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Isospin Breaking Effects in Lattice QCD

N. Tantalo (2013)

Isospin symmetry is not exact
and the corrections to the
isosymmetric limit are, in general,
at the percent level. For gold
plated quantities, such as
pseudoscalar meson masses or
the kaon leptonic and
semileptonic decay rates, these
effects are of the same order ...

26th of June 2014 — Lattice 2014 (NYC, USA)

Inclusion of isospi

A. Portelli (2014)

Isospin symmetry is explicitly
broken in the Standard Model by
the mass and electric charge of
the up and down quarks. These
effects represent a perturbation
of hadronic amplitudes at the
percent level. Although these
contributions are small, they play
a crucial role in hadronic ...

206 LATTICE 2016
Southampton

QED Corrections to Hadronic Observables

Agostino Patella
CERN & Plymouth University

A. Patella (2016)

When aiming at a percent
precision in hadronic quantities
calculated by means of lattice
simulations, isospin breaking
effects become relevant. These
are of two kinds: up/down mass
splitting and electromagnetic
corrections. In order to properly
account for the latter ...
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Matching QC+ED to Nature

N. Tantalo (2022)

The first step in any QFT
calculation of a
phenomenological observable is
the matching of the theory to
Nature. The matching procedure
fixes the parameters of the theory
in terms of an equal number of
external inputs that, if the theory
is expected to reproduce ...
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Outline of this talk

1. Whg are isospin-breaking and QED corrections relevant?

2. HOW are these effects included in lattice calculations?

3. Which  weak decays have been / are being / can be studied?



1. Why

Indirect searches of new physics using CKM matrix unitarity constraints

Vaud  Vus Vb in the Standard Model:
VCKM — Vcd Vcs Vcb
Vi Vie Vi) Vaal® T 1VasP +[Vis” =1




1. Why

Indirect searches of new physics using CKM matrix unitarity constraints

Vaud  Vaus  Vaw in the Standard Model:
VCKM — Vcd Vcs Vcb 9 9 9
View Vis V) Vel Vs 4 [Vip]” = 1

Matrix elements can be extracted e.qg. from leptonic and semileptonic decays of mesons
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1. Why

Indirect searches of new physics using CKM matrix unitarity constraints

Vaud  Vaus  Vaw in the Standard Model:
VCKM — Vcd Vcs Vcb 9 9 9
Vie' Vis V) Vel Va4 Vil™ =

Matrix elements can be extracted e.qg. from leptonic and semileptonic decays of mesons

LK = ()] || Vas|”| (15’ DK = mtve(7)] o<[Vas P 157 (0)°

F[WAEVE(’Y)] E Vud H f7r \—M/O( e N +V V.

—_— I N—— experiments QCD
experiments QCD

sub percent precision!
FLAG Review 2021. EPJC 82, 869 (2022)

frct/fre = 1.1934(19) |
fE™(0) = 0.9698 (17)

'I Iﬁ

Flavour Lattice Averaging Group N
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QED and isospin-breaking effects

Current level of precision requires the inclusion of isospin-breaking
corrections due to

O str ffect My, — M 0
ong effects [ dlocp 7 < O(1%)

o electromagnetic effects a # 0

(K — lvy) Vus® [ fx\’ 2 | K 2 0
— | (1 . 'K — 7/t Vus (0 1 4+ 0R .
C(r — () X L (fw (1 +0Rk~) ( mlvg) o |Vaus| [f17(0)]7 ( )

> results from yPT currently quoted in the PDG

> these are fully non-perturbative (structure dependent)

> first-principle lattice calculations are possible!

V.Cirigliano & H.Neufeld, PLB 700 (201)



Vs

Tests of the Standard Model

FLAG 2021

FLAG Review 2021. EPJC 82, 869 (2022)

0.228 -

0.226 -

0.224 -

0.222

0.220 -

0.218 -

_______

lattice results for f,.(0), N, =2+1+1
lattice results for fx«/fr=, N, =2 +1+1

lattice results for f.(0), N, =2+ 1

1]
1
0 lattice results for fx=/fr;=, N, =2 + 1

[ 1 lattice results for N,=2+ 1+ 1 combined
[ 1 lattice results for N,.=2 + 1 combined
]

nuclear B decay, PDG 20

nuclear B decay, Hardy 20

0.955 0.960

0.965 0.970

Vud

0.975

0.980

Different tensions in the V-V, 4 plane:

\Vu\QO —1=280c
2 _ 2 1 _
|Vu|. —1=1>5.60 'V oy — 1 =330
|Vu‘2 —1=3.lo |Vu|2.—1 =1.70

Experimental and theoretical control of these quantities
is of crucial importance to solve the issue



2. How

Computing QED corrections on a finite-sized lattice is challenging:

> long-range interactions don't like finite volumes with periodic
boundary conditions

> finite-volume effects can be sizeable and power-like
M.Hayakawa & S.Uno, PTP 120 (2008) / Z.Davoudi & M.Savage, PRD go (2014) / S.Borsanyi et al., Science 347 (2015)

> logarithmic infrared divergences arise in virtual/real decay rates
V.Lubicz et al., PRD g5 (2017)

There are also recent proposals to compute radiative corrections as
convolutions of hadronic correlators with infinite-volume QED kernels

N.Asmussen et al., [1609.08454] / T.Blum et al., PRD g6 (2017) / X.Feng & L.Jin, PRD 100 (2019) / N.Christ et al., [2304.08026]




Charged states in a finite box

Gauss law: only zero net charge is allowed in a finite volume with periodic boundary conditions

Q:/dngo(t,x):/ d°x V- E(t,x) =0

p.b.c. p.b.c.



Charged states in a finite box

Gauss law: only zero net charge is allowed in a finite volume with periodic boundary conditions

Q:/dSXjQ(t,X):/ d°x V- E(t,x) =0

p.b.c. p.b.c.
Possible solutions:

QED. OEDc-
00 060
o0 0060  OGo00e 48 40 041
oo <00 60 ee b dhdhdl
09009 09006
0 06060  ©ooeoe0oeo Q' ----- “ ......

Oy = 21{Z3/L,7)T) O = (22° +n)n/L

remove spatial zero-mode . employ C* boundary infinite-volume
. use massive photon 772~ . .
of the photon field conditions reconstruction
A.S.Kronfeld & U.-J.Wiese, NPB 357 (1991) X.Feng & L.Jin, PRD 100 (2019)

M.Hayakawa & S.Uno, PTP 120 (2008) M.G.Endres et al., [1507.08916] -
B.Lucini et al., JHEP 02 (2016) N.Christ et al., [2304.08026]



Charged states in a finite box

Gauss law: only zero net charge is allowed in a finite volume with periodic boundary conditions

Q:/dSXjQ(t,X):/ d°x V- E(t,x) =0

p.b.c. p.b.c.

Possible solutions:

QEDc>

XX
-------- cooe
oo
-------- coce

Qs = (2Z° +n)r/L

Qy =2m{Z?/L,Z/T}

remove spatial zero-mode . employ C* boundary infinite-volume
. use massive photon 772~ . .
of the photon field conditions reconstruction
A.S.Kronfeld & U.-J.Wiese, NPB 357 (1991) X.Feng & L.Jin, PRD 100 (2019)

M.Hayakawa & S.Uno, PTP 120 (2008) M.G.Endres et al., [1507.08916]

B.Lucini et al., JHEP 02 (2016) N.Christ et al., [2304.08026]



3. Which

| will mainly focus on virtual corrections to leptonic decay rates:

> RMi23S calculation (QEDy) D.Giusti et al., PRL 120 (2018)
MDC et al., PRD 100 (2019)

» RBC-UKQCD calculation (QEDL) P.Boyle, MDC et al., JHEP 02 (2023)

+ Recent proposal with QED oo N.Christ et al., [2304.08026]

virtual photon emission semileptonic decays
leptonic decays v,

K _’< v
+ i
¢ q1 o+
p+
Vy
Vy

R.Frezzotti et al., [2306.07228] N.Christ (Friday 4, h 9.00)

real photon emission
leptonic decays

q1

D.Giusti (Thursday 3, h 17.20)



3. Which

| will mainly focus on virtual corrections to leptonic decay rates:

> RMi23S calculation (QEDy) D.Giusti et al., PRL 120 (2018)
MDC et al., PRD 100 (2019)

» RBC-UKQCD calculation (QEDL) P.Boyle, MDC et al., JHEP 02 (2023)

+ Recent proposal with QED oo N.Christ et al., [2304.08026]

real photon emission virtual phqton emission semileptonic decays
leptonic decays leptonic decays 7
-
C _ " “,_.< £/+
/+
q2 v
R.Frezzotti et al., [2306.07228] N.Christ (Friday 4, h 9.00)

D.Giusti (Thursday 3, h 17.20)
Y.Meng (Tuesday 1, h 10.00)



« I'(K,,) and () separately
o Twisted Mass fermions
e multiple volumes and 3 lattice spacings

 unphysical pion masses (3 230 MeV)

1904.08731

PHYSICAL REVIEW D 100, 034514 (2019)
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Light-meson leptonic decay rates in lattice QCD + QED
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Isospin-breaking corrections to light-meson leptonic
decays from lattice simulations at physical quark
masses

