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The chiral Lagrangian describing the low-energy behavior of Ny =2 + 1 + 1 twisted mass lattice QCD
is constructed through O(a?). In contrast to existing results the effects of a heavy charm quark are
consistently removed. This Lagrangian is used to compute the pion and kaon masses to one loop in a regime
where the pion mass splitting is large and taken as a leading order effect. In comparison with continuum
chiral perturbation theory additional chiral logarithms are present in the results. In particular, chiral
logarithms involving the neutral pion mass appear. These predict rather large finite volume corrections in
the kaon mass which roughly account for the finite volume effects observed in lattice data.
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I. INTRODUCTION

Lattice simulations with twisted mass (tm) Wilson
fermions [1] exhibit various attractive advantages, the most
prominent one being automatic O(a) improvement at
maximal twist [2]. The European twisted mass collabora-
tion (ETMC) has been performing such simulations for a
number of years, both with 2 and 2+ 14 1 dynamical
quark flavors.! A major disadvantage of twisted mass terms
is the explicit breaking of the flavor and parity symmetries,
which results in a mass splitting between the charged and
neutral pion masses.

This splitting is a lattice artifact; hence it vanishes in
the continuum limit and is not a fundamental concern.
However, a significant pion mass splitting entangles the
chiral and continuum extrapolation and might lead to non-
negligible systematic uncertainties in taking these limits.
Indeed, the splitting is rather large in practice at the lattice
spacings simulated. In particular the Ny =2 + 1 + 1 sim-
ulations show a large pion mass splitting. Table I of Ref. [4]
displays the neutral and charged pion masses for seventeen
ensembles generated by the ETMC. In seven ensembles the
neutral pion mass is less or about equal to 60% of the charged
pion mass, and in only four ensembles the splitting is less
than 15%. This is a sizable effect, and it is expected to modify
the way the chiral and continuum limit is approached.

The impact of the pion mass splitting can be assessed
using the appropriate chiral effective theory, so-called tm
Wilson Chiral Perturbation Theory (WChPT) [5-8]. In the
ensembles mentioned before the pion mass splitting is a
leading order (LO) effect. The consequences of this power
counting have been worked out in Ref. [9] for the pion
masses and the pion decay constant to one-loop order.
The main difference to the familiar continuum ChPT results

'For a review of these simulations and the obtained results the
reader is referred to Ref. [3]
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is the presence of chiral logarithms involving both the
charged and the neutral pion mass. If the mass splitting is
large the chiral extrapolation is influenced in a nontrivial
(but calculable) way.

A related source of systematic uncertainties is the finite
volume (FV) effects in the simulations. As already pointed
out in Ref. [10] the FV effects are substantially larger if the
neutral pion mass is smaller than the charged one. A widely
used rule of thumb states that FV effects may be ignored
if ML is equal to or greater than 4. Even if this rule is
satisfied by the charged pion mass it may be violated
significantly by the neutral pion mass. Referring again to
Table I of Ref. [4] we find that 14 out of 17 ensembles
satisfy M =L > 3.8, while at the same time only six satisty
M oL > 3.8. Three ensembles even have M oL < 2. Since
the FV effects are dominated by the smallest particle mass
one expects large FV effects, much larger than the estimates
based on the charged pion mass.

With these remarks in mind it is natural to ask how
observables other than the pion mass and decay constant
are affected by a large pion mass splitting. In this paper we
give the answer for the simplest observable involving a
strange quark, the kaon mass.

Naively one may expect the calculation to be a straight-
forward extension of the one for the pions in Ref. [9]. This,
however, is not the case, for the following reason.

Twisted mass fermions always come in pairs. The N, =
2 4 1 + 1 simulations by ETMC involve dynamical strange
and charm quarks, in addition to the light up and down
type quarks. The standard procedure for the construction of
tmWChPT can be applied if both fermions of a pair are
either light or heavy. In the first case both fermion flavors
give rise to pseudo—Goldstone bosons in the chiral effective
theory; in the latter they only contribute to the low-energy
couplings. For the Ny = 2 + 1 + 1 case this means that the
standard procedure to construct tmWChPT treats the D and
D, mesons as pseudo—Goldstone bosons just as the pions
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and kaons. This 4-flavor WChPT has been set up some time
ago [11]. The case of degenerate kaon and D-meson masses
has been studied even earlier [12]. However, the results of
these papers are valid only for unphysically light charm
quarks. They are not applicable to the phenomenologically
interesting case with a physical charm quark mass.

For heavy charm quarks the construction of the chiral
effective theory needs one additional step. The starting
point is the Symanzik effective theory for 2 + 1 4 1 flavor
lattice theory. Before mapping this 4-flavor theory to ChPT
we integrate out charm and construct the effective
Symanzik theory for the three light flavors only. This
3-flavor Symanzik theory involves new effective operators
for the strange quark, generated by the off-diagonal
strange-charm interaction vertices at O(a, a®) present in
the 4-flavor theory. These new interaction terms can then be
mapped to WChPT using the standard spurion analysis.
Depending on the symmetry breaking properties of these
additional terms new spurion fields need to be introduced,
leading to new terms in the chiral effective theory. The
computation of the kaon mass in this effective theory is
then a straightforward extension of the calculation for the
pion masses in Ref. [9].

II. TWISTED MASS WCHPT WITHOUT
A HEAVY CHARM

A. Symanzik effective theory

The starting point of our analysis is the Symanzik
effective action for 4-flavor twisted mass Lattice QCD,

Stym = / dx(cy) +all) a2l + ). (1)

The leading order term Eg” is the continuum 4-flavor QCD
action with the quark mass matrix

M, O
M® = ( : ) 2)
0 M,

where M, are the 2 x 2 matrices
M; = m + ip057s, (3)
M), = m+iu,0,ys + 03, (4)

and ¢¢ denote the usual Pauli matrices.” The parts 6(14),

£§4> capture the cutoff effects of O(a) and O(a?),
respectively [17].

