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Standard Model (SM)

» Shortcomings of the SM: Origin of Flavour, Origin & stability of
electroweak scale; Strong CP problem; Neutrino masses; Dark
matter; Origin of the matter-antimatter asymmetry; Dark energy;
Quantum gravity

» SM: Yukawa only source of flavour & CP violation
> Predictive but not revealing

» Testindecays of B, D, K, n,
> Mass m < My ~ Vew

> Amplitude Agy o« 2
ew
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and New Physics (NP)

X
> Amplitude Agy « %

NP
> Probability o |Asy + Anpl?
» NP competes with SM

Xsm  Xnp
ARy
ANp

» Search for NP, where SM is suppressed (Xsy < 1)

» Precision in Xgy increases reach in Anp
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Charged Current decays
> [(Ki2) /T (mu2) = [Vus/ Vudlfic/ fr = A N1 = 226 /1
> [(Kez) = x| Vus| = fxA
> Unitarity: [V2,| + [VE| + V3| = 1
> 0" — 0" nuclear g decays using Hardy,Towner20: |V 4l
> or |Vyglta(1 + 3A2)(1 + Af)(1 + AR) = 5283.321(5)s

> A, A¢ & Ag ratio of (axial-)vector coupling, phase space & radiative
corrections
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https://inspirehep.net/literature/1821327

Lattice input FLAG 2024

FIAG2024

0.228 A
0.226 -

02244 ~  N:

Vs

0.222 A

lattice results for f,.(0), N,=2+1+ 1
lattice results for fg=/fo=, Ng=2+1+1
lattice results for f,(0), N;=2+1

lattice results for fig«/fr+, N, =2+1
lattice results for Np.=2 + 1+ 1 combined
lattice results for Ng.= 2 + 1 combined
nuclear B decay

0.220 -

JONENe

0.218 A

0.955 0.960 0.965 0.970 0.975 0.980
|Vud|

> SMEFT constraints on (Ly,L)(Ly*L), (Qy.t'Q)(Ly*7'L), ... at
the multi TeV range
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Example: SMEFT with right handed currents

» Consider: £> C/

i prst ~prst
Hud Qg + Cledq @

ledq ~ledq

> 2 dimension 6 SMEFT operators — think C = Xyp/(1TeV)?

> These operators lead to right-handed charged current interactions

> Q)q = (A'DH) (Thy*df) + he. — F W, Ty d + h.c.
> Qf;ﬁ; (loer)(dsqr) = (Pperr)(drsut) + (BLperr)(drsdlir)

> Flavour index in the down basis, u> = V,uL + V4oL + ...

> That compete with SM Gg Vyq(VLyueL)(aLy*ur)
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https://link.springer.com/content/pdf/10.1007/JHEP03%282024%29033.pdf

K.2/m2 status

* 2,2 \?

r(KuZ(V)) B |Vys|? fﬁ Mg+ (1 - my/mK+)

g r(n - V.42 2 > (1+6RK77)
(7-(#2(7/)) | Ud| T mn+ (1 _ mﬁ/mi+)

> fx/f in the iso-symmetric limit from FLAG24
» QED (and isospin breaking) corrections from lattice

> 5Rk. = —1.26(14)% RM123/Southampton Carrasco et al. 2015, Giusti et
al. 2018, Di Carlo et al. 2019

> SRk, = —0.86(3)(5)(5)(39)% RBC/UKQCD Boyle et al. 2023

9/32



\4

v

v

\4

\4

v

status

GZ|V |2M502
F'rust WK¥K Ko7~ K Kt
o s ‘f 0)| (14 057 + 65)

M(Kes) =
6 decay modes (Ks/K /KT — n(-/9e™/utv)

Sew = 1.0232(3) (Electroweak corrections in W-mass scheme)
Phase space in iso-spin limit I (CK factored off)

Normalised to <™ (0) at (pk — px)? = 0

> FLAG gives Ny =2+ 1+ 1:0.9698(17) and
Ny =2+1:0.9677(27)

No complete Lattice calculation of 6§, + gy vet

> Possible approach described in: Christ et al. '24
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https://arxiv.org/abs/2402.08915

Form factors

> (m(pr) iy 1K (k)Y = Cl(pk + pr) FE™ (1) + (pic = pr) K7 (1))

» f_,f — f,fy normalised to . (0); t = (pk — Pr)?

