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1 Introduction

Isospin symmetry SU(2)y, is an almost exact property of strong interactions as described by
the QCD Lagrangian. This happens because the difference between the up and down quark
masses is much smaller than the QCD scale, (mq — my,)/Agep < 1, and it remains true
also when electromagnetic interactions are switched on, because isospin breaking effects
due to the different quark electric charges (e, # e4) are suppressed by the electromag-
netic coupling constant, .y, ~ 1/137. For these reasons most of theoretical predictions of
several physical quantities assume isospin symmetry, i.e. the masses of the up and down
quarks are taken equal and electromagnetic effects are neglected.

Nowadays, with the increasing precision of the experimental determinations of many
physical quantities, and in some cases with the improvement of the theoretical predictions,
the control over isospin breaking effects is becoming phenomenologically relevant. This
is the case, for example, of the form factors parametrizing Ky3 decays. Isospin breaking
effects are important also for hadron spectroscopy, for the meson decay constants, for the
-7 scattering length, for the quark condensate and for many other quantities.

In the past, isospin breaking effects due to the light quarks mass difference (in the
following referred to as QIB effects for QCD isospin breaking effects) have been accom-
modated within the chiral perturbation theory (xpt) framework (see [1-6] for a largely



incomplete list of references on the subject), while several attempts to compute electro-
magnetic effects for the hadron spectroscopy in lattice QCD have been presented [7—10].
It is very difficult to take into account in numerical simulations QCD isospin breaking (see
refs. [11-15] for a selection of previous lattice works on the subject) because the effect is
in general rather small and comparable with the errors in the determination of, say, the
meson masses or decay constants. Furthermore, in order to perform unitary dynamical
simulations of two light quarks of different mass the single quark determinant must be
positive and this happens only in the case of lattice discretizations of the fermion action
that are very expensive from the numerical point of view.

In this paper we present a new method to compute the leading QIB effects with high
precision. The method is based on the expansion of the lattice path-integral in powers of
the small parameter mg — m, and is applicable in principle to any hadronic observable
which can be computed on the lattice. As a first application, and to show that the method
works, we have applied it to the computation of the leading QIB effects for several physical
quantities of interest: the kaon meson masses, the kaon decay constants, the form factors
of semileptonic K3 decays and the neutron-proton mass splitting. In the future we plan
to apply the method to other physical quantities, to include QED corrections and to try
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also the calculation of next-to-leading corrections such as the 77-7" mass difference.

The main physical results of this work are
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and the QIB corrections to semileptonic decay rates discussed in section 7. In previous
equations the lattice error (the one in the first parenthesis) has been obtained with a rather
modest statistics, ~ 150 gauge field configurations, and can be reduced in the future. Most
of the systematic error comes from the ambiguity in the definition of the electromagnetic
corrections (see uncertainties in the second parenthesis). In this study we have extracted
the mg — m, mass difference in QCD by using as an external input the QIB effect in the

QCD " This quantity requires in turn a definition of the elec-

kaon masses, [Mz, — Mz, ]
tromagnetic isospin breaking corrections that we have taken from other calculations, as
explained below in the paper, and that will be treated more properly in the future. The
result for the neutron-proton mass difference has been obtained at fixed lattice spacing and
will be improved in a separate publication.

Next-to-leading QIB corrections, i.e. second or higher orders in the (m, —mg) expan-
sion, have not been calculated in the present paper. The associated effects are estimated to
be negligible at the current level of (both theoretical and experimental) precision on flavour
physics observables. Indeed, on the basis of dimensional arguments, higher orders correc-

tions are expected to be suppressed by additional powers of the small expansion parameter



(mg —my)/Agcep- The actual numerical size of the leading order contributions presented
in eq. (1.1) is consistent with this power counting expectation. Clearly, we cannot exclude
the existence of specific observable for which higher order QIB effects may be larger than
expected. Nevertheless if necessary, the method suggested in the present paper can be
extended to evaluate higher order contributions as discussed, for example, in section 3 for
the 77-70 mass splitting.

In the case of MIQ{ and Fg, we quote also the first order derivatives with respect to

mq — My,
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[mq — my,)CP(MS, 2GeV)
[Fyo ) Fyer — 1997
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= 2.57(8) x 103 MeV,

= 3.3(3) x 1073 MeV ™1, (1.2)

so that one can use his/her preferred value of the up-down mass difference to get the
physical QIB effect.

The paper is organized as follows: in section 2 we introduce the method and set our
notation. In section 3 we derive the correlation functions needed to extract isospin breaking
effects whose calculation is discussed in detail in the remaining sections. In particular, in
section 4 we study kaon two point correlation functions and in section 5 we discuss elec-
tromagnetic isospin breaking effects and extract mg — m, and Fro — Fi+. In section 6 we
calculate the neutron-proton mass difference while in section 7 we discuss the calculation
of isospin breaking effects for the K3 form factors. Our conclusions and outlooks are given
in section 8. Some technical details are discussed in the appendices.

2 Description of the method

In this section we present the basic ingredients of our method, which is simply based
on a perturbative expansion in the small parameter (mgq — m,)/Agcp. Let us start by
considering the evaluation of a generic euclidean correlation function (O) used to extract
information about physical quantities as masses, decay constants, form factors etc.,

Dy 0es
~ [Dpe S

where D¢ represents synthetically the full functional integration measure of the theory. By

(0) (2.1)

neglecting for the moment electromagnetic corrections and possible isospin breaking terms
that may arise because of lattice artifacts with particular choices of the lattice fermion
action, we can write the Lagrangian density as a term which is SU(2)y symmetric plus a
term which violates the isospin symmetry.

