] 2 s,

where./ is the fermion matrix. We deal with the square root#4f.# by rewriting it as a rational
function

(3.4)

N
_ ak
XY= ag+ 3.5

0 |<Z1X+Bk (3.5)

and employ the Rational Hybrid Monte Carlo (RHMC) algorittif). At the symmetric point,
Ku = Kg = Ks, this reduces to 2 1 quark species. Then the Hybrid Monte Carlo (HMC) algorithm
can be used for thd ands quarks, while the RHMC algorithm is used for thequark. Away
from the symmetric point we would not expect to run into a gigoblem as we will always keep
my ~ y.

4. Preliminary results and discussion

Our first dynamical QCD + QED simulation was done on thé 248 lattice at8 = 5.50 and
Ky = Kq = Ks = 0.12090. That is at the flavor symmetric podn, = dmy = dms = 0. We chose
e? = 1.25. In Fig.[2 we compare the average plaguette with and wittigaamical photons. The
difference is significant. Our strategy is to simulate at ificially large couplingagmw ~ 1/10,
and then interpolate between this point and pure QCD to tsipdl couplingagy = 1/137.

As a first application we have looked at the EM mass shifts afkjand pseudoscalar meson
masses. In Fid] 3 we show PQ masab¥qq) for gq = uu, dd_(: ss) and a fictitious electrically
neutral quarkn, gq = nn, as a function of the PQ hopping parametgg. The first point to notice is
that the mesons have become much heavier, especialiyth®e attribute this mostly to a shift in
K¢ for the quarks, due to their electromagnetic self-intéoactwhich amounts to an additive quark
mass renormalization. We would obviously expect this to bigger effect for theu than for thed
or squark, as observed. At the flavor symmetric pokgig = 0.1209, we find

aM(nn) = 0.460630), aM(dd)=0.565516), @.1)
aM(ud_) =0.731Q15), aM(uu)=0.828311). '
This is to be compared with the corresponding mass of pure G@OD= 0.17796) [[[. We
estimate the lattice spacirsgo bex 10% smaller than in pure QCD, using the vector meson mass
for determining the change in scale.
A reasonable definition of the additive quark mass renomattin for each flavor is

1 1
Aanmy = —

- 4.2
2K 2Kpg' (42)
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Figure 3: Partially quenched QCD + QED pseudoscalar meson maddégq) for gq = uu, dd andnin
against Jkpq. Also shown are the PQ masses from pure QCD, as giveﬂw in [6].

wherek. = 0.121252 is the critical hopping parameter of QCD, and the Ritigarhopping pa-
rameterk p, can be read off from Fid] 3. We find

Aam, = 0.036€?, Aamy = Aam, = 0.056€%, Aam, = 0.122¢. (4.3)

This is to be compared with the quark mass of pure QCD at therflesgmmetric pointam, =
amy = ams = 0.012. Note thatam, —am,) : (amy —any,) = 4: 1, as expected.

Our present fits give?B§™ = 1.20€? anda?BEM = 0.44€?, assuming a linear dependence on
€?. Both BEM and BEM come almost entirely from the shifts k. From PCAC and the leading
flavor expansion we expect thit?(ud) — [M?(ud) +M?2(dd] /2 = 0. Violations of this relation
cannot be present at leading order in the quark mass. In ¢artii@B™ and BEM terms cancel,

and the only term which contributes at the expansion pdjnt= g = dus = 0 is £,

M?(ud) — [M?(ul) +M?3(dd] /2= B5™, (4.4)

corresponding to the middle diagram in Hijy. 1. From our fitsolveaina? 5™ = 4-0.025¢7.

In order to understand the sign ﬁf'\", we note that opposite charges attract and like charges
repel. As aresult, we would expect EM effects to raise thesrnggor example, thed_(rﬁ) meson
relative to theu'anddd mesons. That is exactly what we find, which is mirrored in atp@ssign
of BEM. We should, however, be aware that this result might be ctintted by QCD and heavy
quark effects.

Besides the mass splittings of mesons and baryons, we arested in the masses ofd
ands quarks. A point to make is that the renormalization factoilt mow depend on both the
QCD and the QED coupling, and thequark will have a different renormalization factor and
anomalous dimension from the other two quarks. This meatdhk ratiomy/m, now depends on
renormalization scheme and scale. Likewise, isospinatilng mass splittings, such &, — M,
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are scheme independent, but the question of how much of thtingpis due to the quark mass
differences, and how much is due to EM effects, becomes digm¢ion scheme and scale.

5. Outlook

In pure QCD we can impose perfect SU(3) symmetry by makinghatle k values equal.
With QED present, there is no way to have perfect SU(3) symymath physical charge ratios. A
physically reasonable definition is to look for a line, whéte neutral pseudoscalar masMa(s;d_),
M(dS) as well as the PQ flavor diagonal masb&ail), M(dd), M(ss) (with annihilation diagrams
turned off) andM (nn) are equal. We are currently using PQ calculations to lodageline. The
line will have kg = Ks # Ky.

This symmetric line will end at a point, where all neutral pdescalar mesons are massless.
We define this to be the chiral point. It is the point, whereoall quark masses are zero. In the case
of thed andu quarks this is the correct definition. Even with QED presesmthave a chiral SU(2)
symmetry connectingl ands quarks. So, if both quarks are massless, there will be a gssss|
Goldstone boson from the spontaneous symmetry breakinthoddh the neutral pseudoscalar
mesons will be massless at the chiral point, the chargedmsesm have a mass from EM effects.
Furthermore, the charged axial vector currents are no tocgeserved after QED is added to the
action. Hence, there is no Goldstone boson for the chargattpscalar sector.

To summarize, our strategy is to compute hadron observabidis in QCD (which we have
done already) and in QCD + QED with, the average sea quark mass, to be the same (or nearly
the same) in both simulations. This we achieve by simulagingoints, where the QCD + QED
pseudoscalar mesons have (approximately) the same massttas pure QCD simulation. To
obtain statistically significant results, the calculasiaare performed at a suitable valueedf We
then may interpolate the numbersagy = 1/137, knowing the results a = 0.
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