» Dispersive approach for vector/scalar form factor shape Bernard et al.
09

> ij”(t) = exp [#(/u + H(t))]

K Ve
> H(t), G(t) from K-nt phase-shift input
> fit A_+, In C from Dalitz plot; Matt Moulson

> TR (1) = exp [ﬁ(m c- G(t))]

m? ta Agen then
U | 1
K3 Kn o
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https://arxiv.org/abs/0903.1654
https://arxiv.org/abs/0903.1654

Fit result and phase space from Moulson WIFAI 2025

K avgs from |KTeV | KLOE | ISTRA+ JNLUETP)
NA48 K, data included in fits but not shown

0.25 68%CL contours

; L

02 Integrals
- Mode Current value
L KOs 0.15470(15)
- Ky 0.15915(15)
5 Koﬂ3 0.10247(15)

e K 0.10553(16)
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QED corrections
» xPT calculation of QED phase space corrections Cirigliano et al '08
» Use Sirlin approach, combine with yPT and Lattice seng et al. 22

» Vector contribution of Coloumb tensor: dominated by resonance

> Axialvector contribution: Lattice & Dispersive and short distance
leading twist

> 3-point contribution xyPT combine with bremsstrahlung

oem Cirigliano et al. 08 Seng et al. 22

K%  +0.99(22)% +1.16(3)%
K, +0.10(25)% +0.21(5)%
K, +1.40(22)% 1+1.54(3)%
Kl +0.02(25)% +0.05(5)%
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https://arxiv.org/abs/0807.4507
https://arxiv.org/abs/2203.05217

EFT ApproaCh Gorbahn, Morretti, Jager

> H(x)=4 %C Vis (S PLu(x)) (71(x)yPLI(x))

> Sum higher as logs: ydiuC(y) =yC(un)

_a(p) a?(u) a as(u) ( as(p) )

>y = - s
V= e (47'()2%99 T an A Ve T g Ve

> Solution: C(s) = J()u()u™ (10)™ (10)Cl10)
> u(p) = a(‘u)z}}‘ioas(y)fﬁ;ﬁS — (aIn)" and a (ag In)"

44 o
> J(u) =1+ :—7’?5Je+ﬁ 2(75)

» Match to non-perturbative scheme

0Js

» Check scale and scheme cancellation
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Scheme independence

» Dimensional regularisation scale u makes all interactions
d-dimensional

> u is unphysical — drops out order by order

> u~ Z(alny)”

» C and M have finite expansion in «
» Scheme independent quantities
> Wilson coefficient: C = u™"(u)J ™" (1) C(n)
> Flavour decoupling: My, = ur ", ()J:, (1) Jr () ur()
> Matrix element: m = m(u)J(u)u(u)
> Remaining u dependence is of higher order

> Plot 1 dependence to estimate higher order corrections
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Lattice Renormalisation — (S)MOM interface

» RI-MOM and -SMOM
schemes

» MOM: only 1 momentum p

» Pure QCD only couple to
quarks

up, Lp,

> A® = (Fy(p)y*PL + Fa(p)p"p/p?PL) ® yuPL
> require A* = Ajy P equal to tree level for off-shell momenta

> fixes renoramalisation indepdent of regularisation
> provides interface between lattice to continuum
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RI and MS Wilson coefficients

> 2-loop scheme conversion factor MG, Moretti et.al. JHEP23] plus 2-loop

EW x QCD matching and 3-loop RGE
RI-MOM _
C = M5 Ri- MOMm4—>3m5—>4C

> In combination scale and scheme independent

> Small impact for Vs, but larger for V4 for o, w + NLO

3 B
1 (Gev)
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https://arxiv.org/abs/2209.05289

Neutron Decay in HBYPT

Hy = V2GrVya8yuPrveNy (guv* —2gaSH) TN,
» HBChPT: proton neutron vector coupling gy is product of Low
Energy Constants and high-scale Wilson coefficient

