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1. Introduction

In the precision flavor physics where lattice QCD interplays with experimental measurements,
the electromagnetic (EM) corrections become important when the lattice calculations reach the
sub-percent precision. A milestone example is the pion and kaon leptonic decay constants. FLAG
Review 2019 [1] reports the average of lattice results fx/fr = 1.1932(19). At this precision it is
crucial to include the EM corrections.

Including the photon exchange in the lattice calculations usually causes the power-law finite-
volume (FV) effects. In Ref. [2], a method called infinite-volume reconstruction (IVR) is developed
to remove the power-law FV effects in the EM corrections to the hadron’s mass. Later, this method
has been successfully applied to the calculation of neutrinoless double beta decay [3]. In this work,
we propose to use the IVR method for the lattice QCD calculation of the leptonic pion decay width.

2. Leptonic pion decay in the infinite volume
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Figure 1: Samples of the hadronic and leptonic diagrams for © — £v(y) decays.

With EM corrections, the leptonic pion decay amplitude shall be written as
= 0] = (0V]|.Zw (0 /d4 /d4 OV |T [ Lo (2) Lo () L (0)] ).
(7= V1] = [ d e (ptvIT [ Zon () L (0)] ), @1

where Ly = @GFVM[,J#, Vy*(1 — y5)¢ is the standard, effective weak Lagrangian and .%,,, =
e AR + eZ}/“ZA“ is the EM one. Here Jy, K and J%, are the relevant weak and EM quark currents.
Gr is the Fermi constant, V,,; is the CKM matrix element and e is the electric charge.

One can write the leptonic pion decay amplitude as the combination of a hadronic function, a
leptonic function and a possible photon propagator or polarization vector. The hadronic function
contains all the nonperturbative QCD information and shall be calculated using lattice QCD, while
the leptonic one is analytically known. In the Fig. 1 we show the quark contractions for the hadronic
diagrams in the upper panel. The relevant hadronic functions in the infinite volume are given by

= (01} (0)|=(0)),
H{P (x) = (O[T 5, (x)J3 (0)]| 7 (0)),
HYP? (x,y) = (0T[5, (x)J0, () 3y (0)]|7(0)), (2.2)
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where \7[(6)> indicates the initial pion state with zero spatial momentum. Another useful hadronic
function is

HY® (x) = (x(0)|T[75,(x)5,(0)]|z(0)). (2.3)

It is related to the EM corrections to the hadron’s mass and can be used in the analysis of the
infrared (IR) divergence as we will show later.

The leptonic contractions are shown in the lower panel of Fig. 1. The relevant leptonic func-
tions are given by

Ly = a(py) 1 (1 15)v(B0),
LYP (x) = a(Bv)v* (1= 15)S0(0,x) 72, v(Br)e P
L5P% (x,y) = a(Bv) 7" (1= 95)S0(0,x) ¥’ Se(x,y) Yov(Be)e ™, (24
with Sy(x,y) the lepton’s propagator.

Using the hadronic and leptonic functions, the amplitudes defined in Eq. (2.1) can be written
as

2 2
Aw—Llv]= \Z[Gpvud (Ao +e2A2) , A m—Lvyl= \Z[Gpvud eAy, 2.5)
with
Ao = Hy Ly,
A = /d4x [Hlup (x)Ly +HY LYP (x)e*"p”] 85*(1)7,)6*""7"./

1
Ay = §/d4x/d4y [HSLLng(x,y)+H1“p (x)Lﬁw(y) —|—H£Lp6(x,y)Lg] Sgc(x,y). (2.6)

Here eff *(py) is the photon’s polarization vector with A the polarization direction. S5° (x,y) is the
photon’s propagator in Euclidean spacetime
d*p S5°(p) , &’p SYC(iE,p) e
s5° = / Y i(x=y) — / 14 U El—t| i (=Y B — 15 (2.7
Y (x,y) (275)4 p2 e (271,)3 2FE e e ) |p| ( )

The structure of §$G is related to the gauge used for the photon’s propagator. Summing over the

polarization directions, we have

A

Y& (pr)e7 (py) = 57 (py). (2.8)
A
The decay width for 7+ — ¢*v(y) is given by
1
r= 3G, (F(O”) +r >) , 2.9)
with
P07 — [ a2 (paspy,po) {IAof +2¢ Re[Aoa]}

rn — /dq>3(Pn§Pv,P£aPy) A% (2.10)

Here d®, and d®; indicate the 2-particle and 3-particle phase space.

It is worthwhile to mention that the calculation of amplitude A, is demanding as it requires the
integral of H; P?(x,y) over both X and ¥ simultaneously. As a consequence the computational time
scales as L® with L the lattice size. Here we can simplify the integral as

/ d*x / d*y HYPC (x,y) L S5° (x,y) = / d*x / dt, AP (x;t,,0) Ll $5° (x;1,,0) (2.11)
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with

A (50,,0) = [ 20T, ()15,(0,,0) 5 (0, ~2)) 7(0)). @12

When one generates the hadronic function 1:12” P cy(x;ty,f)), the integral over 7 can be performed in
advance. Thus in right-hand-side of Eq. (2.11), only the spatial integral over X is required.

