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Outline of the talk

® QED corrections to leptonic decays on the lattice & see Chris Sachrajda’s talk
® The RBC/UKQCD way to 0 R g -

® First (preliminary) results with chiral fermions close to the physical point
® Comparison with RM123+Soton lattice calculation

e Final remarks on ‘Vus/vud‘



The goal: testing the Standard Model

Indirect searches of new physics using CKM matrix unitarity constraints

Vud Vus Vub
VCKM — Vcd Vcs Vcb
Via Vis Vi

in the Standard Model:
|Vud‘2 + ‘Vus|2 + ‘Vub|2 =1
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Isospin-breaking effects & the lattice

Current level of precision requires the inclusion of isospin
breaking (IB) corrections:

o strong effects  [71w — Malqep # 0

o electromagnetic effects a7 0




Isospin-breaking effects & the lattice

Current level of precision requires the inclusion of isospin
breaking (IB) corrections:

o strong effects  [71w — Malqep # 0

o electromagnetic effects a7 0
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( Different ways to include them on the lattice, in this calculation:

i

|  © RM123 approach perturbative expansion of the path integral: {» > 6 g

;
l

@ Photon regularised using QED\| prescription:  >_— >_ & power-like FVE's

k k0
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| © Electro-quenched approximation (neutral sea quarks): g O OO -
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Studying the decay rate at O(«)

Many subtleties arise, for example

® IR divergences in intermediate steps

IR divergent IR divergent

IR finite *
['(Py2) = @-@ @.ﬁ NS

F. Bloch & A. Nordsieck, PR 52 (1937) 54 FO (P —7 gl/g) FI(P —2 KVE'Y)

® new UV divergences: add QED in renormalisation of operators

¢ the decay constant f, becomes an unphysical quantity:
need to introduce a scheme to give sense to "QCD"



The RM123+Soton recipe @

t .« e N.C tal., PRD 91 (2015)

® Fl(P — ZI/[‘)/) ~ Fll) (AEW) for SUfflClently soft phOtOﬂS (small AEPY) vé[ﬁ:izg :t:l., PRD 95 (2017)
D. Giusti et al., PRL 120 (2018)

(2019)

MDC et al., PRD 100 (2019
IR finite IR finite

o I(Pp)= lim (To(L)—TF'(L)) + lim (TF'(m,) +TI7 (AE;,m,))
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The RM123+Soton recipe @

t .« e N.C tal., PRD 91 (2015)

® Fl(P — gl/g")/) ~ Fll) (AEW) for SUfflClently soft phOtOﬂS (small AEPY) v?[ﬁ:iig :t:l., PRD 95 (2017)
D. Giusti et al., PRL 120 (2018)

(2019)

MDC et al., PRD 100 (2019
IR finite IR finite

o I(Pp)= lim (To(L)—TF'(L)) + lim (TF'(m,) +TI7 (AE;,m,))

L—oo y

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

.. and further improvements

IR finite IR finite IR finite

o ['(Pp)= LILII;O (F()(L) — th (L)) + m!iIEO (I‘gt(my) + I‘Il)t (AE,, mv)) +  1$°(AE,) +TINT(AE,)
L!J see C. Sachrajda’s talk
MDC et al., PRD 105 (2022)
o I(Pp)= lim (To(L)~1y"(L) + lim (F§'(my) + 1" (AEy, m,))  T{"(L) = TE(L) + ALY (L)

L_.H see N. Hermansson-Truedsson's talk
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Virtual decay rate at O(a)

from phase space integral

k* PDG convention:
LF PEQ Ftree (1 _|_ 5R ) I} I‘gee B G%‘ 9 m%

87T d142 m2p

T'(P _Ftree
sRp — L) 1P :2(

tree
FP

Our target: 5RK7T — <6AK 5mK> _9 (iAﬂ' 5m7r )
; 7,0

(assuming a mass independent scheme is used to renormalised the operators)

