QED corrections to leptonic decay rates
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Figure 1: Pion decay into leptons via a weak current without QED contributions.

1. Introduction

¯ µ γ5 u |π + (p)i =
The pion decay constant fπ + is defined in terms of the QCD matrix element, h0| dγ
ipµ fπ + , which is computed on the lattice from Euclidean two-point correlation functions. To further
improve the precision isospin-breaking (IB) effects due to the different masses of the light quarks
and the difference in the QED coupling between up- and down-type quarks must be taken into
account. Based on power counting in the electromagnetic coupling and the up- and down-quark
mass difference, respectively, one expects these effects to enter at the percent level.
We focus our discussion on the QED isospin-breaking corrections to leptonic decays of pions,
following the approach developed in [1], where the QCD+QED path integral is expanded in α
and IR divergences are dealt with consistently. Naively, QED in a finite volume is ill-defined due
to the appearance of photon zero modes. We subtract these by hand within the framework of
QEDL [4, 5, 6, 7]. From amongst the various possible strategies for implementing the computation
we here present one based on the use of all-to-all propagators [2]. In particular, we compute a
number of low-mode eigenvectors exactly using a variant of the Lanczos algorithm [14]. The
complement of the low-mode space is then estimated stochastically. As detailed below this setup
allows to compute contractions of quark propagators (not only the ones required for the QED
corrections) off-line, i.e., without requiring a super computer.

2. QED Isospin Breaking corrections to leptonic decay rates
In order to calculate the infra-red (IR) finite order-α leptonic decay rate, we must consider contributions from graphs with and without final state photons to cancel IR divergences [9]. Here we
follow the strategy outlined in [1] to carefully deal with IR divergences, where the contributions
with final state photons are treated analytically using the point-like approximation. The lattice
1
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In this contribution we outline RBC/UKQCD’s work towards a Lattice QCD calculation of the
isospin-breaking (IB) corrections to the leptonic decay rate for pions and kaons. This study is
motivated by the sub-percent-level precision achieved by some collaborations for the calculation of
fπ and fK , using various lattice actions in the isospin-symmetric limit, where up and down quarks
are treated as identical particles [3]. The aim is to determine CKM-matrix elements from leptonic
decays (Figure 1), thus enabling precise tests of the Standard Model. To date, one calculates decay
constants on the lattice and then uses experimental results for the decay rates to yield the CKM
matrix elements using

m2 2
mπ 2
GF | fπ + |2 |Vud |2 m2l 1 − 2l .
(1.1)
Γ(π + → l + ν) =
8π
mπ
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Figure 2: The four connected contributions to the QED-isospin-breaking correction to leptonic decay of a meson without
final-state photon. The perturbative expansion contains the (a) lepton coupling, (b) exchange, (c) self-energy and (d)
tadpole diagrams.

∆µν (x − y) = δµν

1
L3 T

eik.(x−y)
= hAµ (x)Aν (y)i ,
k̂2
k,~k6=0

∑

(2.1)

where k̂ = 2a sin( ak
2 ) is the lattice momentum of the photon and L and T the spatial and time extent
of the lattice, respectively. In practice, the photon propagator is generated by inserting stochastic
photons [11]. Figure 2 shows illustrations of connected contributions without final-state photon.
Figure 2a is a contribution where the photon couples to a quark and a lepton. We implement
the lepton propagator on the lattice as a free domain wall fermion. As a first test the we calculated
diagram in Figure 2a using sequential propagators [12] on a 243 ×64 lattice. The ensemble used has
an isospin symmetric pion mass of 340 MeV and inverse lattice spacing of a−1 = 1.78 GeV [13].
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Figure 3: The plot shows the real (green) and imaginary (blue) components of the correlator for the diagram in figure 2a
when the leptonic trace is formed. The horizontal axis is the time difference between the weak operator and the meson
source positions. The vertical axis is the correlator for the lepton coupling diagram Cql with the trace over the free spin
indices completed by including the factor ( /pl − ml )Γ0L /pν , normalised by the pion correlator.