3. Infinite-volume reconstruction method

Now we move from the infinite-volume analysis in the previous section to a FV lattice calcu-
lation. The hadronic functions given in Eq. (2.2) shall be replaced by lattice quantities, which are
specified by a subscript L here

HY, HYP (x), AP (x:1,,0) <= HY, HYY (x), H37C (x:1,,0). (3.1
Although the replacement of H(‘)‘ by Héf ;, only brings in exponentially-suppressed FV effects, such
replacements for H " (x) and A3 G(x;t;,()’) can cause the power-law FV effects as explained later.
Therefore, we propose to use the IVR method [2] to remove these power-law effects.

3.1 HI"(x)

Let us start with the case of H;? (x). Att, < 0, we have
HYP (x) = (0135 (0)J5, (x)|7(0)) ~ e sV E ¥ mats, (3:2)
For large |t,], e.g. [t,| > |¥|, H!'P (x) scales as an O(1) quantity. As a consequence, the replacement
of H{'P (x) by H{? (x) results in a power-law FV effect.

Following the method developed in Ref. [2], we choose an appropriate time #; (0 < t; < L),
which ensures the ground intermediate state dominance in H1“ P(x). Namely, for r < —t the
hadronic function H!'’ (x) is given by

35 -
HI 0.3 = [ S 0 (D) 5 a(P)UE Olw@) e P 33

where the symbol = denotes the omission of the excited states. The spectral weight function can
be determined using H|'¥ (—t;, %) as an input

. 1 o = . - =\ ipX —m
<0|J‘§5(0)Iﬂ(p)>E<ﬂ(p)\Jé’m(0)|ﬂ(0)> =/d3xH1“p(—ts,X)e” elEn=malis, (3.4)
Putting Eq. (3.4) into Eq. (3.3), we have
&P
H' (1,7) = / 3% HI'P (—1,,%) / (2;)’3 /P (¥ %) g(Ex—ma)(t1;) (3.5)

It means that the hadronic function H{"” (¢,X) at t < —t, can be reconstructed using H.'” (—t,,¥).
Therefore, the replacement can be performed through

H{P(t,%) < H{P(—1,%) <« Hi;(—t:,%). (3.6)
As we have avoided using H{" (x) at large |¢|, the replacement given in (3.6) only amounts for
exponentially-suppressed FV effects. For more details, we refer the readers to Ref. [2].
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3.2 AP (x;1,,0)

For FI; P cy(x;ty,(q)) we assume 1, > t, without loss of generality. We classify the hadronic
functions into three classes:

[:t,>t,>0, :t,>0>¢, III:0>t>1,. (3.7
For class /, we can split the hadronic function into two parts
A% (x:1,,0) = ALP7O (x;1,,0) + HEP O (x:1,,0), (3.8)
with
AP0 520,8) = [ @2 OIT18,(0075,(0,,0)] 0} O ) 2(5).
ﬁ;po’( )(x;ty,O) = Hé‘pc(x;ty,O) —qupa’(())(x;ty,ﬁ) (3.9)

The first term I-AI; po(0) (x; ty,a) is a vacuum contribution and shall be subtracted. The remaining
contribution from Hj'” (1) (x;1,,0) is exponentially suppressed at large |X|. Therefore, the replace-
ment of A7 (x;ty, 0) by FI; PO (xsty, 0) only causes the exponentially-suppressed FV effects.
For class 11, the power-law FV effects could be introduced in the substitution of FIZM P G(x;ty, 6)
using the lattice data at large |¢,|. So we make the replacement of
AP (x:1,,0) < AP (x—1,0) < A% (x:—1,,0) (3.10)
for t, < —t, and protect the lattice results from the power-law FV contamination.
For class 111, when t, —t, > t;, we make the replacement of
AP (x:1,,0) < AYPO(xin—1,,0) <  AYD%(xt—1,,0). (3.11)
Again the hadronic function at large time separation f, —t, > f; is replaced by the one at modest
time f, —t, = t;, where f; is chosen to guarantee the ground-state dominance.

4. Cancellation of infrared divergence

It is known that the IR divergence cancels in the combination of the decay widths T'®Y) and
(17, In Ref. [4], two different IR regulators are used in T(®Y) and T(1), respectively. In the evalu-
ation of I'°Y), by using QEDy_ technique the non-zero lattice momentum p = 27 /L is used as an IR
cutoff, while for I'('?) the nonzero photon mass is used as an IR regulator. The perturbative match-
ing between the two different IR schemes is carried out under the assumption that the hadron’s
internal structure can be neglected in the IR limit and thus the hadron can be treated as a point-like
particle. The pioneering work [5] is done following this direction.

ﬁ ::Jé : ::Ja%

Figure 2: Samples of diagrams contributing to I" (17) (left)y and I (07) (right).