L = Lyin + L

= Ly + " (4 dd) — T ( — d)
= ‘Ckin + Myq qq — AWLud ngq

= Lo— Amyg L, (2.2)



where ¢7 = (u,d), myq = (mg +my)/2 and Amq = (mg — my)/2. By expanding at first
order the exponential of the action, S = )" L(x), with respect to Am,, we obtain
<O> - fD¢ o (1 + Amyg S') e—50 B <O>0 + Amyg <O$’>0
"~ [D¢ (1+AmyyS)e5 14 Amyg (S)o
= (0)o + Ay (0S), (2.3)

where (-)g represent the vacuum expectation value in the isospin symmetric theory and S
is the isospin breaking term,

§=3 lamal(e) = 3 [ou— dd)(a). (2.4

T T
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The correction in the denominator vanishes, (S)g = 0, because of isospin symmetry. Con-
cerning the Wick contractions of the correlation functions <(9§>0, isospin symmetry makes
also to vanish some fermionic disconnected contributions of the form

Amyq ( [fermionic Wick contractions of O] x tr[S] )o =0, (2.5)

since these are proportional to the trace of the flavour matrix 5. We can now describe a
general recipe to be used in order to compute leading QIB effects on the lattice:

e consider a given correlation function in the full theory, i.e. with m, # mg, and for
each gauge configuration draw all the fermionic Wick contractions;

e expand the up and down quark propagators with respect to Am,q according to

Gu(w1,w2) = Gy(w1,22) + Amyg Y Ge(a1,y) Gely, ) + -+,
Yy

Ga(w1,w2) = Go(x1,72) — Amyg Y Go(w1,y) Gely, m2) + -+ ; (2.6)
Y

e retain the terms linear in Am,y and compute the corresponding diagrams (or
fermionic Wick contractions).

In the following sections we shall discuss in detail how to extract physical information from
the resulting correlation functions. To this end we need to set the notation we are going
to use in drawing diagrams. Egs. (2.6) can be represented diagrammatically as follows

= s @t
- . @+, (2.7)

u

where here and in the following the up quark line in the full theory is drawn in light blue
color while the down quark line in green. All the black lines refer to Gy, the propaga-
tor with the symmetric mass m,q in the isospin symmetric theory whose square, entering
egs. (2.6), can be easily calculated on the lattice by using Gy itself as the source vector of
a new inversion.



The insertion of the scalar density is represented by a cross according to

y —>—— gy = Gz —y) = (((2)l(y)),

® = Amug Y U)(z) = Amby 3 [02)02)]", (2.8)

with ¢ either u or d. Here and in the following the superscript L stays for bare lattice
quantity. In particular we have

AMmyg = ZAam Amﬁd (2.9)

where Za,, is scale and scheme dependent while the combination Amyg Y, £(2)¢(z) is
renormalization group invariant. According to eq. (2.3), a generic correlator (0.S)y with a
single insertion of the isospin breaking term can be obtained from (Q), a correlator in the
full theory, as the derivative of the latter with respect to Am,y evaluated at Am,q = 0.
It follows that, by working within a mass independent renormalization scheme, <(9§>0 is
finite provided that O and S have been separately renormalized. By iterating the previous
argument it can be easily understood that the connected parts of correlators with multiple
insertions of the renormalized operator S are finite.

In this paper we have applied the method discussed above by using the so called
Twisted Mass lattice discretization of the QCD action. This choice has advantages and
drawbacks. The big advantage is automatic O(a) improvement. The drawback is the break-
ing of isospin symmetry at finite lattice spacing even with Am,q = 0. The associated O(a?)
cutoff effects are eliminated by performing continuum extrapolations. Since our method is
general and can be applied with any lattice regularization of the quark action (e.g. Wilson,
Overlap, etc.), in the main body of the paper we illustrate our results without entering
into the specific details of the Twisted Mass fermion action that we discuss in appendix A.

We close this section by explaining the notation used in the following to express and
calculate variations of correlation functions and matrix elements. To this end it is useful
to introduce the following operators acting as absolute variations

AfO = O(f) - 0(),
A0 = O(i) — O(b),
A0+ M0 _ O(f) - Ob)

AQ = 5 5 ) (2.10)
and the corresponding relative variations
ArO A O AO
_ - =, 2.11
070 o0) 3,0 o0) 00 o0 ( )

Here O(f) and O(b) are quantities calculated with the light quark propagators at first
order in Am,g, while O(i) is the corresponding quantity calculated in the unperturbed
isospin symmetric theory. The labels f (forward), b (backward) and ¢ (iso-symmetric) are
generic. More precisely, f will stand for

f={d K° n, D'K°, Kz~ } (2.12)



when we shall discuss in turn quark masses, kaon masses and decay constants, the neutron
and proton masses, the semileptonic decay D — K /v and the semileptonic decay K — w/lv.
Correspondingly b and ¢ will represent

b={u K* p, D°K* K*z°},
i={¢ K, N, DK, Kn } , (2.13)

where N stands for nucleon.

3 Correlation functions at first order

In this section we shall derive the correlation functions that need to be calculated in or-
der to extract the leading QIB corrections to meson masses and decay constants, nucleon
masses, and to the form factors parametrizing semileptonic meson decays. In particular,
we shall consider the following two point correlation functions

C7T+7T_ (ta@ = Z e_iﬁ.£< ﬂ75d($) CZ’)’5U(0) > )
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1£4Y 144°
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and the following three point correlation functions
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In previous expressions C' denotes the charge conjugation matrix while €. the totally
antisymmetric tensor in color space.

A first trivial observation comes from eq. (2.5) telling us that all the quantities that do
not involve a light valence quark propagator do not get corrected at first order in Amyg.



This is the case for example of heavy-heavy and heavy-strange meson masses and decay
constants, etc. Pion masses and decay constants too do not get corrected at first order.
This can be shown diagrammatically for the charged pions two point function

Cotr- (1) =—<7f> =—-O-CCo+ o+
d
- —O + O(Amyg)?, (3.3)

and for the connected diagrams entering neutral pion two point function Co,0(t),

_ <:>+ ®+ @+---: <:>+2® + O(Amyg)?,
_ <:> - @ _ @+...: <:> _2® + O(Amag)?,
u d

It is easy to show that the first order corrections cancel also for the disconnected diagrams
contributing to Co,0(t) in the full theory, a known result that can be understood in terms

of isospin quantum numbers. The Wigner-Eckart reduced matrix element of the operator

<
<

S between pion states is indeed zero for G-parity,
(ml|S)lm) = (1, I3]|1,0]11, I3) = 0. (3.5)

This is certainly not the case at second order where the relevant O(Am,g)? diagrams are

Crogo(t) — Crip(t) = =2 [<§> -{® @] + O(Amyq)?. (3.6)

For flavoured mesons first order corrections to masses and decay constants are instead
different from zero. Here we discuss the case of strange particles but the discussion proceeds
unchanged if the strange is replaced with a charm or a bottom quark. The QIB correction
to the two point correlation functions of the strange mesons are

Cg+r-(t) = — é == O - @ + O(Amug)?,
Crogo(t) = — é == O + @ + O(Amyq)®. (3.7)
d

In the diagrams above and in the following the strange quark line is red. Note that the
correction to the neutral mesons is equal in magnitude to that to the charged particles,



We now consider first order corrections in the case of nucleon masses. The neutron-
proton mass difference can be extracted at first order in Am,q by the diagrammatic analysis
+ +
of C5,(t) and Cp,(t),

CE (1) = — 4 M
Cit(t) = — o |
. |- = o |- | + oama2,

R

As usual this is obtained by expanding all the light quark propagators appearing into the
correlation functions. Also in this case we find AyCny(t) = AyCnyn(t) = ACNN(t).
Concerning the form factors parametrizing semileptonic decays, we start by consider-
ing a charmed meson decaying into a strange meson. The discussion would proceed along
the same lines in the cases of B — D transitions. The charm quark line is drawn in yellow.

