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* The Standard Model (SM) works very well,
but it leaves many questions still unanswered

d
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strange

why three generations?
why this quark mass hierarchy?

why this pattern in quark mixing?

up photon H gluon

Higgs boson electron

© We want to look for new phuysics effects: T W Z ,\,e"e"""w

deviations from SM expectations could be

bottom

why such matter-antimatter asymmetry?

boson boson

muon
V neutrino
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e
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electron T

[https://www.symmetrymagazine.org/standard-model/] 2

a signal of new physicsl!

* Need for precise and controlled experimental

measurements and theoretical predictions


https://www.symmetrymagazine.org/standard-model/

Flavour physics

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

in the Standard Model:

Vud Vus Vub .. l CPV oh
+
Vet = | Vg Vi Vs 3 mixing angles + 1 phase
Via  Vis  Va H@ﬂ2+{KwP+WV@P::1

Matrix elements can be extracted e.qg. from leptonic and semileptonic decays of hadrons
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The strong coupling constant

O(S(QZ)
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e The strong coupling constant a,(Q?)
runs with the energy Q

e At high energies Q ~ m, the
coupling is small:

perturbative expansion

quarks are asymptotically free

o At small energies Q ~ Agcp the
coupling is strong:
non-perturbative

quarks are confined



Lattice QCD in a [small] nutshell

® QCD on a discrete and finite Euclidean space-time

® Based on Feynman path integrals

1 _ _
(0) = [ DWIDW, 4] Ol ,U] S5
® Path integral solved using Monte Carlo methods

® Physical QCD results obtained, after renormalization,
by taking the continuum & infinite-volume limit

M.C. Escher, "Cubic space division" (1953)
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The Cabibbo anomaly

0.228 -

0.226 A

0.224 ~

[Vus]

0.222 A

0.220 A

0.218 -

FRG2024 FLAG Review 2024, [arXiv:2411.04268]

HONENG

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

lattice results for N, =2 + 1+ 1 combined

lattice results for N,.=2 + 1 combined
nuclear B decay

0.955 0.960 0.965 0.970 0.975

|Vud|

0.980

|VuS| fKi
|V’u,d fwi
Vas| [/ (0)] = 0.21654(41)

M.Moulson, PoS CKM2016 (2017)
PDG, PTET 2022 (2022)

= 0.27599(41)

Different tensions in the V-V, 4 plane:

Vi~ —1=2.80

o
|Vu‘2 —1=3.1o |Vu|2.—1 = 1.70

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



Lattice QCD inputs

Ne=2+14+1

Ne=2+41

Ne=2

FLAG2024

fice /=

FLAG2024

f+(0)

FLAG average for N, =2+1+1
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CalLat 20
FNAL/MILC 17
ETM 14E
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ETM 13F
HPQCD 13A
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MILC 11 (stat. err. only)
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Ne=2+1
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FNAL/MILC 12|
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JLQCD 11
RBC/UKQCD 10
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i % | TT o

FLAG average for Ns=2

non-lattice

Kastner 08
Cirigliano 05
Jamin 04
Bijnens 03
Leutwyler 84

1.14 1.18 1.22

frct/frt = 1.1934 (19)

1.26

LA

Flavour Lattice Averaging Group

0.95

0.97

e e ——— —

0.99

X fx/frand fi7(0) determined from

Q lattice QCD with sub percent precision!

1.01

f27(0) = 0.9698 (17)




QED and isospin-breaking effects

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

o strong effects M., — Myglocp # 0
o electromagnetic effects a # 0
['(K — lvy) Vus|* [\’ 2 | K 2 74 0
S ['(K — 7/ Vs ()2 T4 (14 6RS .
F(W%ZW)O( Vual? <f7r (14 0Rscx) (K = mtun) oc [Vl 1S5 O Ticr (14 0Rscr)
> results currently quoted in the PDG come from yPT V.Cirigliano & H.Neufeld, PLB 700 (20m)

> fully non-perturbative (structure dependent) quantities

> first-principle lattice calculations are possible!



