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Testing the Standard Model with flavour physics

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




Testing the Standard Model with flavour physics

Indirect searches of new physics using CKM matrix unitarity constraints

Vaud  Vus Vb in the Standard Model:
VCKM — Vcd Vcs Vcb 9 9 9
Via Vie Vi |Vud| T ‘Vus‘ + |Vub‘ =1

Matrix elements can be extracted e.qg. from leptonic and semileptonic decays of mesons
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Testing the Standard Model with flavour physics

possible tensions?

0228 .
| B decay | Possible ~ 3o tensions in the V,s-V,,q4 plane

0.296 ﬁ (best fit vs CKM unitarity, leptonic vs semileptonic, ...)
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[V.Cirigliano et al., 2208.11707]




Testing the Standard Model with flavour physics

possible tensions?

0228 — —
3 decay Possible ~ 30 tensions in the V,,s-V,,q4 plane
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Testing the Standard Model with flavour physics

possible tensions?

B decay | Possible ~ 30 tensions in the V,,s-V,,q4 plane

(best fit vs CKM unitarity, leptonic vs semileptonic, ...)

Experimental and theoretical control of these quantities

// | is of crucial importance to solve the issue

0222 g * clarify situation with new measurements of leptonic
&U‘%\ = and semileptonic decay rates (e.q. at NA62
s P y g
“ 2
0220060 0965 0970  0.975 * improve predictions including radiative corrections
[V.Cirigliano et al., 2208.11707] Vud aﬂd ISOSpln-breaklng EffECtS




Some lattice QCD results

Ne=24+141

Ne=2+41

Ne=2

FLAG2021

i /Fpe

FLAG average for N, =2+1+1

ETM 21

CalLat 20
FNAL/MILC 17
ETM 14E
FNAL/MILC 14A

MILC 13A
MILC 11 (stat. err. onlY
ETM 10E (stat. err. only)

L]

FLAG average for Ng=2+1

QCDSF/UKQCD 16
BMW 1

RBC/UKQCD 14B
RBC/UKQCD

Laiho 11

FLAG average for Ny=2

ETM 14D (stat. err. only)
ALPHA 13A

ETM 10D (stat. err. only)
ETM 09

QCDSF/UKQCD 07

1.14

1.18

1.22 1.26

LA

Flavour Lattice Averaging Group N

Ne=24+1+1

Ne=2+1

N¢=2

non-lattice

FLAG2021

f+(0)

FLAG average for Ny=2+1+1

FNAL/MILC 18
ETM 16
FNAL/MILC 13E

FLAG average for Ns=2+1

PACS 19

JLQCD 17
RBC/UKQCD 15A
RBC/UKQCD 13
FNAL/MILC 12|
JLQCD 12

JLQCD 11
RBC/UKQCD 10
RBC/UKQCD 07

FLAG average for Ny=2

ETM 10D (stat. err. only)
ETM 09A

Kastner 08
Cirigliano 05
Jamin 04
Bijnens 03
Leutwyler 84
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N fK/fﬂ' and ffw
lattice QCD with sub percent precision!
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Isospin-breaking effects on the lattice

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

o strong effects  [my, — malqep # 0

o electromagnetic effects a # 0

Different ways to include them on the lattice...
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Current level of precision requires the inclusion of isospin breaking (IB) corrections

o strong effects  [my, — malqep # 0

o electromagnetic effects a # 0

Different ways to include them on the lattice...

In this calculation: l
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Decay rate at O(«)

The RM123+Soton recipe

F(ng) = lim

AIR—>O
IR finite

(@D

IR divergent

>

IR divergent

F. Bloch & A. Nordsieck, PR 52 (1937) 54



Decay rate at O(«)

The RM123+Soton recipe

D(Pp) = lim <: @15% _ @'Q }

IR finite

AIR—>O

IR finite

lim
AIR—>O

(@ + &)

IR finite

F. Bloch & A. Nordsieck, PR 52 (1937) 54

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)




Decag rate at O (a) F. Bloch & A. Nordsieck, PR 52 (1937) 54

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)

The RM123+Soton recipe

(point-like approximation)

r(P) - aim | @ B @ |+ i [@= + @ |
R0 Arr—0 y

IR finite IR finite IR finite




Decag rate at O (a) F. Bloch & A. Nordsieck, PR 52 (1937) 54

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)

The RM123+Soton recipe

(point-like approximation)
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on the lattice

in perturbation theory



Decag rate at O (a) F. Bloch & A. Nordsieck, PR 52 (1937) 54

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)

The RM123+Soton recipe

(point-like approxmahon)

- { GO - @E2 )}, (@EY - @)

on the lattice

in perturbation theory

Possible extensions:

> compute structure-dependent real photon emission on the lattice  G.M. de Divitiis et al, [1go8.10160]  A. Desiderio et al., PRD 102 (2021)

R. Frezzotti et al., PRD 103 (2021) C. Kane et al., [1907.00279 & 2110.13196]
D. Giusti et al., [2302.01298]

> nice progress also on virtual photon emission: see G.Gagliardi's talk @11.50 G. Gagliardi et al., PRD 105 (2022)



