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1 Introduction

The phenomenology of light flavor pseudoscalar mesons 7 and 7’ provides a valuable window

on many important nonperturbative features of Quantum Chromodynamics (QCD). It

includes such important aspects as:

e The spontaneous breaking of chiral symmetry, which gives rise to the appearance of

the multiplet of light pseudoscalar mesons.

e The U(1)4 anomaly of strong interactions, which gives mass to the singlet 79 in

N¢c =3 QCD, even in the chiral limit.

e The explicit SU(3)-flavor symmetry breaking, due to the splitting mg # 7 between

the strange and up/down quark masses (the isospin limit, where m,, = my = m and

the electromagnetic corrections are neglected, will be assumed all through the article).

e The 1/N¢ expansion of QCD in the limit of large N¢, with N¢ the number of colors

in QCD.

The interaction between the pseudo-Nambu-Goldstone bosons (pNGBs) (w, K,ng) from

the spontaneous chiral symmetry breaking can be systematically described through a low-

energy effective field theory (EFT) based on SU(3); x SU(3)g chiral symmetry, namely



Chiral Perturbation Theory (xPT) [1, 2]. Following large-N¢ arguments [3-5], this ap-
proach was later extended, incorporating the singlet 7y into a U(3) xPT Lagrangian [6-14].
This combination of yPT and the 1/N¢ expansion provides a consistent framework which
addresses all the previous issues.

More precisely, in this article we show that this large-No xPT framework yields an
excellent description of the 1 and 1’ masses from lattice simulations at different light-quark
masses [15-19]. Constraints from phenomenological studies of p, w, ¢, J/¢ decays [20, 21]
and kaon mass lattice simulations [22, 23] are compatible and easily accommodated in a
joint fit. The problems arise when one tries to also describe lattice simulations for Fy, Fix
and Fr /F; [22-24]. Nevertheless, the issue of these observables in xPT is known and has
been widely discussed in previous bibliography [25-29]. It constitutes a problem in its own
and it is not the central goal of this article. It is discussed for sake of completeness and to
show its impact in a global fit.

The 7 and 1’ mesons not only attract much attention from the chiral community but
they have been also intensively scrutinized in lattice QCD simulations, where enormous
progresses have been recently made by different groups [15-19]. Varying the light-quark
masses M and mg, both their masses and mixing angles have been extracted in the range
200 MeV < m, <700 MeV. We will focus on the simulation points with m, < 500 MeV in
the present work. By observing the dependence of these observables with the light-quark
masses we will determine the yPT low energy constants (LECs) and further constrain the
theoretical models. At the practical level we have recast all /i dependencies in terms of
m, and study the observables as functions of m,. The n and 7’ lattice simulations have
not been thoroughly analyzed in the chiral framework yet and it is the central goal of the
present work. However, the numerical uncertainties resulting from our analyses in this
work must be taken with a grain of salt as correlations between the different lattice data
points and other systematic errors are not considered here.

In addition to lattice QCD, there are also phenomenological studies of the 1 and 7’
mixing, which has been extensively investigated in radiative decays of light-flavor vector
resonances p,w, ¢ and J/¢ — V P, Py processes [20, 21, 30-36]. In these works, the modern
two-mixing-angle scheme for the 7 and 7" mesons, which was first advocated in refs. [10, 11],
was employed to fit various experimental data. The common methodology in these works
is that the two-mixing-angle pattern for the n and 7’ is simply adopted to perform the
phenomenological discussion and the mixing parameters are then directly determined from
data. This is a bottom-up approach to address the -’ mixing problem and it is quite
useful for the phenomenological analysis. Contrary to the bottom-up method, it is also
very interesting to study the n-n’ mixing from a top-down approach in which one first
constructs the relevant YPT Lagrangian and then calculates the n-n’ mixing pattern and
parameters in terms of the LECs. In this case, one can predict the -1’ mixing parameters
once the values of the unknown LECs are given. The present work belongs to the latter
category of top-down approaches.

Though the singlet 79 meson, which is the main component of the physical 1’ state,
is not a pNGB due to the strong U(1)4 anomaly, it can be formally introduced into yPT
from the large-N¢ point of view. The argument is that the quark loop induced U(1)4



anomaly, which is responsible for the large mass of the singlet 79, is 1/N¢ suppressed
and hence the 79 becomes the ninth pNGB in the large N¢ limit [37-39]. Based on this
argument, the leading-order (LO) effective Lagrangian for U(3) xPT, which simultaneously
includes the pNGB octet w, K,ns and the singlet 7y as dynamical fields, was formulated
in refs. [6-9]. Later on, a full O(p?) U(3) chiral Lagrangian was constructed in ref. [13]
and the discussion on the O(p°®) unitary group chiral Lagrangian has been very recently
completed in ref. [40]. Subtle problems about the choice of suitable variables for the higher
order U(3) xPT Lagrangian in the large N¢ framework were analyzed in ref. [12].

The standard power counting employed in SU(2) and SU(3) xPT in powers of the
external momenta and quark masses [1, 2|, is not valid any more in U(3) xPT, due to
the appearance of the large 19 mass. However, since the singlet 179 mass squared behaves
like 1/N¢ in large N limit, the 79 mass can be harmonized with the other two expansion
parameters if one assigns the same counting to 1/N¢, the squared momenta p? and the
light quark masses my,. As a result of this, in order to have a systematic power counting,
the combined expansions on momentum, light quark masses and 1/N¢ are mandatory in
U(3) xPT [12, 13]. We will work in this combined expansion in our study and denote it
as & expansion throughout the paper, where O(§) ~ O(p*) ~ O(m,) ~ O(1/N¢). This
counting rule is different from the one proposed in ref. [41], where the 79 mass is counted
as O(1) and the infrared regularization method is employed to handle the chiral loops.

Some recent works in refs. [14, 42-45] have addressed the 7-1 mixing in the chiral
framework up to next-to-leading order (NLO). As an improvement, we will perform the
systematic study of the n-n’ mixing in the d-expansion scheme up to next-to-next-to-leading
order (NNLO) and take into account the very recent lattice simulation data, which are not
considered in the previous works [14, 42-45]. In addition, we also simultaneously analyze
the m, dependences of other physical quantities from lattice simulations, such as the axial
7, K decay constants and the mass ratio of the strange and up/down quarks, in order to
further constrain the xYPT LECs.

This article is organized as follows. In section 2, we introduce the theoretical frame-
work and calculate the relevant physical quantities. In section 3, the phenomenological
discussions will be presented. Conclusions will be given in section 4. Further details about
the calculations up to NNLO are relegated to appendix A.

2 Theoretical framework

2.1 Relevant chiral Lagrangian

At leading order in the § expansion, i.e. O(6%), the U(3) xPT Lagrangian consists of three

operators
2 2 2
oy F F F2
L0 = T(“u“% + T<X+> + ﬁMoX ; (2.1)
where the chiral building blocks are defined as [1, 2, 12-14]
/3
U:u2:e’%®, x=2B(s+ip), x==uxul tuxTu, X =log(detl),
u, = ' D,Uu’, DU =38,U —i(v, +a,)U +iU(v, — a,), (2.2)



with the pNGB octet+singlet matrix

T30+ J5ls + 5 m K+
o= T \_7%770 + %TIB + %770 K" : (2.3)
0

K~ K \_7%778 + %770

and s,p, vy, a, being the external scalar, pseudoscalar, vector and axial-vector sources, re-
spectively. The coupling F' appearing in egs.(2.1) and (2.2) corresponds to the pNGB axial
decay constant in the large N¢ and chiral limits. The light quark masses are introduced
by setting (s+ip) =diag{m, m, ms}, being m the averaged up and down quark masses and
myg that of the strange quark.

Notice the structure of the LO Lagrangian in eq. (2.1): the first operator is of O(N¢, p?)
type, the second one corresponds to the type of O(N¢, m,) and the last one stems from the
QCD U(1)4 anomaly and is of O(NZ,p°) type, where U is counted as O(1),F? ~ O(N¢)
and M3 ~ O(Ng 1) in the classification (’)(Ngj, pk,mg) of the EFT Lagrangian operators
in eq. (2.1). In the following, we will denote the chiral expansions in powers of squared
momenta p? and quark masses mg simply as a generic expansion in 2.

The NLO U(3) chiral Lagrangian, i.e., O(d), contains O(N¢, p*) and O(NZ, p*) oper-
ators. The relevant ones in our work read [12]

L F2A F2A
L0 = Ly(ufuuxy) + 78<x+x+ +X-X-)+ 5 SDMX D, X — D 2

with the dimensionless LECs’ scaling like Ls, Ls ~ O(N¢) and A1, Ay ~ O(NG1).
At NNLO, i.e. O(6?), there are three types of operators: O(Ngl,pQ), O(N2,p*) and
O(N¢,p®). Their explicit forms read [13, 46]
F2 0(2)
5(62) _ 2 x2
4 (X+)
+Lauuu) (x+) + Lo (x+) (X+) + Lr{x-){x=) + Las(uu) (W x+) + Los X (x+Xx-)

+Cr2(huw W x4 ) + Crafupu x 1 x+) + Cro{upx+ut x+)
+C19(X+X+X+) + C31{X-X-X1+), (2.5)

where the first line corresponds to the O(N(;l,pQ) type, the second line is of the O(N2, p*)
type and the last two lines are of the O(N¢,p®) type. The LECs carry the scalings
’U§2) ~ O(NCTQ), Ly, Lg, L7, L1g, Los ~ O(Ng) and Cio, Ciy, Ci7,Chg,C31 ~ O(Nc) Notice
that we have only shown the operators at different § orders in egs. (2.1), (2.4) and (2.5)

X{x-), (24)

that are pertinent to our present study, not aiming at giving the complete sets of operators.
The conventions to label the LO, NLO and NNLO operators in egs. (2.1), (2.4) and (2.5)
follow closely the notations in refs. [12, 13, 46]. Unless it is explicitly stated, the LECs
will correspond to U(3) xPT and must not be confused with those in SU(3) xPT. The
matching between these two EFTs can be found in ref. [12]. The terms L; are denoted
as (; in refs. [13, 14].

