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Flavour physics

Flavour physics offers opportunities to test the Standard Model and probe new physics effects

Via Ve Vi in the Standard Model:
Vokm = | Vea Ves Ve 3 mixing angles + 1 CPV phase
‘/td V;fs V;tb ‘Vud|2 + ‘Vus|2 4 ‘Vub|2 — 1

Matrix elements can be extracted e.g. from leptonic and semileptonic decays of hadrons

LK — /¢ Voo 12 7 e \° B
K o )] || Voo () K o mn)] <Vl 0

I [71' — fl/g(’}')] { Via ) f7r N— | N\, e’

N e’ — experiments QCD
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The strong coupling constant

The strong coupling constant a,(Q?%) r

0.35

uns with the energy O

e At high energies Q ~ m,

the coupling is small:

0.14
0.13 | " . .
0.30 0.12 o, 11 > perturbative expansion
SR P S5
0.25 0.10 | B :
+ » asymptotically free quarks
B 0.08
= 020 et |
- decays +—— 0.06 — '
p:s | PORSRRE s T 100 1,00 e At small energies O ~ Agcp
ALEPH +—— TS T
0.10 | Shapes —— e i s the coupling is strong:
Jets '
Collider
0.05 L+ - =S > non-perturbative
10 100 1,000
u (GeV)

M.Dalla Brida et al., Nature, 652 328-334 (2026)

» confined quarks
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Lattice QCD

Novel frontiers

e Lattice QCD calculations are mature for standard local hadronic matrix elements:

(0]q27,7591) P (p)) (m(pr)|5Vuu| K (pK)) (D% (p)|HSC=2| D (p))

e Beyond local matrix elements: long-distance processes

QED corrections Multi-hadron interactions

0 g /;2 ) s, d
Pt
Vy

q2




Cabibbo-Kobayashi-Maskawa matrix

O+—>O+ﬁ KfzaK/,ﬁa B— 1,
g s Me3 T decays B semilept.

D—)f[/f, Dséfyf’

VCKM — D — ntv, D — Kfu, B semilept.

meson mixing / rare decays / ...




Cabibbo-Kobayashi-Maskawa matrix

In this talk...
f 1. Cabibbo anomaly
1—2 )3 A AN (p—in)
VCKM — — A 1—%)\2 AN’

AN (1—p—in) —AN? 1




Cabibbo-Kobayashi-Maskawa matrix

In this talk...
/ 1. Cabibbo anomaly
1—2 )2 A AN (p—in)
— N 142 2
VCKM — A 1—5A AN
AN (1—p—in) —AN? 1

2. Neutral D-meson mixing




1. Cabibbo anomaly

Vg
-
q1 o+
q2 .

Leptonic decays of hadrons Hadronic decays of leptons Semi-leptonic decays of hadrons



The Cabibbo "anomaly"

FTAG2024 FLAG Review 2024, [arXiv:2411.04268]
N s Vas| fr+ M.Moulson, PoS CKM2016 (2017)
0.228 unitarity . | us KT .Moulson,
T = 0.27599(41) PDG, PTET 2022 (2022)

/ ‘Vud fwi
f / Vs| |F5°7(0)] = 0.21654(41)

0.226 -
02244 ... ...._.._— < s
E 2
= Different tensions in the Vi s-Vyuaq plane;
[ 1 lattice results for £ ((’)r), N¢= 2 +1+1
. B latti Its for fx+/fr=, N, =2+ 1+ 1
a0 attice results for £+ (0), Ny 2 + 1 ‘Vu|2 — 1 =2.80
o lattice results for fe«/fr=, N,=2 + 1 O
[ lattice results 1f:or %f=§+%+1ct;)mtained 5
1 latti It =2+ 1 combine
0.218 1 naucllceea::%sge(s:asr f |Vu|2 - 1 — 3.10- ‘Vu| . —1 p— 1.70-
0.955 0.9]60 0.9565 0.9'70 0.9'75. 0.980
|Vud|
Lattice inputs fx=+/fr+ = 1.1934 (19) Such level of precision requires careful treatment

(Nf = 24+1+1) fE7(0) = 0.9698 (17) of QED and strong isospin-breaking effects!