Lattice QCD + QED

A conceptual challenge: how to define QED in a finite periodic box?

> need to circumvent Gauss' law: no charged states in a periodic box
> finite-volume effects can be sizeable and power-like

> logarithmic infrared divergences arise when studying decays

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

RM123 approach: G.M.de Divitiis et al. [RM123], PRD 87 (2013)

' <O> — D(I)OG_SiSO—AS — <O>iSO _I_ <AS O>iSO _I_ j “iSO” _ { ;nu —

mq

= (

N

NN
W

0N
W

BN
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Weak decays — some recent works

leptonic decays real photon emission virtual phqton emission
leptonic decays leptonic decays

N.Carrasco et al., PRD g1 (2015) G.M.de Divitiis et al., [1908.10160] G.Gagliardi et al., Phys. Rev. D 105 (2022)
V.Lubicz et al., PRD gg (2017) C.Kane et al., [1907.00279 & 2110.13196] R.Frezzotti et al., [2306.07228]
N.Tantalo et al., [1612.0019gv2] R.Frezzotti et al., PRD 103 (2021)
D.Giusti et al., PRL 120 (2018) A.Desiderio et al., PRD 102 (2021)
MDC et al., PRD 100 (2019) D.Giusti et al., [2302.01298]
MDC et al., PRD 105 (2022) R.Frezzotti et al., [2306.05904] R.Abbott et al., PRD 102 (2020)
P.Boyle, MDC et al., JHEP 02 (2023) Z.Bai et al., PRL 115 (2015)
N.Christ et al., [2304.08026] C.Sachrajda et al., [1910.07342] N.Christ et al., PRD 106 (2022)
N.Christ et al., PRD 108 (2023) N.Chnst & X.Feng, EP) Web Conf. 175 (2018)
R.Frezzotti et al., [2402.03262] N.Christ et al., [2402.08915] Y.Cai & Z.Davoudi, [1812.1015]

rare FCNC decays semileptonic decays hadronic decays

Vy

£+




Leptonic 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)
N.Tantalo et al. [1612.0019gv2]

MDC et al., PRD 105 (2022)

The RM123+Soton recipe (2015)

[(Pp) = lim - @{% — @.Q}+ lim {@.ﬁg + @.£< >
ir—0 Ar—0 J

IR finite IR finite IR finite

+A}§20{@§’< - @ |

IR finite




Leptonic 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)
N.Tantalo et al. [1612.0019gv2]

MDC et al., PRD 105 (2022)

The RM123+Soton recipe (2015)

e —

('.E o T T T o o T )

’ Y |

['(Pp) =| lim ¢ @{% — @-Q } - lim { @-Q -+ M a
| L—oo | M —0 )

\_ - B jgo? thi lattici - - - in Ee—ritilrbziion tfiorgjj J

I —————————————————————— . e e .

+ lim {@{% — @-d':< }
L— o0
on the lattice

relevant for Kez> and Te>
& decays of heavier mesons

enough for Ky and mtp2

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

MDC et al., PRD 100 (2019) G.M.de Divitiis et al., [1908.10160]  C.Kane et al., [1907.00279 & 2110.13196]
P.Boyle, MDC et al., JHEP 02 (2023) R.Frezzotti et al., PRD 103 (2021) D.Giusti et al., [2302.01298]
A.Desiderio et al., PRD 102 (2021) R.Frezzotti et al., [2306.05904]
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V.Cirigliano et al., PLB 700 (2011)
MDC et al., PRD 100 (2019)
P.Boyle, MDC et al., JHEP 02 (2023)

Results for 0 Rz

® 0Ri, = —0.0112(21)
¢ 0Rir = —0.0126 (14)

2 y
o R, = —0.0086 (13)(39)vel. DK = bvg) N Vusl™ ([ (1 + 6Ric)
F(Tl’ — gV@) V’u,d 2 fﬂ- "
| —>Wu
P (2011) - = - - * Good evidence that 0 Rx - can be computed from first
- ’ principles non-perturbatively on the lattice!
RM123S (2019) | -—o—-

IR .  RBC-UKQCD error dominated by a large systematic
RBC-UKQCD (2023) - — o = . uncertainty related to finite-volume effects (!)
(w/o FVE) 1 e : Work in progress to improve the result.

