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why we need HIKE and KOTO-2
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K™ — nw"ovand K, — wou

Computations
NNLO

Isospin breaking
Non-perturbative effects

Measurement

B(KT = 7T uD)ep = (106752 £0.9) x 107"

B(K, — 7°UD) ey < 3.0 X 1077

SM prediction
B(Kt — ntvp)sy = (7.7 £ 0.6) x 10~
B(K, — mvi)gy = (2.6 £0.3) x 107"
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BR(K"T — ntvo)™™ = (7.86 £ 0.61) x 107!,

BR(K — mvo)™™ = (2.68 £ 0.30) x 10 *,
G.D. Iyer Nazila Neshtapour



{G. Isidori — Kaon Physics: the next step Kaon 2016, Birmingham, Sept 2016

» Lepton Flavor Universality

Example-11: neutral currents, u*u vs. e e

Access to 3™ gen. leptons
as in R(D) & R(D*)

...but a potential more promising effect could appear in
our beloved K — mvv decays....



G. Isidori — Kaon Physics: the next step Kaon 2016, Birmingham, Sept 2016

» SM. BSM. & Cnon-standard BSM”> in K — mvv

But what I find even more interesting, 1s the natural link with LFU effects in
B-physics, thanks to the presence of 3™ generation leptons in the final state

['(K—>nw)=T'(K—>mavyv,)+I'(K—>nvyv)+I'(K-—>znvv)

SM like few % possible O(1) deviation
deviation from SM
as in b—sup expected also 1n b—st1
Explicit (UV) models:

QL L

QQ ; current

» LQ (composite) mediators

Barbieri, GI, Pattori, Senia '16
' » 7', W' (composite) mediators
v

QL

L GI et al. - work in prog.



Anatomy of kaon decays and prospects for lepton flavour universality violation

_ GD, A.M. Iyer, F. Mahmoudi, S. Neshatpour
arxiv 2206.14748

® Motivated by B-anomalies we study LFUV Kaon decays

5C¢ = §CE = —5C,



https://arxiv.org/search/hep-ph?searchtype=author&query=Iyer%2C+A
https://arxiv.org/search/hep-ph?searchtype=author&query=Mahmoudi%2C+F
https://arxiv.org/search/hep-ph?searchtype=author&query=Neshatpour%2C+S

K — murv
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Figure 1: BR(K* — 7tov) (left) and BR(KL — n°0v) (right) as a function of 6C¢ and 6C} = §C7.
The dotted grey line represents the lepton flavour universality scenario. In the left plot, the brown solid
(dotted) line corresponds to the measured central value (1o experimental uncertainty) by NA62 [15].
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KL=>M M

- T(K} » ptp™ YT (K} - ntn™)

A - - VALUE (1076) EVTS DOCUMENT ID TECN COMMENT
3.48 + 0.05 OUR AVERAGE
v, e’ 3.474 +0.057 6210 AMBROSE 2000  B871
> v k.0 (kpyo )}
/ 3.87 +0.30 179 1 AKAGI 1995  SPEC
\ 3.38 +0.17 707 HEINSON 1995  B791
f \ « » » We do not use the following data for averages, fits, limits, etc. « + »
y(k,p) y(ky, o) 3.9 +0.3 +0.1 178 2 AKAGI 1991B  SPEC In AKAGI 1995
(a)
A R

B(Kr — pt i exp = (6.84£0.11) x 1077

(K, o) = (kp,0)

® ¢

y (k) y(kp 0 KL — W//y ‘exp known

(b)

FIG. 7. Leading contributions to A +%—y +y. To lead-
ing order in My™?, the diagrams in (a) reduce to those
of (b).