QED and isospin-breaking effects

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

o strong effects My, — Mdlqep # 0 ~ O(1%)

o electromagnetic effects o # 0

X

F(K — éVg) Vus 2 fK
F(’]T — ng) V’u,d 2

fr

> results currently quoted in the PDG come from yPT

» non-perturbative and structure-dependent quantities

> first-principles lattice calculations are possible

2
) (1+0Rk,)  T(K — 7luy) o Vs | |FE7(0)? The,. (14 0RY,)

V.Cirigliano & H.Neufeld, PLB 700 (2011)
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Lattice QCD + QED

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 90 (2014) / S.Borsanyi et al., Science 347 (2015)

> logarithmic infrared divergences arise in virtual /real decay rates
V.Lubicz et al., PRD 95 (2017)

Problems well studied. Different lattice QED formulations proposed and used.

Analytical calculations of finite-volume effects possible in many cases.




Leptonic decays of hadrons

7

T, K

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



Leptonic decays of pseudoscalar mesons

Can be studied in an effective Fermi theory with the W-boson

integrated out and the local interaction described by

Heg = —=V [672 7#(1 — 75) C]1] [ﬂﬁ ’7“(1 — 75) é]

\/§ d142

In the PDG convention, the tree-level decay rate takes the form

G4 m2\ 2
Fgee — —Fm? (1 , ) mp | fpo
ST m% [ }

with the non-perturbative dynamics encoded in the decay constant

Z0(0]G2 yoy5 q1| P, 0)(0) = 1mpo JP,o

11



Leptonic decay rate at O(«)

When including radiative corrections, a number of subtleties arise:

o The decay constant fp, becomes an ambiguous and unphysical quantity:
a scheme is required to give a meaning to "QCD"

o IR divergences appear in intermediate steps of the calculation F. Bloch & A. Nordsieck, PR 52 (1937)
N. Carrasco et al., PRD 91 (2015)
I'(Pye) = lim @ﬁ .
(Pa) = lim { @:;(
IR finite IR divergent IR divergent

o UV divergences: need to include QED in the renormalization of the weak Hamiltonian

MDC et al., PRD 100 (2019)
M.Gorbahn et al., JHEP 01 (2023) / F.Moretti et al., [arXiv:2510.27648] / P.A.Boyle et al., [arXiv:2606.04729]
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IB corrections to the decay amplitude  cuouiis cai muzs ero o7 o

Correlation functions in RM123 approach
91; <€+ Q1; <€+ q1 <€+ q1 : <£+ Chj <€+
q1 ; :! o+ q1 i E: : ! o+
q Q " q o+ q O O o+ q1 Q n q1 Q + q1 Q +
TO TS e - G & I

Current calculations have been performed in the electro-quenched approximation (sea quarks electrically neutral).

Work in progress to compute the remaining diagrams by different collaborations.

T.Harris et al., PoS LATTICE 2022 (2023) 013

13



Results for 0 Ry -

XPT (2011) +

V.Cirigliano et al.,
PLB 700 (2011)

RM123S (2019) -

MDC et al.,
PRD 100 (2019)

RBC-UKQCD (2023) |

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

X. Tuo et al. (2025)

OKaon 2025

e T

—0.016 —0.012 —0.008 —0.004
OR¥

0

T(K — lvy) | Vas|?
0.¢
P(TF — ng) V’u,d 2

e 0RKi, can be computed from first principles
non-perturbatively on the lattice!

e RBC-UKQCD result highlights the crucial
importance of finite-volume effects

Work in progress to improve the result

e Errorson |V |/|V ;| trom theoretical inputs

can become comparable with experimental ones

14



Hadronic decays of leptons

H

MDC et al., [arXiv:2603:29016]



Inclusive hadronic 7 decays

Provide an alternative precise determination of |V ]

I e l Vs Ky, N, = 2+1+1
0.2233 + 0.0005
o4 Vs Koy N = 2+1+1
0.2250 + 0.0005
j—o— CKM unitarity & Vud &V,
0.2272 £ 0.0011

—e—ti © - X,v [OPE-1] Yet another puzzle:
0.2184 £ 0.0018 £ 0.0010

PR Tt — X,v [OPE-2]

0.221313-10521 e Inclusive decays give results smaller than
~—1 T — X.v [latt-disp

0.2240 +0.0018

0.2189 +0.0018 + 0.0007

T =>Kv/1T—->mnv . i
—e—4 e o oo oot e Exclusive channels give results larger than

that obtained imposing CKM unitarity

— 0.5224 £ 0.0016 £ 0,008 inclusive, but smaller than CKM unitarity

—e—i¥ T exclusive average
0.2225 £ 0.0015 + 0.0008

e 0.2208 £ 0.0013 + 00005 ... underestimated exp. uncertainties?

