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Why we need KOTO NA62 HIKE

A(S — dVﬁ)SM ~ EL ’LLVL X Z Vq*qud ™m

§ L[N (1 - p—ipmE +

L

SM y — A X V — A Littenberg

- b
CP violating
(KL — 7vy) = J = A*)\%,
M Only top

hep-ph/9308272, Buras et al,
1503.02693.
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SM branching ratios:
[arXiv:2109.11032]

KT — ntvr(y) = (8.62 +0.42) x 10~
Kp — nvr = (2.94 4+ 0.15) x 1011




History of K*—>n*vv searches
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NA62 Run 2 goal: BR(K*—>m*vv) measurement to 10-15% precision.
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Most precise determination of the decay rate to date
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Category

Ny = 10.01 £+ 0.4256 + 1.19.

3. 40 significance

Prospects: Run 2 (2021-2025) with nominal beam intensity, modified beamline and

additional detectors.

Aim to measure BR(XK+— mtvv) at O(15%) precision by LS3



PRL 126 (2021) 121801

KOTO: KY — v
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Expected: 0.04 signal + 1.22 background events

Observed: 3 events in the signal box

Prospects:

J-PARC main ring upgrade: beam power to 80-100 kW

KOTO DAQ upgrade: event throughput x4

KOTO will collect x 11 more data, low background
Projected S.E.S. ~ O(10-11) by 2026

Source Number of events
K; K, — 37" 0.01 £0.01
0 0 K; — 2y (beam halo) 0.26 + 0.07*
0.53 2013 0 Other K, decays 0.005 + 0.005
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Rare kaon decays

K, — utu 10% 79 + 12 (SD) 684 + 11
K, — nlete 40% 32+10 <28 (@90%CL)
K, — nutu 30% 1.5+ 0.3 < 38
90% 8.6+0.4 10.6+4.0
9 >99% 3.0+0.2 <300

"Approx. error on LD-subtracted rate excluding parametric contributions
FCNC processes dominated by (see also arXiv:2203.09524)

\/
) X4

Z-penguin and box diagrams. C
< SM rates determined by Vcxu, E%

with minimal non-parametric ? T

“theory” uncertainties. 5 S
< Theory errors are being reduced & &%

[Lattice QCD, e.g. arXiv:2203.10998]. o0
¢ The current focus is on K—>nvv:

uniquely clean theoretically.

E. Goudzovski/ Quy Nhon, 8 August 2023




Prospects: HIKE and KOTO-II

HIKE: multi-purpose high-intensity kaon decay-in-flight experiments proposed at CERN SPS

High-intensity beams at CERN North Area after LS3 with x 4-6 current NA62 nominal
K* : 2.2 x 1013 decays per year K. : 3.8 x 1013 decays per year

Phase 1 (K*—n*vv at ~5% precision), Phase 2 (K, — n°l " 1l “at ~20% precision)
Comprehensive program of rare kaon decays, precision measurements, searches

KOTO-II: high-beam-power experiment proposed at J-PARC Hadron Hall

Increase proton beam power > 100 kW
New neutral beamline at 5 degrees: larger K, yield, momentum = 5.2 GeV/c

Increase fiducial volume from 2x2m to 3x12m, new detectors

60 SM events of K. — n%vv with S/B~1 in 3 years, ~20% precision
Search for exotic particles in K| — n%X
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LHCb experiment has been designed for efficient reconstructions of b and ¢

®  Huge production of strangeness [O(1013)/fb-! K'%] is suppressed by its trigger
efficiency [e~1-2%@LHC Run-1, e~18%@LHC Run-II]

® LHCb upgrade (LS2=Phase I upgrade, LS4=Phase II upgrade) could realize high
efficiency for K% [e~90%@LHC Run-III] (M. R. Pernas, HUHE LHC meeting, Fermilab, 2018]

®  In LHC Run-III and HL-LHC, we could probe the ultra rare decay Br~O(10-''-12)
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S G > u Rare decay modes of the K mesons in gauge theories
M. K. Gaillard* and Benjamin W. Leet

National Accelerator Laboratory, Batavia, Illinois 60510}
(Received 4 March 1974)