Peter Boyle,*? Matteo Di Carlo,? Felix Erben,’ Vera Giilpers,’ Maxwell T. Hansen,?
Tim Harris,” Nils Hermansson-Truedsson,®¢ Raoul Hodgson,” Andreas lJiittner,®/
Fionn O hOgain,” Antonin Portelli,” James Richings”®? and Andrew Zhen Ning Yong’®

R

2211.12865

E e ratio F(Kﬂz)/ F(”Mz)
ek

e Domain Wall fermions

 single volume and lattice spacing
e physical quark masses
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Decag rate at O (a) F. Bloch & A. Nordsieck, PR 52 (1937)

The RM123+Soton recipe

r(P) = lim | G @6& |

IR finite IR divergent IR divergent




Decag rate at O (a) F. Bloch & A. Nordsieck, PR 52 (1937)

N. Carrasco et al., PRD g1 (2015)

V. Lubicz et al., PRD g5 (2017)

D. Giusti et al., PRL 120 (2018)

MDC et al., PRD 100 (2019)

P.Boyle, MDC et al., JHEP 02 (2023)

The RM123+Soton recipe

e = i { @O~ @5 |+ m { @5+ @
R0 Arr—0 y

IR finite IR finite IR finite

+A}§320{@§,< - @ |

IR finite




Decag rate at O (a) F. Bloch & A. Nordsieck, PR 52 (1937)

N. Carrasco et al., PRD g1 (2015)

V. Lubicz et al., PRD g5 (2017)

D. Giusti et al., PRL 120 (2018)

MDC et al., PRD 100 (2019)

P.Boyle, MDC et al., JHEP 02 (2023)

The RM123+Soton recipe

') - i { @ B @-Q}+lim{@-iz b @
L—oo | m~—0 /

on the lattice in perturbation theory

+;:ngo{@i§’<—@¢f<}

on the lattice




Decay rate at O(«)

The RM123+Soton recipe

F. Bloch & A. Nordsieck, PR 52 (1937)

N. Carrasco et al., PRD g1 (2015)

V. Lubicz et al., PRD g5 (2017)

D. Giusti et al., PRL 120 (2018)

MDC et al., PRD 100 (2019)

P.Boyle, MDC et al., JHEP 02 (2023)

—

[(Pez) =| Jim { @S'Ei - @-Q }

on the lattice
o

———

- o o )

Y |
{@.iz + @-§< d
in perturbation theory '

E——

+ lim {
L— o0

on the lattice

— S ——

enough for Ky2 and tp>

finite-volume scaling well studied

V.Lubicz et al., PRD g5 (2017) N.Tantalo et al., [1612.0019gv2]
MDC et al., PRD 105 (2022)

N.Hermansson-Truedsson (Friday 4, h g9.20)

—————

—

e

e — ————————— . e e .

—_— = e ————
- =

o

relevant for Ke2 and 7te2
& decays of heavier mesons

G.M. de Divitiis et al., [1908.10160]
R. Frezzotti et al., PRD 103 (2021)
A. Desiderio et al., PRD 102 (2021)

D.Giusti (Thursday 3, h 17.20)

C. Kane et al., [1907.00279 & 2110.13196]
D. Giusti et al., [2302.01298]
R.Frezzotti et al., [2306.05904]
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Decay rate at O(a) [ {@Szi @-Q}

Virtual decay rate o the lattice

)

5./4[) 5mp 02

2 2\ 2
D(Py) = T (1 + 6Rp) » rgee:%mg(l mﬁ) mplfeol’ » ORp = ( :

PDG convention

e O0Ap from the correction to the (bare) matrix element M (pe) = U r, pe; ve, s, pu| Ow | P, 0)
e OMp correction to the meson mass

e (O0Z correction to the renormalization of the weak operator Oy MDC et al,, PRD 100 (2019) / MDC @Latticez01g

Apo mpo 2o

)

12



S

Decay rate at O(a) o { @{5& @-Q}

Virtual decay rate onthelatiice "}

2 2\ 2 oA ) 02
D(Pyy) = T (1 + 6Rp) » rg;ee:%mg(l mﬁ) mplfeol’ » ORp = ( p_SmP )
Apo mpo 2o

PDG convention
e O0Ap from the correction to the (bare) matrix element M (pe) = U r, pe; ve, s, pu| Ow | P, 0)
e OMp correction to the meson mass

e (O0Z correction to the renormalization of the weak operator Oy MDC et al,, PRD 100 (2019) / MDC @Latticez01g

12



IB corrections to the decay amplitude M. Diviis et l. (V3] PRO 87 (2o

RM123 perturbative method: expand lattice path-integral around isosymmetric point o = my — mgq =0
q1 o+ q1 o+ d1 o+ q1 o+ a1 o+
q2 Ve q2 Ve q2 vt q2 Ve q2 Ve
q1 o+ q1 o+
Pt P
q2 Ve q2 Ve
q1 Q p q1 Q o+ q1 O O o+ 4 Q ot 7 Q A 7 Q an
P+OD/ P*OD/ P*OD/ P+OD/ p+OD/ p+c©:|n/
q2 v q2 v q2 Ve 92 . 92 . 92 v