0.22 0.225
v, | 2023 | ... missing isospin-breaking effects?

HFLAV, [2411.18639]
16


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052008
https://arxiv.org/abs/2411.18639

A.Evangelista et al. (ETMC), PRD 108 (2023)

InCIUS|Ve hadronlc T decays C.Alexandrou et al. (ETMC), PRL 132 (2024)

Provide an alternative precise determination of |V ]

LI I B | I LI B B | l 1 L I |
o4 Vs Ky, N, = 2+1+1
0.2233 + 0.0005
o4 Vs Koy N = 2+1+1
0.2250 + 0.0005

—— CKM unitarity & V_ &V,
0.2272 £ 0.0011

ot © - X,v [OPE-1] Yet another puzzle:
0.2184 £ 0.0018 £ 0.0010
° i T — X,v [OPE-2] . .
0.2219 +0.0022 e Inclusive decays give results smaller than
o—1 T — X,V [latt-disp]
0.2240 £ 0.0018

C.—.—. — 3 j that obtained imposing CKM unitarity

T — X,V [latt-incl]
0.2189 +0.0018 + 0.0007

T =>Kv/1T—->mnv . i
et e o oo oot e Exclusive channels give results larger than

= 0.2224 4 0.0018 £ 0.0008 inclusive, but smaller than CKM unitarity

—e—i¥ T exclusive average
0.2225 £ 0.0015 + 0.0008

e 0.2208 + 00013 + 00005 ... underestimated exp. uncertainties?

0.22 0.225
v, ‘ 2023 | ... missing isospin-breaking effects?

HFLAV, [2411.18639]

16


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052008
https://arxiv.org/abs/2411.18639
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.132.261901
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.074513

Inclusive decay rate in QCD

F(T — XuSVT)

—— Im [./\/1(7‘ — 7')}

A.Evangelista et al. (ETMC), PRD 108 (2023)
C.Alexandrou et al. (ETMC), PRL 132 (2024)

QCD

17


https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.132.261901
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.074513

Inclusive decay rate in QCD+QED

F(T — Xusl/,r[fy]) = — Im [M(T — 7')]

A.Evangelista et al. (ETMC), PRD 108 (2023)
C.Alexandrou et al. (ETMC), PRL 132 (2024)

QCD+QED

17


https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.132.261901
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.074513

Hadr()nic T decays and the muon g-2 R.Alemany, M.Davier, A.Hocker, EPJC 2 (1998)

In the absence of isospin-breaking corrections, 7 decays (in ud channel) can be connected to
the hadronic contributions to the muon g-2 by an isospin rotation:

== e-
Sy s }@w{ o
Vo> o M

Inclusion of isospin breaking effects in the #z channel is addressed in different ways:

» chiral perturbatIOH theory V.Cirigliano, G.Ecker & H.Neufeld, PLB 513 (2001) + JHEP 08 (2002)

> dispersive methods see talks by S.Holz & M.Cottini at 1JCLab Orsay (2025)

» lattice QCD see talk by M.Bruno (RBC/UKQCD) at I1JCLab Orsay (2025)

18


https://indico.ijclab.in2p3.fr/event/11652/contributions/39057/
https://indico.ijclab.in2p3.fr/event/11652/contributions/39057/
https://indico.ijclab.in2p3.fr/event/11652/contributions/39056/attachments/26152/38675/simon_holz_tauIB_bernupdate.pdf
https://indico.ijclab.in2p3.fr/event/11652/contributions/39059/attachments/26158/38682/pipi_MCottini.pdf

Inclusive decay rate in QCD+QED

Given the weak effective Hamiltonian

1/2 /2
o (@) = T2 O (a) = ZEEY [797(1 = 33)0] (@) ala) + e ><
. . : . . GZFSEW 5
then the inclusive decay rate in QCD+QED is obtained as I' = A A(m.,)]
m;

