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1. Introduction

Mixed actionapproaches, where valence and sea fermion actions arenctifezently, are
used frequently in lattice QCD. They possess a nhumber ofiitapbadvantages compared to the so
calledunitary case, where valence and sea quark actions are identicahrtioysar, it is possible
to use a valence action obeying more symmetries than thectea & cases where the valence
action cannot be used in the sea for theoretical reasonsaube of too high computational costs.
One can even go one step further and try to correct for smalhaiches in bare parameters in the
sea simulation by using a partially quenched mixed actiqonagzTh.

Of course, a mixed action approach has also disadvantagss pnominently the breaking of
unitarity, which might for instance drive certain correlia negative. Also, it is not clear a priori
how big lattice artifacts one encounters in mixed formolasi

In this proceeding contribution we will present results omiaed action approach with so
called Osterwalder-Seiler [1] valence quarks o= 2+ 1+ 1 flavour Wilson twisted mass
sea [2] and compare to unitary results [3, 4, 5]. This paicaction combination has the advan-
tage that the flavour symmetry breaking present in the seaulation is avoided in the valence
formulation. Moreover, the matching of valence and seeoastis particularly simple [1]. As
physical example we study thgpandn’ system. The corresponding correlation functions obtain
significant contributions from disconnected diagrams awed therefore, uniquely sensitive to dif-
ferences in between valence and sea formulatiolge study the continuum limit with different
matching conditions and find remarkably good agreemengtaititary case. First accounts of this
work can be found in Ref. [8].

2. Lattice actions

The results we will present in this proceeding are obtainedvaluating gauge configuration
provided by the European Twisted Mass Collaboration (ETFAC10, 11]. We use the ensembles
specified in table 1 adopting the notation from Ref. [9]. Mdetails can be found in this reference.
All errors are computed using a blocked bootstrap procettuagcount for autocorrelation.

The sea quark formulation is the Wilson twisted mass fortiaravith Ny =2+ 1+ 1 dynam-
ical quark flavours. The Dirac operator foandd quarks reads [2]

Dy = Dw + Mo+ it ysT3, (2.1)

whereDy denotes the standard Wilson operator agmthe bare light twisted mass parameter. For
the heavy doublet of ands quarks [12] the Dirac operator is given by

Dh = Dw + Mo+ it T + 5T, (2.2)

with T' representing the Pauli matrices in flavour space. We renftkthe twisted term intro-
duces flavour mixing between strange and charm quarks tledsrte be taken into account in the
analysis.

INote that this was also discussed in the context of the wgladithe fourth root trick in staggered simulations, see
Refs. [6, 7] and references therein.
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The bare Wilson quark masgy has been tuned to its critical valum.i; [13, 9] to achieve
automatic order’ (a) improvement [14], which is one of the main advantages offtiisiulation.
In the valence sector we employ the Osterwalder-Seiler @&on [1]. Formally, we intro-
duce a twisted doublet both for valence strange and charmkg (g, 15]. The Dirac operator for a
single quark flavoug € {s,c}
Dq,q/ = Dw + Mgrit = quVS (2-3)

is formally identical to the one in the light sector Eq. 2.1av@urq (q') will come with+pig (— Lg)-
We denote the strange (charm) quark mass witluc). In Ref. [1] it was shown that automatic
O'(a)-improvement stays valid and unitarity is restored in theticmum limit.

For matching the strange quark mass we employ two procedia®sd on meson masses.
In previous studies it was found that matching kaon masskessin the sense that the residual
lattice artifacts in the results computed in a mixed framdgware small [16]. The corresponding
interpolating operator in the OS framework reads

O+ = Psiys Yy (2.4)

Note that we rely to the so called physical basis throughtuistgroceeding contribution [17]. For
details on how to compute the kaon mass in the unitary casesfigeto Ref. [10]. As a second
matching observable we use the mbg of the so-called)s meson — a pion made out of strange
quarks which does not exist in naturll,, can be obtained from the connected only correlation
function of the OS interpolating operator

1 . — .
ﬁns:ﬁ(%% s+ s iys Yg ). (2.5)

In both cases we tune the valueapf; such that the kaomg) masses agree within error in between
the mixed and the unitary formulation. In order to compute timatching values fopis we per-
formed inversions in a range efis values around a first guess obtained froga= Uy — Zp/Zsls,
computedVik+ andMy,, and interpolated to the matching point where needed. Theting values
for aus for the two matching observables and all ensembles can Ipel fioutable 1.