9v(tte) = [1 + Draa (10)] Mo (11, ) Mgy s, C©)

» Introduce scheme that matches to

— a as(po) Ha
Sa(i0) = 1 C8) + o | 1= 22002 g 22
0

)

a®(u) a _
H%mem)+7%§r%W#w+wa

’mmWHZ%W{H-4n

a terms in agreement with 2306.03138
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https://arxiv.org/abs/2306.03138

Beyond LL a5 , Moretti, Jager 2510.27648
> Isoscalar OP: T!"(q?) = f d9 e9xT [J*V‘V(X)J\V/IO(O)]

> u2 scheme: Subtract OPE with —¢? — —g® + u3

> Proper dim-reg recovers 4-D OPE and Nachtmann moment

> a as scheme change < 3-loop ADM

> Matrix element gives El‘éad(‘uO) « Lattice
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https://arxiv.org/abs/2510.27648

OPE subtraction

> OPE subtraction in d-dimensions Tt' (¢°) =

Q 2 Y
e [1- 221 ote 1—5( - 2) (§+126)}6“PV
2(g2 — u?) T 47t us—q 3

> Recovers 4-d OPE for o#f" = 2ije""Pdy° P u as

7 2¢e e 4
- —;96( 2# 2)___>1

Ho—9q

1e 3

» with evanescent

3
et = d(y*yPy" = y"yPy")PLu—(1+ ﬁ)ow’v

> Scheme change my,(u) = (Z§$)™" from Z§5Z,(Q)) = (O)y,

,
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Matrix element in subtracted scheme

_v Y id*q v2 + Q2 Ta(v, Q?)
DHad(HO) =-€ f (27T)4 Q4 2va
L e? f idig 2 _v21+Q2 (. as(ug)
(211)*3 Q6 + [%04 e

» 1. Integral: 1-d integral over Nachtmann moment 1812.03352 split
into high and low Q% = -2 (v=v-q)

» High Q?> — DIS — combine with 2. Integral

2

_v a as(po) "

OHalho) = 045(GH) + g1 | 1= 22 og
0

> Use lattice calc 2308.16755 of D;/;V(Qg) = 1.490(73)- 1073
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https://arxiv.org/abs/1812.03352
https://arxiv.org/abs/2308.16755

Residual scale dependence of gy(mj)

> Use lattice calc 2s08.1675 of 0y (QF) = 1.490(73) - 10~°

1.0116

1.0115 |

1.0114

1.0113

— g/@NLL; --- gy@QLL; —=- gymno LL;
" 1 " PR S S A T T TN S TR T
1 2 3 40 80 120 160
n[GeV] pw([GeV]
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https://arxiv.org/abs/2308.16755

Vs from V4 + unitarity
> Use nuclear input from Hardy, Towner20 (2308.16755)

nolLL, F~ ' F—le—— ]
LL, [ o | .

NLL, | 07— 07 : o | -
NLL, | : o Hn—p e D, -
Ki | —ed i -

Kp F e i :

PDGL  b——d ., . . . .
0.224 0.226 0.228 0.230

Vs

> 7 — Kvg: Vs = 0.2224(17) HFLAV 2411.18639
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https://inspirehep.net/literature/1821327
https://arxiv.org/abs/2308.16755
https://arxiv.org/abs/2411.18639

Rare Decays CKM

Re(A5%) ~ A APE~ A%
Re(A5%) ~ A A2~ A2
Re(A39) ~ A° AP ~ A2

With respect to CKM:
> CP conserving modes: potential top/charm competition
» Kaon CP violating modes: free from long-distance up-quark
(Aqcp) contributions, suppressed, and dominated by
short-distance dynamics
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GIM structure

A Y
T = m%,(:,t/MI%V

Xo(z) = 2 Do(z) =3 log x
Xo(x) 0 zlogx Dy(x) 0 log x

» If photonic penguins contribute, long-distance “pollution”