A(m) = 5 > (r(r)IOw (0) (2r)! 8*(P = p) Ow (0) r(r, )

— Z{ Z| (r, p)|Ow (0)| X (p))|” } ' X (p)) = hadrons + photons

Our goal: extract |A(m.)|* from Euclidean lattice correlators

19



Defining the Euclidean correlator

Let us consider full QCD+QED theory and define the following two correlation functions:

We plan to follow two parallel approaches:
1. Full QCD+4+QED simulation (RC* ensembles)
2. Perturbative "RM123" expansion (ETMC ensembles)

20



Expansion of the correlators at O(«)
RM123 approach

Taking derivatives with respect to the (lepton & quarks) electric charges gives:

R(t) = [R(O)]1p + R face + RO om-tac

*@*{I%
&

Note that the 3 contributions are separately infrared finite

21



e J.Barata, K.Fredenhagen, CMP 138 (1991

Spectral reconstruction g o
M.T.Hansen, H.Meyer, D.Robaina, PRD 96 (2017)

S.Hashimoto, PTEP 2017 (2017)

M.Hansen, A.Lupo, N.Tantalo, PRD 99 (2019)

doo J.Bulava, M.T.Hansen, PRD 100 (2019)

|A(m7)|2 —> R(t) = / S \A(w)P P.Gambino, S.Hashimoto PRL 125 (2020)
0

J.Bulava et al., JHEP 07 (2022)

R.Frezzotti et al., PRD 108 (2023)

A.Patella, N.Tantalo, JHEP 01 (2025)
M.Bruno, L.Giusti, M.Saccardi, PRD 111 (2025)

G4 SEw

4dm .

I' =

Start from the relation |A(m,)|* = / o 278 (w — m4)] |A(W)?
0

27T

Define a smeared kernel such that lm%A (w,m;) =270 (w — m,)
o—

® Approximate kernel as sum of exponentials A, (w,m;) E gi(o,my) e "

® Use an optimisation strategy (e.g. HLT method) to obtain the coefficients g:(o, m;)

> |A(m,)|* = lim Z g¢(o,m-) R(t)

o—0

22


https://link.springer.com/article/10.1007/BF02102039
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.094513
https://academic.oup.com/ptep/article/2017/5/053B03/3798720?login=true
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.094508
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.034521
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.032001
https://link.springer.com/article/10.1007/JHEP07(2022)034
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.074510
https://link.springer.com/article/10.1007/JHEP01(2025)091
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.094515

Expansion of the squared amplitude at O(a)
RM123 approach

A(me)|* = [Amr) fiep + A1) [fact + A7) fon-tact

‘A(mT) r210n—fact — /O dw 5(("} - mT) |.A((U) r210n—fact



Expansion of the squared amplitude at O(a)
RM123 approach

A(me)|* = [Amr) fiep + A1) [fact + A7) fon-tact

A1) o oot = / do §(w — my) | Aw)
0

2

non-fact

23



Next steps

+ non-factorisable diagram i@—y
[R(t)]non_fact — €7 Re/d?’x [SV(t’w’O)]z’j [Kji(t’w)]non-fact % g

Hyw = C (1) O7 (1) the weak Hamiltonian requires a QCD+QED renormalization.

+ QCD4+QED renormalisation of the correlator

Electroweak matching with the SM studied in W-mass and MS scheme. A Sirlin, NPB 196 (1982)
E.Braaten & C.S.Li, PRD 42 (1990)

M.Gorbahn et al., JHEP 01 (2023)

F.Moretti et al., [arXiv:2510.27648]

+ Physical extrapolations

Iim Iim Iim
oc—0L—>00a—0

24



Semi-leptonic decays of hadrons

Ho

Hy
14



QED corrections to semileptonic decays

7 Additional difficulties arise compared to leptonic decays:

e integration over three-body phase-space

e problems of analytical continuation when intermediate

on-shell states are lighter than external ones

{wr(Pr + k) +we(pe — k) } — {wr(pPr) +we(pe)} <O

014-_ --------------------- _-

0.12}

0.10}

o5 0.08f

[ |
~ 006}

0.04}

0.02}

0.00k . . . L ]




QED corrections to semileptonic decays

An inclusive approach? Application to Ds mesons;
A.De Santis et al. (ETMC), PRD 112 (2025)

e possible approach for an inclusive semileptonic Ki3 decay rate?’