Both RM123S and RBC-UKQCD calculations are performed in the electro-quenched approximation:
sea quarks electrically neutral

13



IB corrections to the decay amplitude M. Diviis et l. (V3] PRO 87 (2o

RM123 perturbative method: expand lattice path-integral around isosymmetric point o = my — mgq =0

q1 o+ q1 o+ q1 o+
p+@ < p+@ < p+® <
¢ vt 9 v ¢ Ve

0.01 : . : . : : : . : . :
0.01 e O self energy (2b)+(2c) ] e e A
i - 0.00 } ;
0.00 éoeeeeeeeeee [0 exchange (2a) . '::-.,..
0 .0 0% . —0.01} "u ®ee
~ ™ U - " ®e
= 001 eeaa’ézﬂunuu 000‘:":“30@ O J (2a)+(2b)+(2¢) ~ ., "‘--. kaon
O -0.02 699 Huxg""‘}";gﬁﬂﬂﬂ _ "a 'oooo
~ i eeé‘e@eQ ""055355““ . —0.03 .'._ °'.....
= -003 L D20.48 o0 VYV - "u, *ee.,
N—’ o SQ ®
oy = "33&1“ _ —0.04 L ®eces
O i N ° SR ) s, "u,
o -0.04 | MT ~ 255 MeV "33;—.6 — ~0.05} 77 “n
= “.‘.(".’ o o ..I.
-0.05 [ D00 _ —0.06 } l-.
- MK~535 MeV i ",
[ - ~0.07} BabblLL
—0.06 | 1 1 1 I 1 1 1 1 I 1 | || | I 1 1 | 1 I || | 1 | '
0 10 20 30 40 50 . . , . . . . l | . |
t/a —0.08 4 § 12 16 20 24 28 32 36 40 44 48

t/a

MDC et al., PRD 100 (2019) P.Boyle, MDC et al., JHEP 02 (2023)



IB corrections to the decay amplitude M. Diviis et l. (V3] PRO 87 (2o

RM123 perturbative method: expand lattice path-integral around isosymmetric point o = my — mgq =0

q1 q1

as A
PT pPr
Q2 I/E QQ Vf
0.12 , ; ' ' . .
Cr(ty =12) " Oty =28) CK,(ty = 12) ® CK(ty=28)
0.012 ———————F—— — , — OF,(te = 16) 5t =32) CK (t, = 16) ¢ CK(t,=32)
' l 0.10 f Cpe(te = 20) B CR(te = 36) CK,(t, = 20) ¢® CK(t,=36)
: : Che(te =24) B Cp(te=40) CK,(t, = 24) ¢® CK(t,=40)
" | | i
_0.009 | o | _ 0.08}
+ | aaa g °
O™ i QOOEEEEEEEEBHBEEEEEBEEBEBEEBEBEEBEEEEB | 0-06 -.II...............IIIIII.-.
~ 0.006 L eaaﬂ : K : ala a" l...
~~ ]
X ga | | 3 0.04} ‘“;HI
=. O . - v g
o | | 00000000000 gqettitbbte, * v |
I% I @ : M ~ 310 MeV : T o TTLAA ARG !:;
T . _
0.003 |- p30.48 | - 002 kaon o
-@E | M ~550 MeV ! : !
I | | ! 0.00 gT
O_OOO 1 1 1 1 | 1 1 1 | | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0] 10 20 30 40 50
—0.02 : : : - : : : : . . 2
t / a 0 4 8 12 16 20 24 28 32 36 40 44 48

t/a

MDC et al., PRD 100 (2019) P.Boyle, MDC et al., JHEP 02 (2023)



Results for 0 Rz

RM123S (2019) +
YPT (2011) | — m
RBC-UKQCD (2023) + — @
(w/o FVE) | L —e—

—0.016 —0.012 —-0.008 —0.004 0
5RK7T

V. Cirigliano et al., PLB 700 (201)
MDC et al., PRD 100 (2019)
P.Boyle, MDC et al., JHEP 02 (2023)

RBC-UKQCD:
SRir = —0.0086 (3)star. (71 )it (5)dise. (5)quench. (39)vol.

RM123S: 0 Rfr = —0.0126 (14) 4PT: SRy, = —0.0112(21)

® Qur recent result is compatible with previous
lattice calculation (RM123S) and with yPT

e The error is dominated by a large systematic
uncertainty related to finite-volume effects

Solid evidence that 0 Rx . can be computed from first principles non-perturbatively on the lattice!
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Finite-volume effects in QED.