Rare decay modes of the kaons such as K —uji, K—=mvP K—=vyy, K = ryy, and K — re?
are of theoretical interest since here we are observing higher-order weak and electro-
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 afE ™ I CE ) S S P P R Y T PO eI T SR 1oy
the cancellation mechanism first invented by Glashow, Iiopoulos, and Maiani (GIM) in order
to banish |A S|=1 neutral currents. The experimental suppression of K ; —~ uji and nonsup-
pression of K ;= Yy must find a natural explanation in the GIM mechanism which makes use
of extra quark(s). The procedure we follow is the following: We deduce the effective inter-
action Lagrangian for A +®t~=!+[ and A + &~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¢~ ¥y s sup-
pressed; K g -~ ryy proceeds at a normal rate, but K, — ryy is suppressed; K ; — =7 is very
much forbidden, and K* — »* vV occurs with the branching ratio of ~10"'%; K* — =" ¢7 has the

F( K‘; —ptu )/Ftotal

Test for AS = 1 weak neutral current. Allowed by first-order weak interaction combined with electromagnetic interaction.

VALUE Cl% DOCUMENT ID TECN

< 2.1x10710 90 T AAL 2020AE LHCB
* ¢ We do not use the following data for averages, fits, limits, etc. ® o

<8x10710 90 2 AAL) 2017BQ LHCB

<9x107° 90 3 AAl) 2013G LHCB

<3.2x10°7 90 GJESDAL 1973 ASPK

<7x107° 90 HYAMS 19698  OSPK



Ks=>M M

Ecker Pich ‘90

Kg /
) No CP conserving Short Distance due fo Furry Theorem
Gaillard Lee

7

LD 5x%x10"'% 30% TH err

Short Distance
SM  107°|S(ViEVig) |2 ~ 10719
NP few 10711 allowed

LHCB
<21x107Y 90%CL



KL=->uu

- T(KY = utp~ YI(KY > a*z™)

A wW- X VALUE ( 10‘6) EVTS DOCUMENT ID TECN COMMENT
3.48 + 0.05 OUR AVERAGE
P, e [ ] 3.474 +0.057 6210 AMBROSE 2000  B871
[ . e o . 3.87 +0.30 179 1 AKAGI 1995  SPEC
\ 3.38 +0.17 707 HEINSON 1995 B791
{ \ + » « We do not use the following data for averages, fits, limits, etc. « = +
y(k, p0) ylky o) 3.9 +0.3 +0.1 178 2 AKAGI 1991B SPEC In AKAGI 19!
(a)
A R

AV

B(Kr — u 1 )exp = (6.844+0.11) x 1077

l(k, o) = (k;,0))

® ¢

Kr — 77 lexp KNnOWN
(b)

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

Gaillard Lee

Dispersive calculation: Re A, Im A
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Isidori Unterdorfer

KL->uu: our sign ignorance
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We know the sign






CPLEAR Flavor tagging
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Can we study KO(t)? =
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e Short distance inferfering with Large CP
conserving LD contribution !

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

> A(Ky =t ) AKy = )
spin

~m{\y g { AL, — 2msin? b (Re[\Jysa + Re[AcJy.) }

Loy~



Ks->uu: how to improve the
THEORY error

7
Ks / Dispersive treatment of K¢ — vy and Kg— yI*1~
Gilberto Colangelo, Ramon Stucki, and Lewis C. Tunstall
7

LD 5x 10712 20% TH err

Ks — ypup
Kg — pppeps
Kg — eeupu

Ks — vy



K8 — U



Initial K° beam

1.4 no interference
sin ¢0 =0.21
sin o = —0.21
Interference terms
sensitive to
short-distance
component!

[D'Ambrosio, Kitahara

1707.06999]

time / 7g

Gint |’
Br(Ks = ptp™)e=o = Br(KL = pp™) X LN ( t)
TL CL

[Dery et al. 2104.06427]



Short distance window &
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Rare Kaon decay program at LHCB

PDG Prospects
Kgs — pp < 9x107? at 90% CL (LD)(5.0+1.5) - 1072 NP < 107!

Ks = pppp - SMLD ~ 2x 1014

Kg — eeup — ~ 1011

Kgs — eeee — ~ 10-10

Kg — mup (29+1.3)-107° ~ 1079
Ksg—ntnm~ete  (4.79£0.15)-107° SM LD ~ 1073
Kg = mim=ptp” ~ SM LD ~ 10~

Rare n Strange 2017: strange physics at LHCb

GD, Lewis Tunstall, Diego Martinez Santos,Veronika Chobanova,
Xabier Cid Vidal, Erancesco Dettori, Marc-Olivier Bettler,
Teppei Kitahara,,Kei Yamamoto