Gaillard Lee

Dispersive calculation: Re A, Im A



KL—>NN Isidori Unterdorfer
GD Isidori Portoles

7

W d Y /

( <<

F(KL — ,uﬁ)

~ ReA|l” + |ImA|? . .
DKy oy~ ATTHMAL e

Subtracting from expt. the Absorptive cony/ 27 14

0.98 £0.55 = |ReAl” = (\v (M,) + Xshort — H.12)°

|Xshort‘ = 1. 96(1 11 —0. 9210)



KAON2022 LHCB

BR(K;=2pp) <2.1x 101

@ 90% CL

Runl data (3 fb~ )

B(KS — ptp~) < 0.8(1.0) x 1077
90%, 95% CL

factor 11 improvement

S—>
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Rare decay modes of the K mesons in gauge theories

M. K. Gaillard* and Benjamin W. Leet
National Accelerator Laborvatory, Batavia, Illinois 60510}

(Received 4 March 1974)

Rare decay modes of the kaons such as K —ujfi, K~ mvF K ~—=vyy, K= ryy, and K - re?
are of theoretical interest since lre e rrent e e eter e
magnetic interactions. Recent advances in unified gauge theories of weak and electromag-
netic interactions allow in principle unambiguous and finite predictions for these processes.
The above processes, which are “induced” |AS| =1 transitions, are a good testing ground for
the cancellation mechanism first invented by Glashow, Iliopoulos, and Maiani (GIM) in order
to banish |A S|=1 neutral currents. The experimental suppression of K ; — ufl and nonsup-
pression of K, — ¥y must find a natural explanation in the GIM mechanism which makes use
of extra quark(s). The procedure we follow {s the following: We deduce the effective inter-
action Lagrangian for A +M ==+ and A + R~y +¥ in the free-quark model; then the appropri-
ate matrix elements of these operators between hadronic states are evaluated with the aid of
the principles of conserved vector current and partially conserved axial-vector current. We
focus our attention on the Weinberg-Salam model. In this model, K — uji is suppressed due to
a fortuitous cancellation. To explain the small K, -K ; mass difference and nonsuppression
of K;=vy, it is found necessary to assume m,/m,: <<1, where my is the mass of the
proton quark and m . the mass of the charmed quark, and m, . <5 GeV. We present a phe-
nomenological argument which indicates that the average mass of charmed pseudoscalar
states lies below 10 GeV. The effective interactions so constructed are then used to esti-
mate the rates of other processes, Some of the results are the following: K¢ — vy Is sup-
pressed; K g —- ryy proceeds at a normal rate, but K, - ryy is suppressed; K ;, — =7 is very

munh farhiddan and K* w 200 annuvre with tha hranahineg watia of 10" 10, pv | 2T hae tha

o & vl e L2 o * 2 e . ‘. 0»2

VALUE (107°)
<9

« » » We do not use the following data for averages, fits, limits, etc. « « »

< 0.032 x 10*
< 0.7 x 10*

CL% DOCUMENT ID TECN
80 1 AAIJ 2013G LHCB
80 GJESDAL 1973 ASPK
90 HYAMS 1969B OSPK

1 AAIJ 2013G uses 1.0 o™ of pp collisions at 4/s = 7 TeV. They obtained B( K% — u*u~ ) < 11 x 10~ at95% C.L.

1974



Ks=>UM

Ecker Pich '90

No CP conserving Short Distance due to Furry Theorem

Gaillard Lee

LD 5x 107 30% TH err

Short Distance
SM  107°|S(VEVig)|? ~ 10719

NP few 10711 allowed

LHCB

< 8x 1071 90%CL

2.1 x 1010






CPLEAR Flavor tagging
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Can we study KO(1)?

-~
~—
—
—
~ -
—

~
= — —— ——

‘5__ — —

- —

_— e —

—
— —
—_— e — — e — —
—

T e e L T T - -
e e =R - - 0 N A ——

GD , Kitahara
1707.06999 PRL

pp — KK~ X
pp— K*TX - K7 X

_—
—_—

_—— . —
o e e —

—
—
—

— —
— ——
_——_____—__———_—_.'_"—————_
— o —— —_—_—_—_—=‘-!