Leptonic decay rate

Do(L) = Ttree {1 1o & Y(L)}

47

V. Lubicz et al., PRD g5 (2017)
N. Tantalo et al., [1612.0019gv2]

MDC et al., PRD 105 (2022)

15



Finite-volume effects in QED.

Leptonic decay rate

Do(L) = Ttree {1 1o & Y(L)}

47

V. Lubicz et al., PRD g5 (2017)
N. Tantalo et al., [1612.0019gv2]

MDC et al., PRD 105 (2022)

Y (L) — Y (00) = Yipe (L) + Yo A Y; - Y; - = Y3+ O(1/L*) + O(e™*")

m.L ~ 3.9 ~ —3.90

® structure independent ("universal") terms

15



Finite-volume effects in QED.

Leptonic decay rate

Ib(L):Jﬁfﬁ{14-2f£}qlg}

47

1 1 1

V. Lubicz et al., PRD g5 (2017)
N. Tantalo et al., [1612.0019gv2]

MDC et al., PRD 105 (2022)

Y (L) — Y (00) = Yipe (L) + Yo A Yi H Ys - Ys + O(1/L*) 4+ O(e™ %)

mpL (mpL)3

m.L ~ 3.9 ~ —3.96 ~ —2.24

® structure independent ("universal") terms

® structure dependent contribution at O(1/L2)

v
v

15



FiﬂitE'VOlUfne EffECtS iﬂ QEDL V. Lubicz et al., PRD g5 (2017)

N. Tantalo et al., [1612.0019gv2]

Leptonic decay rate
MDC et al., PRD 105 (2022)

Do(L) = Ttree {1 1o & Y(L)}

47

1 1 1

Y(L) = Y(00) =Yieg(L) + Yo + -0 Vi g Yo b oy Y7 (g5 + O(1/LY) 4+ 0(e ™)
m.L ~ 3.9 ~ —3.96 ~ —2.24 ~ 3.37 7

® structure independent ("universal") terms v

® structure dependent contribution at O(1/L2) v/

® sizeable pointlike contribution at O(1/L3) v

® higher order effects X

N.Hermansson-Truedsson (Friday 4, h g9.20)

15



Current status

Finite volume effects produce large
systematic uncertainty

SRicr = —0.0086 (13)(39)vor.

repeat the calculation on
multiple volumes & take
infinite volume limit

| _
(mpL)3 structure-dependent adopt or develop QED formulations

with reduced finite volume effects

compute missing effects
at O(1/L%)

16



Current status

Finite volume effects produce large
systematic uncertainty

(0Rix = —0.0086 (13)(39) ol

repeat the calculation on
multiple volumes & take
infinite volume limit

| _
(mpL)3 structure-dependent adopt or develop QED formulations

with reduced finite volume effects

compute missing effects
at O(1/L°) ... can we formulate QED on a finite-volume

without corrections at O(1/L3) ?

16



A new idea under investigation Z Dovoudi t L., PRD g (2019

Special case of IR-improvement

o0 o000 o0 o000 o000 o060
o0 o000 o000 00 X BoR X
o000 —- oo0dHeoe — 00 O
TEEE XEXXK. ool oo
00 00 00 00 O 0 0 0O
Ok=0

The spatial zero mode is not removed but redistributed over the neighbouring modes on 3

shell of radius |p| = 2&|r| (r € Z°)

1 —dx.0
kg + k2

Ok2 p2 0N

n(p?) kg + p?

QEDL:  D}"(ko,k) = 6" QED;: D& (ko,k) = 5"

17



Finite-volume effects in QED:,

Zero net velocity

1. In systems with zero net velocity, the corrections at O(1/L3) due to the

removal of the zero mode are absent!

Hadron masses:

Am?(L)

|QEDr

QED,

Z / dgk MeE(—k|, k) 1 M"(—|p|,p)
| Sk#O ok P 2p
QED.
- M'(0) 3 1\, M)
| 2L3 { r;) /d -+ )> — | 2L3

|P\:f

00 00
00 00

27T‘I'|

The redistributed modes "reproduce” the zero mode in the co-volume limit!

o0 OO

e0C o0
00 00

notation from
B.Lucini et al., JHEP 02 (2016)

(r € Z°)



Finite-volume effects in QED:,

Non-zero net velocity

2. For systems with non-zero velocity, the cancellation of O(1/L3) is less straightforward.

In the case of leptonic decay rates, the coefficient at O(1/L3) can depend on lepton velocity v:

_ ' 11 1 1 m2 — m2
ED,: |Co(V) = E:_/dgn ~ E - v| = £
oD - n#0 |1=v-n 6|r|2:11_v.r ‘ ‘ mz_l_m%

* Collinear divergent terms as |[Vv| — 1 and Vv H k

e Dependence on the direction V due to rotational symmetry breaking in a finite volume