*This mass term corresponds to the so-called perpendicular
choice according to Ref. [13], and it is usually employed by the
ETMC in their numerical simulations [14]. It leads to a real
fermion determinant [15] and has a symmetry that guarantees
degenerate masses for all kaons [16].
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We assume a charm quark mass much heavier than the
up, down and strange quark masses. In that case we can
integrate out the heavy charm and describe the light flavor
physics by an effective 3-flavor theory. In a subsequent
step we will map this effective theory into 3-flavor ChPT,
the low-energy effective theory involving only the degrees
of freedom that are sufficiently light for the chiral
expansion.

It is useful to keep this final goal in mind, since it allows
substantial simplifications in the following. In order to map
into ChPT we are mainly interested in the terms that break
chiral symmetry explicitly. The chiral symmetry breaking
pattern is mapped into ChPT by the standard procedure
called spurion analysis. Nonbreaking terms can be ignored
for our purpose. Moreover, different terms in the Symanzik
effective theory that break chiral symmetry in the same way
are mapped onto the same term in ChPT, so only one
representative spurion field for this particular breaking
pattern is sufficient [18].

It is also useful to keep in mind to which order in
the chiral expansion we want to construct the chiral
Lagrangian. For our purposes it is sufficient to construct,
beside the continuum parts, the terms of O(ap?, am,, a*).
Including the well-known terms of continuum ChPT
through next-to-leading order (NLO) we then have the
complete Lagrangian to NLO in the generically small mass
(GSM) regime [19]. Also for our main goal, the calculation
of the kaon mass to one-loop order in the Aoki or large-
cutoft-effects (LCE) regime [19,20], these terms are suffi-
cient. This implies that we can ignore terms in the
Symanzik effective action that necessarily generate terms
of higher order in the chiral Lagrangian. These include all

terms in 554) with more than one power of the quark masses
m,. Among the terms in £, we need to consider only those
without a mass insertion.

In order to remove charm we first rotate from the twisted
to the physical basis in the strange-charm sector. In this
basis the quark mass matrix assumes the standard diagonal
form with real and positive entries. Performing the standard
field redefinition (“rotation”)

.y,
Yy — €Xp (_176175>Wh»

_ _ .
Yy = YR eXp (—17}1017’5)7 (5)
with
m
cotw;, = —, 6
b (6)

the mass matrix in the heavy sector turns into M, =

diag(m' + 6, m’ — &), where m' = \/m?* + y; denotes the
radial mass. Hence we identify the masses for the physical
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strange and charm quark with m,=m'+5 and
m, = m' — §, respectively.’

In the physical basis the Lagrangian Eg” is flavor
diagonal. Integrating out charm thus simply amounts
to dropping the heavy charm quark part. The quark
mass matrix in the effective 3-flavor theory is the
3 x 3-matrix*

M:(Ml 0). (7)

0 my

In £54> there is only one term to consider [8], the Pauli term

£ = [@(oF)y; + w(oF)y). (8)

Here we introduced the shorthand notation oF = ic,, F,.
Note that we have dropped the unknown coefficient that is
multiplying this term. For our purposes this is sufficient.
Later on when we map to ChPT the coefficients in the
Symanzik effective theory will multiply the low-energy
coefficients (LECs) in the chiral Lagrangian. Since both are
unknown one usually combines them in single unknown
LECs [18].

The Pauli term is flavor diagonal in the twisted basis. In
the physical basis there appear off-diagonal terms between
the physical charm and strange quark fields,

al/_/h (GF)Wh — acCoswy (l/_/.vaFl//s + l/_/caFWc)
—iasinw,(p,0Fysy. + Wy oFysy;),  (9)

where the arrow represents the rotation in (5).

Consider first the term proportional to coswy.
Integrating out charm amounts to dropping the charm field
part. The remaining strange quark contribution can be
combined with the Pauli term for the light flavors and we
obtain a Pauli term contribution in the 3-flavor theory that
can be conveniently written as

aly = wA(cF)y. (10)

Here y = (w;,w,) comprises the light quark field doublet
and the strange quark field, and we introduced

A = a diag(1,1,coswy,). (11)

Thinking of the second term in Eq. (9) as an interaction
vertex, two of them can be combined, leading to a self-
energy diagram with an internal charm quark propagator.
Thus, integrating out charm we are left with a new O(a?)
term involving the strange quark fields only, which is
proportional to a’sin’w,,(cF)*y,. There exists no such

*We follow the conventions of ETMC and assume § < 0.
*For simplicity we drop the superscript in quantities of the
3-flavor theory.
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term involving the light quark fields. Thus, in analogy to
(10) and (11) we can write

a*Ly = wB(aF)y, (12)
where
B = a*sin*w,diag(0,0, 1) = a’sin’w,P,. (13)

For later use we have defined the projector P, =
diag(0,0,1) on the strange quark sector. Note that this
term breaks chiral symmetry like a mass term since (F)?
commutes with ys.

We also need to check the terms in a2£(24) for new
effective operators in the 3-flavor theory. Off-diagonal
strange-charm terms are not our concern since at least
two of those are needed for a diagonal strange-strange term.
Such a term is beyond the order we consider here.