S
—
—_—
— e — — — —
T e e e e e e e e e o e —  — — — — — — —




e Short distance interfering with Large CP
conserving LD contribution !

e We may be able to study the time evolution of KO
by tracking the associated particles (K-)

> AKy = pt T AR, = )

spin

~Im[A¢]y 4 {A‘I’;W — 27 sin® Oy, (Re[A¢]yn 4 + Re[)\c]yc)}
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Prospect of LHCb limit @95% CL with 300 fb~! data

LHCb bound @90% CL

: ........... K ......... \ \\ .................... ,14 ,’ .............................
“""f'SM
-40 -20 0 20 40
6CH

—JC',) assuming both possible signs for the

on the left panel. BR(Kg — ujit) as a function of NP contribu-

tions in 6C} on the right panel. In the left (right) panel, the grey band indicates the experimental
measurement (upper limit) while the coloured bands correspond to the theoretical uncertainties. The
LHCb bound and prospect for BR(Kg — ufi) are from Ref. [44] and Ref. [51|, respectively.



LFUV In Kaons (K" — mptpr)

(KT — 7nteTe)

SD LD TR Gro -
« A{f —rty* 4{;V+(z)ul(p_)(*y“k“ + 7,0 o (p2)
| K ﬂ C GD,Ecker,Isidori,Portoles
- Vi(z) = ay + bz 4+ V™ (2)

CL_|_ and b_|_ Short distance

it — g% = —V2Re [V;aVi(Ch — C)]

Crivellin,GD, Hofrichter, Tunstall



Historical progression

Current situation

Channel ay by Reference Channel a Reference
—0.587 £ 0.010 —0.655 =4 0.044 E 32)] —
c 05870010+ =0.655=0.0 860 132 ee  —0.561+£0.009 —0.694+0.040 comb. [42]

ee —0.578 £0.016 —0.779 £0.066 NA48/2 [33
L —0.5754+0.039 —0.813+£0.145 NA48/2 [34 [ —0.592 £ 0.015 —0.699 £ 0.058 NA62 [16]

Table 1: Summary of the estimation of vector form factors for K+ — nT¢¢4. The left panel gives the

historical progression and the right panel gives the current status.

Figure 2: Region consistent with the estimation of the LFUV variable in KT — w1 £¢ decays.

5CE

200

150

100

-100

-75

25

100

729 -
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Newly published: arXiv:2209.05076

Michal Koval

michal.koval@cern.ch

KAON2022

arxiv 2206.14748



Physica 96A (1979) 327-340 © North-Holland Publishing Co.

PHENOMENOLOGICAL LAGRANGIANS*

STEVEN WEINBERG
Lyman Laboratory of Physics, Harvard University

and

Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts 02138, USA

330 STEVEN WEINBERG

The most general such Lagrangian is an infinite series of operators of higher
and higher dimensionality®)

$=—3g,D,w - D'm — gD, - D*x)’
—:8P(D, 7 - D) D*m - DY)+ - - -, (2)

K->pi |l

- 0.013, by = —0.722 -

) : [ —0.10 + +0.03 NDR
) | —0.14++0.07 WV Matching short
by = —0.76 + < —0.04 +~ +0.03 NDR distance
| —0.07 ++0.03 HV

‘ GD. ,Greynat, Knech’rl



G. D'Ambrosio Theory of Kaon Physics

K; — 7’eTe™ : summary

Br(K; — n’ete™) < 2.8-107'” at 90% CL KTeV

CP conserving NA48

1)

Br(K; — wete™)< 3.1071"2

K ¢

V-A® V-A = (n'eT e |(5d)v_a(€e)y_a|K L) violates CP



e po t 3 ~ Im
At = Vig ‘,S

1\. N ¢ - :

TB(KS — nleTe™) = 4.6a% x 1077
Possible large interference: ag< —0.5 or ag> 1; short distance probe even for ag large

ImA ImA,\ 2
2) +3)]° = |15.3 a5 — 6.8 17:_; as ¥ 2‘8( 17(7)1—;) . 10712

9.5 + 4.7  -107"

—

117.7-
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Isidori Mescia, Smith

’/TO (&
u,c,t u,c,t H
v
e X
ZO
Kg (] KL

BR(K, — 7)) = (C%, £ CL.las| + mlx|a5\2 + Cf ) -1071%

las| = 1.20 & 0.20.