QA



Finite-volume effects in QED:,

Non-zero net velocity

2. For systems with non-zero velocity, the cancellation of O(1/L3) is less straightforward.

- A\ co(v)
.‘ max co(v) = 0.0171
‘ min éy(v) = -0.0114
.
\ =
OIL} O.IS 0?6 O..‘7 0?8 O?ci \.IO

AD



Finite-volume effects in QED:,

Non-zero net velocity

2. For systems with non-zero velocity, the cancellation of O(1/L3) is less straightforward.

Co (V)

max co(v) = 0.1199

- \
" min ¢y(v) = -0.0747
\ ' A A

AD



Finite-volume effects in QED:,

Non-zero net velocity

2. For systems with non-zero velocity, the cancellation of O(1/L3) is less straightforward.

\

Co (V)

max co(v) = 0.9446
v) = -0.4115

min Co(

0.8

i
oy

]
0.5

C
0.6

|
0.7

0.8

]
0.9

AD



Finite-volume effects in QED:,

Non-zero net velocity

2. For systems with non-zero velocity, the cancellation of O(1/L3) is less straightforward.

Co(V)
‘ max cy(v) = 5.2059
min éo(v) = -1.2689
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Finite-volume effects in QED:,

Non-zero net velocity

2. For systems with non-zero velocity, the cancellation of O(1/L3) is less straightforward.

—
-

Co (V)

max co(v) = 15.2832
min EQ(V) — -2.82538

. / 0.95
|
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Finite-volume effects in QED:;

Non-zero net velocity

2. For systems with non-zero velocity, the cancellation of O(1/L3) is less straightforward.

Co(V)
max co(v) = 71.5812
min &,(v) = -10.0290
0.98
-
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Finite-volume effects in QED:;

Non-zero net velocity

2. For systems with non-zero velocity, the cancellation of O(1/L3) is less straightforward.

—

/700\\\ max co(v) = 215.7470
(q & a 7 min ¢ (v) = -25.4646

’ 0.99
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Finite-volume effects in QED:;

Non-zero net velocity

2. For systems with non-zero velocity, the cancellation of O(1/L3) is less straightforward.

Co(V)
max Co(v) = 1445.9149
min ¢y (v) = -142.3143
0.997
|
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Finite-volume effects in QED:,

Non-zero net velocity

2. For systems with non-zero velocity, the cancellation of O(1/L3) is less straightforward.

Co(V)
max Co(v) = 9002.2317
min ¢y(v) = -807.4018
0.999
_
O?Ll» OlS OI6 0.7 0?8 O?q \.IO
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Finite-volume effects in QED:;

Non-zero net velocity

2. For systems with non-zero velocity, the cancellation of O(1/L3) is less straightforward.
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Finite-volume effects in QED:,

Non-zero net velocity

2. For systems with non-zero velocity, the cancellation of O(1/L3) is less straightforward.

i ) 1 1 1
_ L 3 |
(V) = Z_/dnl—v-fllfizl—v-f'

-n+0

Two fundamental properties in QED:y:

A. For any value of | V|, there always exists a direction ¥* such that ¢o(v™) = 0

1

B. The average over the solid angle gives in d€Qy cp(v) = 0
s

see A.Portelli (Friday 4, h 9.40) [z

for a3 more detailed discussion!

QA



|

QED: summary

* Infrared improvement of QED.: redistribution of the spatial zero-mode
* Free from (problematic) O(1/L3) effects:
> absent by construction for zero-velocity systems

> improvement less straightforward for velocity-dependent observables,

due to non-trivial collinear divergences

Ongoing numerical tests of QED: : w

> finite-volume study on new gauge ensembles with 4 different volumes

> investigation of z, K, D and Ds decays

4

|

L:-_,J e —————— e = e e —————— e ———— e —— e e —— R —— LJ

k=0

00 00
00 00
00 00
00 00
00 00

X
co0 oo
-0 0
X
TEE

0000
o000
o0 O6
o0l oo
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4. Where are we ...

® Current tensions in CKM unitarity require a combined effort of theory and experiments
* Two lattice calculations of IB and QED corrections to light-meson leptonic decay rates

* Finite volume QED effects have to be carefully studied (interesting proposal with QED !)

... and where to go?

1 A3k )
(ﬁg)/(zw)g) d) K<§

investigate & tame finite-  move to unquenched study different weak develop and apply
volume effects calculations processes new techniques

21
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Isospin-breaking and electromagnetic corrections to
weak decays

3rd August 2023

Nz @ THE UNIVERSITY I.ATT[CE 2@
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3 Fermilab

M. Di Carlo (2023)

At the level of precision reached
by the recent lattice calculations of
decay constants and form factors,
it becomes necessary to include
the effects of QED interactions and
those due to the up-down quark
mass splitting in the calculation of
weak decay rates of hadrons...