We begin with the 4-quark operators in £(24). The list of
relevant 4-quark operators is given in Ref. [18], Eq. (9), and
we follow the notation of this reference. Consider first the
4-quark term 056) = (pw)? in the 4-flavor theory. Rotating
to the physical basis and dropping the off-diagonal parts

and an irrelevant 4-charm-quark term we find

0% = (pAy)? + 2acos w, (FAY )Ty,
— 2a’SIN’ 0 Y sY W Y5 (14)

where we used A defined in (11). The first term here is the

0;6) analogue in the 3-flavor theory. Integrating out the
heavy charm quark results in a charm quark propagator in
the second and third term, leaving behind fermion bilinears
involving the light quark fields only. The third term leads to
a*sin?w, 2y, which is an O(a?) mass term for the strange
quark. It breaks chiral symmetry like the squared Pauli term
in (12); hence both are mapped onto the same term in ChPT
and for the spurion analysis in the next section we will need
only one of them. The second term in (14) generates

a2£2.2 =y Cy, (15)
with
C = a*cos wydiag(1,1,cosw,) = acosw,A.  (16)

Note that (15) is a (flavor dependent) mass term of O(a?).
. 6 _ .
Next consider the 4-quark term 0(10) = (yysy)? in the
4-flavor theory. In this case we find

6 _ _ _
a0\ = (FAysw)? + 2acos w, (FAYsW)i 75w,

- 2a2Sin20)hV_/sl//cl/_/cWS‘ (17)
Besides the expected OE? analogue we obtain again two
more terms. However, integrating out charm they generate
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the same effective operators as Oé@. Therefore, no addi-

tional spurion fields need to be introduced later on. The
same analysis applies to four more 4-quark operators listed
in Ref. [18]: 0(163) - 0(12-) and 0568>. Again, none of them
requires the introduction of additional spurion fields
later on.

The remaining four 4-quark operators are all chiral
symmetry preserving and do not lead to additional spurion

fields. As a concrete example consider 0(161> = (wrw)*
Rotating to the physical basis this reads
6 _ _ _
a0\ = @y, w)? + 20> Ty, W),
+a(Feraye) (18)

Integrating out charm the last term can be ignored immedi-
ately. The first term results in the 3-flavor analogue of 0(1?)
while the second term leaves behind a new nontrivial term
in the effective 3-flavor theory. The form of this operator is
constrained by the symmetries of a? (Y W)Wy, For
our purposes here it is sufficient to know that this operator
too does not break chiral symmetry. It is therefore irrelevant
for the spurion analysis in the next section.

So far we have discussed the new operators in the
3-flavor Symanzik theory that are generated by integrating
out the heavy charm. We have seen that in all cases the
expected 3-flavor 4-quark operators also emerge. Among
those are also operators that break chiral symmetry.
However, for those the discussion in Ref. [18] applies:
Taking twice the spurion field introduced at O(a) is
sufficient to generate all terms in the chiral Lagrangian
that one would also obtain by introducing separate O(a?)
spurion fields.

s

Finally, we turn to the quark bilinears at O(a?) in £§4).
Equation (8) in Ref. [18] lists eight of them. We need to
consider only those without any quark mass insertion,

which leaves 0(16) — 04(16). These four operators do not
break chiral symmetry, which also implies that they are
flavor diagonal in the physical basis. For example, 0(16) =

WPy reads in the physical basis
a2026) = a*yP*y + a*y Py, (19)

Integrating out charm we can simply drop the second term.
The remaining first part is still chiral symmetry preserving,
so no spurion field is needed to map it into ChPT. The same
holds for the other three quark bilinears at O(a?).

B. Spurion analysis

The chiral Lagrangian is now constructed following the
familiar spurion analysis described in Ref. [18]. Each term
in the 3-flavor Symanzik effective action that breaks chiral
symmetry explicitly is made invariant by introducing a
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spurion field which transforms nontrivially under chiral
transformations such that the whole term is invariant. These
spurion fields are then used in the chiral effective theory to
write down the most general chiral Lagrangian which is
invariant under chiral symmetry. Once this is achieved the
spurion field is set to its original value from the Symanzik
effective theory.

In the following we list all the representative spurion
fields we need for the construction of the chiral Lagrangian.
As explained before, there are many more terms in the
Symanzik effective action, but spurion fields that transform
the same way and have the same final value will lead to the
same term in the chiral Lagrangian. It is therefore enough to
consider only one representative field.

At O(a") there is just the mass matrix spurion field
which transforms as usual [18]

M — LMR", M" = RMTLT, (20)
and its final value is given in (7). Note that the respective
mass matrix M, reads

M;=m+ip03, (21)

i.e. without the y5 in the twisted mass contribution.

In order to make the term in (10) invariant we promote A
to a spurion field that transforms according to

A — LART, AT - RATLT. (22)

Its final value is given in (11).

At O(a?) we have found two new operators, cf. (12) and
(15). These are made invariant by the spurion fields B and
C. Both of them transform in the same way,

B — LBR',
C — LCR",

BY - RB'LT,
Ct - RCIL'. (23)

However, the final values are different; see Eqgs. (13) and
(16), respectively.

Additional O(a?) spurions stemming from terms like the
first one in Eq. (14) need not be introduced, since these
transform the same way as squares of the spurion field A,
i.e. as A2, AAT,ATA, (A7)?, and they have the same final
value [18].