Comparing the U(3) and SU(3) theories one can observe that some terms have been
reshuffled in the § expansion of the U(3) Lagrangian. For example, the Lj—4 5678 terms
are NLO in SU(3) xPT, but they are now split into NLO and NNLO in the § expansion



(see egs. (2.4) and (2.5)). We have several additional new operators, namely the last one
in eq. (2.1), the Aj—;1 2 in eq. (2.4) and the U§2), Lig, Los terms in eq. (2.5), that are absent
in the SU(3) xPT case. Finally, the chiral loops start contributing at NNLO in the ¢
expansion, while they appear at NLO in the conventional SU(3) case.

2.2 The -’ mixing at NNLO in § expansion

Next we calculate the n-n’ mixing order by order in the § expansion. In literature, there
are two bases to address the n-1’ mixing, namely the singlet-octet basis with 79 and g, and
the quark-flavor basis with 7, and 7. The relations between fields in these two bases are

(Zi) N \ﬁf <775> ' (26)

In the large-N¢ limit where the U(1) 4 anomaly is absent, 7, and 7, are the mass eigenstates

w

Wl

and they are generated by the axial-vector currents with the quark flavors ¢ = (uu +
dd)//2 and s3, respectively. The two bases are related to each other through an orthogonal
transformation and provide an equivalent description for the n-n" mixing.

As noticed in refs. [45, 47], when doing the loop calculations with 1 and 7/, it is rather
cumbersome to work with the 79 and 7g states. The reason is that at leading order the
Lagrangian in eq. (2 1) gives the mixing between 79 and 7g, and the mixing strength is
proportional to m? e —m2, which in the § expansion is formally counted as the same order
as the diagonal terms in the mass matrix for ng and 7g. As a result, the insertion of the
No-ng mixing in the chiral loops will not increase the § order of the loop diagrams. This
makes the loop calculation technically much more complicated, as one needs to consider
the arbitrary insertions of the 7g-1g mixing in the chiral loop diagrams. Nevertheless,
refs. [45, 47] provide a simple recipe to handle this problem by expressing the Lagrangian
in terms of the 77 and 7 states which result from the diagonalization of 79 and 7g at leading
order in §. The main difference is that the mixing between 77 and 77’ is now at least a NLO
effect in 9, while the 79-ng mixing was appearing at LO. The relation between the LO mass
eigenstates 77 and 77’ and the singlet-octet basis is given by the mixing angle 0:

() e
n So  Co 7o

with ¢y = cosf and sy = sinf. The LO mixing angle 6 and masses of 7J and 77 are given
by the leading order Lagrangian £ in eq. (2.1) (see e.g. ref. [45)]):

AM2NA2
M2 Mg — == +4A4
miy = 70+m%(— \/ 2 , (2.8)
2 —2 \/M4
—1
3M2 — 2A2 4 /OME — 12M2ZA? + 36A7)*
sinf = — \/1+( 9 \/ 320A4 g ) . (2.10)

with A% = mi —m2. Here my and m, denote the LO kaon and pion masses, respectively.



When higher order corrections are taken into account, the LO diagonalized 77 and 7/
will get mixed again. Up to the NNLO, a general parametrization of the bilinear terms
involving the 77 and 7’ states can be written as
o 51 — Y= 52 —/ A -/ — v/
= Eauf),jn@ 0"n + Eﬁu&,nc{? 0”1 + 63 0,0,mO" 0"
1+065, .  1+0y

a,no* u

I TG — 2 T (2.11)

L

_|_

0, o' + 61, O, Moty

where the d/s contain the NLO and NNLO corrections. Here these operators must be
understood as the terms of the effective action that provide the pseudoscalar meson self-
energies. The higher-derivative terms dj—; 23 in the first line of eq. (2.11) are exclusively
contributed by the O(p®) operator Ci2 in eq. (2.5), which belongs to the NNLO Lagrangian.
The remaining d;s receive contributions from the NLO operators in eq. (2.4), the NNLO
ones in eq. (2.5) and the one-loop diagrams, which contribute at NNLO. Their explicit
expressions can be found in appendix A.

At leading order, there is only the mass mixing term from eq. (2.1) whereas at NLO and
NNLO one has to deal in addition with the kinematic mixing terms in eq. (2.11), apart from
the mass mixing. The physical states of n and 7’ can be obtained from the perturbative-
expansion (d-expansion) in three steps: as a first step, we eliminate the higher-derivative
terms through the field redefinitions of 77 and 7’; then we transform and rescale the fields
resulting from the first step in order to write the kinematic terms in the canonical form; after
the preceding two steps, there is only the mass mixing term left, which is straightforward
to handle.

In the first step, we make the following field redefinitions for the 77 and 77’ states

T—=704+a07+ 00, 7 =7 + alf+ as07 (2.12)

with the d’Alembert operator [J = 0,,0". After some algebra manipulations, it is straight-
forward to obtain
(2.13)

so that the three higher-derivative terms in eq. (2.11) will be eliminated. Notice that the
@123 are NNLO, i.e., O(§?). Substituting the field redefinitions from eq. (2.12) into the
general mixing structure in eq. (2.11) and keeping the terms up to NNLO, the resulting
bilinear Lagrangian reads

1+ 87 + m28, 14 6 +m2 69 5
= OO+ 0 O |8+ (i) | 0,0
2 2
m2+4 o mz, + 0,2
n mz__ n mI; _,_ .
- - 5 N7 = 627 - (2.14)

In the second step, we need to eliminate the kinematic mixing term in eq. (2.14),
and then to rescale the fields to have them in the canonical forms. This can be done



perturbatively. In the final step, we take care of the mass mixing term. The last two steps
can be achieved through the following field transformations

n\ [ cosfs —sinfs 14904 6B 7 (2.15)
n ]\ sinfs cosb op 1+d¢ 7]’ ’
with 7,7 the physical states and

2 2 2
54 = &7 my o1 B 05 NLO B 0 NLO

2 2 8 g
Ok 03, o 9 OpNLOOENLO  On NLOOKNLO
Sy Moy O NLO  ORNLO
e e B (216)

where d7 NLO; 05 NLO5 Ok, NLO stand for the NLO parts of the three quantities respectively.
We point out that dz, oz, 0 receive both NLO and NNLO contributions, while 41, d2, d3 are
only contributed by the NNLO effect, which is the Cj2 operator in eq. (2.5). Comparing
with the NLO results in eq. (15) from our previous paper [45], we have generalized the
expression to the NNLO case in the present eq. (2.15). Another way to treat the mixing
of pseudoscalar mesons in xPT was also previously studied in ref. [48] and applied to the
79-1 case up to the two-loop level.

In the practical calculation, it is more often to use the inverse of the relations in
eq. (2.15), where the perturbative expansion leads to

n 140, o cosfs sinfg n
1) = . : (2.17)
7 o 1+ 6 —sin 0 cos O n

&m0 302x0  30%NLO

with

5y = ——1 7
A 2 > T8 8§
5= 0k _0s (m2 + m2) 305,NLOOkNLO | 307 NLOOK,NLO
& 2 4T 8 3 :
2 2 2
O = o7 myd2 305 xpo | 3% Lo (2.18)
¢ 2 2 8 ) : .
The 05 appearing in egs. (2.15) and (2.17) is determined through
5,
tan 95 = %2/\2 , (219)
mn/ - mn



with

)

1 03 1
Omz = 02 — 3 [5k + g(m% + mil):| (m% + m%,) + §5k,NL05ﬁ,NLO (5m% + 3m%,)

1 1
_§5k7NLO <6m%,NLO + 5m%,,NLO) + gék,NLO(sﬁ/7NLO (3m% + 5m%/)

1
—59m2NLO (d7,NLO + 7 NLO)

3
~92 2 2 2 2¢2 2¢2 2 2
mn = mﬁ + 5777% — mﬁ (5ﬁ -+ mﬁél) + mﬁ(sﬁ’NLO + zmﬁék’NLO + Zmﬁ/5k7NL0
—0kNLOOm2,NLO ~ 07,NLOOm2 NLO »
1 3
~92 _ 2 2 2 2 2 22 2 2
mn/ = mﬁ/ -+ (Sm%, — mﬁ, <5ﬁ/ + mﬁ/(SQ) + mﬁ/(sﬁ/,NLo + Zmﬁ(sk’NLO + Z’7Fn/5k,NLO
—0k,NLOOm2 NLO — 5ﬁ’,NLO5m%,,NLO ;
2 ~
2 ~2  ~2 ~o  ~9 2
2mg, = my, + myy \/(m77 mn,> + 4025,
om2, = @2+ @k 4/ (M2 —m2,) + 452 (2.20)
0 n 7 n 7 m2 .

where ; N1,o stand for the NLO parts of 9;.
In the phenomenological discussions, the popular two-mixing-angle parametrization in
the singlet-octet basis [10, 11] takes the form

n\_1/[Fs cos g —Fy sin 6y 78 (2.21)
7]/ N F Fg sin (98 F() COS 90 o ' '
Combining egs. (2.7) and (2.15), it is straightforward to derive the relations between
the four parameters in the two-mixing-angle scheme in eq. (2.21) and the yPT LECs:

FS2 = FQ{[COS(0+05) + 0psin(0 — 6s5) + 64 cos 6 cos O —5csin951n95]2
+[sin(9+95)+5Bcos(0—95)+5Ac059sin95+5csin900s95]2},
F02 = Fz{[—sin(0+95) + 0p cos(6 — bs5) — o4 sinf cos b5 — (5@0089511165]2

+[COS(0+05) —dpsin(f — 0s) — 4 sinfsin s + 500089(:0595]2} ,

sin(f + 0s) + 0 cos(6 — O5) + 64 cos 0 sin b5 + ¢ sin 6 cos O5
cos(0 + 0s) + dpsin(0 — 05) + 64 cos O cos s — ¢ sin @ sin b5’
—sin(0 4 6s5) + dp cos(0 — 05) — d 4 sin 6 cos 5 — I cos O sin O

tanfy = — 2.22
anvo cos(0 + 0s) — dpsin( — 0s5) — d4 sin @ sin b5 + 5o cos O cos s (2.22)

tanfg =

where the yPT LECs are implicitly included in 0,605, 04, 6 and d¢. Since 05,04,05,0c ~
O(5) or O(6?%), at LO one has Fy = Fy = F and one mixing-angle s = 6y = 6.