We get
(t) = —CAS -~/ N\ - ﬁ; + O(Amya)?,

Chyigolt) = _C As == A + ‘é; + O(Amya)®. (3.9)
d

As for the correlation functions analyzed above the correction is equal in magnitude be-

m
CDOK+

tween the two processes, because the weak flavour changing current does not contain a light
quark field. From the previous two equations one can extract ffOK * (¢®) — f TKO (¢%). At
present the experimental and theoretical uncertainties on this quantity are such that QIB
effects can be safely neglected but we have chosen to discuss these processes first because of
their simplicity. Indeed, the phenomenologically relevant K — 7 case involves disconnected
diagrams' that complicate the analysis.

The expansion of C%., _(t) is given by

Cly (t) = SAU = —A + @ - & + O(Amyg)?. (3.10)
d

The correction in the K™ — 707 v case is obtained from the correlation function C}Lﬁﬂo (t)

in the full theory, whose disconnected diagrams survive at first order in Am,q,
s u s u s d
Cremo(t) = = A + ﬁ 0 - ﬂ 0
u u u

1This is not in contradiction with eq. (2.5) since disconnected diagrams arise by making the fermionic
Wick contractions of the observable O and not from Tr[S].




“A+ﬁo‘ﬁo

—Q‘&+ﬁ@

*ﬁo‘ﬁo*ﬂ@
—_A_Q—&-kQﬁ@—kO(Amud)Q. (3.11)

The correction to KT — 7% *v is not just equal to the K® — 7~ I*v one. From egs. (3.11)
and (3.10), one can extract ff_(o”_(q2) — ff_ﬂo(q2). At ¢*> = 0 this quantity has been
estimated by using the measured form factors and chiral perturbation theory [16],

[ £ (0) - f*”°<0)] v
K07 (0)

= —0.029 £ 0.004 (3.12)

and found of the same size of the deviation from unity of the form factor at ¢ = 0, being
fE™(0) = fE™(0) = 1 the value at the SU(3)y symmetric point (My = My).

4 Kaon masses and decay constants

In this section we discuss in detail the strategy used to derive the isospin corrections to the
kaon masses and decay constants. To this end we start by considering the Euclidean corre-
lation functions of egs. (3.7) both in the full theory and in the isospin symmetric one. The
spectral decomposition of Cgogo (the analysis of Cx+ g~ proceeds along similar lines) is

(0[d5s(0)[n2) (n®[575d(0)[0) B
SEA

Croxo(@t) = 3 e P (dyss(@, 1) 595d(0)) = 3

z n
2
= GKO eiEKot—i—
)
2E ko

(4.1)

where the dots represent sub leading exponentials and where |n®) and E2 are the states
and the eigenvalues of the perturbed theory corresponding respectively to |n) and E,, in
the isospin symmetric unperturbed theory. These are related at first order in perturbation
theory with respect to Am,q according to

K%)= [K2) = |K) + |AK) + O(Amua)®,
Exo = ER = Ex + AEg + O(Amyg)?. (4.2)

Explicit expressions for AFg and |AK) are derived in appendix B. By substituting
egs. (4.2) into eq. (4.1) and by recalling the diagrammatic analysis of egs. (3.7) we obtain

— G%{ —Ext
(i) == > = S e




. G2 A(G2 /2F
ACkk(p,t) = @ — ﬁ e Ext W—mm e (4.3)

where AGx = (0575£(0)]AK). Note that the insertion of the QIB term £ constitutes
a flavour diagonal perturbation and that, consequently, the kaons are the lightest states
contributing both to Ckk(p,t) and to ACkk(p,t). The analysis would be considerably
more complicated in the case of a perturbation (typically insertions of the weak hamil-
tonian) opening a decay channel for the kaons because the physical information would be
hidden into sub-leading exponential terms.

In our case, by studying the ratio of the two correlators of eqs. (4.3),

_ ACkxk(p,t) @ 5 < G%

0CkK(p,t) = =— 2B,

Crk(p,t) <> B

it is possible to extract the leading QIB corrections to kaon energies and decay constants.

>—tAEK+---, (4.4)

Indeed AFEg appears directly in the previous equation as the “slope” with respect to t
whereas 0 F'x can be extracted from the “intercept” according to

Fic = (ms + mud) Yo
S U M12<
A
SFr = — 2 4 5Ge — 26Mi . (4.5)
Mg + Myq

On a lattice of finite time extent T" with quark fields satisfying anti-periodic boundary con-
ditions along the time direction and given our choice of the kaon source and sink operators,
the pseudoscalar densities, eq. (4.4) has to be modified according to

G%(G—EKT/Q

) + AEg(t —T/2)tanh [Ex(t — T/2)] +--- .  (4.6)

As can be seen from figure 1, 6Ck i (P, t) is determined with high precision, given the
strong statistical correlation existing between the numerator and the denominator of the
ratio in eq. (4.4). A consistency check of our procedure consists in verifying the dispersion
relation E%(p) = p? + M# and in comparing the variation AE (p) against its expected
behaviour AFk (p) = Mg AMk /Ek(p). Excellent agreement is found between numerical
data and the theoretical curves shown in figure 2 both for E%(p), top-left panel, and
AFE?%(p), top-right panel. In the bottom panels of figure 2 we also show that two different
definitions of § Fx (blue and red points) extracted from correlators at several p-values give
consistent results. The second definition of Fix and of § Fx has been obtained by considering
the correlation function between the pseudoscalar density and the axial vector current