C. The chiral Lagrangian

The chiral Lagrangian can now readily be written down.
The LO continuum part reads (in Euclidean space time)

f2

ﬁz—z

2
(0,20,57) - fz WT4+Eh), (24)

where (...) stands for the trace over flavor indices and
the LEC f is the pseudoscalar decay constant in the
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chiral limit.” The field £ = X(x) is an element of SU(3)
containing the pseudoscalar fields in the usual way,

(nZy>, (25)

Z,(x) = exp ( Zﬂ' ) (26)

2y denotes the ground state of the theory, defined as the
minimum of the potential energy (density). In continuum
ChPT it is simply the identity matrix and has no impact.
However, for twisted mass terms Xy, is nontrivial [21]. The
pseudoscalar fields z%(x) are real-valued, and we choose
the SU(3) group generators to be normalized according
to tr7T¢T? = 5% /2. The subscript “p” in (26) refers to
physical fields, meaning that the mass terms for the
pseudoscalar fields are non-negative and that there are
no interaction terms involving less than three pseudosca-
lars. The parameter y in the chiral Lagrangian contains the
second LO LEC B, and the mass matrix M in (7) via

(x) = &/’E,

¥ =2BoM. (27)

Note that the mass matrix is not diagonal and real for
twisted mass terms, so y' # y in general.

The NLO Lagrangian is the one given by Gasser and
Leutwyler in Ref. [22]. We omit a few terms that are not
needed for the calculations in this paper:

Ly =-L(0,20,X")? - L,(9,20,2")(0,£0,Z")
— L3(0,20,XZ")? + L4(9,20,27) (y £ + Z'y)
+ Ls(0,Z0,Z (¢ "2+ Zy)) — Le(x'T 4+ Zy)?
= L' -37)° - Ly Ty 2+ T 2ly). (28)
The coefficients L; are the well-known Gasser-Leutwyler
(GL) coefficients.

The O(a) terms in the chiral Lagrangian are obtained
with the spurion field A. The spurion field A transforms like

the mass spurion M. Hence, we get the same terms as in £,
and £, with M replaced by A [23]. The leading term reads

L, == {p(E+Z"), (29)
where p = p' is defined by
p = 2WoA. (30)

W, is a LEC of mass dimension 3, such that p has mass
dimension 2, just as y. Note that p is not flavor diagonal for

Our convention is such that f, = 92.21 MeV.
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cos w;, # 1. Therefore it cannot be taken out of the trace in
flavor space.

At higher order there are terms of O(ap?,aM,a?)
[18,23],

L,p = W;;(@,,Z@,,Z*)(p(i + 7))
+ W5<8”28”E+ (pZ + =7p)),
Loy = =We(r'T+Z)(p(E+Z7))
- Wr("T=ZTy) {p(Z -=7))
- We{y ZpT + ZipZiy),
LY = ~Wi(p(=+31))? = Whip(Z - 21))?
— Wi (pZpZ + ZTpEip). (31)

The coefficients W;, W/ are dimensionless LECs, just as the

Gasser-Leutwyler coefficients. The superscript in Lilz)
serves as a reminder that it does not contain all O(a?)
terms. Additional ones stem from the spurion fields B

and C, which read

£1(127> = —Wga*sin?w;, (Py(Z + 7))
— Weacosw,{p(Z + Z1)). (32)

Here we introduced the scaled lattice spacing
= 2W06l, (33)

which has dimension 2 and makes the new LECs W in (32)
dimensionless.

In WChPT it is usually convenient to absorb the leading
O(a) term in (29) in the so-called shifted quark mass [5].
However, here this term is not flavor independent and it
depends on w;,. In order to discuss the dependence of the
pion and kaon masses on this angle we prefer to leave this
term explicit. We also keep the O(a?) terms in (32) explicit,
even though these are mass terms too.

Finally, we emphasize that all the LECs in the chiral
Lagrangian depend on the mass of the heavy charm quark.
Therefore, the LECs are constants only if the (physical)
charm quark mass is kept fixed.

III. PSEUDOSCALAR MASSES IN THE
LCE REGIME

A. Preliminaries

In this section we compute the pseudoscalar masses to
one-loop order in the LCE regime [8,20,24]. This regime
assumes that the O(a?) cutoff effects are of the same order
in the chiral expansion as the effects due to the quark
masses. More precisely, it assumes that the O(a?) terms in
the effective Lagrangian contribute to LO,

Lio= Lo+ LY+ 8. (34)
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The O(a?) terms lead to the mass splitting between the
charged and the neutral pion [25]. This splitting is a LO
effect in the LCE regime counting. Thus, it is the appro-
priate one if the size of the splitting is observed to be of the
same order as the charged pion mass. As discussed in the
introduction this is indeed the case for a substantial part of
the ETMC data.

The Lagrangian (34) results in interaction vertices of
O(a?). These contribute to the pseudoscalar masses at one
loop. Our calculation here follows the one in Ref. [9],
where the pion masses were computed in the 2-flavor
theory. The reader is referred to this reference for all aspects
of the calculation that are independent of the number of
flavors. In particular, we work at maximal twist only. This
simplifies the calculation significantly and it is the relevant
case for practical applications.

B. Gap equation and maximal twist

As a first step we need to compute the ground state Zy.
The ground state is nontrivial (i.e. Xy # 1) since the light
sector is still formulated in the twisted basis. On the other
hand, we have already rotated the heavy sector into the
physical basis, so the nontrivial part of Xy is in the light
sector only and the ground state assumes the form [19]

Ty = ("i"s"” 1). (35)

¢, is called the (light) vacuum angle. It is determined by
minimizing the potential energy density in the chiral
Lagrangian. The calculation is essentially as in the 2-flavor
case in Ref. [7], and we obtain the following gap equation:

2B0,Ml COS ¢l = Sin ¢1(2B0m + 2W06l - 2C26lz COS ¢l)
(36)

For better comparison with the 2-flavor result we have
defined the LEC combinations

W2
e = —32Wig f_20 (37)
with Wig = 2W¢ + Wy, and
~ 4a ,
Wo=Wy( 1+ FCOS w,(4Ws+We) ). (38)

¢, is a well-known LEC in the 2-flavor theory. It determines
the phase structure of the theory [19,21] as well as the pion
mass splitting at tree level [25].