The relations between the physical 7,7 states and the quark-flavor basis is commonly

n 1 [ F, cos¢pq —Fs sing, Mg
) == ) : (2.23)
n F \ Fysing, F cosos Ns
Combining egs. (2.6), (2.7) and (2.15), it is straightforward to obtain the parameters in
eq. (2.23):

parametrized as

2F02 + F82 - 2\/§FOF8 Sil’l(gg — ‘98)

2 _
F2 = ; :
7 _ F? +2F2 + 2¢/2F) Fy sin(6p — 0s)
S 3 Y
tan & V/2F3 cos 0g + Fy sin 6
an - )
1 V2Fy sinfy — Fs cos g
2F Fysi
tan ¢, = V2 cos by + Fy sin fs (2.24)

\/iFg sin 98 — Fo COS 00 ’

where at LO in the d-expansion one has F, = Fy; = F and ¢, = ¢ = 0iq — 0, with the ideal
mixing #;q = — arcsin y/2/3.

2.3 Insights into previous studies of the n-1’ mixing

In the previous subsection we have performed the full computation of the mixing up to
NNLO in the § expansion. It is interesting to make a brief summary of the assumptions
made in previous works, where plenty of mixing formalisms have been proposed to address
the n-n' system [14, 30, 42-45, 49, 50]. In ref. [49], only the lowest order in the quark
masses and 1/N¢, i.e. the LO contributions in the J expansion, were taken into account.
Even though it provided a reasonable first approximation, it failed to give an accurate
description of the experimentally observed mass ratio m% /mg, The O(p?) contributions
were studied up to NLO in 1/N¢ in ref. [50] (including the terms in eq. (2.1) and A; and
A in eq. (2.4)), perfectly explaining the experimental value of m% / m%,. However, it turned
out to be inadequate to give a proper value for the -’ mixing angle. On the other hand,
the authors in refs. [42-44] went up to NLO in the p? expansion but keeping just the LO in
1/N¢ (including the terms in eq. (2.1) and Ls and Lg in eq. (2.4)). Both the n-n’ mixing
angle and the ratio Fi /F; were qualitatively reproduced in this case. The full set of NLO
contributions in the é-expansion (i.e., the effects up to NLO both in 1/N¢ and p?) was
analyzed in ref. [14], together with the mixing angle and the m, K,n and n’ axial-vector
decay constants. In ref. [45], the contributions from the tree-level resonance exchanges and
partial NNLO effects, e.g. the loop diagrams, were considered for the masses of n and 7.
In this work, we generalize the discussions up to the full NNLO study in the d-expansion
and confront our theoretical expressions with the very recent lattice simulation data and
the phenomenological inputs from the two-mixing-angle scheme.

Reference [30] introduced a quark-model inspired approach to the n-n" mixing, which is
commonly referred as the FKS formalism and used in many phenomenological analyses [51].



The essence of the FKS formalism is the assumption that the axial decay constants in the
quark-flavor basis takes the same mixing pattern as the states

Ef FP\  [cos¢ —sing F, 0 (2.25)
F;]/ £y ~ \sing cos¢ 0 Fy )’ ‘

where the decay constants are defined as the matrix elements of the axial currents

(0] A%(0)|P(k)) = ivV2F Bk, (a=gq,s;P=n,1),
1, - s _
Al = ﬁ(uw%u + dyu5d) A% = 5y,755 . (2.26)

From another point of view, the pattern of eq. (2.25) employed in the FKS formalism
relies on the assumption that there is no mixing between the decay constants of the flavor
states 1, and ns. In the yPT framework, the physical masses and decay constants can be
obtained from the bilinear parts of nonet fields in the effective action with the correlation
function of two axial currents. Since the correlation function is the second derivative with
respect to the axial-vector external source a,, and a, always appears in the Lagrangian
together with the partial derivative d,, as shown in eq. (2.2), the absence of the mixing
for the 7, and 7y decay constants in eq. (2.25) implies that there are no kinematic mixing
terms for the quark-flavor states 7, and 7y in the FKS formalism. In fact, the assumption
in ref. [42] is in accord with the FKS formalism. This can be simply demonstrated by
expanding the chiral operators considered in refs. [42, 43|, i.e. those in eq. (2.1) and Ls, Lg
in eq. (2.4), up to quadratic terms in 7, and ns.' No kinematic mixing terms for the ng and
ns fields result from these chiral operators. This also confirms the finding in ref. [44] that
only when the NLO of 1/N¢ operator is excluded the FKS formalism is recovered with
their chiral Lagrangian calculations.

Since general terms up to NNLO in 0 expansion are kept in our discussion, unlike in
the previous works [14, 42-45, 49, 50] where different assumptions, such as the preference
of the higher order p? and 1/N¢ effects, are made, it is important and interesting for us to
justify these assumptions in later discussions.

2.4 Masses and decay constants of pion and kaon up to NNLO in § expansion

The NLO expression of the pion decay constant in the § expansion reads

m2
™
or, up to the precision considered, one can also use the physical F; in the expression inside
brackets,

P (14 an (2.28)

'Our Lz and Lg operators correspond to the As and A; terms in refs. [42-44], respectively. The A term
in the previous references corresponds to our A operator in eq. (2.4). The A term, though introduced from
the beginning in these references, is dropped in their later discussions, since it is 1/N¢ suppressed.
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The differences between egs. (2.27) and (2.28) are NNLO effects. We mention that at a
given order there is always ambiguity in choosing the renormalized quantities in the higher
order expressions. In contrast, there is formally no ambiguity in the expressions in terms
of the quantity F', which is the pNGB axial decay constant in the chiral and large N¢
limits. For example, if we limit our analysis up to NLO, formally, it is equally good to use
F; or Fi in the denominators of the NLO part in eq. (2.28), since the difference is beyond
the NLO precision. A typical solution in the chiral study is to express the quantities, such
as My, Fr,mpg, Fg, in terms of the renormalized F; in the higher order corrections, as
done in the two-loop calculations in SU(3) xPT [52]. We follow this rule throughout the
current work to estimate the uncertainty due to the truncation of the § expansion when
one works at a given order in perturbation theory. We mention that the notation of m2 in
the above equations stands for the renormalized pion mass squared and the leading order
mass squared is denoted by mﬁ. Notice the LO pion mass squared m?r is the one that is
linear in the quark masses. The expressions relating m2 and m2 will be discussed below.

Similarly up to NNLO, we can either use F' or F}; in the NLO and NNLO expressions
for other quantities such as Fx and the §;’s in eq. (2.11). In the NNLO expressions, the
difference between using F' or F); in the denominators is a next-to-next-to-next-to-leading
order effect (N®LO). Since in this work we study lattice simulation data up to pion mass
of 500 MeV, the convergence of the chiral series is expected to be much slower than that in
the physical case with m, = 135 MeV. Therefore it is a priori not trivial to judge whether
the two approaches-using 1/F? and 1/F2- are numerically equivalent or the lattice data
prefer one of them. Indeed in ref. [53], it is already noticed that to use F' or Fj could cause
some noticeable effects. We will use the difference between both approaches as an estimate
of the truncation error at a given order in §.

We take the pion decay constant as an example to illustrate the differences of using
F and F; in the higher order expressions. Using F' in the higher order corrections, its
expression reads

2

. : m o
F,=F|1+ 4L5ﬁ + 4Ly + (24L5 — 64L5L8)ﬁ + (8C14 +8 17)ﬁ

m2 4 2m?
F2

Ag(m2) | Ag(m¥)

1672 F2 32m2F2 |7

(2.29)

The one-point loop function Ag(m?) is calculated in dimensional regularization within the
MS — 1 scheme [1, 2] and it reads

m2

Ap(m?) = —m?In 5 (2.30)
L
with the renormalization scale p fixed at 770 MeV throughout. Using eq. (2.27) to replace
F by Fr in the NLO and NNLO corrections, the resulting form is

m2 m2 + 2m? m3 mA
F.=F|1+4Ls—Z +4L,—=——"K | (562 — 64L5Lg)—= + (8C14 + 8C17) —=
T + 5F7%+ 4 FE +( 5 5 S)F#Jr( 14 + 17)F72
Ag(m2)  Ag(m?
L Ao(mz) - Ao(mi) (2.31)

16m2F2  3272F2 |’
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In the § expansion, the expressions for a physical quantity with F or F}; in the higher order
chiral corrections differ only for the LsL;—55 and LsAj;—1 2 terms, since the differences by
replacing F' by F are originated from the NLO expressions of F} in eq. (2.28) and we only
retain terms up to NNLO in this work. It is clear that the difference between egs. (2.29)
and (2.31) is the LZ term. Notice that in the § expansion scheme, the terms like LsLy are
N3LO and will be dropped throughout the article.

The corresponding expression for the kaon decay constant when one uses F' to express
the NLO and NNLO corrections reads

2 m2 4+ 2m? m4 2m3. —2m2m2 +m2
FK F [1+4L5 Ja2 + 4L4 2 K + (24L§—64L5L8) ! =+ 8014 K FIQ(
2 —m?2 3A 2 3A 2 3c2 Ag(m?2 3s2A
+8017m7r( mK mﬂ') O(mﬂ‘) O(mK) 0 0( 77) + 0 0( ) ) (232)
F? 12872 F2 64m2F2 128722 128772F2

On the other hand, expressing the NLO and NNLO contributions in terms of F yields

m2 m2 + 2m?2 3mi 4+ 4m?2 m2 4
Fr = F|1+4L5—5 +41,—= K L gri—K KT 64L5L
K [ +4Ls 72 + 4Ly FT% Fi sbs— F4

2m%, — 2m%-m2 + mi 2(2m2. — m2)
F2 F2

340(m2)  3Ag(m%) | 3cjAo(ml) = 3sgAo(mi)

12872F2 ' GAn2F2 | 12872F2 1287r2F,2

+8C14

+ 8017

(2.33)

The expanded expression for the ratio of Fg/F in terms of F up to NNLO in ¢
expansion, takes the form