The results for diagram 2a illustrated in Figure 3 shows an encouraging signal but we also investigate other methods which might offer better signal.

3. The all-to-all approach and meson fields
We follow the all-to-all approach in [2] where the propagator is decomposed into a number of exact
2
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computation therefore only has to deal with diagrams without final-state photons for which the perturbative expansion of the QCD+QED path integral [10] to order α generates the set of diagrams
illustrated in figure 2. We use Feynman gauge for which the photon propagator takes the form,
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low-mode eigenvectors the complement which is solved stochastically. We now describe how this
offers a convenient way of structuring the calculation of correlators. Following [2] the all-to-all
propagator can be constructed from two sets of vectors, vi (x) and wi (x), such that
D−1
A2A (x, y) =

Nmodes

∑

vi (x)w†i (y) ,

(3.1)

i=1

Nl

†
D−1
A2A (x, y) = ∑ vl (x)wl (y) +
l=1

Nmodes

∑

vh (x)w†h (y) ,

(3.2)

h=Nl +1

where Nmodes = Nhigh + Nlow . To calculate the high modes we use stochastic noise sources ηh =
{±1} + i{±1} = wh from which we project out the low mode contribution to the propagator,
Nl

vh (x) = D−1 − ∑ φl (x)φl† (x)/λl ηh (x).
(3.3)
l=1

3.1 Two point correlation function
We can consider a two point correlation function and rewrite it in terms of all-to-all propagators
using (3.1),
w†i (y)
vi (x)
Γ1

Γ2

w†j (x)

v j (y)

Figure 4: A two point function.

"
CΓ1 Γ2 (ty − tx ) = ∑ Tr[Γ1 S(x, y)Γ2 S(y, x)] = ∑ tr Γ1
~x,~y

~x,~y

Nmodes

∑

vi (x)w†i (y)Γ2

i=1

Nmodes

∑

#
v j (y)w†j (x)

(3.4)

j=1

Nmodes

=

∑

tr [Πi j (tx ; Γ)Πi j (ty ; Γ)] ,

i, j=1

where we have introduced the shorthand
Πi j (tx ; Γ) = ∑ w†i (x)Γv j (x) ,

(3.5)

~x

which we refer to colloquially as meson field. Here, Γ represents any choice of gamma matrix.
2
Meson fields Πi j are of size NT × Nmodes
, where NT is the time extent of the lattice. The spatially
summed meson fields can be stored to disk and retrieved later, i.e., off-line, to compute traces of
products of it. By including a phase factor the meson fields can be projected on any desired lattice
momentum. In this way we can construct, for instance, the two-point function between pseudoscalar and axial-vector currents,
h
i
CPA (ty − tx ) = ∑ tr Πi j (tx ; γ5 )Π ji (ty ; γ0 γ5 ) ,
(3.6)
i, j

from which the lepton decay constant is determined.
3
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where vl (x) = φl (x) and wl (y) = φl (y)/λl are exact eigenvectors of the Dirac operator φl (x) with
eigenvalues λl . In practice we only ever compute a limited number Nl . We then estimate their
complement stochastically. In particular, we write
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4. Meson fields and isospin-breaking corrections to leptonic decays
Here we discuss the construction of the meson fields that are required for computing the QEDisospin corrections to leptonic decay. In particular, we consider the quark-photon coupling via the
conserved vector current.
4.1 Point-split-operator meson fields
For simplicity we consider the case of the conserved current for Wilson fermions,

1
ψ̄(x + µ̂)(1 + γµ )Uµ† (x)ψ(x) − ψ̄(x)(1 − γµ )Uµ (x) ψ(x + µ̂) .
2

(4.1)

The structure of Eq. (4.1) suggests that we require meson fields for operators with gauge-invariant
point-split structure. The exchange diagram as illustrated in Fig. 2b, with photons inserted using
conserved vector currents, has the form,
Cexch. (ty − tx ) =

hψ̄(y)Γ1 ψ(y)Vµc (z1 ) ψ̄(x)Γ2 ψ(x)Vνc (z2 ) ∆µν (x − y)i .