27


https://arxiv.org/pdf/2504.06063

QED corrections to semileptonic decays

An inclusive approach? Application to Ds mesons;
A.De Santis et al. (ETMC), PRD 112 (2025)

e possible approach for an inclusive semileptonic Ki3 decay rate?’

27


https://arxiv.org/pdf/2504.06063

QED corrections to semileptonic decays

An inCIUSi\Ie approach? Application to Ds mesons:
A.De Santis et al. (ETMC), PRD 112 (2025)

e possible approach for an inclusive semileptonic Ki3 decay rate?’

e channels where only a single intermediate state is allowed?

27


https://arxiv.org/pdf/2504.06063

QED corrections to semileptonic decays

An inclusive approach? Application to Ds mesons;
A.De Santis et al. (ETMC), PRD 112 (2025)

e possible approach for an inclusive semileptonic Ki3 decay rate?’

e channels where only a single intermediate state is allowed?

27


https://arxiv.org/pdf/2504.06063

Cabibbo-Kobayashi-Maskawa matrix

In this talk...
/ 1. Cabibbo anomaly
1—2 )2 A AN (p—in)
— N 142 2
VCKM — A 1—5A AN
AN (1—p—in) —AN? 1

2. Neutral D-meson mixing

28



2. Neutral D-meson mixing

MDC, F.Erben & M.T.Hansen, JHEP 07 (2025)


https://arxiv.org/abs/2504.16189

Neutral D-meson mixing

e First evidence of D-meson mixing at Belle and Babar in 2007,
later confirmed by CDF, LHCb, Belle Il

e Charm mixing is unique: D° mesons are the only ones made of

up-type quarks that can mix

e Mixing and CP violation are suppressed in the Standard Model
(GIM & CKM)

e D-mixing amplitudes are dominated by long-distance effects,
which are poorly known: theoretical estimates span few orders

of magnitude!

30



Mixing parameters

12‘

$12:2

= (0.407+£0.044) % Y12 =

I'p

05~ S - S
04— S U — S —

0_3; ............ no- lel ....... g .......................................................

excluded Wi

0_25_ ........ at > 1 150_ ................................................. ......... B r i Z

; | 40
0 foefuoeclee: 4 1 feeoctee + l 1 ) R | I T B |
6 0.4 0.5 0.6 0.7 0.8

X9 (%)

01 02 03 04 05 06 0.7 0.8
X415 (%)

HFLAV Collaboration [2411.18639]

M
To023) % P12 = arg( F1122> (0.657

8 HFLA V ................ .......................... .......................... ........ No direct CPV in DCS

W7o
" 20
3o
4o

| R A I .......... |{ ..... }AI ..... Joeene |.l ..... S }.l{ ..... }ll.l. ..... l.{{ ..... I{ ..... SRR R SRt

0.92
— 0.90

)


https://arxiv.org/abs/2411.18639

Mixing amplitude
The mixing amplitude for the process D’ — D" is given by the following S-matrix element:

<Doap/D|S o 1‘D07pD> — <DoaplD‘ 1 CXP {—1/d4$HW($)} ‘DO7pD>
— (27T)454(PDO — PDO) iMDO_>DO

Expanding to 2nd order in the weak Hamiltonian we get

_ 1
Moo = = (D po M (O)ID" ) + 5 [ d'a (D%, pplT{Hy ()M (0)}10°,pp)

short-distance long-distance

ETMC, PRD 92 (2015) (AC — 2) (AC — 1)
Fermilab/MILC, PRD 97 (2018)

32


https://doi.org/10.1103/PhysRevD.92.034516
https://doi.org/10.1103/PhysRevD.97.034513

Mixing amplitude

dw  p(w)

' 1
(1\/[ _ I‘> ./\/l . po T lim
2 12

sz e—0 2T w—ED—ie_

p(w) = (D°,pp| Hy(0) (21)*6(H — w)6*(P — pp) Hw (0) |D°, pp)

Theoretical roadblock

Traditional lattice methods: compute the contribution of all states to the spectral density

mp 13m77 ~ SmK

n(pp)){n(pp)

(74 pages of hadronic modes listed in the PDG...)