Ofet) = Y0 5sw) s5t(0)) = K oty (47)

—
T

and its correction at first order in Amyg.
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Figure 1. Left panel: extraction of meson energies from the effective mass of Cx i (p,t). Right
panel: fits of §Ckk (P,t)/aAmE, according to eq. (4.6): as it can be seen numerical data follow
theoretical expectations. The data correspond to 8 = 3.9, amﬁd = 0.0064, am% = 0.0177 (see
appendix A).
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Figure 2. Top-left panel: the effective energies extracted from Ck(p,t) are compared
with the expected continuum-like dispersion relation E%(p) = p* + M% (no fit). Top-right
panel: the corrections to the effective energies are compared with the theoretical expectation
AEg(p) = MgAMgk/Ek(p) (no fit). Bottom-left panel: Fk extracted from Ckg(p,t) (dark red
points) and from C’fg((ﬁ, t) (dark blue points, see eq. (4.7)) for different values of p; the solid
line correspond to the value extracted at p = 0. Bottom-right panel: 6Ff/ aAmﬁd extracted
from 0Ckk(p,t) (dark red points) and from (501‘30[( (7, t) (dark blue points) for different values of
p; the solid line correspond to the value extracted at p' = 0. The data correspond to 8 = 3.9,
aml, = 0.0064, am’ = 0.0177 (see appendix A).

We shall now discuss the chiral and continuum extrapolations. Concerning chiral ex-
trapolation, it is useful to consider the correction to the meson mass square because this is

- 11 -
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panel: combined chiral and continuum extrapolations of § F /Am,q. Black points correspond to
the coarser lattice spacing, a = 0.098 fm, dark magenta points correspond to a = 0.085 fm, green
points to a = 0.067 fm and blue points to a = 0.054fm. Red lines are the results of the continuum
extrapolations.

a finite quantity in the chiral limit. The chiral formulae for AM2 and §F have been ob-
tained long ago, in ref. [1], within the unitary SU(3), xSU(3)g effective theory (N = 2+1),

AM?{ 2 2 Hn — Hm
= Bn{1+Z2 ME P
ATnud 0{ +3M77+ KM?(—Mg_’_
16 B, 16 B,
+(ms + mud)Tf(ng — LE) + (ms + 2mud)F—20(2Lg - Lg)} :
0 0
OFk 4L7 1 [0 Py — P
= By —==2 — — — , 4.8
Amug 0 { F?  64m2F  2MY M2 — M2 (48)
where By, Fp and L} are low energy constants while
M2 = 2Bymy,,
M = Bo(mua +ms),
M} = 2By(muq + 2ms) /3,
pp = W), P = {mK) (49)
32m2F¢

In view of the poor convergence properties of SU(3); x SU(3)g effective theory and
also to cope with the fact that our results have been obtained by quenching the strange
quark (N; = 2), we have chosen to fit our data with the formulae resulting by expanding
the r.h.s. of egs. (4.8) with respect to m,q/ms (see ref. [17] for a detailed and quantitative
discussion of this point). This procedure is justified when the average light quark mass
is sufficiently small compared to both Agcp and the (valence) strange quark mass, as it
appears to be the case by looking at our data shown in figure 3.

More precisely, in the left panel of figure 3 we show the combined chiral and continuum
extrapolation of AMZ /Am,,. Our results, obtained at four different lattice spacings for
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several values of the average light quark mass (see appendix A), do not show a visible de-
pendence with respect to m,g that can be quantified within the quoted errors. These errors
combine in quadrature the statistical error and the systematic one coming from the uncer-
tainties on the lattice spacing and from the renormalization constants (see appendix A).
We have consequently fit the numerical data to the following functional form

AM2

2
Ao + Cya?, (4.10)

AM[Q{ QCD
Amyg

J (a0 = |

where [AMIQ( / Amud]QCD is a constant thus representing the physical value of this quantity
in the continuum limit and at the physical light quark mass. We have also performed
a fit of the numerical data by adding to the previous expression a linear and a (chiral)
logarithmic term. In this case we have checked that the fitted coefficient of the chiral
logarithm is compatible within its (large) error with the value —B2/(87%F¢) resulting
from the expansion of egs. (4.8) with respect to myq/ms. The two fits give compatible
results for [AMZ /Am,g)%CP within the associated errors and we consider the difference
between the central values as an estimate of the chiral extrapolation systematics, an error
of about 3% that we have added in quadrature to the lattice uncertainty.

In the case of §Fk/Am,g, right panel of figure 3, the dependence upon m,q is sig-
nificant within quoted errors (again combining in quadrature statistical and systematical
ones) and we have included in the fitting function the leading and next-to-leading terms
appearing in eqs. (4.8) expanded in powers of m,q/ms plus a lattice artifact term, i.e.

[ 0FK

5Py 19CD
Amiyg

m
+Cra®+B; (mud—mgch>+Bg Myq log ( ud > .
Amiyg

QCD
m,q
(4.11)
The systematics associated to this extrapolation has been estimated by replacing the

] (Mya, a)= {

(chiral) logarithmic term appearing into the previous expression with a quadratic term
and it has been found of the order of 5%.

The value mfdeD = meD(FS, 2GeV) = 3.6(2)MeV has been taken from
refs. [18, 19]. The fitted values

AM2 QCD L
[ K ] (MS,2GeV) = 2.57(8) x 103> MeV,
ATnud
QCD
[ zin] (MS,2GeV) = 3.3(3) x 1073 MeV !, (4.12)

will be used in the next section to obtain our physical results for Amffdc b~

AmZEP (MS,2GeV) and Fyo — Fys.

5 Electromagnetic corrections and mg — m,,

In this section, by using as input the experimental determination of MIQ(0 — Mfﬁ, we shall

determine [mg — m,]?¢P.
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When comparing the theoretical predictions with the experimental numbers we cannot
neglect the isospin breaking corrections induced by electromagnetic interactions. In the
literature, it has become popular to separate electromagnetic and QIB effects and to give
separately the theoretical value of these two contributions. Different calculations of the
electromagnetic corrections, performed on the lattice or within other non-perturbative
approaches, are also often compared [18]. However the separation of the electromagnetic
and strong QIB effects is ambiguous [20, 21], i.e. the different contributions depend on the
definition by which they are separated, whereas they do not correspond to any physical
observable because of ultraviolet divergences.