Fr m2. —m?2 5 3mi, — 2m2-m2 — m3 ma —mj.
— =1 4L7 8L3 B 64LL7
F, TR T F1 b
mi —m2m? m2-m2 —ma
+16C14 K F2K T+ 16017%
_5A0(m72r) Ao(m%) 3¢5 Ag(m ) 339A0( ) (2.34)
12872F2  6472F? 12872 F2 12871'2F2 ’
When expressing the previous result in terms of F}, it reads
Fr m2 — m? o 3mi, + 2m2-m2 — 5m ma —mj,
— =1 4L7 8L% T +64L5Ls—"
F, AT Fi +osbsle g
mi. — m%m?2 m2-m2 — mk
16C1 4 — 82— AT + 16C— 2L —T
+ 14 72 + 17 F2
~54g(m3) | Ao(mi) Ao(m3) L3 Ao(mz) (2.35)
12872F2 ' 6Am2F2 1287r2FT% 1287r2F7% ’ '
which differs from eq. (2.34) in the L term.
The pion squared mass up to NNLO is given by
m2 = m2 + m? NLO m72r,NNLO7 (2.36)
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m2 = 2Bm, (2.37)
8(2Lg — Ls)m?
m2NLO ( 8F2 5)mﬂ, (2.38)
onnto _ 8(2Le — La)mZ(2m3. +m2)  64(L3 — 6L5Ls + 8LZ)mS
T - F2 F4
6 2(.2 2 2
_16(2C12 + Cra + Cig — 3Chg — 205)my m2 (5 — 2v/2¢psg + 255) Ag(m;)
12 9672 2
2 2 2 2
+m7r(266 +2v2c9s0 + SB)AO(mn/) B m2 Ag(m2) (2.39)
9672 F2 32n2F2? ‘

When expressing the renormalized m, in terms of Fj, the only differences are the LsLg
and L2 terms in eq. (2.39) and the other parts are the same as in eq. (2.36) with the
explicit replacement of F' by Fy in eq. (2.27). Therefore we only give the different parts
for simplicity when expressing in terms of F; and they read

(Fx),LsLg L _ 128(4L5Ls — Lg)mﬁ

27
,r Fi T, (2.40)
The mass squared for kaon up to NNLO is provided by
mi = ma + m?éNLO + m%%NNLO (2.41)
with
mi = B(m +ms), (2.42)
aNLO _ 8(2Lg — Ls)mj
my = 7 K (2.43)
[ 2NLO _ 8(2Lg — La)my (2m3 +m2)  64(LZ — 6LsLg + 8LZ)mY,
K - F2 F4
32012m?( 32031m§( 16017m%(m3r(—2m%( + mfr)
- F F2 F2
B 16C 1 4m%-(2m3, — 2m2m2 + m3) n 48C19m3 (2m] — 2m%-m2 + m2)
F? F?
g (8my +m2) + 2v/2¢ps9(—2mi + m3) — dmis5] Ao(m7)
19272 F2
[—4c2m? + 2/2cysg(2m3, — m2) + (3m727, + m%)sg]Ao(mi,) (2.44)
- 19272 2 ' '

When expressing eq. (2.41) in terms of Fy, the differences are the LsLg and L% terms in
eq. (2.44) and the new expressions are

), LaLs LE _ _ 64LZmi (mi +m2) N 128L5 Lgm3, (3m% +m?2)
8 E F |

(2.45)

Notice that the masses of pion and kaon appearing in NLO and NNLO parts in the above
equations correspond to the renormalized quantities, instead of their LO expressions. In
addition, this gives the quark mass ratio relation ms/m = 2m%./m2 — 1.
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When performing the chiral extrapolation of the lattice data, instead of the renormal-
ized m%( as in the previous equations, it is convenient to use the LO kaon mass squared in
the higher order corrections. In this way, we do not need to iteratively solve eq. (2.41) in
order to give the value of mg for a given m . The result in terms of Mg in the NLO and
NNLO expressions becomes

miéLat _ m%{ + miéLathLO + miéLathNLO 7 (2.46)
with
_ 8(2Ls — Ls)m
méLat NLO _ (2Ls - 5 )M 7 (2.47)
9Lat-NNLO _ 8(2Lg—La)m% (2m% +m2) 64(L2—2L5Ls)m%  32C1omG  32C3mG
My - 2 + o o 4 2
160 17mam2(—2m% +m2)  16C14m3 (2m3, — 2m2%m2 + m2)
N F2 a F?
+48019m§<(2m}1< — 2m%-m2 + ml)
2
B [c%(?;m% +m2) + 2v/2cpsp(—2m2 +m2) — 4%%(83]140(7713])
19272 F2
[—4cZm3 + 2v/2¢cos9(2m3, — m2) + (3m727, + m%)sz]Ao(mz,)
- 19272 F2 - )

When expressing eq. (2.46) in terms of Fy, the differences are the LsLg and L?) terms in
eq. (2.48) and the new expressions are

2.Lat,(Fx), LsLs L2 _ 64L5(Ls — 2Lg )y (Mg, — m3)

> 1 (2.49)

When confronting with the lattice data, we only consider the simulated points with
the physical strange-quark mass, i.e. the lattice ensembles that when extrapolating to the
physical pion masses lead simultaneously to physical kaon masses. In this case, we can
express the LO kaon mass squared as

—2 Phy —2
Mg =B(m{™ + ) = B(m{™+m™) = Bl + B = m ™ — ST — 4+ 5 (2.50)

__9Ph __9Ph
where my; Y and my Y

can be obtained through eqgs. (2.36) and (2.41) by substituting
the physical masses of 7, K, 7,7 in the NLO and NNLO expressions. For m2, which varies
in the lattice simulation, we can extract its value by using eq. (2.36). In this case, m, in
eq. (2.36) takes the value from lattice simulation, and m, m,,, m,s, which only appear in
the NNLO part, can be approximated by their LO expressions.

In the above discussions, we have distinguished the situations of using 1/F? and 1/F?
in the higher order corrections for various observables. Similarly, we can also generalize
the discussions by replacing the renormalized masses (m, and mg) with the LO ones (7,
and T ) in the higher order corrections. We take the observables F. and Fi as examples

to illustrate the differences. The renormalized m, and mg have been used in egs. (2.29)
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and (2.32) for F; and F with 1/F? in the higher order terms, respectively. After replacing
my and myg in egs. (2.29) and (2.32) with their expressions in terms of the LO masses T,
and My through eqs. (2.36) and (2.41) respectively, the corresponding expressions are
found to be

[ m2 m2 +2m2 e me  Ag(m2)  Ag(m%)
Fro=F|144Ls—C 4 4L, — K _ Q127 1 (84 +8C17)—= s K
e T T s H OO e+ gamape |
(2.51)
r —2 —2 2—2 —4 2—4 o 2—2 —2 —4
Fy=F 1+4L5%+4L4w—8ﬁ,%+8q4 M ngmermw
g0, A2 M) | 3Ao(m2) | 3Ao(mi) 3c§Ao(m,%)+353Ao(m3/) (2.52)
17 F2 12872F2 ' 64n2F2 12872F2 | 12872F2 |T 7

As in the discussion of 1/F? versus 1/F? up to the NNLO precision, the expressions for
a specific observable by using the renormalized masses m,, mg and the LO m,, mx only
differ in the terms like L;L;, being L; and L; the NLO LECs in eq. (2.4). This can be
clearly seen when comparing egs. (2.29) and (2.51). E.g. the differences caused by using the
renormalized masses and the LO ones are the L% and LsLg terms, apart from the explicit
replacement of m, and mg by m, and mg respectively. Similar rules are also applied to
egs. (2.32) and (2.52).

To replace my, mg by m, and mg in the NLO and NNLO corrections in eq. (2.36),
the only changes happen for the L;L; terms and the corresponding new expressions read

2, e F), LsLs L2 L3 _ 64L5(Ls — 2Lg)im

ma - (2.53)

In principle, we should also present the results expressed with the LO masses M., My
and the renormalized decay constants Fj, Fx, which can be straightforwardly obtained
by substituting the relations in egs. (2.36) and (2.41) into the corresponding observables.
We consider the expressions given in terms of the renormalized masses and 1/F? as our
preferred ones in this work. The reason to choose the renormalized masses is for practical
purpose, since in lattice simulations the different observables are typically given as functions
of the renormalized m2. Also most of the chiral studies choose to express the quantities
with the renormalized masses in the higher order corrections, such as in refs. [52, 53].
Following this rule we consider the results with the renormalized masses and 1/F2 as an
estimate of systematic errors due to the truncation of the § expansion when one works at
a given order in perturbation theory. While for the case with the LO masses, we shall also
comment the results in the following numerical discussions.

3 Phenomenological discussions

The big challenge in the present general discussions on the 7-r’ mixing is the determination
of the unknown LECs in egs. (2.1), (2.4) and (2.5). The recent lattice simulations on the
light pseudoscalar mesons provide us valuable sources to constrain these free parameters.
The considered lattice simulations include the m, dependences of the masses of 7,7’ [15-19]
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and kaon [22, 23], and the 7, K decay constants [22, 23] and their ratios [24]. Moreover,
relevant phenomenological results and experimental data will be also included to constrain
the LECs.

Since we do not consider the isospin violating effects, we will take the values for the
physical pion and kaon masses in the isospin limit from ref. [54], where the corrections from
the electromagnetic contributions are removed,

my = 135.0 MeV my = 494.2 MeV . (3.1)

These values will be used in later chiral extrapolations, while for the physical masses of 7
and 7’ and the decay constants of pion and kaon, we will take their world-average values
from ref. [55].

In order to show the results step by step, we present the discussions in the following
sections split in three parts: we consider fits performed at leading order, next-to-leading
order and next-to-next-to-leading order.

3.1 Leading-order analyses

At leading order, the n-n’ mixing is described by one free parameter, namely the singlet 7
mass My in eq. (2.1) and the explicit expressions for the masses and mixing angle are given
in egs. (2.8), (2.9) and (2.10). At this order, the 7, K decay constants are degenerate and
given by their chiral and large N¢ limits, i.e. F; = Fxg = F. Therefore we shall not take
the lattice simulations of the decay constants into account for the LO discussion as they
clearly show the need of higher order corrections for a suitable description. Also at leading
order, F' will not enter the masses and mixing angle, as shown in egs. (2.8), (2.9) and (2.10).
As a result of this, we do not need to distinguish the two situations with F' or F}; discussed
previously in the expressions of different observables. Apart from the lattice simulation
data, we also fit the physical values of the n and 7’ masses. Nonetheless, fitting the physical
masses with the experimental precision at the level of several hundred-thousandth is too
ambitious. Since the ultimate goal of the present work is the NNLO study, the ballpark
estimate of our theoretical uncertainty, starting from the N3LO part, should be around
3%. This value is obtained from the general rule that each higher order correction in
expansion, either the SU(3)-flavor breaking or the 1/N¢ effect, is around 30%. In fact,
the estimated three-percent uncertainty is also similar to the typical error bars reported
in many lattice simulations, in the range from 3 — 10% [15-19]. Consistently, we assign a
1% uncertainty to the physical values of m,, and m,, in the fits.
The value of the singlet mass My from the LO fit is

My = (835.7 £ 7.5) MeV . (3.2)
The physical masses for the 1,7’ and their LO mixing angle 6 from the fit are found to be
my = (496.4 £ 1.3) MeV, m, = (969.8+5.8) MeV ,0 = —18.9° £0.3°. (3.3)

The resulting plots can be seen in figure 1. We verify that if the physical masses are
excluded in the fit, My = 813 £ 11 MeV results. If we only include the physical masses
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Figure 1. The masses of  and 7’ from the LO fit. The left most two points correspond to the
physical masses. The remaining lattice simulation data are taken from refs. [18, 19] (ETMC), [17]
(UKQCD), [16] (RBC/UKQCD), [15] (HSC), where we only take into account the simulation points
with m, < 500 MeV. The shade area surrounding each curve stands for the statistical uncertainty
from the fit.

and exclude the lattice simulation data in the fit, My = 859 & 11 MeV is obtained. These
determinations of M lie within the broad range summarized in ref. [51] and are quite
close with the commonly used values of My = 850 MeV [51]. Taking into account the large
uncertainties of the lattice simulation data, specially for m,/, and the concise formalism of
the LO mixing, it is impressive that the lattice simulation data can already be qualitatively
described with the LO analysis, as shown in figure 1. This also indicates that the higher
order mixing effects can only give moderate corrections to the masses of n and 7'.