o
/ |

C’g,ir Clent Cw’rl;ux Cﬁy
{=c | (4.624+024)(w?, +w?,) | (11.3£0.3)wry | 145405 ~
¢ =p | (1.09 & 0.05) (w2, + 2.32w2,) | (2.63 £ 0.06)wsy | 3.36 £0.20 | 5.2+ 1.6 .
arxiv 2206.14748
or KTeV bound for muon mode
BR™™ (K, — m%e) = 3.4610 35 (1.5510 %) x 107" =
_ _ : %0 KTeV bound for electron mode
BR* (K, — 7°pi) = 1.3819357 (0.94155) x 1071 T
X
% 20
X
©
~ 10}
BR™P(K; — nlee) <28 x 107" at 90% CL. — Koomete-
— KL_’ Outu-
BR™ (K}, — m°uji) < 38 x 107! at 90% CL . Of tegntructive ntference sssumes . e
-60 -40 -20 0 20 40 60




[ J
Observable SM prediction Exp results Ref. | Experimental Err. Projections arx l V 2 20 6 1 474 8
o

BR(K* — mtvv) (7.86 £ 0.61) x 1071 | (10.6732 +£0.9) x 1071 [15] | 10%(@2025) 5%(CERN; long-term) [58]
BR(K? — 7wv) (2.68 £0.30) x 107! | < 3.0 x 107? @90% CL [17] | 20%(CERN; long-term t58]) 15% (KOTO [61])
LFUV(a}" — a%) 0 —0.031 £ 0.017 l16,’42] +0.007 (assuming +0.005 for each mode)
BR(K — + 6.827079) x 107°

(K = pp) (+) ( 0:29) (6.84 +0.11) x 10~° 43] experimental uncertainty kept to current value
BR(K = pu) (=) | (8.04%558) x 107
BR(Ks — pp) (5.15 4 1.50) x 10712 | < 2.1(2.4) x 10722 @90(95)% CL  [44] | <8 x 10~'2 @95% CL (CERN; long-term [51])
BR(K, — n%e)(+) | (3.467953) x 107 ——

(KL J(+) | (346 050) < 28 x 107 @90% CL [56]
BR(K — mlee)(—) | (1.55704%) x 101 _ ,

' observation (CERN; long-term [58]‘)

BR(K — 7up)(+) | (1.387937) x 10~ 100%

(K = mpp)(+) | ( 0.25) < 38 x 10-11 @90% CL 57] (we assume o error)
BR(KL — 7pup)(—) | (0.94732) x 10-11 |

' i ]
B Ktontve s : :
100l o K o (A{‘Yy >0) s \\\ i E
Ki=up (A7, <0) > |
LFUV with K+ =r* 2t E l
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o TR I “eee KomOup
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6Cl = 6C; 6C = 6C;

Figure 7: The bounds from individual observables. The right panel is the zoomed version of the left
panel. The coloured regions correspond to 68% CL when there is a measurement and the dashed ones
to upper limits at 90% CL. K; — ufi has been shown for both signs of the long-distance contribution.
For K;, — nVee and K1, — m°ui, constructive interference between direct and indirect CP-violating
contributions has been assumed.



Cristina Lazzeroni, ECFA mtg 2022

Kaon Global Fit 4G i

For example, recent paper with global fits to set of kaon measurements
Deviation of Wilson coefficients from SM, for NP scenarios with only left-
handed quark currents.

Of = (57, Prd) e v*(1 — v5) vi)

[arXiv:2206.14748] [arXiv:2206.14748]
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- KL—»noee B projection A
S B projection B
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=20 -10 0 10 20,1 30 40 50 60 70 2055 5 : T L - .
— T
OC; =0C; 6C = 6CF

With projections: central value for existing measurements kept

the same, A upper bounds extrapolated to central value consistent
with SM, B central value of all observables is projected to the best-fit
points obtained from fits to existing data