The gap equation has the same form as in the 2-flavor
theory discussed in [7]; the only difference is the explicit
appearance of Wo instead of W, on the right-hand side
of (36).
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The gap equation determines the vacuum angle as a
function of the three mass parameters m,yu;, u;, and the
lattice spacing a. As has been shown in Ref. [7] maximal
twist and automatic O(a) improvement is achieved for
cos ¢; = 0. The gap equation (36) immediately tells us that
this is a solution only if

2Bom + 2Wqa = 0. (39)

This equation determines the (critical) untwisted mass m to
LO. Note that m depends on y;, and a, but it is independent
of u;. Note also that m enters (39) twice, not only explicitly
but also implicitly via cos w,,. This dependence, however, is
expected to be very small since it is an O(a?) contribution
in (39).

In practice it is not necessary to satisfy (39) exactly. It
can be shown [7,8,26-28] that any mistuning of m that
leads to cos¢; = O(a) is sufficient for automatic O(a)
improvement.

Equation (39) can be solved iteratively with the
approximate solution m =~ —(W,/By)a. Using this in
the expression (6) we find cosw;, :O(aAéCD/,uh). In
case of an infinitely heavy charm quark we have y;, — o
and cosw;, = 0. We can assume this to still hold in good
approximation even for a finite u;, because the physical
charm quark mass is sufficiently heavy such that in the
ETMC lattice simulations we have p;, > aAéCD.

C. Tree-level masses and vertices

From now on we restrict ourselves to maximal twist in
both the heavy and the light sector, i.e. w;, = ¢; = z/2. In
this case the ground state reduces to Xy = diag(ic>, 1).
Expanding the LO Lagrangian to quadratic order in the
pseudoscalar fields the tree-level masses are easily com-
puted. The pion masses reproduce the familiar 2-flavor
results [7,8,25],

m>. = 2Bou (40)

m2, =m2. + Amgz, Am2 = 2c,a?. (41)

”0
The tree-level result for the four degenerate kaon masses
reads

2a?
my = Bo(mg + ;) — F(ZW% -Ws). (42
Finally, the eta mass is related to the kaon and pion mass by
the Gell-Mann—Okubo relation,

1
m3 = 3 (4m?% — mii) (43)
We emphasize that this relation does not hold for
nonmaximal twist angles. In that case additional O(a?)
contributions appear on the right-hand side of (43).
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The tree-level masses enter the propagators that appear
in the one-loop calculation. The only difference to the
propagators in continuum ChPT [22] is the mass splitting
between the charged and neutral pions, so one has to
keep track of the flavor indices for the pions in loop
diagrams.

The relevant vertices are obtained by expanding (34) to
four powers in the pseudoscalar fields. Expressed in terms
of the tree-level masses, (40)—(42), the vertices stemming
from L, are the vertices known from continuum ChPT.
Additional vertices stem from £, and the O(a?) vertices
read

8a

Loy = 37 ngﬂ'gﬂ' + 2f4 ngﬂ:h
8 A2
3f4 W’787z37r8+\/_f4 787r37r37r;l2, (44)
where we introduced the shorthand notation #% =

8 2, nf —714—1—7:5—71'6—71% and Whg = 2W/, + Wq.
We emphasize that (44) is the result for max1mal
twist. For arbitrary twist angles many more terms
contribute [29].

The vertices in (44) involve only two combinations
of unknown LECs, Wi, and W’,. The 2-flavor result
in Ref. [9] is correctly reproduced by dropping the
heavy kaon and eta field contributions. Note that the
LECs Wp and W do not appear explicitly. Their
effect is incorporated by expressing the vertices pro-
portional to the quark masses in terms of the pion and
kaon masses (40)—(42). This is expected, since the two

terms in Eizz) are mass terms and they could be
absorbed in a redefinition of the untwisted quark
mass. Doing this redefinition Eizz)
explicitly in the chiral Lagrangian.

Recall that the LEC W is proportional to the tree-level
pion mass splitting. Therefore, provided the mass splitting
is known from data, the associated four-pion coupling does
not involve an unknown LEC. This will play a crucial role
later on.

All the vertices lead to tadpole diagrams that contribute
to the various self energies of the pseudoscalars. These
diagrams result in standard divergent scalar integrals,
which are conveniently regularized by dimensional
regularization. The counterterms necessary for the
renormalization are supplied by the NLO Lagrangian
Lypp+ Lyp + L. For  the 2-flavor  theory  this
Lagrangian was derived in Ref. [9]. It is straightforward
to repeat the derivation for the 3-flavor theory. However,
for our purpose here it is not necessary to derive the
NLO Lagrangian completely. It is sufficient to derive
enough independent terms that provide the required
counterterms for the pseudoscalar masses.

would not appear
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D. One-loop results

In order to present our results it is useful to follow [22]
and introduce

m? m?
Up = 327r5f21 g Iu;, P=r%57%K,n (45)
as a shorthand notation for the chiral logs. Various
combinations of GL coefficients appear and we introduce
L46 = 2L6 - L4 and Lsg = 2L8 - L5. With these defini-
tions the NLO results for the charged pion and the kaon
mass read

2

1
M,zzi = m,zzi {1 + g0 — 3t + 8 f (L46 + Lsg)
m a2
+ 16— f L46 + C,; f4] (46)
2 2
M%(—mK|:1+3/l,7+8f L46+8f (2L46+L58)
1 8a* a*m?,
- EAmﬂMﬂO +— 7 Wastg + Co—3— 7
42m2 o
+ G, f’<+c4f (47)

Here the coefficients C; are (combinations of) LECs
in the NLO Lagrangian. We introduced appropriate
inverse powers of f such that these coefficients are
dimensionless.’