« I'(K,,) and I'(%,,) separately
o Twisted Mass fermions
o multiple volumes and 3 lattice spacings
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From correlators to matrix elements

Our goal: How we realise it:
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From correlators to matrix elements
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e f -1

How we realise it: @ :@<
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IB corrections to the decay amplitude
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IB corrections to the decay amplitude
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IB corrections to the decay amplitude
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Results for 0 Rz

RM123-Soton |- -—0—1
MDC et al., PRD 100 .
(2019) -

xPL - = —

V. Cirigliano et al.,
PLB 700 (201)

this work |- — e

this work (w/o FVE) e

-0.02 —-0.015 —-0.01 —0.005
OR

RM123S: O Rr = —0.0126 (14) 4PT: SRy, = —0.0112(21)

® Qur new 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 Ri» can be computed from first principles non-perturbatively on the lattice!
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Finite-volume QED, effects

(L3Z / dgk)/d—%]:(koak)

Including QED: photon zero modes require a reqularisation

d3k dko G(ko, k)
(LSZ / )/277 k§ + k|2

XEXERE XK.
o 00000
XEE XK.

W

= f(L) = f(o0)

D (ko, k) = 6"

1

ki + k|2
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Finite-volume QED, effects

(LgZ I k)/d—koﬂko,k)f(mf(oo)

Including QED: photon zero modes require a reqularisation — QED|

M. Hayakawa & S. Uno, PTP 120 (2008)

d3k dko G(ko, k) 1 — bk o
= ’ DM (k. k) = §HY ’
( SZ / )/2wk8+k2 L (ko k) ko + k|2

T ® ® 0O

O ® o000

C W ® —> X @ @

T ® o000

T ® T N

O k
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Finite-volume QED effects

Leptonic decay rate

o(L) = Diree {1 +2 % Y(L)}

Y(L) — }/log(L) + YO | Yl f Y2

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

Leptonic decay rate

o(L) = Diree {1 +2 % Y(L)}

1 1
Y (L) = Yiog(L) + Yo - 7 Y1 A (mpL)? Y,

Y\(L/a = 48) ~ —3.96

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

Leptonic decay rate

o(L) = Diree {1 +2 % Y(L)}

1 1 1

Y (L) = Yiog(L) + Yo mpLY1 (mpL)2 2 (mpL)3

Y(L/a = 48) ~ —3.96
57%
Y2(L/a = 48) ~ —6.20

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

Leptonic decay rate

o(L) = Diree {1 +2 % Y(L)}

1 1 1 1
Y(L) =— Ylog(L) + Yo — Y: (mpL)2 pt

*7 (mpL)?

Y(L/a = 48) ~ —3.96
57%
Y(L/a = 48) ~ —6.20

—54%
Y 2)PY(L /o = 48) ~ —2.83

Finite volume scaling should be carefully studied!

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

Y A il -YPP + O(1/L%) + O(e™ %)
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Where we are and where to go?

Finite volume effects produce large
systematic uncertainty

(0Rix = —0.0086 (13)(39) ol
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multiple volumes & take
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structure-dependent

compute missing effects
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Where we are and where to go?

Finite volume effects produce large
systematic uncertainty

SRicr = —0.0086 (13)(39)vor.

1
(mpL)3 |

structure-dependent

compute missing effects
at O(1/L%)

repeat the calculation on
multiple volumes & take
infinite volume limit

adopt or develop QED formulations
with reduced finite volume effects

13



Prospects for |Vus/Vud|

An exercise on the error budget

V’LLS

Vaud F(WZ) M7§—|— (M72+ _

(1 -+ 5RK7T)

d exp

e Using our new result

SRicr = —0.0086 (13)(39)yor.

fr.0/[x0l

‘Vus/vud|

FLAG21 2+1

average

1.1930 (33)

0.23154 (28)exp (15)sr (45)s5R.vol. (65) £5

e Using RM123S result

SRi» = —0.0126 (14)

:fK,O/fTF,O]

|Vu3/vud|

FLAG19 241+

-1 average

1.1966 (18)

0.23131 (28)exp (17)s57 (35) £,
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Conclusions

® Current tensions in the first row CKM unitarity can be only solved (or confirmed) by a
combined effort of theory and experiments

e New results for radiative virtual correction 0 Rx .~ from lattice calculation with Domain Wall

fermions at the physical point

* Finite volume effects have to be carefully studied, including order 1/L"
(looking forward to seeing results with different QED prescriptions: QED¢, QED,,, QED__)
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Conclusions

® Current tensions in the first row CKM unitarity can be only solved (or confirmed) by a
combined effort of theory and experiments

e New results for radiative virtual correction 0 Rx . from lattice calculation with Domain Wall
fermions at the physical point

* Finite volume effects have to be carefully studied, including order 1/L"
(looking forward to seeing results with different QED prescriptions: QED¢, QED,,, QED__)

... and future prospects .
g—i—
(i Z_/ 'k ) lim lim o ~
JE (27)3 a—0 L—00
k+£0
investigate & tame effects repeat calculation on study semi-leptonic
due to non-locality of QEDL different ensembles kaon decays
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