() OVERVIEW
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My List
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the new episodes!
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e 16.20:  J.Swaim QED Corrections to meson and bare quark masses

e 16.40:  A.Segner Precision determination of baryon masses including isospin breaking Than k UOU

e 17.20:  D.Giusti Structure-dependent form factors in radiative leptonic decays of the
Ds meson with domain wall fermions

e 09.00: N.Christ Lattice calculation of electromagnetic corrections to K3 decay
e 09.20: N.Hermansson Structure-dependent electromagnetic finite-volume effects
-Truedsson through order 1/13
e 09.40: A.Portelli Finite-volume collinear divergences in radiative corrections to
meson leptonic decays
e 10.00: J-SYoo Radiative electroweak box correction to pion, kaon and nucleon
p decay

This work has received funding from the European Research Council (ERC) under the European Union's
Horizon 2020 research and innovation programme under grant agreements No 757646 & 813942
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Velocity-dependent finite-volume coefficients

, 1 B 3 L
c;i(v) = A, " Tali (1 —von) Z /d | n}7(1 — v - )

-n+0
For J = 0 we have: Z.Davoudi et al. PRDgg (2019)
oo S
1 arctanh(|v|) N
1 ~ 2 , 2 - Dsl Pl ‘V‘
—v-n |V| s=0 [=1

Therefore, in QED, we get:

arctanh(|v o
o (v) = M o+ 33 [AL A 8) + S RG] v

|V‘ s=0 [=1




Finding "magic angles”

Eo(V) at ‘V| = 0.995

‘\

ﬂ
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Stochastic average over solid angle

(Co(V))s A.Portelli (Friday 4, h 9.40)
O -
1 _
-5 - (1&2\7(X)(\f) :::()
47

1

e (v))e = D o(va)

_20 -

0 2000 4000 6000 8000 10000

Number of random directions



Infinite volume reconstruction X Feng & Lin, PRD 100 (2016)
QEDoo

* An alternative approach is to compute radiative corrections as a convolution of hadronic
correlators with infinite-volume QED kernels

AQO = /dt/dSX H(t,x) forp(t,Xx) = AOB) + AOW

Separate correlator into short and long distance parts: Joshua Swaim (Mon 31, h 16.20)

1 [t
() ~ * 3 L
AOG)  ~ 5 /_t dt/Lgd x H"(t,x)fQED(t, X) 0 t, 00
) D

single-hadron state dominance

A0 & [tk HE(tx) Faen(tex
L3

Exponentially suppressed (a) finite-volume effects  (b) contributions of states with higher energy

28



Infinite volume reconstruction

QED
14 v v
T w T mt T // ™t T //
K-V y
+ + A
¢ s %u*
A B C
v v
T T // Tt / 7
:—H/H/‘q\\ . > Y )
SN 7
D E
= Diagram A:

W.p,0

HO (4 . %) = / G (O T{JIW(0) JE (b, W + %) JEM (£, )} | (D))
» Diagram B and D:
Hup(x) = Hid(xe. X) = (0IT{4(0)J5" (x)}|m(0))
» Diagram C and E (f; = 130 MeV):

HO = HY6,, = (0]JY(0)m(0)) = —imnfrly.

from Luchang Jin's talk @ Edinburgh May 30, 2023

N.Christ et al., [2304.08026]

Strategy applied to leptonic decay rates:
* Logarithmic IR divergences appear
* BUT they cancel analytically between diagrams

* numerical calculation still ongoing...

The method is appealing, but it has to be
studied case by case.

... systematics under control?

N.Christ (Friday 4, h 9.00)
29



Real photon emission and structure dependence

D+ @5 = [@<2 + @] (1 mpan s ran)

Ry[m— ev(y)] R
0000 oo b 1 - AE(MeV) =104
; 10 2D — 30 40 350 —60——0
-0.002 - N i
[ N 2.x1077
-0.004 - N I
: N\ *
~ .
~0.006 | il e N T . .
| . T NG T T e S Calculation at O(p4) in yPT
-0.008 | ,
F A,
n | < | N. Carrasco et al., PRD g1 (2015)
-0.010 r S -2.X% 10—7 L
-0.012'j - »
-0.014 - - INT -4.%x1077
R, [K- ev(y)] R, [K- pv(y)]
0.00 —- < | l e 1L 1 1 AE(MeV)
50 100 Wso 0.0000 — = . AE(MeV)
\ 50 250
~0.02) \ -
| \
\ ~0.0005 |
~0.04 - B
\
~0.06 - \ '
K I \ -0.0010
0.0 \ SD |
| \ — INT —  SD
, \ ' — INT
0.10 ~0.0015 -