S DR . ; * Errorson |V |/|V ;| from theoretical inputs could
—0.016 —-0.012 —-0.008 —0.004 0 . o
SR become comparable with those from experiments

13



Semileptonic kaon decays

0.14¢
0.12}

0.10}

0.02}

0.00F

&5 0.08f
~ 006}

0.04}

To go beyond current precision, we need to include isospin-breaking

effects computed from first principles lattice QCD+QED.

Significant additional difficulties compared to leptonic decays:
* integration over three-body phase-space

* problems of analytical continuation from Euclidean to Minkowski

when intermediate on shell z-Z states are lighter than external ones

Proper finite-volume QED formalism is still missing, but solutions are

under study by different groups.

Recent QED_, proposal: N.Christ et al., PRD 108 (2023) & PoS LATTICE2023 (2024) 266

14


https://doi.org/10.1103/PhysRevD.108.014501
https://doi.org/10.22323/1.453.0266

Inclusive hadronic 7 decays

Alternative determinations of |V, | can be obtained from inclusive hadronic = decays

1@

0.225

0.23

Vis Kiss Nf =2+1+1, 2021 update
0.2231+ 0.0006

Vis Kpp, Nf =2+1+1, PDG 2020
0.2252 + 0.0005

CKM unitarity & Vud &V,
0.2277+ 0.0013

T — XV

0.2184+ 0.0021

T—-> Kv/1— nv

0.2229+ 0.0019

T — Kv

0.2219+ 0.0017

T exclusive average

0.2222+ 0.0017

T average

0.2207 + 0.0014

‘ 2021 |

* And yet another puzzle: lower value of |V, | .
e Inclusive 7 — X, v, result in HFLAV plot obtained
using truncated operator product expansion (OPE)

o Exclusive channels give results larger than |V, \T_incl.

but smaller than that obtained imposing CKM unitarity

15



Inclusive hadronic 7 decays

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

Recent calculation obtains inclusive decay rate using smeared spectral densities reconstructed from

finite-volume Euclidean lattice correlators M.Hansen, A.Lupo & N.Tantalo, PRD gg (2019)

(7 [H" (2m)o(H — w) H™|77)

plw) =
LB = [ 52 ABwW) pu)
— th(E, e) Cr(t)

= I'(7 = Xysv,) = lim lim
e—0 L—o00

IéL (m7'7 E)

2m.,

From unitarity

0.21

e
=
=
=
.
===
=
]
—
——
e
e
022 023 0.4
Vus]

> Next steps: inclusion of QED and strong isospin-breaking effects

r— X, - [This Work]

7 — OPE — 1, Refs. [4-5]

7 — OPE — 2, Refs. [6-7]

T—latt-disp, Ref. |8

T — Kuv,, Ref. |3]

Hyperons, Ref. [2]

](537 Ref. [1]

K /mp, Ref. [1]

07 — 07 [-decays, Ref. |14

n — pev, Ref. |2

T — Xy Vs, Ref. [10]

T3, Ref. [2] |
025 026

Intense activity on inverse problems in lattice QCD recently discussed at workshop Lattice@CERN 2024

16


https://indico.cern.ch/event/1313552/overview
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.132.261901
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.074513

The Vel puzzle

FAG2024 Long-standing tension between inclusive and

exclusive determinations of |Vl

Most precise experimental results come from
B — D*?v decay (Belle and Belle II)

Form factors are computed in lattice QCD by
3 collaborations: FNAL/MILC, HPQCD and JLQCD

There are some tensions in the form-factor

shapes, which are currently under investigation

17



Comparison of lattice results

G.Martinelli et al., EPJC 84 (2024) 4

‘ 2071
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https://indico.physik.uni-siegen.de/event/158/contributions/916/
https://arxiv.org/abs/2406.10074
https://link.springer.com/article/10.1140/epjc/s10052-024-12742-5

Inclusive decays on the lattice

Interesting proposal by P.Gambino & S.Hashimoto PRL 125 (2020) for lattice calculations of inclusive

semileptonic decays: alternative way to get independent determination of V_,.