Nevertheless, in order to describe the lattice data more accurately, specially the n
masses, the chiral corrections beyond the leading order are needed. For the physical
masses, it has also been shown that the LO description fails to explain the mass ratio
of n and 7’ accurately enough [49]. Therefore it is essential to generalize the discussions to
NLO and NNLO in order to achieve a precise description both for lattice simulations and
physical data.

3.2 Next-to-leading order analyses

At next-to-leading order, in addition to the parameter My at leading order, there are five
additional free parameters: the decay constant F' at chiral and large N¢ limits, and the
four NLO LECs Ls, Lg, A; and As in eq. (2.4). At this order, as well as at next-to-
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next-to-leading order, one can rewrite the chiral expansion of the observables in various
equivalent ways up to the perturbative order in § under consideration. In the following
discussion, we will perform two types of fits: one using F' in the theoretical NLO and NNLO
expressions and the other employing F};, as discussed in section 2.4. Since the differences of
the theoretical expressions used in the two types of fits are beyond the considered precision,
the variances of the outputs from the two fits can be considered as systematic errors from
the theoretical models by neglecting higher order contributions. In the following, we will
explicitly present the fit results by using F' in the theoretical expressions, which is the
most straightforward option, as discussed in section 2.4. The outputs of the fits with the
theoretical formulas expressed in terms of F;; will be used to estimate the systematic errors:
the difference between the central values of the two types of fits will be used to estimate
the truncation uncertainty due to working just up to a given order in the J-expansion,
providing the second error for each quantity in the following tables.

In refs. [42-44], it is argued that at each chiral order, the leading N¢ effects are
dominant, or in other words that the A; and Ay terms are assumed to be much less
irrelevant than the Ls and Lg terms in the NLO ¢ expansion. This assumption has been
more or less confirmed when focusing on the masses of 7,7’ and the LO mixing angle
at the physical points [42—44]. In ref. [45], the local higher order LECs were estimated
by the tree-level resonance exchanges and it was found that with those LECs As seems
to be more important than A; when focusing on the physical masses for n and 7'. It is
interesting to check how these assumptions work when including the lattice simulations and
the phenomenological results of the two-mixing-angle parameters, which are not considered
in refs. [42-45]. Different sets of fits to the lattice data and phenomenological inputs from
the two-mixing-angle scheme are performed either by fixing A;—; 2 to zero or releasing their
values, in order to reexamine the assumptions. Interestingly we do not find qualitative
changes between the fits with fixed A;—12 = 0 and the ones with free values for these
parameters. This tells us that indeed the A; and Ay terms do not significantly improve the
fit results, even after taking into account the lattice simulations. Nevertheless, we find that
these two terms are quite important to reproduce the phenomenological mixing angles 6y
and g in the fits where M is fixed at its LO value. If M is released in the fits we find that
including A; and Ay improves the descriptions of m,, from lattice simulations. Therefore,
we will not further discuss fits with Ay and Ay set to zero in the following. Instead, we
focus on the results given in table 1 with all the four NLO LECs in the fits, namely Ls,
Lg, Ay and Ag in eq. (2.4).

For the parameter My, we take two strategies to estimate its value in NLO analysis.
In one of them we fix My = 835.7MeV from its LO determination (NLOFit-A) and in the
other case we free its value for the NLO fit (NLOFit-B). These two NLO fits are given in
table 1. The first error bar for each fitted parameter corresponds to the statistical one from
the fits and the second error bar is estimated from the variation of the fits between those
using F' and F; in the NLO (and later also NNLO) theoretical expressions. From the two
fits shown in table 1, one can see that releasing My in the fits barely changes the fit quality
with respect to the cases when its value is fixed, although there are slight variations in the
determinations of My and As.

,18,



Concerning the results of the LECs in table 1, the resulting values for F' from the two
fits are quite compatible and close to the physical pion decay constant. For Ay and As,
their values are poorly known in literature and it is helpful to compare our values with the
following estimate for their ranges: we take the LO determination My = 835.7 MeV, and
we then separately include the A; and Ay terms in the -1’ mixing and vary their values
to obtain new results for m,, and m, with the physical m,. Since the A; and Ay terms are

NLO 1/Ng effects, it is reasonable to assume that their corrections to m?2 or m%, should be

n
at most around 30% of the LO results. In this way we can set up conservative and rough

estimates for the ranges of A; and A5, which are found to be
|A1’ <04, ’AQ‘ < 0.7 . (3.4)

The resulting magnitudes of A; in our fits are tiny and consistent with zero, as shown
in table 1. For the parameter Ay, our determinations lie within the ranges estimated in
eq. (3.4). Its value, specially the one from NLOFit-A, is close to the one used in ref. [56],
where the mixing was discussed at next-to-leading order. However the determinations for
A5 in table 1 become much more precise than those given in refs. [45, 47], where the lattice
simulations for m,, and m,, are not included, indicating the usefulness of incorporating
the lattice data in the U(3) xPT study. Our determinations of Ls and Lg are in good
agreement with the leading N¢ predictions from resonance chiral theory [57], the SU(3)
one-loop results in refs. [1, 2] and the one-loop resonance chiral theory determination for
Lg [58, 59]. But the values here are clearly larger than those from the recent two-loop
determinations [26, 27], the results from K7 scattering in the scalar channels [60], and the
one-loop resonance chiral theory estimates for Lz [29]. The discrepancies of L5 and Lg,
comparing with the recent two-loop determinations [26, 27], can be eliminated once the
O(p®) LECs are taken into account, as we will show in the NNLO discussion.

The values of the parameters in the two-mixing-angle scheme and the mass ratio of
strange and up/down quarks resulting from the fits are given in table 2. Similarly, the
first error bar for each quantity is the statistical error and the second one corresponds to
the systematic error, which is obtained in the same way as the one in table 1. Notice that
these inputs have already been satisfactorily reproduced in NLO analyses.

The other quantities in the fits are presented in figures 2, 3, 4 and 5, together with the
lattice simulation data and the experimental inputs. We find that the final outputs from
NLOFit-A and NLOFit-B are quite similar, so only the plots from NLOFit-B are given
explicitly. The shaded area surrounding each curve corresponds to the statistical error
band for each quantity. In figure 2, we show the resulting figures from NLOFit-B for the
masses of 7 and 7. In figures 3, 4 and 5, we show the corresponding plots for m%(, Fr Kk
and Fy /F, as functions of m2, respectively.

3.3 NLO fits focusing on the masses

In this section, we present another kind of NLO fits by focusing on the masses of 1,7, K
and excluding the decay constants F}, Fx and their ratio. This kind of discussion is well
motivated, since it is known that the NNLO corrections in § counting, such as the LEC
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NLOFit-A NLOFit-B
X2/(d.o.f) | 481.2/(76-5) A77.7/(76-6)

My (MeV) 835.7* 767.3+31.5+32.3
F (MeV) | 92.1£0.240.6 | 92.1+0.2+0.6

103 x Ls | 1.4540.02+0.30 | 1.47+0.0240.29

103 x Lg | 1.00£0.07+0.10 | 1.08+0.0540.04

A 0.02:£0.05-0.06 | -0.09+0.08+0.02

Ay 0.25-£0.06-£0.02 | 0.1440.0740.03

Table 1. Parameters from the NLO fits. The meaning of different notations to label different fits
are explained in detail in the text. In the row of My, the columns with 835.7* denote the fit results
by fixing the value of My from its LO determination. The first error bar for each parameter is the
statistical one given by the fits and the second one corresponds to the systematic error. The way
to estimate the systematic error is explained in detail in the text.

Parameters Inputs NLOFit-A NLOFit-B
Fy (MeV) 118.0 £16.5 | 104.9£2.94+0.3 | 99.7+3.6+£1.6
Fs (MeV) 133.7 £11.1 | 113.24£0.3+4.4 | 113.54+0.3+4.2
0o (Degree) -11.0 £3.0 -7.242.1+1.3 | -10.6+2.4£0.1
0s (Degree) -26.7 £5.4 -21.542.243.9 | -25.4£2.6£2.3
ms/m 27.5 £3.0 22.6+0.8£0.6 | 21.9£0.6+1.2
F, (MeV) | 106.0 £11.1* | 94.1+1.94+1.7 | 90.6+2.4+0.4
Fy (MeV) | 143.8+16.5% | 122.3+1.2+5.1 | 120.9£1.2+5.5
6, (Degree) 34.5 + 5.4* 40.4£3.143.6 | 35.0+3.7£1.6
0s (Degree 36.0 + 4.2% 39.9+1.7£2.2 37.2+1.841.1

Table 2. The outputs from NLO fits. Notice that Fy, Fy, 0, and 0, are not the phenomenological
inputs in the fits, since they are related to Fy, Fs, 0 and 0g through eq. (2.24). The phenomenolog-
ical values for the mixing parameters are taken from ref. [21] and we triple the error bands here in
order to make a conservative estimate. The input of mg/m is taken from the FLAG working group
in ref. [54] and we assign the 10% error bar as done in ref. [26]. For the error bars of each quantity,
the first one corresponds to the statistic error and the second one is for the systematic error, which
are explained in detail in the text.