Real photon emission and structure dependence

@.iféi + @:S;i = SR, (AE) +6R;°(AE) + RN (AE)

T e2[] T u2[y] Kealy) K20y
SRy (+) 0.0411 (19) (+) 0.0341 (10)
0 Ryt (AET ™) —0.0651 —0.0258 —0.0695 —0.0317
ORP(AET) || 5.4 (1.0) x 10~ 2.6 (5) x 1010 1.19 (14) 2.2 (3) x 107?
ORI (AED ™) || —4.1 (1.0) x 107° | —=1.3 (1.5) x 107® || —9.2 (1.3) x 10~* | —6.1 (1.1) x 10°

AE™ (MeV)

69.8

29.8

246.8

235.5

() Not yet evaluated by numerical lattice QCD+QED simulations.

Confirmed by numerical

lattice calculation

A. Desiderio et al., PRD 102 (2021)
R. Frezzotti et al., PRD 103 (2021)
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.
Real photon emission @:§’<
PHO L JLH;O @-’-f< -

Hadronic matrix element and form factors

Iwﬁhﬁ)U/&wﬁy®WU%QM%meﬂm%=ﬂ%% p) + H' (k. p)

| 12 (k,p) = TP F K) k29" — kPR - Hap -k, k%) [(p -k = KOk" = K*(p = k)" (p — k)
0o g, 2m ) SDAT mp. mp. (p—k)? — m%s

L )
Fy(p-k, Kk Fa(p-k,k?
©‘” e R e S
Jw mp, mp;
_ gMV |

Goal: extract form factors /', and F, from Euclidean three-point functions

D.Giusti (Thursday 3, h 17.20)
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PRD 103, 014502 (2021)

First lattice calculation of radiative leptonic decay
rates of pseudoscalar mesons

A. Desiderio ,1 R. Frezzotti ,1 M. Garofalo ,2 D. Giusti ,3’4 M. Hansen ,5 V. Lubicz ,2
G. Martinelli ,6 C.T. Sachrajda,7 F. Sanﬁlippo,4 S. Simula ,4 and N. Tantalo’

o first calculation of PT — £Tvy for pion and kaon
+ D_ in part of the kinematical range (E, < 0.4 GeV)

PRD 103, 053005 (2021)

Comparison of lattice QCD + QED predictions for radiative leptonic decays
of light mesons with experimental data

R. Frezzotti®,' M. Garofalo®,” V. Lubicz®,” G. Martinelli," C. T. Sachrajda,” F. Sanfilippo,’
S. Simula ,6 and N. Tantalo'

comparison of lattice results with experimental measurements
good agreement with KLOE on K — ev,y

3-40 tensions on K — uv,y (also among experiments)

PRD 107, 074507 (2023)
Methods for high-precision determinations of radiative-leptonic decay form
factors using lattice QCD

Davide Giusti ,1 Christopher F. Kane ,2 Christoph Lehner,l Stefan Meinel ,2 and Amarjit Soni’

B ———

e study of D — £Tvy with different "3d" method
e improved control of systematic uncertainties
e but single lattice spacing

ar Xiv:2306.05904

Lattice calculation of the D, meson radiative form factors over the full kinematical range

R. Frezzotti and N.Tantalo
Dipartimento di Fisica and INFN, Unwversita di Roma “Tor Vergata”,
Via della Ricerca Scientifica 1, 1-00133 Roma, Italy

G. Gagliardi, F.Sanfilippo, and S.Simula
Istituto Nazionale di Fisica Nucleare, Sezione di Roma Tre,
Via della Vasca Navale 84, I-00146 Rome, Italy

V.Lubicz and F.Mazzetti
Dipartimento di Matematica e Fisica, Universita Roma Tre and INFN, Sezione di Roma Tre,
Via della Vasca Navale 84, I-00146 Rome, Italy

G. Martinelli

Physics Department and INFN Sezione di Roma La Sapienza,
Piazzale Aldo Moro 5, 00185 Roma, Italy

C.T. Sachrajda
Department of Physics and Astronomy, University of Southampton,
Southampton SO17 1BJ, UK

new calculation of D" — ZFvy on full kinematical range
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QED corrections to semileptonic decays

* integration over three-body phase-space

N.Christ (Friday 4, h 9.00)

Additional difficulties arise compared to leptonic decays:

* problems of analytical continuation when intermediate states
lighter than external ones go on shell:

int ext
A4FT T T T T T T T -_ e_(wﬂ'e — Wy )(tT"e—tH)
0-10; > gFOWiﬂg exponentials if Cdﬂ.g < wﬂ C.Sachrajda @Lattice2019
" ooy These states should be identified and subtracted.
All becomes more problematic for decays of heavy mesons!

oo oot om oz .. spectral reconstruction?

... infinite-volume QED?
N.Christ et al., [2304.08026]
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