The value of the charm quark mass turns out to be not very ir@pbfor our investigation,
because the charm does not contribute significantlly tmd n’ mesons. Therefore, we use the
following relations for the bare twisted quark mass paramnscto obtain

Pe = Mo + Zp/Zs s (2.6)

The value for the ratio of renormalisation constants canobed in Ref. [18]. The actual values
for u; can again be found in table 1.

3. Pseudoscalar flavour-singlet mesons

In order to extract) andn’ states we compute the Euclidean correlation functions

C()gq = (Ot +1)0q(t)), a.d € {usc}, (3.1)
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ensemble B awy  aus,  ays | auX  apd auc  L/a Neons

A60.24 190 00060 0150 Q190 | 0.0232 00138 02768 24 1177
B55.32 195 00055 0135 Q170 | 0.0186 00110 02514 32 1964
D4532sc 2.10 00045 00937 01077 0.0149 00118 01720 32 885

Table 1: The ensembles used in this investigation. For the labeliagemploy the notation of ref. [9].
Additionally, we give the number of the configuratid¥gns which were used to compute correlators in light
and strange quark sector, the mass of the OS valence straagerg for M+ andM,, matching and the
OS valence charm quark mass

with operatorsdy = (qiysq+ qiysq)/v/2, with g € {u,s,c} and identifyingu’ = d, again relying

to the physical basis. The generalised eigenvalue prokdesolved [19, 20, 21] for determining
M, andM,,.. Correlation functions are made of quark connected diagrama disconnected quark
loops. The quark connected pieces have been calculatethevigot called “one-end-trick” [22]
using stochastic timeslice sources and for the discondeliégirams we resort to stochastic volume
sources with complex Gaussian noise.

In the twisted mass formulation a very powerful varianceustidn method is available for
estimating the disconnected loQpiysu + di yd')/v/2, see Ref. [23]. In the OS case this variance
reduction also applies to strange and charm disconnectgab If8]. Double counting of loops
stemming from this approach needs to be taken into accoucwimpinatorial factors.

Finally, we can define mixing angleg, ¢ in the quark flavour basis using the pseudoscalar
matrix elements, see Ref. [3]. From chiral perturbatiorotiieeombined with largélc arguments
@ — @|/|@ + @ < 1 can be inferred according to Refs. [24, 25, 26, 27] whichoisficmed by
lattice QCD [4]. Therefore, we will consider only the avezagixing angle

tarf @ = A Asn (3.2)

AnAsy’
where theAq, = (0|giysq|n) are pseudoscalar matrix elements determined from the \agtns
withne {n, n'} andq € {l, s}.

Excited State Removal

To improve then’ (andn) mass determinations, we use a method first proposed in B&3f. [
successfully applied for the, (then’ in N¢ = 2 flavour QCD) in Ref. [23] and very recently to the
Nt =241+ 1 case in Ref. [4]. It grounds on the assumption that disoctedecontributions are
significant only for they andn’ state, but negligible for higher excited states. The methealves
to subtract excited states from the connected correlatdys dhe subtracted connected and full
disconnected are combined# which is then used in the analysis. We refer to the discnsgsio
Ref. [5, 4] for more detalils.