&

an IR regulator
is in place here

)
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Reduction formula

— — —_— — _— —— = — = = E—— P— E— B

- M™ = lim {Zplsp(p)l iy, (py)Sy(py) ™" Cw (P, Pe) Se(pe)lvf(W)}

on-shell

_ . _ . — = —— e _— e —_—— — —— — — __ I

» amputate external states

> take on-shell limit » evaluate correlator in a box in time-momentum representation

» pull interpolating operators far away from weak operator

(finite T effects should be treated carefully)



From correlators to matrix elements

Warm up: the tree-level amplitude

|M0(P£)| |«4P0\ |£0 Pe

= OO

~
O Apo = (0]A°|P,p = 0 = impo [fro
\> ‘ Lol* = Z!u (1 —75) vi (Pl
o Gl Zve (PE)W (Pe) === Zu ~P¢)
: y

10
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From correlators to matrix elements

Warm up: the tree-level amplitude

|M0(P£)| |«4P0\ |£0 Pe

= OO

~
O Apo = (0]A°|P,p = 0 = impo [fro
\> Yo = |Lof? = Z [y, (—pe) 77 (1 — 75) v7 (o) |
ot Gl Zve (Pe) ((Pe) == Z“ (=P
S J

Define Euclidean lattice correlators and extract Ap,o by combining them:

ZpoAp

= OO (-0l —» =5 55
2

— 06061 (<00 -

2mp,()

{e—mp’ot L e_mP’O(T_t) }

Zpo = (P,p=0|¢']|0)g

{e_mp,ot + e_mP,O(T—t)} 6
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From correlators to matrix elements

|IB corrections

We can distinguish two kinds of corrections:

‘M(pé)‘z — |M0(p£)‘2 =+ 5fact‘~/\/l(p€)‘2 =+ 5non—fact‘-/\/l(p€)|2

e Factorisable

Stact M(pe)* =2 3 Re {80, M(pr) [Mo(pe)]'} OE®>

d1,4>2 42

e Non-factorisable

Suonnce MBI =2 3" Re {5, M(p0) [Mo(p0)] ) A8

11



Factorisable QED corrections
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Non-factorisable QED corrections

The lepton In a finite volume
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Non-factorisable QED corrections

The lepton In a finite volume
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Non-factorisable QED corrections

The lepton In a finite volume
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Non-factorisable QED corrections

Bnon-tact | M(Pe)|2 =2 > Re { 6 M (pe) (M ()] }

\
5non-fact AP ’
> = Re >
AP’O ;
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Non-factorisable QED corrections

- f 5
5non—fact|M(p€)’2 — 9 ZR6< qé-/\/l MO p@)]T} —-_’ 5non—factAP — Z Re < < ; :\.>,,0 |
7 . AP 0 O ‘f(~~“
=23 Re{ 6} o i

On the lattice we have:

—
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Non-factorisable QED corrections

| (58
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Non-factorisable QED corrections
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Non-factorisable QED corrections

Kaon

012 T T T T T T T T T T T T 012

without projection

bt =12 { te=20 te = 28 b t=136 bt te=12 b te=20 te
bt = t, = 24 ty = 32 bt =40 b =16 te = 24 L
0.10 I SREERERNE 0.10
HHHHHHH*HH H |
0.08 1 ,H* H‘ 0.08
|
0.06 | .” +++HHHHHHHHHHHlI 0.06 f
y b
A |
¢
0.04F * L1, 0.04 F [
: t f Itblﬂ .000"°”l!!QQ0““‘§‘!!’::;?’fi***%l{}
ISR RERTTERR NSRS SAAE ' -
0.02f 4 l HHH 0.02}
+*+++HHHH+HHHHH i
0.00} 0.00
T8 12 16 —002 © s 12 16 20 24 28 32
t/a

with projection

16



A general comparison of the calculations

_—
RBC/UKQCD RM123+Soton ;
| ohysical masses v physical point simulation extrapolation needed |
| chiral symmetry v/ at finite lattice spacing recovered in the continuum
: fermionic action Domain Wall Twisted Mass :
: continuum limit single lattice spacing v/ continuum limit (3) |
l infinite volume limit single volume v/ multiple volumes i
| IB scheme BMW *! GRS ™ i
: QED prescription QED| QED, J
sea effects electro-quenching electro-quenching
e e

a]

b
b Gasser, Rusetsky & Scimemi, EPJC 32 (2003); RM123, PRD 87 (2013)