Bounds from individual observables.
Coloured regions are 68%CL measurements

Dashed lines are 90%CL upper limits



Cristina Lazzeroni, ECFA mtg 2022

Cabibbo Angle Anomaly Slide from talk by
) Andreas Crivellin
Cabibbo Angle Anomaly La Thuille 2022
e V 4 from — 7 decays  soPR
super-allowed TR |
—— Kouv/mr-uy CMS
beta decays 0 0 :
o Vus from SM fit 68% CL o
Kaon and
tau decays
 Disagreement
0.220 0.222 0.224 0.226 0.228

leads to a "
(apparent) violation of CKM unitarity =~ ©MS, SGPR;

radiative corrections

21+ V2| + 72| = 0.9985+0.0005, V2 |+ V2| +[V2|=0.9970+0.0018

Deficits in 1t row and column CKM unitarity




K->3pi fit/K-lifetimes to be remeasured ariv2200.02143
G.D. Knecht Neshtapour

amplitude | Devlin et al. | Kambor et al. | Bijnens et al.

coefficient (Ref. [3]) (Ref. [4]) (Ref. [5]) Our scaled fit ~ SF
o 91.440.24 91.71 £ 0.32 93.16 & 0.36 92.80+0.64 2.9
o3 —7.14+£0.36 | —7.36 047 | —6.72 4 0.46 —7.45+0.79 3.2
B4 —25.83 +£0.41 | —25.68 = 0.27 | —27.06 £0.43 || —26.46 £0.22 1.6
B3 —2.48 +0.48 | —2.434+041 | —2.22+0.47 —2.001+0.29 1.6
0% 2.51 +0.36 2.26 + 0.23 2.95 4+ 0.32 2.78+0.10 1.0
C1 —0.37+0.11 | —0.474+0.15 | —0.40+£0.19 —0.114+0.03 1.7
G3 — —0.21+0.08 | —0.09+0.10 || —0.05+0.03 1.8
&1 —1.254+0.12 | —1.514+0.30 | —1.83 £0.30 —1.20+0.13 1.7
€3 — —0.124+0.17 | —0.174+0.16 0.10+0.10 1.6
& — —0.21+0.51 | —0.56 4= 0.42 —0.07+0.16 1.8

x?/dof 12.8/3 10.3/2 5.4/5 5.18/5 (30.66/5)

Needed also for various SM Kaon assessments



Conclusions

e Zupan, Kaon physics: Flavour tests and (possible)
light sector test

* Nice complementarity with B-physics /anomalies



Back-up
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Figure 5: The impact of the interference of K7, — ui on the effective branching fraction of Kg — uji.
The left and the right panels correspond to negative and positive signs for Ar.~, respectively. The
upper and lower panels correspond to dilution factor D = +1 and D = —1, respectively.



K — vy In the Standard Model
> 2105.02868 Standard Model Prediction

BR(KT — ntvi) 7.73(16)sp(25).p(54) para. X 10717,

> will update [preliminary numerics:]

BR(K* — ™) 8.25(11)sp(25)p(57)para. X 107",
BR(K[_ — 7'(01/17) — 283(1 )SD(Z)LD (3O)para. x 10711,

» NAG2 collaboration

BR(K™ — 70tv7) = (10.673%|qiat + 0.94¢) X 107"

» JPARC-KOTO has BR(K, — 7°v#) < 3.0 x 10~°
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Historical progression Clurrent situation

Channel ay by Reference Channel ay by Reference
—0.587 £0.010 —0.655 % 0.044 E865 (32
c 132] ee  —0.561+0.009 —0.694%0.040 comb. [42]
ee —0.578 £0.016 —0.779+0.066 NA48/2 [i?ﬂ |
o —0.575+0.039 —0.813+£0.145 NA48/2 [34] i —0.592 £0.015 —0.699 £ 0.058 NA62 [161

Table 1: Summary of the estimation of vector form factors for K+ — 7w+¢£. The left panel gives the
historical progression and the right panel gives the current status.

ar = —0.575 £ 0.013, b4 = —0.722 £ 0.043

158 + | —0.10 =+ +0.03 NDR
a+ — —1.90 T+ ) .
[ —0.14++0.07 Hv Matching short
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by = —0.76 4 —0.04 + +0.03 NDR distance
| —0.07++0.03 RV