If we work at first order in the QED coupling constant and Am,4 and neglect terms of
O(emAmyg), the relevant diagrams entering the difference of kaon two point functions are

2 2 .
ACkk(t) = @ e : € % _ e 4 : ey @ + O(temAmyg) . (5.1)

The electromagnetic corrections to Cxx(t) are logarithmically divergent, corresponding

to the renormalization of the quark masses,? and the divergent part has two components:
one proportional to gg and the other proportional to gr3q. Alternatively one can treat
electromagnetism on the lattice to all orders by exploiting the QED non compact
formulation [7] but, in any case, two independent renormalization conditions have to be
imposed in order to fix the counter-terms and separately renormalize the up and down
quark masses. This can be achieved by matching the physical masses of the charged and
neutral kaons of the present example (the mass of the strange quark could be eventually
fixed by the mass of the 2~ baryon). Having extracted the light quark masses, i.e. myq
and Am,g, one can predict Fo — Fg+, the proton and neutron masses and all the other
observables by including “physical” isospin breaking effects.

In this paper we only consider the QCD corrections because we want to show that
our method works for this part (we shall present a proposal for the O(aey,) corrections
in a separate paper). This is equivalent to say that we follow the common procedure
of separating the two isospin breaking contributions by switching off electromagnetism.
Obviously the attempt to use physical quantities to fix AdeCD fails, since there are no
data with electromagnetic interactions switched off and, for this reason, we shall use the
definition and determination of the electromagnetic corrections worked out by other groups.

According to Dashen’s theorem [22], electromagnetic corrections are the same in the
chiral limit for MIQ(O — MIQ(+ and MTQrO — Mg+ while, as discussed in the previous sections,
pion masses are not affected by first order QCD corrections. Beyond the chiral limit it
is customary [18] to parametrize violations to the Dashen’s theorem in terms of small
parameters and, concerning MI2<0 — M;2<+, we have

[MZ0 = M31%7 = (Mo~ ME]™ = (142) M3 - M2]™ . (52)

where we have neglected QCD contributions of the second order O(Am?2,) in the pion mass
difference. By using chiral perturbation theory and results from lattice QCD calculations

2For simplicity we neglect in the discussion the renormalization of the meson sources/sinks, which in
any case are finite if we use vector or axial currents.
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of the electromagnetic corrections [7-10], ref. [18] estimates

ey = 0.7(5),

(M2, — M2,]9“P = 6.05(63) x 10° MeV?. (5.3)
On the one hand, it is important to realize that to fix a value for the electromagnetic term
€ is equivalent to define a prescription to separate (first order) QCD and QED isospin
breaking effects and that for this reason we might ignore the error on this quantity. On
the other hand, one may wonder whether the different results combined in ref. [18] have
really been obtained by using the same prescription. For this reason, in the following,
we shall quote our results by considering the error on €, as a way of taking largely into
account this “scheme uncertainty” (see ref. [20] for a detailed discussion of this point).

By using egs. (5.3) and the results for [AM2/Am,4]|9¢P and [§Fr/Am,q9¢P given
in egs. (4.12), we get the following results

_ M2, — M2, 9P
[ma — my|9°P (MS,2GeV) = 2Am%P" = 2.35(8)(24) MeV  x [Mico — M -
u 6.05 x 103 MeV
QCD
Fro — Fye 1997 (Mo — M ]
K TRE = 0.0078(7)(4) : 5.4
[ Fi } M) 6.05 x 103 MeV? (5:4)

where the first error comes from our calculation and combines in quadrature statistics and
systematics while the second comes from the uncertainty on e,.

At first order in Am,g, thanks to the fact that pions don’t get corrections and that
K7 and K get opposite corrections, we have

CD
(M2, — M2, ]9
6.05 x 103 MeV?

~1 = —0.0039(3)(2) x

[FK*/F’T* . (55)

QCD
Fr/Fx }

a value that is higher than the estimate obtained in ref. [6] by using chiral perturbation
theory, namely

{% - 1] v —0.0022(6) . (5.6)

6 Nucleon masses

Having determined Amffdc D, we can now predict the QCD isospin breaking corrections on
other observables, as already done in the previous section for the kaon decay constants. In
this section we calculate the difference between the masses of the neutron and of the proton.
We consider the correlation functions Ci;, (t) and Ci(t) at zero momentum (see egs. (3.1))
and, in order to decrease statistical errors, we extract nucleon masses from the combinations

Coplt) = Cib (1) = C (T — 1) . (6.1)
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Figure 4. Left panel: effective mass plots of nucleon correlation functions Cy (). Right panel:
correlation functions 6Cny(t)/aAmZE,. The data are at fixed lattice spacing a = 0.085 fm for
different values of m,q (see appendix A).

The quark fields entering the sink interpolating operators have been “Gaussian smeared”

according to

gsmeared _ (1 + agH)ngg’
3
H(Z§) = [Ui(az t)0z - + U (& — 1, t)éf,g+i] : (6.2)
i=1
with the parameters a, and n, fixed at the values optimized in ref. [23] where the same
gauge configurations of this study have been used.
The extraction of physical informations from nucleon euclidean two point functions
proceeds along the same lines described in detail in the case of the kaons. By using the

diagrammatic analysis of egs. (3.8) we have

Cnn(t) = —E + '><' = Wye Myt 4. (6.3)
[ e P e s

_l’_

= Wn —tAMy+ -+, (6.4)

and

0CNN(t) =—

where the dots represent sub-leading exponentials contributing to the correlation functions.

By extracting the slope in t of 6Cnpn(t), we can determine AMy = (M, — M,)/2.
In the left panel of figure 4 we show the effective masses M (¢) as extracted from the
correlation functions Cyy(t) at fixed lattice spacing a = 0.085fm for different values of
Myq. In the right panel of the same figure we show the corresponding correlation functions
SCnn(t)/aAmE, that we have fitted to straight lines, according to eq. (6.4), i.e. without
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Figure 5. Chiral extrapolation of AMy/Am,q at fixed lattice spacing a = 0.085 fm.

taking into account the finite time extent of the lattice because it affects the correlation
functions only at large times where no signal can anyway be extracted within our errors.