BMW, PRL 111 (2013); BMW, PRL 117 (2016)
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Defining the Iso-symmetric theory

Full QCD+QED theory: fully specified in the continuum by Ny + 1 inputs, as well as o™

al(amP™, g, aPs)

A

o . . . h 3
At finite lattice spacing: aM; (Mz‘>p ’ — amP(g) & a(g) = Aphys

(@M, amg, ams, . . . g, aPs) al\

18



Defining the Iso-symmetric theory

Full QCD+QED theory: fully specified in the continuum by Ny + 1 inputs, as well as o™

. . , e e
At finite lattice spacing: aM; M\ PP () & alg) = al(amPMs, g, aPhvs)
(amy, amg, ams, . . . |g, aP™®) al\ - T g Aphys
i=1,...,N;

At finite lattice spacing: aoM; (Mj

(a’Omuda agMayd, ApMg, . .. ‘907 O) a/OA

+ specify a bridge between the two theories, e.g. g0 = G(9)
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Defining the Iso-symmetric theory

Full QCD+QED theory: fully specified in the continuum by Ny + 1 inputs, as well as o™

h PDG PDG PDG
M = {M, +, M+, Mgo} MPPYs = MRS MRS, M
p— _ phys _ PDG
A = Mg APhys — 7fPD

Isosymmetric QCD theory: as above but constrain a =0 and m, = mgy

At finite lattice spacing: aoM; (Mj

(GJOmudy agMayd, ApMg, . .. ‘907 O) CLOA

+ specify a bridge between the two theories, e.g. g0 = G(9)
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Defining the Iso-symmetric theory

Full QCD+QED theory: fully specified in the continuum by Ny + 1 inputs, as well as o™

M= {M_ .+, Mg+, Mgo} MPhys — {MEDG MPBG pPRe
+—>
A= Mq- APhYs — ) PDG

Isosymmetric QCD theory: as above but constrain a =0 and m, = mgy

M = {Mgda AMﬁd ; MIQ(X} +— M"°

a0(g0) = alg) L™ 0, (M7,)™"}

+ Jo—4¢g 2 1 2 2 2 2 2 2 2 2 2 BMW. PRL 111 (2013)
M4 = 5 (Mg, +M3$) Mg, =5 (Mgy +Mgo — M2 ) AMig = Mg, — M3Iy  gaw PRL 117 2018

1
2

18



Extracting results from data

Fitting the data Processing the data Final result

" il

L Simultaneous correlated fit of factorisable and non factorisable correlators
: Strategy for fit scan and selection of good fit range candidates

Take results from all these fits & assemble the ingredients to get 0 Rx
Study distribution of 0 R results

b}, Determine 0 R . as median of the distribution
' Estimate associated statistical and systematic uncertainty

k’
A

19



Resulis for 0 R i~



Results for 0 R i

SRy = —0.0088 (T3°)
RM123-Soton '_‘_‘ | — JEI‘ZLJ:ﬁ
MDC et al., PRD 100 (2019) ’(.total (t;;il FVE) E___:{’g; i
. . —9
et e @]
e [ statistical | () ||
| e | - | QED quenching (_:;?) |
| - s | fit (24 ) ]
this work (w/o FVE) | '-¢—' - i discretisation (£5)
| auivhif I | ' RM123-Soton: O0Rgk, = —0.0126 (14)

—0.02 —0.015 I—O.Oi —0.005 0
SRicr JPT: 6Rpr = —0.0112(21)




Our main systematic uncertainty

Finite volume effects

[o(L) = Tiree {1 1o % Y(L)}

47

1 1 1
Y(L) — Yiog(L) + Yo 4 —— Y7 (mPL)Q |

L!) see N. Hermansson-Truedsson's talk
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Finite volume effects
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47