A rather trivial check of our results is whether the correct
continuum limit is reached. Indeed, for ¢ — 0 we have
my — m,+ and our results reproduce the corresponding
ones of continuum ChPT. The charged pion mass has been
computed in 2-flavor tmWChPT in [9], and (46) reproduces
this result as well once the contributions from the kaon and
the eta are dropped.

In case of the kaon mass the first line in (47) is again
the continuum ChPT result of Gasser and Leutwyler.
The second line contains the corrections due to the
nonzero lattice spacing. The analytic corrections are
expected. For example, away from the continuum limit
one expects the GL coefficients to depend on the lattice
spacing. Expanding L;;(a*) = L;;(a* = 0) + A;;a* the
analytic terms in the continuum part generate the
contributions proportional to C, and C;. The new
additional chiral logs involving the neutral pion and
the kaon cannot be guessed from the continuum result
which contains an eta chiral log only. The new chiral
logs stem entirely from the two O(a?) vertices in the
first line of (44).

°In that respect our convention differs from the one in Ref. [9]
where dimensionful C;s were introduced.
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For the neutral pion mass we find to NLO

PHYSICAL REVIEW D 90, 034508 (2014)

1 2 ’\2
2 02
2 r T Fx n
M=, mi[l+2,ui M0 3/.4 +8f (L46+L58)+]6f L46+C1f
2 ~ mx - 4% 32&2
+Am,2,{1—4/,tﬂo—2/4,(—3ﬂ,7+c2f§+c3f4 3f2W/78Mr/ (48)

The coefficients C; are NLO LECs different from the ones
in (46) and (47). Also this result converges to the correct
continuum limit, and it reproduces the result in the 2-flavor
theory if we drop all the contributions associated with
the kaon and the eta. Taking the difference M2, — M2, we
obtain the pion mass splitting to NLO. It has a rather
complicated mass dependence with chiral logs involving
all pseudoscalars.

E. Finite volume corrections and a first numerical test

In deriving our results we assumed an infinite space-time
volume. Corrections due to a finite spatial volume [30]
are easily included. The FV corrections essentially amount
to a simple replacement of the chiral logarithms, pp —
Up + Opy p. Following the notation of Ref. [31] the FV
correction is given by

2

gi(mpL),

m
ﬁgl (49)

5FV,P =

with g, containing a sum over modified Bessel functions.
The function g, drops off exponentially for large argu-
ments, so we may expect the dominant source for FV
corrections in the kaon mass to be given by the neutral pion
contribution. Note that our result makes a definite pre-
diction for these FV corrections provided the pion mass
splitting is known.

The ETMC has generated lattice data for two different
volumes keeping the other parameters fixed [14]. These
data can be used for a first test of our results. For
convenience we have summarized the relevant data in
Table I. On the two lattices the central values for the kaon
mass differ by 0.8%. The statistical errors are about 0.1%
and 0.16%, respectively, so a FV effect is noticeable in
the kaon mass.

TABLE 1. Data for pseudoscalar masses and the pion decay
constant taken from Refs. [4,14]. The data for the decay constant
is divided by v/2 in order to account for the different normali-
zation used in [14] for the decay constant. The data were
generated with B = 1.9 corresponding to a lattice spacing
a ~ 0.09 fm. More details can be found in Ref. [14].

aM - aM aMg af, L/a

A40.32  0.1415(04) 0.0811(50) 0.25666(23) 0.04802(13) 32
A40.24  0.1445(06) 0.0694(65) 0.25884(43) 0.04644(25) 24

Ensemble

The charged pion mass is about 310 MeV on both
lattices, while the neutral pion is significantly lighter
with M 0/M ,+ ~0.48 and 0.57, respectively. So the data
is in the LCE regime and our results of the last
subsection are applicable. With our result (47) the relative
shift of the kaon mass caused by the neutral pion log,
€m0 = [Mg(Ly) — Mg(Ly)|/Mg(L;), reads

1
€. .0 = ——F5 5 7~
M 1287 mi f?
- Amfzrmiogl (mn:OL)lL:Lz)'

(Amzzrm,ztof}l (mplL) |L=L1
(50)

In principle the quantities Am; and m?2, are independent
of the volume and could be taken out of the difference on
the right-hand side. In practice, however, we use the
measured values for the pseudoscalar masses and the
decay constant. The difference is of higher order in
the chiral power counting. Still, the data for the neutral
pion mass differ noticeably on the two lattices, although
the significance of this difference is questionable in view
of the large statistical error. We choose to take the
measured central values for the two neutral pion masses
and compute ¢, following (50). The result for this
procedure reads

€. ~0.0024(7). (51)
The error in this estimate is completely dominated by the
error for the neutral pion mass. The estimate (51) falls
short by a factor 3 in explaining the observed FV effect.
Nevertheless, it has the correct order of magnitude. In
contrast, the FV shift due to the eta leads to a shift
€, ~5x107 ./ This is about 50 times smaller than the
7° contribution and cannot explain the measured FV
effect. Note that the eta contribution is the only one in
both continuum ChPT and in WChPT in the GSM regime
at NLO. Higher order corrections from the charged pion
are captured in the resummed formulas of Ref. [31]. This
contribution is estimated to be of the same order but
smaller than the neutral pion contribution (51).8 More
data at various volumes and with different pion mass
splittings are needed to fully settle the origin of the

"The eta mass is given by (43). Alternatively it can be taken
from Ref. [32] with no difference on our estimate.
8See Fig. 5 of Ref. [31].
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observed FV correction. Still, it seems safe to conclude
that the FV correction due to the neutral pion needs to be
included in analyzing the ETMC data.