In figure 5 we show the chiral extrapolation of AMpy/Am,; performed by using the
following fitting function [24]

AMy] o [AMy Qep
Amud ul) = A7nucl

+ By (myq — m&P)y. (6.5)

By using the results of the fit and the value of Amffdc p given in egs. (5.4), we get

acp (043, — A3, 1°

AMy
—— = 2.8(6)(3) MeV x
(6)(3) Me 6.05 x 103 MeV?

Amyg

(M, — M,)9°P = 2Am%P [ ,(6.6)

where the first error takes into account the lattice uncertainties while the second comes
from the uncertainty on e,. This number is our best estimate at present but it has
been obtained at fixed lattice spacing and with limited statistics. We plan to refine the
calculation in a separate publication.

7 Semileptonic decays

In order to illustrate our calculation of the QCD isospin breaking corrections to the form
factors parametrizing semileptonic decays, we start by the following “double ratio” of

RIZ)+K0<t) = \ ?\ )

where the correlators at numerator are given by

three point correlation functions [25],

= N = s, T/2) 59" e(By — B t) €9°d(0))

= pioppr (K°|VEIDT) e Pt e T/ 0Ex 0 o
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= /=iy T/2) @S5 - By t) 59°d(0))

= prophs (KOVAIDH) e Broe=M20Epe 4 (1)

while those at denominator are

- = (e, T/2) &°c(0,t) &1°d(0)) = |pp+ > (DT |VGIDY) e Fot/2 4o

= N = @7, T/2)575(0,057°d(0) = oo UK VALK TER0 2 (7.3)

By using the previous expressions and the conservation of flavour diagonal vector currents,
Zy(n|V°|n) = 2E,,, we obtain the well known and useful result

1

2
= m ‘<K0|V£|D+>‘ Ty (7.4)

Rl o)
i.e. the fact that, by neglecting sub leading exponentials, R% +go(t) is a constant with
respect to ¢t from which it is possible to extract the matrix elements with high statistical
accuracy, thanks to the statistical correlation between the different correlation functions.
The form factors can be extracted by using the standard expressions of the matrix elements
computed at different initial and final meson momenta (with p; # 0 and/or py # 0)

(KOIVAIDY) = (Ep+ + Exo) f2 5 (¢®) + (Eps — Ego) fP7 5 (4?),
(KOl D) = (B + 57) 275 (@) + (5 — ) 250 (6%) (7.5)

where as usual f” +KO(qZ) can be expressed in terms of the scalar form factor

0 0 2 0
P () = PP (@) + M%q_MIQ( DI (). (7.6)
Matrix elements with non vanishing momentum transfer between initial and final states
have been computed by using flavour twisted boundary conditions for the valence
quarks [26, 27].

A very important observation concerning the calculation of isospin breaking cor-
rections is that R, .o(t) in eq. (7.4) has the same form, when expressed in terms of
diagrams, not only in the perturbed theory (the one discussed up to now), but also in
the unperturbed isospin symmetric theory. This happens, as in the case of two point
correlation functions, because £ does not generate decays of the D or K mesons. Thanks
to this observation we simply have

AN
/\ 4EpEx

Rp(t) = (K|VEID)? + -,
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ORp(t) =

_$_4@7+—®—+®
N/ AN

— 2 [(K|VE|D)] — 6Ep — 8Ex + - . (7.7)

From the expressions of the form factors in terms of the matrix elements (K|V/|D) and by
using 6[(K|V¥s|D)] and the values of 6 Ep gk obtained as explained in the previous sections
it is possible to extract J fP% (¢?). A more detailed derivation of eqs. (7.7) is provided in
appendix B.

The calculation of § f£™(¢?) proceeds along similar lines but there are some important
differences that require a separate and detailed discussion. The starting point are the
following diagrams for R%. (t) and its variation, see egs. (3.10) and (3.11),

AVANES
/\/\\ AEk EL

AN A A
AN JANEERVAN

— 25 [(w[VA|K)] — 6Bk + -+ . (7.8)

Rl (1) (| VEIE + -

R (1) =

Note the differences of egs. (7.8) with respect to egs. (7.7), i.e. the presence of disconnected
contributions and the absence of the correction to the pion correlation function (all black
quark lines) in the denominator of R (¢). The latter is a consequence of the vanishing
of the QIB corrections at first order in Am,q in the pion case.

In this work we have not calculated disconnected diagrams and we cannot show results
for 5 fE™(¢?). These will be given in a separate publication but, for the time being and in or-
der to show that our method works also in the case of three point functions and form factors,
we have calculated the difference of ffoﬁf (¢?) with respect the isospin symmetric value
ff”(qQ), ie dy ff”(qz). This is a quantity that cannot be measured directly because the
missing contribution, & ff ™(q?), is neither equal nor related in a simple way to ¢ ff”(qz).
The two different contributions are in fact associated to two independent isospin channels
and, according to ref. [28], the 7%-n mixing is expected to enhance considerably &, fX™(¢?)
with respect to 6 ff’r (¢%). One may be tempted, to a first approximation, to neglect the
disconnected diagrams but this cannot be done because they are needed in order to cancel
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Figure 6. Left panel: we show our results for \/RY, - (t) for several values of the momentum trans-
fer. Right panel: we show our results for /RS, _(t) for several values of the momentum transfer. The
data are obtained at fixed lattice spacing a = 0.085 fm and at fixed amZ, = 0.0064 (see appendix A).

non physical terms (tAEp) contributing to the slope of the connected diagrams,

AN
YAN
_ 4; _ ﬂ@ = const. —tAEg +--- . (7.9)

VAN

The AFEp contribution to the slope corresponds to the QIB correction to the energy of

= const. —tAFEg +tAEp +---,

a meson, a copy of the physical pions, having as valence quarks a physical u (or d) and
an additional light quark, also of mass m,q, but not contained into the isospin doublet.
This term is of the same size of AFg, as we have explicitly checked numerically by using
the slopes extracted from two point functions (eq. (4.3)), whereas it cannot be present
in physical kaon-to-pion three point correlation functions because of isospin symmetry.
Indeed the correction to the energy of the physical pions vanishes at first order in Amyg.