1 1 1
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Y\(L/a = 48) ~ —3.96
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Our main systematic uncertainty

Finite volume effects

[o(L) = Tiree {1 1o % Y(L)}

47

Significant correction from pointlike 1/L° |

1 1 1
Y(L) = Yiog(L) + Yo A A L) Y5 H Y3

Central value: 1/L? subtracted result

(1) _ ~ . :
Yir(Lja=48) =~ —3.96 Systematlc error: conservative ~50% error

577

YN (L/a = 48) ~ —6.20 l

—54%
Y PIPYL Ja = 48) ~ —2.83

FV scaling should be carefully studied!

L!) see N. Hermansson-Truedsson's talk
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crucial role of finite volume effects?
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OR

Comparing with RM123+Soton result

crucial role of finite volume effects?
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Comparing with RM123+Soton result

crucial role of finite volume effects?
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Subtracting:

universal FVEs

point-like 1/L°

+ structure-dependent l/L2

include the pointlike limit ¥

(L) setting F% =0, and

lllllllllllllllllllllllllllllllllllllllllllllll

llllllllllllllllllllllllllllllllllllllllllllllllll

MDC et al., PRD 105 (2022)
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OR

Comparing with RM123+Soton result

crucial role of finite volume effects?
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(c) + structure-dependent l/L2

include the pointlike limit Y 1(3? (L) setting F% =0, and
notice that the structure-dependent contribution at O(1/L?)
is:negligible with respect to the pointlike one: In total, there

MDC et al., PRD 105 (2022)

(d) + point-like l/L3

200\  32m%co(2 + 1))
dr ) (mpL)3(1+17)3

ABPY(SRp) = (
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Results for |V,s/ Va4l

A speculative exercise on the error budget

Vs : _ [(Kpo) M3, (M7 — M3+)2 | fxo ? (14 6B, )
Viud I F(WEZ) Mj—‘l— (M73+ — M3+)2 _me | "

d exp




Results for |V,s/ Va4l

A speculative exercise on the error budget

® [et us use | 0Rk,

Vus
Vud

['(Ky2)

(M, — M2

F(ﬂ'gg)

M3, (M2, — M2, )

K0

d exp

Jr0

—0.00875 (F147)

(assume FV issue solved)

[fK,O/fW,O] ‘VuS/Vud’
this work 1.1940 (11)* || 0.23137 (28)exp (14)s5r (22)7,
FLAG 2+1 best @ 1.1945 (45) || 0.23127 (28)exp (14)s5r (87) 4,
FLAG 241 average 1.1930 (33) 0.23155 (28)exp (14)sr (65) £,
FLAG 2-+1+1 best PI | 1.1980 (15) || 0.23060 (28)cxp (14)sr (28) ¢,
FLAG 2+1+1 average | 1.1966 (18) || 0.23086 (28)exp (14)sr (35) £,

[a] RBC/UKQCD14 48I

® From RM123+Soton calculation |6Rx~ = —0.0126 (14)

[b] FNAL/MILC 17

% error due to discretisation effects not included

————— — e ——

[fK,O/f’JT,O]

‘Vus/vud‘

FLAG 2+1+1 average

1.1966 (18)

0.23131 (28)exp (17)5R (35)fP

(1+0Rkx)

» the uncertainty on [fx,0/fx,0]

dominates in the error budget

» if improved, precision from lattice
starts being competitive with the

experimental one
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Conclusions

® We presented new results for the radiative correction 0 R from calculation
with Domain Wall fermions at the physical point

® Finite volume effects have to be carefully studied, including order 1/L3
(looking forward to seeing results with different prescriptions: QEDc , QED,,, QED )

® @/attice community: including radiative corrections is necessary to claim precision,
but let's not forget about the iso-QCD part. Might be main source of uncertainty

on \Vus/Vud\

e With small further improvement in lattice calculations, we're very close to be competitive
with the experimental precision on |V, / V4l
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Thank you