» Z penguins quadratically sensitive to x — hard quadratic GIM

25/32



Decays into light NP - example QCD axions

@ Dimension-5 QCD axion couplings: % Giv,.(75)q;

4 M4
BR(K — ma) 2W2 BR(B — 7a) & ——=%
MK a MBfg
falGeV]

0% 10" 10t 10 10 108 107
® Complementary
searches for QCD axion

sd e bs 7

D —

NA62

BELLEII

® Kaons probe the
axion-DM window - — ol X0 .
[Flavour & QCD axions: 10°7 107 107° 107* 107% 1072 107! 1
Camalich et al 20] maleV]

natural axion

IAXO

(for C; = 1)
[from R. Ziegler @ La Thuille]
High sensitivity to light NP
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Example light dark vectors
® Dimension-4 coupling of massive vector
myst —
L = TVV,i T (CY + CFPs) £,
® Recast of available X — X’+invisible data [Folch et al 24]

[see also recent 2025 search for light, decaying BSM particles at NA62]
Example comparison:

Kaons - sd transition ' Beauty - bs transition 7

x10° TeV A/CTY, x10° TeV A/CY,
10% N BY 5 Kt 3

10% E

B— K*
10¢ Ay — A
0.00 005 010 015 020 0.25 10 1 9 3 4 5
my in GeV my in GeV

Dedicated searches (2-body spectra) required
Complementarity of B,D,K data
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K — nvv at My,

U4
s d s d s d
uct
w w w w
enT Z Z
v v v v v v
ZA F(2:) = M (F () = F(2)) + Ac (F(2c) — F(2))

> Top: AiF(Xt) o A°m? /M3,
matching NLO@QCD Buchalla, Buras; Misiak, Urban , NLO@EW Brod et al.
10, matching NNLO@QCD with stamou, Yu
> Charm: AqF(Xc) o« Am5/ M3, log(me/Mw)
from operator mixing in EFT (NNLO@QCD and NLO@EW)
> Up: AcF(Xu) & AN3op/ MG, from xPT and lattice
small, 10% of total charm contribution Lunghi Soni; Christ et al.
» Apart from small up quark contribution:
Only Q, = (8d)v_a(¥v)y-a with matrix element from Kjz
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Branching Ratios

W
s d s d s d
uct
w %1% w w
enT Z Z
v v v v v v

KL — 7T0VI7 CP violating mode (1% from CP-conserving amplitude X e )
=» only top-quark contribution: short-dist. uncertainty of O(2%)

TmA\ 2
BR(Kp — mvi)™ = kpre, (%&)

K+ — wtviv CP conserving mode
=» charm contributes: O(3%) long-distance theory uncertainties

)\5
2
(B« (%20 ]
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2
BR(K+ — 7T+Vi7)SM = IiJr(l + AEM) |:(Im/\t Xt>




Top-contribution X; @ NNLO in QCD

1.48] L ]

1460 ,° e 1

Laa] :

142} ]
A S T R S S S S R R ]

50 100 150 200

250
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K — mvv SM prediction
10""BR(K* — nvi)™ = 8.55 + 0.40cm = 0.191p + 0.135p = 0.07para
10""BR(K. — n®¥)SM = 3.15 + 0.22¢y + 0.04gp + 0.02/p + 0.02para

A =0.22497 + 0.00070, A = 0.839 £ 0.011, p = 0.1581 + 0.0092,
i1 = 0.3548 + 0.0072 (corresponding to | Vp| = 0.0425 + 0.0006) PDG-UTfit 24

NA62 [2605.02415] and KOTO measuments
BR(K" — ntvi)NA% = (9.61/9) x 107"

BR(K, — n%v7)¥OT0 <30x10™°  @90% CL

Ratios of rates as clean SM tests (essentially CKM-parameter free — up to O(3%))

BR(Ks = pit)e=o 2 Y(xt)
- ~155% 1
S~ BR(K, = novp) X105

Buras, Venturini 21
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Conclusion

» Significant progress in Standard Model predictions

> Sub-leading uncertainties can become dominant

» Can be evaluated with combination of Lattice and continuum
methods

» Theory improvements with experimental progress result in better
constraints to New Physics
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