In order to calculate d7f5™(¢%) we need an expression for §; Ry (t). From eq. (3.10)

PANVANAT A
AN VANEERVAN

= 264 [(n|VE|K)] — 0Exk +--- . (7.10)

we get

O R (t) =

We now come to the numerical results. In figure 6 we show the ratios R}, (t), left
panel, and R?(W(t), right panel, from which we extract the form factors. In figure 7
we show 0RY . (t)/aAmE,, left panel, and §7RY (t)/aAmE,. As expected according
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87 fK™(q?). The data are obtained at fixed lattice spacing a = 0.085 fm and at fixed am®, = 0.0064
(see appendix A).

to egs. (7.7) and (7.10) both §R%,(t)/aAmL, and 67 R, (t)/aAmE, are constant with
respect to ¢t in the middle of the lattice, within the statistical errors that, in the case of
SRY o (t)/aAmE, are rather large. Finally, in figure 8 we show our results for f57(¢?), left
panel, and for 07 f f ™(q?). These results, obtained only at fixed lattice spacing a = 0.085 fm
and fixed light quark mass amﬁd = 0.0064, show that our method works also in the case
of complicated observables, extracted from ratios of integrated three point correlation
functions with non vanishing spatial momenta.

In a separate paper we shall calculate disconnected diagrams and the missing
contribution & ff”(qZ) and refine our findings by improving the statistics, by repeat-
ing the calculation at several values of m,q and by performing chiral and continuum

extrapolations. For the time being, we get

(M — M3, ]%7

7.11
6.05 x 103 MeV? (7.11)

Op— s QCD
[f (0) - r£ (0)] =0.85(18)(1) x 107*  x

£7(0)
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As anticipated a few paragraph above, the fact that this result is two order of magnitude
smaller than the one quoted in eq. (3.12) is not surprising in view of the chiral perturbation
theory analysis performed in ref. [28]. The enhancement of the missing contribution,
S fE™(g?), is indeed traced back to the 7%~y mixing.

8 Conclusions and outlooks

In this paper we have proposed a new method to compute with high precision leading QCD
isospin breaking effects in relevant physical quantities at the lowest non trivial order in the
up-down mass difference. The method can be easily extended with minor modifications
to higher orders. We have computed the corrections to meson and nucleon masses, meson
decay constants and weak form factors, showing that, in spite of the limited statistics, our
approach is already competitive, or even better, than other non perturbative calculations
based on effective chiral lagrangians.

To obtain the complete physical results, our method has to be combined with calcula-
tions of the electromagnetic corrections which will be the subject of a future investigation.
In this paper, for a comparison with calculations in different theoretical frameworks, we
have taken the electromagnetic corrections to the meson masses evaluated in ref. [18].

As the method looks very promising, we are planning to extend this pioneering work
to other physical observables.

Acknowledgments

We are particularly grateful to M. Testa for illuminating discussions on the renormalization
of the electromagnetic corrections. We thank N. Christ and C. Sachrajda for discussions on
arguments close to the ones presented in this paper. We thank the members of the ETMC
collaboration for having generated and made publicly available the gauge configurations
used for this study. We thank the staff of the AURORA computing center for allocating
computer resources to this project and for their assistance. Work partially supported by
the Programme IDEAS, ERC-2010-AdG, DaMESyFla Grant Agreement Number: 267985,
and by the MIUR (Italy) under the contracts PRINO8 and PRIN09. V.L. acknowledges
the support of CNRS and the Laboratoire de Physique Théorique d’Orsay, Université
Paris-Sud 11, where part of this work was completed.

A Details on the lattice discretization

In this work we have used the N; = 2 dynamical gauge ensambles generated and made
publicly available by the European Twisted Mass Collaboration (see table 1). These gauge
configurations have been generated by using the so called Twisted Mass lattice discretiza-

tion of the QCD action [29]. The maximally twisted fermion action is given by

Lrm[U]=q( DU +m+ivsT°WIU] ) q, (A1)
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B aml, aml Lj/a Neny a(fm)  Zp(MS,2GeV)

3.80 0.0080 0.0194 24 150  0.0977(31) 0.411(12)
0.0110 24 150

3.90 0.0030 0.0177 32 150  0.0847(23) 0.437(07)

0.0040 32 150
0.0040 24 150
0.0064 24 150
0.0085 24 150
0.0100 24 150

4.05 0.0030 0.0154 32 150  0.0671(16) 0.477(06)
0.0060 32 150
0.0080 32 150

4.20 0.0020 0.0129 48 100 0.0536(12) 0.501(20)
0.0065 32 150

Table 1. Guage ensambels used in this work. The gauge configurations have been generated with
N; = 2 dynamical flavours of maximally twisted quarks of mass amZ,;. The strange quark mass
am? it has been used for valence propagators. At 3 = 3.90, where we calculate quantities related to
D mesons and correlation functions at non-vanishing spatial momenta, we have set am®’ = 0.2123
and, by using flavour twisted boundary conditions, pL/2m = {0.00,4+0.15, +0.35}.

where ¢7 = (¢4,¢_), D[U] is the naive lattice action and W[U] the critical Wilson term
(with a = 1),

wlU] 4(z) = Un(2)q(z + p) — q(=),

T
DIU] gfa) = v VI g,

_ ot
wiv] a(e) = |3 VYO e g, (A2)

The critical mass m® (g3) has been taken from ref. [30]. Concerning our work, the choice
of the maximally twisted Wilson lattice formulation has advantages and drawbacks. The
big advantage is automatic O(a) improvement [31]. The drawback is the breaking of
isospin symmetry at finite lattice spacing even with Am,; = 0. Indeed, by letting the
physical u and d fields to coincide with the fields £, and ¢_, by taking m = m,q and by
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identifying Lo with L7, eq. (2.5) ceases to be valid at fixed cutoff. This happens because
of the interference between the 73 matrix appearing within S and the 73 appearing in the
twisted critical Wilson term,

<[fermionic Wick contractions of O] x tr[9] >0

= ([fermionic Wick contractions of O] x {Tr [Gy, (z,z)] — Tr [G/_(z,2)] } >0
=0(a?) #0. (A.3)

~

Notice however that it remains true that (S)o = 0 owing to the invariance of the TM
lattice action under parity times ¢, <> ¢_ interchange. Since eq. (A.3) represent a
mere O(a?) cutoff effect we have chosen to meglect the corresponding contributions to
the correlation functions considered in the text. This procedure actually corresponds to
work within the mixed action approach of ref. [32] and, at the price of introducing O(a?)
unitarity violations, preserves O(a) improvement of physical quantities.