IV. CONCLUDING REMARKS

Current twisted mass lattice QCD simulations show a
sizable pion mass splitting due to explicit flavor symmetry
breaking. Twisted mass WChPT provides formulas which
can be used to assess the impact of a large pion mass
splitting on the chiral extrapolation and on FV corrections
caused by small neutral pion masses. In the case of 2-flavor
WCHhPT such formulas were already derived some
time ago.

The extension to 3-flavor WChPT is slightly nontrivial.
The reason is the charm quark that forms a twisted mass
doublet together with the strange quark. This ties together
strange and charm even if the charm quark is too heavy for
the D mesons to be described by ChPT. In order to
construct the 3-flavor WChPT Lagrangian we first inte-
grated out the charm quark on the level of the Symanzik
effective theory. The resulting 3-flavor theory contains
more terms in the effective action than a 3-flavor theory
without charm. Still, the standard spurion analysis can be
applied to this effective action and the 3-flavor chiral
Lagrangian can be constructed as usual.

Based on this 3-flavor chiral Lagrangian we computed
the pseudo—Goldstone boson masses to NLO in the LCE
regime. As anticipated, additional chiral logs proportional
to a*> show up at this order, leading to a modified quark
mass dependence. The final results contain quite a few
additional LECs, and it remains to be seen if there are
enough data to resolve all the additional terms in chiral fits.

The additional chiral logs imply additional FV correc-
tions, in particular FV corrections from the neutral pion.
Since this is by far the lightest pseudoscalar, these FV
corrections are the dominant ones. The LECs entering this
correction are directly related to the pion mass splitting.
Therefore, these FV corrections are a parameter free

PHYSICAL REVIEW D 90, 034508 (2014)

prediction of our results if the mass splitting is known.
A first comparison with numerical data showed that these
FV corrections are in the ballpark, but cannot explain alone
the observed FV effects in the kaon mass. A careful analysis
including the higher order FV corrections due to the
charged pion is needed to shed light on this issue.

A natural next step is the computation of the decay
constants in the 3-flavor theory. It requires the expression
for the physical axial vector currents, which can be
constructed following the steps we used for the construc-
tion of the effective Lagrangian. We expect modifications
of the chiral formulas analogous to the ones we found for
the masses, in particular larger FV corrections caused by
neutral pion logs.

It is also interesting to study scattering processes.
Pion-pion scattering was studied in Ref. [24,33], and it
was shown that the z-7 scattering length provides a handle
to compute the pion mass splitting without the need to
compute disconnected diagrams. Looking at the interaction
vertices in (44) we expect that the K-K scattering length
provides a handle on the LEC W’,.

We finally remark that the 3-flavor Lagrangian derived
here is also the first step for the description of the mixed
action simulations of the ETMC. In order to avoid an
unwanted mixing in the heavy sector, simulations with
Osterwalder-Seiler valence quarks [34] are performed as
described in [15]. Mixed action ChPT [35,36] takes into
account the different discretization effects in the valence
and sea sector. The chiral Lagrangian for the latter is the
one we have derived here.

ACKNOWLEDGMENTS

We thank the referee for pointing out a flaw in our first
derivation of the chiral Lagrangian and for various valuable
comments and suggestions for improvements on the manu-
script. This work is supported in part by the Deutsche
Forschungsgemeinschaft (SFB/TR 09). B. H. is supported
by SFI under Grant No. 11/RFP/PHY3218.

[1] R. Frezzotti, P. A. Grassi, S. Sint, and P. Weisz, J. High
Energy Phys. 08 (2001) 058.

[2] R. Frezzotti and G.C. Rossi, J. High Energy Phys. 08
(2004) 007.

[3] A. Shindler, Phys. Rep. 461, 37 (2008).

[4] G. Herdoiza, K. Jansen, C. Michael, K. Ottnad, and C.
Urbach, J. High Energy Phys. 05 (2013) 038.

[51 S. Sharpe and R. Singleton, Jr., Phys. Rev. D 58, 074501
(1998).

[6] G. Miinster and C. Schmidt, Europhys. Lett. 66, 652
(2004).

[71 S. Aoki and O. Bir, Phys. Rev. D 70, 116011 (2004).

[8] S.R. Sharpe and J. M. S. Wu, Phys. Rev. D 71, 074501
(2005).
[9] O. Bir, Phys. Rev. D 82, 094505 (2010).
[10] G. Colangelo, U. Wenger, and J. M. Wu, Phys. Rev. D 82,
034502 (2010).
[11] G. Miinster and T. Sudmann, J. High Energy Phys. 04
(2011) 116.
[12] A.M. Abdel-Rehim, R. Lewis, R.M. Woloshyn, and
J.M.S. Wu, Phys. Rev. D 74, 014507 (2006).
[13] A.M. Abdel-Rehim, R. Lewis, R. Woloshyn, and J. M. Wu,
Eur. Phys. J. A 31, 773 (2007).
[14] R. Baron et al., J. High Energy Phys. 06 (2010) 111.