Smeared spectral density

. dw w ot ~ g a)ia_) “_‘4 _22 a)ia')
M = lim P N\

e—0 27T w—ED—ie

Consider now this quantity at finite smearing parameter ¢ :

pae) = [ 2 L = [ ) Ko, @) = 9@, +17(@,

1 SD 1 ~R
Vi = 2m Mpo_, po 2mp ll—I}(l)’O (Ep; €)
1 .
I'12 = —_— lim 2p (Ep,e)

.. and apply the same method as in inclusive hadronic tau decays.

34



Lattice correlation functions

_ dw
Cr(r) = QEDLS/Ld?’a: e_EDT<DO,pD\ Ho (T, ) Hw (0) \DO,pD>L = | 5= e “"pr(w)

To Yo ay < Yo
c u r
! @ e / Q
r c Y 4 < r! Yy
u , c
Z
(C) (D)

s-d structure greatly simplifies the calculation and allows for variance reduction techniques
L.Giusti, T.Harris, A.Nada and S.Schaefer, EPJC 79 (2019)

35


https://link.springer.com/article/10.1140/epjc/s10052-019-7049-0

First lattice calculation

e Strategy proposed in recent publication
MDC, F.Erben & M.T.Hansen, JHEP 07 (2025)

e Exploratory calculation ongoing:
> 4 ensembles
> 2 lattice spacings
> 3 volumes

e Even away from the physical point we can
obtain info on physical mixing parameters:

M|, [T12] o €7 = (s — mg)”

e Use of chiral domain-wall fermions essential

for renormalisation of the weak operators

| L L L L L L L L L e L L |A 32'3 >'< 6'4_
35k om, =~ 270 MeV -
qi 3.0F .
~ @32 x64 A 24 %64
25k -
I 203 X 64
PRI T TR (N T TR T R A TR S T RN AN TR SR T SR N RN SN TR RN N RN TN S R I SR T T A. L
0.006 _ 0.007 _ 0008 0009 0010 0011 0012 0013 0014
a’ [fm?]
€12

O(Ab) =>
' lat phys
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https://arxiv.org/abs/2504.16189

A first look at the data

Cy(7,t1,At) = (@p(Al) Hy (t1 + 7) Hw(t1) ¢p(0))

Parity minus Csum, T=1

$ At=12 “
o ; 1

- i}i ! NI AR

E * P - ¢ g . ; }{

: B g ?

zsr% ; %

;o o

_15 10 _: 5 ; - .

(t7 + ty — At)/2



A long road ahead...

Feasibility study ongoing at unphysical masses
Planned extension to physical point ensembles

Study of CP violating phase ¢, will require including

penguin operators: more correlation functions & more
involved renormalisation mixing

The same method can be applied also to kaon mixing,
offering an alternative to traditional approaches
N.H.Christ et al., PRD 88 (2013)

Z.Bai et al., PRL 113 (2014)
Z.Bai et al., PRD 109 (2024)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.112003

Conclusions

Long-distance hadronic dynamics becomes essential for precision flavour phenomenology

Lattice QCD is moving beyond local matrix elements:

QED corrections inclusive rates mixing amplitudes

e The Cabibbo "anomaly" calls for controlled isospin-breaking effects and lattice QCD+QED
calculations of weak decay amplitudes are possible

e Novel spectral reconstruction approaches allow calculations of inclusive decay rates with
multi-particle final states in QCD+QED

e [he same techniques pave the way for calculations previously considered unfeasible like long-
distance effects in neutral D-meson mixing amplitude
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Future prospects

QED corrections to weak decays

e improve control of finite-volume effects in leptonic decays Al

e extend lattice QCD+QED calculations to inclusive 7 decays

e investigate inclusive strategies for semileptonic decay rates

Neutral D-meson mixing

. - e complete the first exploratory calculation at unphysical masses

[]
'@l“ e move towards physical-point ensembles

e include ingredients needed to access CP-violating phase

e explore application to kaon mixing
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Thank you