To clarify the point, let’s first consider the discretized version of egs. (3.7), namely

Crei-(t) = - Q = O - (G +Obm?,
uy 0

f+—> f+
Crorcolt) = = > ==+ (0 +0(amua)?. (A4)
dy Ly Ly— by

In the previous equations we have explicitly shown a label indicating the flavour of each
propagator and the corresponding sign of the term + ~;W[U]| appearing in its kinetic
operator. The important point to note is that in the valence we have chosen the signs of
the Wilson terms of the up and down quarks independently from the choice made in the
sea, where the two quarks must necessarily have opposite signs in order to deal with a real
positive fermionic action, and that this choice is legitimately observable dependent. In this
particular case the results are correlation functions with much smaller lattice artifacts and
statistical errors with respect to the other possible choices, e.g. Tr [’yg)Gs+ (0,2)y5Gy, (2, 0)] .

Analogously we can choose conveniently the sign in front of the Wilson term for
the valence quarks entering three point correlation functions. As an example we discuss
explicitly the case of eq. (3.10), namely

P A

dy
S— 0 S— £ S— 0_—0_
ANEIVANERVA SR
£+ Z.,.*)Z.,. €+

As it can be seen, in order to have mesons interpolated by operators of the form £, v5f_
(the ones entailing smaller discretization and statistical errors), here we have chosen the
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sign of the u quark Wilson term opposite with respect to that in egs. (A.4). The discussion
of eq. (3.11) is considerably more involved because of the presence of a neutral pion in
the physical correlation functions. A convenient lattice discretization of the correlator of
eq. (3.11) can be also obtained within the mixed action approach but since the calculation
of 8, f5™(¢?) will be the subject of a future work we don’t discuss here this point.

For the different gauge ensembles used in this work the values of the lattice spacing a
(ref. [19]), of the strange valence quark mass (ref. [19]) and of the renormalization constant
Zp (ref. [33]) are given in table 1. The values of Zp are relevant because in the maximally
TM formulation one has [29, 32]

1
Amyg Gr3q = ZamAmby Zp[grsq)” — Zam = 7 (A.6)

B 1IB corrections from perturbation theory

A more detailed derivation of egs. (7.7), i.e. of

— 25 [(K|V2|D)] — 6Ep — 0Ex +--- (B.1)

6R%K (t) =

can be obtained by applying perturbation theory with respect to Am,q (see refs. [34—36]
for related works). Let us analyze in detail the case of

— = phopp+ (K°|VEIDT e_tEDer_(T/Q_t)EKO, B.2
ProPD cs

where p%., = (0]dv°s(0)|K°)/2E0 and pp+ = (DT[éy°d(0)|0)/2Ep+ and where we have
neglected sub leading exponentials. The perturbation V,

V= Z L£(0,5) =) [au - dd] (0, %), (B.3)

—

x

is flavour diagonal and does not open any decay channel for the K and D mesons. Further-
more charged meson states do not mix with the corresponding neutral states. By consider-
ing lattice states |ny) normalized to one, (nz|nr) = 1, we can use the well known formulae

[np)(no|VIKL)

KD) = [KL) +|AKL) = [Kp)+Amag ) “ Bl

n#K
Eyxo = Ex + AEg = EK+Amud<KL‘V’KL>,

nr)(nr|V|D
DF) = 1D1) +|ADz) = [Dg) + Am 32 PLLVIDL),.
n£D n — &D
Ep+ = Ep+AEp = Ep+ Amyg(Dr|V|Dyr) . (B.4)
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connecting, at first order, the states and the eigenvalues of the unperturbed isospin
symmetric theory with the corresponding quantities of the perturbed theory. First order
corrections for the relativistically covariant states, (n|n) = 2F,, are then readily obtained
by changing the normalization,

K% = |K) + |AK) = \/2EKo |KY)

2Fk (1 + §EEK> (IKL) + |AKL))

= 1)+ ) 4 A ;{ LI E':ignv_”g}() . (B.5)

In the case of |DT), by proceeding along the same lines, we get

n;éD "

The expansion of the matrix element (K°|V/|D™) appearing into eq. (B.2) is thus given by

(K°|VE|IDY) (B.7)
= (K|V&ID) + (AK|VLID) + (K|VEIAD)

([ 6Ex+0Ep (K[VIn) (n[VEID)  ~(KIVEIn) (n[VID)

_<1+ 2 )<K|V£|D>+Am“d n;( 2E,(Ey — Ex) Z}; 2E,(Ey — Ep)

In order to obtain the explicit expression of the QIB correction to the correlator of eq. (B.2)
we should also expand the exponentials and the matrix elements of the interpolating
operators. The explicit expression of dpp x is not needed, because these terms cancel in the
final expression of 6 R, -, while the expansion of the exponential factors is easily obtained,

e~ tEp+ o= (T/2-t)Eyo _ ,~tEp —(T/2-t)Ex [1—tAEp — (T/2 — t)AEK] (B.8)
_ _tBp —(T/2-0)Bx |1 _ (DVID) ey (K|V|K)
e e [1 tAmyy Vo (T/2—t)Amyg Vo

Egs. (B.7) and (B.8), combined with the diagrammatic expansion of our correlation
function derived in section 3, i.e.

N AN 9

give us an explicit expression for the first term entering the d R, formula, namely

- N\ = Picpp (K|VEID) et Fpem (12208, (B.10)

O (1480} {1+0pp} {1+ S[(KIVAID)} {1~ tAEp — (T/2—) Ak} —1.
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By repeating the same arguments for the other correlation functions of egs. (7.2) and (7.3),
it is straightforward to obtain explicit expressions for the remaining three terms appearing
into the expression of RY, ., i.e.

AN

— O (1tdpi {1460} (1K VD) {1—tAEk — (T/2—t)AEp}—1,

- = {1—1—5pD} {1—{—5,0%} {1+5ED} {1—TAED/2}—1,

PAN

— T {146k} {1+0p%) {1+ 6Ex}Y {1—TAEg/2}—1. (B.11)

AN

The proof of the §R’, - formula, second of eqs. (7.7) or eq. (B.1), is finally obtained by
substituting in that relation egs. (B.10) and egs. (B.11).
In deriving egs. (B.10) and egs. (B.11) we have not shown terms proportional to the

¢

correction of the “vacuum energy” because in our case (0|V|0) = 0. If different from zero,

such kind of contributions would appear at an intermediate stage of the calculation whereas
they would cancel in the final expression as happens to the terms proportional to épp x.
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