Use spectral reconstruction techniques to evaluate

dI’ - G| Va|?
dg?2dqpdE;  8m3

LW — W~ % (BlJHX)(X|JVT|B)
X

Ongoing work using different approaches on B and D meson decays

A.Barone et al., JHEP 07 (2023) 145 A.De Santis & C.Grof3 (ETMC) @ Lattice 2024

Ju(t1) ¢ JZ(Q) S

Lsrc



http://www.apple.com/uk
https://link.springer.com/article/10.1007/JHEP07(2023)145
https://conference.ippp.dur.ac.uk/event/1265/contributions/7473/
https://conference.ippp.dur.ac.uk/event/1265/contributions/7471/

CP violation in neutral kaons

flavour eigenstates

5 (50 - (o2 (5

weak eigenstates

1
K — €\ Ki)+ | K-
CP eigenstates
1 —0
Ki)=—(|K°) £ |K
Ka) = = (IK°) £ [K))

—

* “Indirect” CP violation in the mixing

e| = (2.228 -

e "Direct” CP violat

(mtm™

-0.011) x 1079

ion in the decay

Hw KL> /

77—|‘— T <7_‘__|_7_‘__

<7.‘.O7.‘.O

— € €

H
1100 = <7TO7TO HW K5>

Re(€'/e) = (1.66 £+ 0.23) x 10~

Neutral mesons can mix because the flavour
eigenstates are different from the weak eigenstates

PDG, PTET 2022 (2022)

PDG, PTET 2022 (2022)
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https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097

7

K

7

Direct CP violation in K — 7« 5

If isospin-symmetry is conserved, then the CP violation parameters can be expressed as

— A= () HASTK)

€ z’ei(52_50) RG(AQ) _Im(AQ) IHI(A())_
| — = 0] = ttering phase shift
|~ V2e Re(Ay) |Re(Ay) ~ Re(Ag) | I ztrr scattering phase shirts

. (I =isospin)

1. RBC-UKQCD performed first calculation of €’ in 2015 Z Bai et al., PRL 115 (2015)

2. Improved result in 2020: 3.5x more statistics + improved systematics  R.Abbott et al., PRD 102 (2020)

— Y
lattice: Re(e /e) 91, 7(2 6)Stat (8.0)sys.x107%

“¥ experiments: Re(€' /¢€) = 16 6 (2.3) x10~* J

— — — — e s — — e —

R




Direct CP violation in K — 7«

Systematic error budget
J J (from C.Kelly @Lattice2023)

» (~12%) Perturbation theory in Wilson coeffs to match 3f — 4f weak EFT at m,
* Improve with 4f calculation (active charm) : computationally infeasible?
* Non-perturbative calculation of matching matrix : investigation underway

[M. Tomii, PoS LATTICE2018 (2019) 216]

> » (~23%) Lack of EM+isospin-breaking contributions in lattice calculation
« Lattice measurement of these effects extremely challenging but approach is
being formulated. 5,5 Rev.D 106 (2022) 1, 014508] V.Cirigliano et al,
[Christ, PoS LATTICE2021 (2022) 312] JHEP 02 (2020)
> * (~12%) Use of single lattice spacing to compute I1=0 amplitude

* Repeat calculation with multiple, finer lattice spacings: my current focus

® |ntense work by RBC-UKQCD to reduce ~12% error due single lattice spacing (C.Kelly @Lattice2024)
+ parallel ongoing project using different computational approach (M.Tomii @Lattice2024)

e B correction will soon become relevant! (but very tricky to compute on the lattice)
Usually O(1%), but the "AI = 1/2 rule" can give 3 ~20x enhancement in €¢'/e.