∑

(4.2)

~x,~y,r,s

We now rewrite the conserved-current contribution to this correlator in terms of a meson field.
Concentrating on the second term in Eq. (4.1) we write

∑ h... Γ1 ψ(y)[ψ̄(z1 )(1 − γµ )Uµ (z1 )ψ(y + µ̂)]ψ̄(x)Γ2 ...i

(4.3)

~z1

= ∑ h... Γ1 S(y, z1 )(1 − γµ )Uµ (z1 )S(z1 + µ̂, x)Γ2 ...i ,
~z1

where we have carried out the Wick contractions in the 2nd line. Rewriting the propagators in
terms of the all-to-all decomposition (3.1),
i
h
†
(4.4)
(z
)(1
−
γ
)U
(z
)v
(z
+
µ̂)
w†j (x) ...i .
h...
v
(y)
w
µ
µ 1 j 1
∑ i ∑ i 1
ij

~z1

The square brackets on the right of (4.4) contain a meson field. We can treat the first term in (4.1)
in the same way and thereby obtain a meson field for the conserved vector current. Including a
stochastic photon field Aµ (x) is straight-forward,
i
h
i
1h
Πi j tx ,Vµc Aµ = ∑ w†i (x + µ̂)(1 + γµ )Uµ† (x)Aµ (x)v j (x) − w†i (x)(1 − γµ )Uµ (x)Aµ (x)v j (x + µ̂) .
2
~x,µ
(4.5)
and allows us to construct the diagrams in Fig. 2 in terms of traces over products of meson fields.
This method for dealing with conserved currents in the all-to-all set-up has also been understood
for the DWF and overlap cases.
In practice we generate sets of meson fields for different γ-structures and with and without
photon fields on a super computer. The contraction of meson fields to form correlation functions
can be done off-line on a single node, increasing flexibility.
A further meson field is required for the lepton coupling diagram in Figure 2a. We place the
µ
µ
c
leptonic part L = ΓW D−1
leptonVµ Aµ with the left-handed V-A current ΓW = γµ (1 − γ5 ) in the meson
field for the decay operator.
4
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Vµc (x) =
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Πik (ty ;Vµc Aµ )
Πi j (tx ; γ5 )
µ

Π jk (tz ; ΓW L)
(a)

(b)
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(d)

4.2 Leptonic decay corrections from meson fields
Using the meson fields discussed above it is possible to construct all the diagrams required for a
calculation of corrections to the decay rate. This is illustrated in Figures 5a-5d where the colours
correspond to the different meson fields required to construct each graph. In particular, blue for γ5 ,
red for γ0 γ5 , green for the conserved vector current with a photon insertion, light blue for the weak
Hamiltonian and lepton insertion and pink for the tadpole insertion. In total five meson fields are
required to determine the QED IB corrections to the decay rate.
The quark-disconnected diagrams (Figure 6) can be formed from the same set of meson fields
without any further inversions.

Figure 6: The set of disconnected diagrams that contribute to the QED correction to a leptonic decay at order α. The
colour coding corresponds to the meson fields that are used to construct the disconnected part.

5. Conclusion
Progress is being made towards a determination of the isospin breaking corrections to leptonic
decays of pions and kaons. Here we presented one way of organising the workflow, namely in
terms of meson fields, which offer a convenient approach for computing n-point functions from
simple building blocks off-line. Apart from a few technicalities the above discussion carries over
to Domain Wall Fermions, which we use in our core simulation program. We are in the process of
testing the all-to-all approach and implementation of meson-field generation. Once we verify the
all-to-all method for the calculation of QED effects we aim to calculate IB correction to leptonic
decays for both the pion and kaon in this way. If this approach is successful a number of physics
processes can be calculated from a set of stored meson fields, increasing the physics output from
consumed computer time.
5
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Figure 5: The diagrams shown here correspond to the QED correction to the decay rate. Here the diagrams are coloured
corresponding to the type of meson field used to construct the correlator.
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