Ly, are important to simultaneously describe F and Fi [26-28]. But this LEC is absent
in NLO study. We have also provided another independent confirmation on this finding in
figure 4, where one can see that the decay constants of pion and kaon are poorly reproduced
at next-to-leading order in § expansion. When only focusing on the 7, 7’ and K masses and
the ratio mgs/m at next-to-leading order the parameter F' can not be resolved, because it
always appears in the form Ls/F? or Lg/F?. We will fix its value to F' = 90 MeV, close to
the values given in table 1. For the mixing parameters we consider the mixing angles of 6y
and fg, but exclude the constants Fyy and Fg. This is because Fy and Fg are dependent on
the parameter F' and should be determined together with F;; and F. For simplicity in later
discussion, we call the fits performed in this section as the mass-focusing type throughout.
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Figure 2. The masses of 7 and 1’ from the NLO and NNLO fits. The left most two points corre-
spond to the physical masses. The remaining lattice simulation data are taken from refs. [18, 19]
(ETMC), [17] (UKQCD), [16] (RBC-UKQCD), [15] (HSC), where we only take into account the
points with m, < 500 MeV. The shaded areas around the black solid and red dashed lines stand
for the statistical error bands from the NLOFit-B and NNLOFit-B fits, respectively. The meaning
of notations for different lines are explained in detail in the text.

As in the previous section, we present the fits with F' in the denominators of the
theoretical expressions (e.g. eq. (2.27)) and use the fits with F}; to estimate the systematic
errors. For each case, we perform the fits either by fixing My at its LO determination
(NLOFit-C) or by freeing its value (NLOFit-D). The fitted parameters are given in table 3
and the mg/m ratio and mixing angles are given in table 4. The resulting figures from
NLOFit-C and NLOFit-D are quite similar and we explicitly show one set of them, e.g.
NLOFit-D in figures 2 and 3 for the () and kaon masses, respectively.

A significant difference between the results in table 1 and the mass-focusing fits in
table 3 is that much larger statistical error bars are obtained in the latter case, especially
for the LECs L5 and Lg, as they are constrained by fewer data. Likewise, there are large
systematic errors for the values of Ls and Lg in table 3, indicating a larger truncation
uncertainty due to higher orders. We do not see a significant improvement when freeing
the value of My in the fits.

3.4 Next-to-next-to-leading order analyses

From the NLO discussions in the previous two sections, we observe that the phenomeno-
logical results and the lattice simulations on 7 and 7’ states can be reasonably reproduced.
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Figure 3. Kaon mass from the NLO and NNLO fits. The lattice simulation data are taken from
RBC and UKQCD [22, 23]. Ounly the unitary points simulated with the physical strange quark mass
are included. The shaded areas around the black solid and red dashed lines stand for the statistical
error bands from the NLOFit-B and NNLOFit-B fits, respectively. The meaning of notations for
different lines are explained in detail in the text.

NLOFit-C NLOFit-D
x%/(d.o.f) 168.8/(44-4) 168.7/(44-5)
My (MeV) 835.7* 821.5+43.5
103 x Ly | 1.4040.5840.75 | 1.5140.6840.91
103 x Lg | 0.8840.2940.35 | 0.9440.3440.44
A -0.064-0.0440.02 | -0.09+0.114-0.09
Ay 0.1740.1940.25 | 0.184:0.19+0.25

Table 3. Parameters from the mass-focusing NLO fits. The meaning of different notations to label
different fits are explained in detail in the text. F' is fixed at 90 MeV in these fits. The first error
for each parameter corresponds to the statistical one and the second error denotes the systematic
uncertainty. See the text for details.
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Pion and kaon decay constants from the NLO and NNLO fits. The left-most points
for F; and Fi correspond to the physical experimental inputs. The remaining lattice simulation
data are taken from RBC and UKQCD [22, 23], where we have only included the unitary points
simulated with the physical strange quark mass. The shaded area around each curve stands for the
statistical error band from the fits. The meaning of notations for different lines are explained in

Parameters Inputs NLOFit-C NLOFit-D
0o (Degree) | -11.0 £3.0 | -10.6+£2.4+3.3 | -11.04+3.442.1
0g (Degree) | -26.7 £5.4 | -25.3+2.4+4.4 | -26.7+4.5+7.1
ms/m 27.5 4£3.0 | 23.7+0.3£0.3 | 23.6£0.54+0.1
0, (Degree) | 34.5 +5.4* | 35.6+1.4+1.1 | 34.1+4.3+4.1
0s (Degree) | 36.0 +4.2* | 37.0£0.94+0.7 | 36.3+2.2+2.1

Table 4.

denotes the systematic uncertainty. See the text for details.
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The outputs from the mass-focusing NLO fits. See table 2 for the phenomenological
inputs. The first error for each quantity corresponds to the statistical one and the second error
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Figure 5. Ratio Fg/F; from the NLO and NNLO fits. The left most point corresponds to the
experimental input. The remaining lattice simulation data are taken from ref. [24] (BMW). The
shaded area around each curve stands for the statistical error band from the fits. The meaning of
notations for different lines are explained in detail in the text.

This is an important improvement comparing with the LO study, since at this order we
only have the conventional one-mixing-angle formalism. The two-mixing-angle formalism
only shows up beyond LO. However, observing mg, Fy, Fr and their ratio in figures 3, 4
and b5, it is clear that the NLO analysis is still inadequate. We need to include higher order
contributions beyond NLO in order to further improve the descriptions. Moreover, the
chiral logarithms predicted by xPT at one loop start at NNLO in the § expansion. Due to
their importance in other observables, we consider it is relevant to discuss the impact of
these chiral logs.

As in the NLO case, we perform two types of fits, using the NLO and NNLO theoretical
expressions given in terms of F' and F); for various observables. We explicitly present the fit
results with F' in the theoretical expressions and use the alternative fits expressed in terms
of F; to estimate the systematic errors, due to working up to NNLO in ¢ and neglecting
higher orders. According to the Lagrangian in eq. (2.5), eleven additional unknown LECs
appear at NNLO and there will be seventeen parameters in total for the NNLO study. At
the present precision of the lattice simulations and phenomenological inputs, it is impossible
to obtain sensible and stable fits if we free all of the seventeen parameters. Therefore, we
need to take other independent determinations for some of the LECs in order to proceed
the NNLO study.
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We mention that the state-of-art determinations of the O(p*) LECs in SU(3) xPT
suffer uncertainties from the many poorly known O(p%) LECs [26, 27]. Because of the
large number of barely known O(p%) LECs, it is rather difficult to get conclusive results in
the present two-loop SU(3) xPT studies [26, 27]. In the present work, there are five O(p®)
LECs, i.e. Ci2,C14,C17,Chg,C31, in eq. (2.5) and we cannot make precise determinations
of these C; parameters here. Maybe when taking into account the scattering data, one
can make more stringent constraints on the C; LECs in U(3) xPT. But this is beyond
the scope of current work. Instead we take the C; values from the Dyson-Schwinger-like
approach given in ref. [61], where all of the O(p%) C; at leading N¢ are predicted. In order
to show the dependences of the final results on the C; values, we also perform other fits by
using their updated determinations [62]. Like in ref. [26], we multiply the O(p®) C; from
refs. [61, 62] by a global factor o and consider « as a free parameter in the fits. In this
way, we partially compensate the large uncertainties of the C; parameters.

For the operators proportional to véQ), Lig and Los in eq. (2.5), they are not present in
SU(3) xPT and purely contribute to the n-n’ mixing, being irrelevant to the pion and kaon
observables. Since the 7-n' mixing parameters have already been satisfactorily described
in the NLO fits, we do not further include véQ), Lig and Los at NNLO study.? Their
inclusion in the present analysis tend to make the fit unstable. Clearly studying more
n(/) related observables it would be possible to extract these parameters but this is out of
the reach of the present analysis. A global fit is too unconstrained, being unstable and
producing values of the latter couplings compatible with zero within uncertainties. Then
we are left with three O(N2, p*) operators: Ly, Lg and L7, which have corresponding parts
in SU(3) xPT. Since U(3) and SU(3) xPT contain different dynamical degrees of freedom,
the corresponding LECs from the two theories can be different. A typical example is
the L7 parameter in SU(3) xPT, which is demonstrated to be dominated by the singlet 7
state [1, 2]. Since in U(3) xPT the singlet 7o has been explicitly introduced, the value of L;
in this theory can be totally different from LgU(?’) in SU(3) case. While for other O(p*) LEcs,
such as Lij—4 563, the differences between U(3) and SU(3) xPT are not expected to be as
large as the L7 case, since they do not receive the tree-level contributions from the 7 state.

Another subtlety to take into account is that m, and m,, appear in the chiral loops
and, at the same time, the final expressions of m, and m, depend on the these loops
as well. In order to avoid making the complicated iterative procedure to obtain the 7-
7 mixing parameters, we use the LO formulas for m, and m,y in the chiral loops. The
differences caused by this simple treatment and the strict iterative procedure are beyond
the NNLO precision in § expansion, since the chiral loops themselves are already NNLO.
Our simple solution is also justified by the fact that the LO description of m,, and m,y is in
qualitative agreement with the lattice simulation data, as shown in section 3.1. Since the

?Indeed, in this work My and vf) only enter in the mass Lagrangian in eq. (2.14) explicitly. They
always appear combined in the effective form Mg’ eff = Mg+ 6v£2>(2m§< + mfr)7 which is the parameter

(2)
2

we are actually extracting. The contribution v;” could be singled out through the study of the nono — 77

scattering. However we point out that the anti-correlation between My and vé2) in general can not be
recovered in the present numerical fits, due to the presence of far too many parameters in the problem and

the large uncertainties of the lattice simulation data, specially for the determinations of m,, .
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qualitative agreement between the LO formulas and the lattice simulation data requires
the value of My to be around 835.7MeV, as given in eq. (3.2), we fix My = 835.7MeV
in the following discussions. This also helps to stabilize the NNLO fits, with its many
free parameters. Other useful criteria to discriminate reasonable fits are the a priori ranges
estimated in eq. (3.4), since the fits with large magnitudes of A; and Ay imply unphysically
large corrections to the 7-n’ mixing parameters and the breakdown of the § expansion. In
the following we only present the fit results that are consistent with eq. (3.4).