Indirect CP violation in kaon mixing

e e e —— e e e —— A—

—ImMz, Im(Ap) )

— ol%e ¢in |
¢ = cesin@e) ( AMr | Re(Ay)

S —————— S — ———

an(¢o.) =
AFK/2 AMK:MKL_MKS

S—————

The quantity Mg, splits into a short and long distance parts

Mgy = (K [Hy|K%) = (K |Huw|Ksp + (K [Hy| K10

K |HAS=1|n) (n|HAS=1| KO)
MK — En

= (B HEIK) + Y
On the lattice, we can compute both:

o (K'|Hyw|K sp e.g. P.A.Boyle et al. PRD 110 (2024) <— dominating contribution
° <FO|HW|KO>LD Z.Bai et al. PRD 109 (2024)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.034501
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.054501

CP violation in neutral kaons
o Re(e'/e) currently at 40% precision.
Significant improvements expected in next couple of years

* (ex)p also at 40% precision.
Errors of ~10% can be achieved on the long term

=12

0.8
0.6

0.4

* Lattice inputs to (ex)qp can be computed with high precision, but

overall uncertainty is dominated by |V, |
o |V |-puzzle affects the SM prediction for | ey |
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S.Jwa et al., PoS LATTICE2023 (2024) 160

(b) Inclusive |V, | (HFLAV-23, 1S scheme)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.054509
https://pos.sissa.it/453/160/

Candidates / ( 1 MeV/c?)

The charm sector

x<t*
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Hadronic D decays
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LHCb, PRL 122 (2019)

¢ AACP — ACP(K_K+) — Acp(ﬂ'_ﬂ'—l_)

— (~15.4

2.9) x 10~*
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i 2, i i | B50
i oy o
0.6 —_ ............................................................................. 3
B o
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m |40 a
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HFLAV, PRD 107 (2023)

« no-mixing point excluded at > 11.5 ¢

« no evidence for indirect CP violation
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052008

The charm sector

Hadronic D decays
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« no evidence for indirect CP violation
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Towards hadronic D decays on the lattice

e First exploratory calculation of D — Kx at SU(3); symmetric point  F.Joswig et al., PoS LATTICE2022 (2023)

o Difficult calculation with many challenges

A(D — h]_hz) Cn L.hiho llm ZMS<TL L‘HW‘D L>

L a—0

Non-perturbative renormalization of four-quark operators CO00OO0O0O
Reliable creation of excited multi-hadron final states OCO000O
Removal of discretization effects (enhanced by the charm mass) OCO000OO0O
Formalism to relate finite-volume matrix elements to the amplitudes QO OO O
Extraction of the matrix element from three-point functions ©O00O0OO0O

from M.T.Hansen @Lattice2023

26


https://pos.sissa.it/430/063
https://indico.fnal.gov/event/57249/contributions/271297/

D"-D" mixing on the lattice?

long distance contributions dominate

huge number of intermediate states makes

direct calculations impossible

we can take advantage of recent developments

in spectral density reconstruction techniques

use ie-prescription as a 'smearing” of spectral

densities related to the mixing parameters

C
Uu

s, d

p(w) = (D°|Hy (2m)0(H — w) Hy | D)

My x lim lim Re|pr(mp,e€)

e—0 L—00

Flg x lim lim RG[,OL( mp, 6)]
e—0 L—00
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Conclusions

* Flavour physics offers unique opportunities for indirect searches of New Physics

o |attice QCD is at a mature stage on many flavour observables and is now in the precision era:

towards physical pion masses, QED & isospin-breaking effects, physical b quarks, ...

® Progress expected on Cabibbo anomaly, Vb puzzle and CPV in kaons in next years.
Maybe some of the tensions will be clarified?

® Developments of new techniques & algorithmic advances make it possible to study long-distance

observables considered before unaccessible!
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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 (1757 (35) £,
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