4. Results

In order to compare the mixed case with the unitary case wenthé two actions as detailed
in the previous sections using either the kaon onthmass. Next we compul‘fzzl,?S at this match-

4
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Figure 1: (a) We showAMj, for three ensembles (D45.32sc, B55.32, A60.24) as a fumcfithe squared
lattice spacing. Leftmost points correspond to linear icnntm extrapolations indicated by the lines. (b) the
same as (a) but for theg’ state, for which we additionally show constant extrapolagi

ing points and the difference to the corresponding unitaagses\M,,. At fixed values ofroM;
androMg — which is approximately the case for the ensembles D45, BE5®0,roAM;, should
go to zero in the continuum limit with a rate 6f(a®). We do not expect the small differences in
roMg in between the different lattice spacing values to influemweresults much, because unitary
and OS data are affected likewise.

roAM,, is shown in the left panel of figure 1 as a functioraéfrg. For both matching observ-
ables we observe a linear dependence?jfr3. A corresponding continuum extrapolationafy'r3
leads to the expected vanishing of this differenca at0. Kaon matching clearly exhibits larger
differences, whilg)s matching givesoAM,, compatible with zero for each value of the lattice spac-
ing separately. This indicates smalérartifacts forns matching because the unitary masses show
constant scaling ia? [3]. roMp is shown in figure 1(b), which is in most cases compatible with
zero even at finite lattice spacing. In the left panel of figoivee showAg, again for both matching
procedures, with the same conclusion.

As discussed in the introduction, one can correct for smahmatches in the bare simulation
parameters used for the sea action by going slightly pbrtiplenched in the valence sector. In
order to test also this approach, we have tuned the respegtiwalues for the ensembles D45,
B55 and A60 such that all ensembles yield the same valuegviif = 1.341 orroM;,, = 1.571 .

Atthese matching points we again comphtg. In the right panel of figure 2 we shawM,, as
a function ofaz/r(z) for both matching conditions.We observe that, within statal uncertainties,
both matching procedures lead to the same continuum results

A direct comparison to the unitary case is possible by alsoecting the unitary values of
M, for the small mismatch in the bare strange quark mass valligs.is possible by measuring
dM32 /dMZ and use it to shift alM,, values to the same value ofMk = 1.341 [3]. The result is
again shown in the right panel of figure 2. The correspondorgicuum extrapolation is linear in
a2/r3 and also compatible to both OS continuum points within etror
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Figure 2: (a) We showAg for three ensembles (D45.32sc, B55.32, A60.24) as a fumctidhe squared
lattice spacing. Leftmost points correspond to linear icnnim extrapolations indicated by the lines. (b)
roM, as a function ofa/rq)? for the three ensembles. Different symbols correspond 68 results with
different matching conditions and to the unitary resultfie Teftmost points represent the corresponding
continuum extrapolated values.

5. Conclusions and Outlook

We tested a mixed action approach with Osterwalder-Sedlenee quarks on a Wilson twisted
mass sea for thg andn’ system. We expect this system to be most sensitive to diffedence
and sea discretisation due to significant disconnectedibations in the correlation functions.

We employed two different conditions to match valence ardasgions, using the kaon mass
and thens meson mass. For both matching procedures we observe agregnibe continuum
limit, and in particular also with the unitary results. Mover, we have also corrected for small
mismatches in the bare strange quark mass value used inuge ganfiguration generation, lead-
ing to a partially quenched mixed action approach. Also is tase we found within errors identi-
cal continuum extrapolated values fdy, and the mixing angle for both matching procedures.

By correcting also the unitary values g, we found agreement to the OS results. Therefore,
we conclude that the mixed action approach can be used iretivaig case of thg andn’ meson,
at least to the precision that we could achieve here.

We thank all members of ETMC for the most enjoyable collatbona The computer time
for this project was made available to us by the John von Neurhastitute for Computing (NIC)
on the JUDGE and Jugene systems. In particular we thank We&B3ner for granting us access
on JUDGE. This project was funded by the DFG as a project irStiB/TR 16. K.O. and C.U.
were supported by the BCGS of Physics and Astronomie. Tha eparce software packages
tmLQCD [29] and R [30] have been used.
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