With all of the above setups, the values of parameters from the NNLO fits are sum-
marized in table 5. The fits labeled by NNLOFit-A and NNLOFit-B correspond to using
different values of the O(p®) LECs. For NNLOFit-A, the C; values are taken from ref. [61]:

Ci2=-034, Ciu=-083, Ci;=0.01, Cio=-048, C3 =-0.63, (3.5)

which are given in units of 1072GeV~2. For NNLOFit-B, we take their updated O(p%) C;
values from ref. [62]:

Cia=-034, Cia=-087, Ci7=017, Cio=-027, C5 =-046, (3.6)

in the same units as before.

It is clear that the parameters resulting from fits with different C; inputs slightly
differ from one another. We remind that the first error bar for each parameter in table 5
corresponds to the statistical one directly from the fits and the second error bar stands
for the systematic one, which is estimated, as usual, from the variation of the parameter
from the NNLO fits with the theoretical expressions in terms of F' and those expressed as
functions of F.

At NNLO, one has the contributions from the chiral loops and the O(p®) LECs, which
make our determinations in table 5 closer to the recent two-loop results of the SU(3) xPT
LECs, comparing with the NLO determinations in table 1. Some typical trends of the values
of parameters from the NLO study in table 1 to the NNLO one in table 5 are summarized
now. The axial-vector decay constant F' at leading N¢ and chiral limit is reduced at
NNLO, which is mainly due to the inclusion of L4. Our conclusion is based on the fact that
strong correlations between F' and L4 always appear, which has been confirmed in previous
study [28, 29]. For Ls and Lg, we find that their values are obviously reduced compared to
the NLO determination and become closer to the two-loop results in ref. [27]. As mentioned
in the former reference, the discussions in the two-loop SU(3) xPT are sensitive to the value
of the 1/N¢ suppressed LEC Ly. The present study provides an independent determination
for this parameter and for the 1/N¢ suppressed LEC Lg as well. We mention that our
determinations of L4 have opposite signs with respect to that in ref. [27], which may be
the source of the smaller F' obtained in that reference. Notice that the present values of
Ly, L5, Lg, Lg are rather compatible with the combinations of 2Lg — L5 and 2Lg — L4 given
in ref. [63]. Fit solutions with larger A; and Ay than those in eq. (3.4) (out of the a priori
range (3.4)) are discarded: they are not considered as reasonable physical solutions and
will not be discussed any further. According to the values of « in the two fits, it seems
that our study somewhat prefers smaller magnitudes of the O(p®) LECs than those from
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the Dyson-Schwinger approach given in refs. [61, 62] and also prefers a global change of
sign with respect to eqs. (3.5) and (3.6). We have investigated the impact of fitting a but
releasing one of the O(p®) LECs as an independent parameter (e.g., C14), but no definitive
conclusion could be extracted. These puzzles cannot be resolved here and it is definitely
interesting and necessary to further investigate the values of the O(p®) LECs in the future.

The various plots from the NNLO fits are shown in figure 2 for m, and m,,, figure 3
for myg, figure 4 for F; and Fk, and figure 5 for the ratio Fx/Fy, together with the
NLO results and the lattice simulation data and experimental inputs. The shaded area
surrounding each curve represents the statistical error band. The figures from NNLOFit-B
are compatible with those from NNLOFit-A within the uncertainties, so we only show the
results for the former in figures 2, 3, 4 and 5.

In addition, to demonstrate the effects by using the LO masses in the higher order
corrections, instead of the renormalized ones, we explicitly show the results for m,, and m,y,
expressed in terms of the LO masses i, My and 1/F? in figure 2, with the lines labeled
as NNLOFit-B-m, k. The values of the LECs when plotting these lines are exactly the
same as those from the NNLOFit-B column in table 5. In this way, one can directly see
the differences due to the N*LO truncation uncertainty caused by using the renormalized
masses and the LO ones at the NNLO level. According to figure 2, we conclude that the
differences for m, and m,, caused by using different types of masses in the higher order
corrections are rather within the statistical uncertainties from the fits and therefore the
differences should be perfectly compatible within the total uncertainties after taking into
account the systematic ones in table 5. We verify that similar conclusions are obtained for
other cases. In order not to overload the plots in other figures, we shall not explicitly show
the results given in terms of m,; and M.

From figures 2, 3, 4 and 5, we observe, when compared with the curves of the NLO
study, slight improvements in the reproduction of the masses for 1,7’ and significant ones
for mg, Fr, Fx and the ratios of Fg /F,. Moreover the x? for the NNLO fits are greatly
reduced compared with x? for the NLO ones, indicating that the NNLO corrections are im-
portant at the present level of precision and essential to simultaneously describe the lattice
simulation data and experimental inputs of the light pseudoscalar mesons 7, K,n and 7’.

4 Conclusions

In this article we have performed a thorough study on the 7-n’ mixing, and axial-vector
decay constants for the pion and kaon, up to next-to-next-to-leading order in § expansion
within U(3) chiral perturbation theory. We have carried on a detailed scrutiny and discus-
sions of our results, which have been carefully compared to other works in literature for
the -’ mixing. A general mixing formalism, including the higher-derivative terms and
kinematic mixing cases, has been addressed in detail. The connections between the mixing
parameters from the popular two-mixing-angle scheme and the low energy constants from
chiral perturbation theory have been established, both for the singlet-octet basis and the
quark-flavor basis.
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NNLOFit-A NNLOFit-B
%/ (d.o.f) 212.4/(76-9) 231.9/(76-9)
F (MeV) 81.7+1.5+5.3 80.8+1.6+6.1
103 x Ly | 0.60+0.11+0.52 | 0.45+0.12-+0.78
103 x Lg | 0.25+0.07+0.31 | 0.30-£0.06-0.30
Ay -0.003+0.06040.093 | -0.04=£0.06+0.13
Ay 0.08+£0.114£0.20 | 0.1440.1040.40
103 x Ly | -0.12£0.06£0.19 | -0.0940.06+0.23
103 x Lg | -0.05£0.04=£0.02 | 0.03+£0.03+0.02
103 x Ly | 0.26+0.05+0.06 | 0.36:£0.05+0.12
a -0.59+0.0940.18 | -0.76+0.08+0.44

Table 5. Parameters from the NNLO fits. In all of these fits, M is fixed at 835.7 MeV from its
LO determination. The meaning of different notations to label different fits are explained in detail
in the text. The first error bar for each parameter corresponds to the statistical one and the second
error denotes the systematic uncertainty. See the text for details.

The considered quantities, including the masses of 1,77’ and K, the quark mass ratio
of mg/m, the parameters in the two-mixing-angle scheme and the 7, K decay constants
have been confronted with recent lattice simulations and phenomenological inputs. We find
that the next-to-leading-order fits yield satisfactory descriptions for the masses of the three
pseudoscalar mesons as functions of m2 and the four mixing parameters (Fy, F, 6, 0g),
producing in addition reasonable values of low energy constants. Nonetheless, when the
7 and K decay constants are included together with the masses and mixing parameters
in the fits, the next-to-leading-order analyses are inadequate and it is necessary to step
into the next-to-next-to-leading-order study. Using the O(p®) LECs determinations from a
Dyson-Schwinger-like approach [61, 62] multiplied by a global factor, we are able to achieve
a reasonable description for all of the physical quantities considered above and the resulting
values for the leading No O(p?) low energy constants Ly and Lg turn to be compatible with
the very recent two-loop determinations in ref. [27]. Therefore we conclude that the large
N¢ U(3) chiral perturbation theory offers a concise theoretical framework that is able to
simultaneously reproduce accurately the general -’ mixing and to provide sophisticated
enough expressions to describe the chiral extrapolations of the m and K decay constants
and masses.

Our results are also useful for future phenomenological studies of different processes
involving n and 7’. Combining eq. (2.21) or eq. (2.23) with table 6, one can directly find the
relations between the physical states 1,7’ and the octet-singlet bases 7g, 79 or the quark-
flavor bases 74,7s. These relations are consistent with the requirements from the recent
lattice simulations and phenomenology.

Finally, it is worthy to remark that some of the parameters in our best analysis
(NNLOFit-B) in table 5 have been determined with relatively small errors. For instance,
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Parameters Inputs NNLOFit-A NNLOFit-B
Fy (MeV) 118.0 +£16.5 | 108.04+1.5+3.6 | 109.1+1.34+5.9
Fg (MeV) 133.7 £11.1 | 124.741.248.7 | 126.5+1.2+11.8

0o (Degree) -11.0 £3.0 -6.8+£1.1+2.6 -6.84+0.9£3.7
0s (Degree) -26.7 £5.4 -26.8+£1.14+0.2 -27.9+1.0£1.4
ms/m 27.5 £3.0 27.0+0.6£0.4 29.4+0.4£0.6

Fy, (MeV) | 106.0+£11.1*% | 92.8+1.1+1.2 92.7£1.0£1.0
Fs (MeV) | 143.8+16.5% | 136.4+1.5+10.0 | 139.0+1.4+14.9
0, (Degree) | 34.5+5.4* 36.4+£1.440.2 35.8£1.2£0.3
0s (Degree) | 36.0 +4.2* 37.84£0.9£1.5 37.1+£0.8£1.1

Table 6. The outputs from NNLO fits. See table 2 for the explanation of the phenomenological
inputs. The first error for each quantity corresponds to the statistical one and the second error
denotes the systematic one. See the text for details.

the NLO parameters A 2, which are fitted up to O(Ng 2) in the NNLO analysis, become
Ay =—-0.04£0.06 £0.13, Ay =0.14 +£0.10 £ 0.40. (4.1)

The NNLO fit also determines some U(3) NNLO couplings with relatively high precision.
NNLOFit-B yields

103 x Ly = —0.09+£0.06+0.23,  10® x Lg = 0.03 £ 0.03 +0.02,
10 x L7 = 0.36 £ 0.05+0.12. (4.2)

Even though the error estimates in the present article must be considered with some cau-
tion, as some lattice systematic uncertainties escape our control, this hints the potentiality
of this U(3) xPT framework. We hope these results may encourage future lattice analyses
along this line.
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A Higher order corrections to the 77 and 77’ bilinear terms

In the following we provide the explicit expressions of the §;’s in eq. (2.11). When expressing
the results in terms of F', they take the form

