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Cabibbo-angle anomaly
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(0.27%) | 'V, |2 ~ (0.9983(7) PDG

ecays «“‘6‘5"‘“ | From superallowed nucledr
A

0.58% : f
Cd ¢ . decays and kaon decays the te:
| points to a small but persisternt
0+ — 0+ (0.030%)

| Neutron (0.050%) —» | ~ 2" tension
0220 : ! . . . ! : L L L L L . L 1 .
0.960 0.965 0.970

Vud




Cabibbo-angle anomaly
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Electromagneti©(#,,,) and strongO((m,; — m,)/ A ycp)
Isospin-breaking effects must be included
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['(E)=T1,+T(FE)with 0 < Ey,< Eisinfrared finite

F. Bloch and A. Nordsieck, 1937

Both I, andI'|(E£) can be evaluated in a fully non-perturbative wa)
in lattice simulations

The first lattice calculations af[3, K — & (%] have been finalized
and, within BMWc, we are working on a new one (see A. Cotelluc

Contl‘ibutiOn) DGet al. M. Di Carloetal. P. Boyle et al.
arXiv:1711.06537 arXiv:1904.08731 arXiv:2211.12865 .




Finite-volume effects

Avallable calculations performed us(@BD; prescription (photon zero-
momentum mode excluded)

InPnite-volume reconstruction method an@ED. prescription have been
recently proposedi.H. Christ et al., arXiv:2304.08026 M. Di Carlo et al., arXiv:2501.0793¢
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After subtracting universal FVEs]|

{to O(1/L), RM123S data displaye
NI e T | residualvolume dependence lin

fTe {in 1/L?, interpreted as a sizable

s =3 pnite-volume effect




Finite-volume effects

Avallable calculations performed us(@BD; prescription (photon zero-
momentum mode excluded)

InPnite-volume reconstruction method an@ED. prescription have been
recently proposedi.H. Christ et al., arXiv:2304.08026 M. Di Carlo et al., arXiv:2501.0793¢

P. Boyle et al.,, arXiv:2211.12865 o _ _
RM123S (2019) | —— - This interpretation became less compelli

‘after the analysis dfl. Di Carloet al.,2022
o Ewhich determined theO(1/L?)SD term:s
RBC-UKOCD (2023) | éand found themnumerically sma
(wio FVE) | e “dominant uncertainty of RBC/U

- calculation is due to incom

| PT (2011) |

0016 1 0012 1 0,008 ! 0004 Bknowledge of theD(1/L°) FV corrections

"Rk |

An unusual hierarchy of FVEs emergaal herewe revisit it in the light of exp
suppressed FV contributions in the pt approximation so far neglected
6
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The lattice strategy [N. Carrasco et al. 2015]
n pt
()

gL . t .
The contributions from soft virtual photon to !qu !@the first

term are exactly the same and the IR divergence cancels in the

. | o pt
difference ! 0 ' o

" The sum ! gt + | ft (" E)n the second term is also IR finite since it is

a physically well defined quantity. This term can be thus calculated in
perturbation theory with a different IR cutoff .

The two terms are also separately gauge invariant.

| P(ME) = lim

m# 0
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The point-like meson approximation
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Cy(rg) N C5(rg)

Y(L) = Cy(rg)log(mpL)+ +

+ 5 3 + ...
mPL (mPL) (mPL) r& — m& /mP

C,, C,, (', are universal, although, and (', depend on the IR regulator

QED,
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The whole effect can be expressed in terms of four one-loop master intggr
plus the meson wave function renormalization
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V. Lubicz et al., arXiv:1611.08479

Each FV Ml is decomposed in terms of the IV part Bhige-inbnite volume
difference) and a part spebc of the QED formulation used

S7V(L)= SV "S(L)+ (L)

#
#
[1+ h(8,R)] % h(#) = #n|,1/6
+ k2 #fﬁ:'ku (2#)
M. Di Carlo et al., arXiv:2501.07936

minimalQED;:

: : : 1 1 1
Wregularization to cure UV divergences: iz o # iexior ' k21 mg « io
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The pt exp-suppressed corrections

SRE RSP

hvs ' hys '
— £, mP"Ys 0,0,1) — L,mg 0,0

¢, m%hys 1,1,1)/ 3

— £,,m, =320MeV | 0. — £, mg = 580 MeV -

g, m, =320 MeV ¢, my = 580 MeV

Non-trivial competition betweerO(e ") and O(e %) asymptotic behaviors

These corrections are independent of the FV QED prescription adopte




The pt HO power-law corrections for QED,

R, (QED_; £, mph) SR, (QED,;£;,m, = 320 MeV)
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Numerical impact

\
Inite-volume contributions to the IB correction
IR, , in units of 10' 4, for the physical charged-pion and muon
masses atL =6 fm.

ﬁ:a”Llylﬁ
QED, QED, QED, QED,

c+log L " 1504 " 1523 " 1504 " 1523

/L 4.5 4.0 4.5 4.0

/L 2 32.6 210 328 213

/L 3 " 317 # 0 " 317 # 0

> 1L 3 #0 " 20.0 #0 " 20.0

exp 6.0 5.9 )

fotal "139.0 " 1412 " 1389 " 1417

J

0=(0,0,1)

1/L expansion

Inite-volume contributions to the IB correction
I Rk , In units of 10' #, for the physical charged-kaon and muon
masses atL = 6 fm.

ﬁ:aquy!§
QED, QED, QED, QED,
c+log L " 2240 " 2320 " 2000 " 2033
1/L 6.1 5.6 5.2 4.6
1L 2 " 3.2 " 8.8 110 8.8
L 3 " 1.9 # 0 " 1.9 # 0
> 1/L 3 #0 1.3 #0 " 0.0

(:exp 31 1.2 :)

total " 2200 " 2308 " 1845 " 1887

0=(0,0,1)

1/L expansion

The pt exp-suppressed FVEs for both channels are comparable in mag
to the combined power-law corrections and to the size of th&. ones

QED, redistributes a sigbtant part of the largd /L> correction (especially
for pion channel) into the HO power-law tail. Like tHé¢L> term in QED ,
this remainder is largely canceled by thd.? contribution




First application to RM123S data

|
A+BX

1/L sub We thank G. Martinelli
A+BX for giving us permission
A+Bx1.5+Cx2 to use RM123S data
1/L2 sub
A+Bx1.5+Cx2
1/L3 pt sub
A+Bx1.5+Cx2
exp pt sub

M

0.0005 0.001 0.0015 0.002 0.0025 0.003
a’/L?
Remaining FV dep. is mild and compatible witlDal/L?) term and HO SD effect
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Conclusions and future perspectives

® We have computed the exp-suppressed FV corrections to the pt em
contribution to the inclusive leptonic  decay rates of charged pions and
kaons. A paper on that will appear soon!

@®Our exact expressions reveal a subtle interplay among terms governed by
different exponential scales , which can be removed analytically from lattice
data.

® QED,. redistributes a significant part of the large 1/L3 correction into the
HO power-law remainder

@At the volumes used in present lattice simulations, these corrections are
numerically comparable to the combined power-law contributions and
subtracting them improves FV extrapolation
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Observation raised by RBC/UKQCD

P. Boyle etal.,, arXiv:2211.12865

-- RM123+Soton

{1 subtractec RBC/UKQCD argues thdgt
12 parthe smscea | the RM123S data can
described byl/L? behavio
1in order to get an estimatg
of the residual SD FVHE®
|leads to a change iIn t
extrapolated va

according to P. Boylet al.
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This puzzle is solved once the pt exp-suppressed FV terms are subt
from the data, as we have shown here