034508-9


http://dx.doi.org/10.1088/1126-6708/2001/08/058
http://dx.doi.org/10.1088/1126-6708/2001/08/058
http://dx.doi.org/10.1088/1126-6708/2004/08/007
http://dx.doi.org/10.1088/1126-6708/2004/08/007
http://dx.doi.org/10.1016/j.physrep.2008.03.001
http://dx.doi.org/10.1007/JHEP05(2013)038
http://dx.doi.org/10.1103/PhysRevD.58.074501
http://dx.doi.org/10.1103/PhysRevD.58.074501
http://dx.doi.org/10.1209/epl/i2003-10251-7
http://dx.doi.org/10.1209/epl/i2003-10251-7
http://dx.doi.org/10.1103/PhysRevD.70.116011
http://dx.doi.org/10.1103/PhysRevD.71.074501
http://dx.doi.org/10.1103/PhysRevD.71.074501
http://dx.doi.org/10.1103/PhysRevD.82.094505
http://dx.doi.org/10.1103/PhysRevD.82.034502
http://dx.doi.org/10.1103/PhysRevD.82.034502
http://dx.doi.org/10.1007/JHEP04(2011)116
http://dx.doi.org/10.1007/JHEP04(2011)116
http://dx.doi.org/10.1103/PhysRevD.74.014507
http://dx.doi.org/10.1140/epja/i2006-10245-y
http://dx.doi.org/10.1007/JHEP06(2010)111

OLIVER BAR AND BEN HORZ

[15] R. Frezzotti and G. Rossi, J. High Energy Phys. 10 (2004)
070.

[16] T. Chiarappa, F. Farchioni, K. Jansen, I. Montvay,
E.E. Scholz, L. Scorzato, T. Sudmann, and C. Urbach,
Eur. Phys. J. C 50, 373 (2007).

[17] B. Sheikholeslami and R. Wohlert, Nucl. Phys. B259, 572
(1985).

[18] O. Bir, G. Rupak, and N. Shoresh, Phys. Rev. D 70, 034508
(2004).

[19] S.R. Sharpe and J. M. S. Wu, Phys. Rev. D 70, 094029
(2004).

[20] S. Aoki, Phys. Rev. D 68, 054508 (2003).

[21] G. Miinster, J. High Energy Phys. 09 (2004) 035.

[22] J. Gasser and H. Leutwyler, Nucl. Phys. B250, 465 (1985).

[23] G. Rupak and N. Shoresh, Phys. Rev. D 66, 054503 (2002).

[24] S. Aoki, O. Bir, and B. Biedermann, Phys. Rev. D 78,
114501 (2008).

[25] L. Scorzato, Eur. Phys. J. C 37, 445 (2004).

PHYSICAL REVIEW D 90, 034508 (2014)

[26] S.R. Sharpe, Phys. Rev. D 72, 074510 (2005).

[27] S. Aoki and O. Bir, Phys. Rev. D 74, 034511 (2006).

[28] S. Aoki and O. Bir, Proc. Sci., LAT2006 (2006) 165.

[29] B. Horz, Master’s thesis, Humboldt University Berlin, 2013,
https://edoc.hu-berlin.de/docviews/abstract.php?id=40481.

[30] J. Gasser and H. Leutwyler, Nucl. Phys. B307, 763 (1988).

[31] G. Colangelo, S. Diirr, and C. Haefeli, Nucl. Phys. B721,
136 (2005).

[32] K. Ottnad, C. Michael, S. Reker, and C. Urbach, J. High
Energy Phys. 11 (2012) 048.

[33] S. Aoki, O. Bir, and B. Biedermann, Proc. Sci.,
LATTICE2008 (2008) 078.

[34] K. Osterwalder and E. Seiler, Ann. Phys. (N.Y.) 110, 440
(1978).

[35] O. Bir, G. Rupak, and N. Shoresh, Phys. Rev. D 67, 114505
(2003).

[36] O. Bir, C. Bernard, G. Rupak, and N. Shoresh, Phys. Rev. D
72, 054502 (2005).

034508-10


http://dx.doi.org/10.1088/1126-6708/2004/10/070
http://dx.doi.org/10.1088/1126-6708/2004/10/070
http://dx.doi.org/10.1140/epjc/s10052-006-0204-4
http://dx.doi.org/10.1016/0550-3213(85)90002-1
http://dx.doi.org/10.1016/0550-3213(85)90002-1
http://dx.doi.org/10.1103/PhysRevD.70.034508
http://dx.doi.org/10.1103/PhysRevD.70.034508
http://dx.doi.org/10.1103/PhysRevD.70.094029
http://dx.doi.org/10.1103/PhysRevD.70.094029
http://dx.doi.org/10.1103/PhysRevD.68.054508
http://dx.doi.org/10.1088/1126-6708/2004/09/035
http://dx.doi.org/10.1016/0550-3213(85)90492-4
http://dx.doi.org/10.1103/PhysRevD.66.054503
http://dx.doi.org/10.1103/PhysRevD.78.114501
http://dx.doi.org/10.1103/PhysRevD.78.114501
http://dx.doi.org/10.1140/epjc/s2004-01994-x
http://dx.doi.org/10.1103/PhysRevD.72.074510
http://dx.doi.org/10.1103/PhysRevD.74.034511
https://edoc.hu-berlin.de/docviews/abstract.php?id=40481
https://edoc.hu-berlin.de/docviews/abstract.php?id=40481
https://edoc.hu-berlin.de/docviews/abstract.php?id=40481
https://edoc.hu-berlin.de/docviews/abstract.php?id=40481
http://dx.doi.org/10.1016/0550-3213(88)90107-1
http://dx.doi.org/10.1016/j.nuclphysb.2005.05.015
http://dx.doi.org/10.1016/j.nuclphysb.2005.05.015
http://dx.doi.org/10.1007/JHEP11(2012)048
http://dx.doi.org/10.1007/JHEP11(2012)048
http://dx.doi.org/10.1016/0003-4916(78)90039-8
http://dx.doi.org/10.1016/0003-4916(78)90039-8
http://dx.doi.org/10.1103/PhysRevD.67.114505
http://dx.doi.org/10.1103/PhysRevD.67.114505
http://dx.doi.org/10.1103/PhysRevD.72.054502
http://dx.doi.org/10.1103/PhysRevD.72.054502