32C
01 = 3F;2 [cg(4m%( —m?2) + 4\/50939(771%{ —m2) + s3(2m% + mi)] , (A.1)
32C
0y = SF;Q [c§(2m%{ + mfr) — 4\/50939(m%< — m?r) + s§(4m%< — m?r)] , (A.2)
_ 64C 2) (/32 V282
03 = — 352 (m% — mﬂ)( 2cy — cpsp — 259) , (A.3)
8Ls[c3(4m3, — m2) + 4v2co(m3 — m2)sg + (2m3 +m2 )39] 9
on = 3F? + ool
+C§A0(m§<) 8L4(2mf +m3) ;. BLasso [2v2¢5(m —m3) + (2mj +m?)s]
1672 F2 F? F?
64L5(L5 — 2Lg)[c2(4mG, — m2) + 4V 2co(mG, — mE)sg + (2m3 + m2)sd]
3F4
16(C14 + C17)
—i-T[cg(Sm‘}( — 8m3m2 + 3mi) + 8v2com¥ (m% — m2)sy
+(4m3; — 4m2m2 + 3m2)s3], (A.4)
SLslcd(2m + m2) + 4v2eo(—m3 + m2)sg + (4m3, —m2)sd]
6ﬁ/ = 5 -+ CQAl
3F
siAo(m3)  8L4(2m3 +m2) N 8Liscolca(2m? + m2) + 2v/2(—m32 + m2)sy]
16722 F? 2
+64L5( 5 — 2Lg)[c2(2m% +mi) + 4V 2ch(—m + mi)sg + (dmi — mi)s2]
3F4
16(C C
+(?;2_17)[cg(4m}1< —4m2:m2 + 3m2) + 8V 2comi (—m3 +m2)sg
+(8mi — 8mim + 3my)sg) (A.5)
16L5(mK m2)(V2c3 — cpsp — V/253)
O = 32 — cpsp\y
cpspAo(m?) 8L18[\fcg(mK m2) + cp(2m3 + m2)sg + V2(—m% + m2)sz]
1672 F2 F?
128L5(Ls — 2Lg)(m% — m2)(V2c2 — cpsp — V/253)
3F4
64(C1a + Cry)mi (mie —m3) (V25 — cosp — \[59)
_ (A.6)
32
B) —16L8[2(8 1 —8mim2 + 3m2) 4+ 8V2cym3 (m3 — m?
mZ = 3p2 Co\OM MKMy my) comi (M — mz)sg

+(4m}1( — 4m%(m,2T + 3mf‘r)s§]

2
+§59[2\/§Ce(m§< —m2) + (2mi +m2)sel Az
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L1
1672

+16V2¢co(m3 — m2)s3 + 2(2m3% + m? )sg} Ao(mg)

1
{18F2 [cﬁ(le%( —Tm2) + 4\/§cg(Sm%( — 5m2)sg + 12¢5(4m3 — m?)s}

+(4mK m2)(2c4 — 2v/2c3sp — 3c2s2 + 2v/2cpsp + 289)A o(m2)
18F2 "
- [Cgmgr + 2\609(_27”%( + m7r) S0 — 4m%(83]A ( 2 )
3F? oA
m2(c2 — 2v/2cpsg + 252)
M 9 AO(mZ)}
16L 4 4mi. —4 3
16 Lg(2m32, +m2)[ca(4m% — m2) + 4v/2cp(m3 —m2)sg + (2m% +m2 )89]
i 3E2
+16L7[8 2(m% —m2)? + 4v/2cp(2m3, — mEim2 — md)sg + (2m3% + m2)2s2]
3F?

| 256(Ls —2Ls) Ly
3F4
+4V2com3- (2me — m2m2 —md)sg 4+ (4mS — 2mim2 — 2m%i-m2 + 3m8)s?
16( 5 — 2L8)A259[2\/>Cg(mK m4) (szll( + m;lr)Sg]
3F?

[cg@mg{ — amtom2 — dmZmd 4 3mb)

16(3019 + 2031)
Y [05(16771% — 24mfem?2 4+ 12m3md

6
- mﬂ')
+4v/2¢o(4mS, — 6mim2 + 3mimi —mS)sy

+(8mb — 12miem2 + 6mimy +mS)sj| (A.7)

5m% = %ce[c@@mK +m2) 4+ 2v2(—m¥% +m2)sg|Ag
16Lg
3F2
8mK — 8m%m2 + 3m2)s?]

4mK m2 209 — Z\fcesa — 30939 + 2\[0939 + 236)
167r { 18F2

+ (c2(4m3 — dm2m2 + 3m2) + 8V 2comi (—m3 +m2)sy

Ag(m3)

18F2 [20 (2m3% +m2) — 16V2c)(m% — m2)sg + 12c3(4m3; — m2)s3

—4\/2¢9(8m3; — 5m2)sh + (16m3% — Tm )se}Ao(m%/)
= 4cim3, + 2v/2cp(2m3; — m2)sg + m2 s3]

m2(2¢3 + 2v/2cysg + Sg)Ao(mz)}
2F?2 T
_ 16Lascglco(4mie — 4miem2 + 3m3) + 4v2m3 (—mi +m2)sg]

F2
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+6c3(2m3; + mi)vém

| 16La[c§(2mie +m3)* + 4v/2cq(=2mi + mimZ + mz)sg + 8(mi — m?)?s}]
3F?2

+16L6(2m%< +m2)[c3(2m3; +m2) 4+ 4v/2co(—m% + m2)sg + (4m3, — m2)s3]
3F?

| 256(Ls — 2Ls) Ly

3F4
AN2ecom2 (—2m; + m2im? +md)sg 4+ (8mS — dmim?2 — dm2im? + 3m8)s]
+16(L5 - 2L8)A209[2\/539(;;n§( +mi) + (2m} + m2)cq]

[cg(Sm?{ — 12mfm2 + 6m3mi + md)

[c2(4m8; — 2mGm2 — 2m3m3 4 3m8) +

16(3Ch9 + 2C51)
3F?
—4V2¢o(4m8; — 6mim? + 3m32mi

+(16m8; — 24mim?2 + 12m2m? — mg)sg] , (A.8)

— mf’r)s(y

64L8mK(mK m2)(V2¢3 — cpsp — /252)

" 3F?
—g[\fce(mK m2) + co(2m3 +m2)sg + V2(—m3 +m2)si| Ay
1
_W{ [\fcg(8mK—5m )+ c5(8m3 +m2)sg + 3V 23 (—4mi + m2)ss

+4cp(—5m3e + 2m2) s + 4V2(—m¥ + mi)sg} Ao(m2)
[4\fco(mK m2) 4 3v2c3(4m3 — m2)si + co(8m3 +m2)sp
+V2(—8m% + 5m2)sj + dcgsg(—bmi + 2m?2 )} Ag(my))
+6[V2e§(2mic — m2) + co(dmic +m3)se + V2(=2mie +m3)sF] Ao(mi)
FOm (VB + cosa + VI Aa() |

—609(2m%(+m )sev@) 32L6(2mK m%(m —m )(\fce—@se—fsa)
2

3F2
16L
+ 22 [ovRcmi (ke — m2) + o — mm? + 3mi)sy
+2\me(—m%(+mfr)sg}
161,

32 [2\f09(2mK mim2 —md) + co(—4mf + 20m3m2 — Tmi)sg +

2V/2(—2mj + mim2 + m4)33}
512(Ls — 2Lg) Lsm3.(2mf, — m%m2 —m1)(v/2c3 — cpsg — V/22)

3
6(L5—2L8)A2[\f09(mK mi) + cp(2mi; + m2)sg + V2(—mi + mi)si]
3F?
32 (3C19 + 2C51) (4mSe — 6mGm2 + 3m2mt —m )(\fce—CQS(; \/553) (A.9)
3F? R
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When expressing the above results in terms of Fy from eq. (2.27), the terms with Lg
and LsLg can be different from the expressions in terms of F' and the other parts remain
the same, apart from the obvious replacement of I’ by F;. Therefore, for the expressions
of §; expressed in F, we only give the parts that are different from those in terms of F

2 128L2
5%Fw),L5 - 3FA [cg(QmK + 2me —-m )+ 2\[@939(771]( —i—me —omA =)
+si(mi +mim2 +mi)| (A.10)
2 128L2
5#1#)@5 = 3T45 [cg(m}l( +m2m2 +md) — 2v2¢ps9(mG + m2im2 — 2m?)
+s5(2m3 + 2m3m? — mfr)] ) (A.11)
glFE _ _ 128L(mic + micmy _52”4 1(V2SG — coso = V255). 812)
128L5Lg 1
57(2)@@8 _ Tis 2(16mS — 16m2m + 9mS) + 16v2com%i (mE — mi)sg
7 - L
+(8mYe — 8mimi + ng)sg} , (A.13)
Fr),LsL 128L5L8 [
57(%/) sLs _ 3717# c2(8mS — 8m2m? 4 9m8) — 16V 2com2 (m3 — m)sg
+(16mS — 16m2m? + 9m6)3§} , (A.14)
(Fr),LsLg _ 1024L5L8mK(mK m )(\fce — CpSg — \/583)
0,5 = : (A.15)
3F?

In order to obtain the full expressions for the §;’s given in terms of Fj one has to make
use of eq. (2.27) up to the precision required. Taking dj for example, its final expression
in terms of F} is

16L5(mK m2)(V2c3 — cpsp — V/253)

S = 352 — cpsol\
cosgAo(m) 8L18[fce(mK m2) + co(2m3; +m2)sp + V2(—m3% + m2)s?]
1672 F2 B2
| 250LsL(mic — my) (V2 — cosg — V25})
3F4
128L2(mj, + mim2 — 2md) (V23 — cpsp — V/253)
3F?
_64(Cia + Cir)mi(mf —m2)(V2c§ — coso — V257) (A.16)
3F2 ’ '

which differs from eq. (A.6) in the L% term. For 01, d9 and 3, their expressions are the
same regardless of whether I’ or F}; is chosen up to next-to-next-to-leading order.

For completeness, we also give the results in terms of the LO masses m, and mg
and 1/F?. Only the terms with L;L;, being L; and L; the NLO LECs in eq. (2.4), will
be different, comparing with the expressions in terms of m, and mg and the other parts
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remain the same, apart from the obvious replacement of the renormalized masses by the LO
ones. Therefore, we only give the parts that are different from those in terms of m,, mg
and 1/F? and it turns out that in this case all of the L;Lj terms for 05, 057, Ok, 0,2, 0,2 5 Opy2

n i
vanish.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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