Using the IVR method, we will show that the IR divergence can be cancelled in a relatively
simple way. Here we take Fig. 2 as an example. In the left panel, the decay width T(!?) receives
the contribution from the amplitude square |A|> with A defined as

A= / d*xH{"P (x)Lhef"e . 4.1)



EM corrections to leptonic pion decay using IVR method Xu Feng

We concentrate on the integral region # € (eo, —f,] and have the amplitude defined as

—ty 7Eytv
A B3I (o g M oP* Eyt —iPy % - rylp u ¢
A:/ioo dt/d XHI (I7X)L08), e Ve lpyx—Hl ( [g, pfy)L 81 m, (42)
with
AP (—t,,—py) = / dBXHIP (—1;,%)e PrY, (4.3)
For p, =0, we have Hlup(—ts,(q)) = H} 5°°.
We can split |A‘2 into two terms
A2 L A2 ~12
Al =14 con+ div (4'4)

with the definitions

—2Eyt;
A2 3 3o 7 UP o P’ - —ipy(R—Y) Uyl px p' e
A —d/dH—t,H —t,(PVy—l)LLse ,
o / X | dVH " (=, X)H] "7 (—t,,5) (e 0o (Ex + Ey—mz)?
—2Eyt
~12 e v
Al = [HY LGP € . 45
‘ ‘dlv | 0 0’ (En+Ey_mn)2 #3)
3=
Note that ‘A‘ 4iv 18 proportional to 1/ Py|> and the phase space d®; is proportional to (2n)3 g‘ pp yl

Thus |A| 4iv causes an IR divergence to (1Y) while the contributions from }A‘con are IR convergent
due to the suppression of the factor e iy (Y _q,

As a next step, we examine the IR structure in the right panel of Fig. 2, where the decay width
['(%7) receives the contribution from 2 Re[BB}j], with

1 'y = -
B= 5/d4x/dlyHélpﬁ(x;tyaO)LSS’;G(x;ty,O), By =HJ'Ly. (4.6)

We concentrate on the integral regions of —T <1, < —#; and —T <t, <, —1,, and define the
relevant contribution as B

R 1 —l Ix—lg A~ — —
B= 2 LT iy /fT dty/d3£H;pG(X;tyvO)LgSJeG(X;tY’O)' (4.7

Again, here ¢, is chosen to guarantee the ground state dominance. After performing the integral,

we have
d*p H“ . 1 S5 (py)
_Y P = u Y
8= 5 [ s e ROV 5 (x(PIE O RO 5
—(Eg+Ey—mgz)ts —(Ex+Ey—mzg)(T—15) _
e (T 1)+ 1) s

with py = (iEy,—p) and Ey = |p|. In Eq. (4.8) the first term in the parenthesis is relevant for the
EM correction to the hadron’s mass and the second term causes the IR divergence as it contains
%&m In the IVR method, the hadronic matrix element in Eq. (4.8) can be
constructed using H5° (;,X) as an input

0 1 ! O/, = —ipX —mg)t,
<7T(0)|ffm(0)!ﬂ(ﬁ»EW(ﬁ)me(O)\”(0»i/d%fo (1, ¥)e PielErmas - (4.9)

Here we focus on the IR divergent contribution, namely

d3 Spa(p ) e(E,,fmn)ts
B=— dPRHLC (1, %) PELE LT . 4.10
2/ 2mn/ s e 2Ey (Ezx+Ey—mg)? (+-10)

a factor of
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Again, we split B; into two terms

B = Bcon +BdiV7 (4-1 1)
with
p n— )ty
B — / e /d3_'Hp°(t )( s 1) 157 (Py) elErmma)!
con 2 ) 59X 0 2EY (Erc+Ey_mrc)2’
_ ﬁ (py) e(Eﬂ_mﬂ')t.v
B , 4.12
aw 2/ 2y Ly 2E7, (Ex+Ey—my)? (4.12)

Here only Bg;y causes the IR divergence to ),
We can combine the \Aﬁiv contributions to I'!") and Bgiy contributions to I

I = /dq)fﬁ(pﬂ;p\/apé?p’)/) ’Aﬁlv+/dq)z(pn"pV7pf)2Re[Bd1VBS]

SOO 1 —2Eyt o Ex—mz)t 2
/ 3 QEY (EnJrEy_mn)z [e f((pr—py)?) — 'f(p,,)}, (4.13)

where the function f (p?) is defined as

f(p*) = /d%(p;pv,pe) [HY' LY. (4.14)

07) and obtain

Here we have used the recursion relation [ d®3(pz; pv, pr, py) = é% 3, Jd®2(pz — pyspv, po)-

Note that in Eq. (4.13) the factor in the bracket vanishes in the limit of | py| — 0. Thus the result of
I is IR finite. The calculation of / is simple, as it only requires the lattice QCD inputs of H(’)l .

5. Conclusion

In this work, we propose to calculate the leptonic pion decay width using the IVR method.
We give the key ingredients to explain how the power-law FV effects are removed and how the
IR divergence are cancelled in a simple way. In the upcoming work, we will also include the
analysis of the wave function renormalization using the IVR method. We believe that the theoretical
foundation is set up for a realistic lattice calculation of the leptonic pion decay width without power-
law FV errors.
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