Theory
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Weinberg ‘77 EFT SM
Accidental symmetries

o & (« 6)
iSHEFT ji” (f) ! Z /CT(Z) 0@( [‘psn] +0(A<f)
” X X "

SM Weinberg operator dim-6 SMEFT higher order
— neutrino masses * effects

E.g.. Lepton Flavour Violation,
unsuppressed FCNC and CP effects,
B and L violation, etc..
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UV theory

SMEFT

SLAC ‘84 Veneziano
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e Veneziano: maybe the solution is a two scale

SMEFT

Uoe Ce to

C o /‘ o Ye
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Generic Flavor structures strongly constrained

Operator Bounds on A in TeV (cxp = 1) | Bounds on exp (A = 1 TeV) | Observables
Re Im Re Im

(8.9"dL)* 9.8 x 10¢ 1.6 x 10° 90 x 1077 34x1077 A ex
(Bpd, )2 dg) | 1.8 x 10 32 x 10 69x107? 26x10~ K, CK

(&L 7" uL)* 1.2 x 10° 29 x 107 5.6 x 1077 10x 10" ' ) .
(Crur)(trur) | 6.2 x 10° 1.5 x 10* 5.7 x 1078 1.1 x 1078 Amp;  |9/Pio, $0

(bry*di)* 6.6 x 10° 9.3 x 10° 23x10° 1.1x10°"° Amie - sin(25) £ .
_ P . / : 2 T B VK
(brdy)(bdr) | 2.5 x 10° 3.6 x 10° 39x10~7  19x 10~ Ma,; SN(2F) from By = ¥

(6,78, )% 1.4 x 107 25 x 107 50x10°° 17x10°° . .

. " | & A - o . rr B’
(br 81)(brsr) | 4.8 x 10 8.3 x 10° 88 x 107" Ma,; Sig.) from 5. = 99

20 x 10°°

Isidori Nir Perez 10

Problem already known since '86 technicolour
(Chivukula Georgi) susy (Hall Randall)
extra dimensions (Rattazzi Zafferoni)

Maybe there is an energy gap between the theory of flavor and
the EW scale , ameliorating also a clash from the scale of the bounds
in the table above and the requirement of solving the hierarchy problem
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global symmetry spurions
N\
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U(3) ->U(2)

Vexku ~

KY_K'D°_ pD°BY - BY B, — B,



Dvali & Shifman '00
Panico & Pomarol '16

Shift of paradigma s

Allwicher, GI, Thomsen '20
Barbier1 21
Davighi & G.I. 23

Main idea:

e Flavor non-universal interactions already
at the TeV scale:

e 1" & 2™ gen. have small masses because
they are coupled to NP at heavier scales

3 rd " 3 rd
NP
3 rd 3 rd

small (/ess interesting...) large (more interesting...)



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

» Lepton Flavor Universality

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

5
K —( =
/s
/-
e
K—% -------- \
e VAN
N Access to 3" gen. leptons
WV o S as in R(D) & R(D*)

£
~
~~~~~

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



Anatomy of kaon decays and prospects for lepton flavour universality
violation

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

® Motivated by B-anomalies we study LFUV Kaon decays

7"ef‘]? — 4GF )‘Sd e Z Ckoi )

v

® Og = (57,Prd) (E4"0) Ofy = (57.Prd) ((y"y5t)

Of, = (57, Prd) (7" (1 — ) vs)

5CE = 6CE = —6C%, pCE = 0CT]



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

Observable SM prediction Exp results Ref. | Experimental Err. Projections

BR(K* — ntwv) (7.86 +0.61) x 10~ | (10.6752 £0.9) x 10~ [15] | 10%(@2025) 5% (CERN; long-term) [58]
BR(KY — mwv) (2.68 £0.30) x 107 | < 3.0 x 1072 @90% CL [17] | 20%(CERN; long-term t58]) 15% (KOTO t61])
LFUV(a} — a% 0 —0.031+0.017 tlﬁ,‘42] +0.007 (assuming +0.005 for each mode)

BRUKL = ) (+) | G828 X100 | 0 g @ arxiv 2206.14748

experimental uncertainty kept to current value
BR(Kp — pp) (=) | (8.04%558) x 107°

BR(Ks — pup) (5.15 4+ 1.50) x 10712 | < 2.1(2.4) x 10710 @90(95)% CL  [44] | < 8 x 1072 @95% CL (CERN; long-term [51])

BR(K — mlee)(+) | (3.467035) x 1071
' < 28 x 107 @90% CL [56]
BR(Kp — ne)(—) | (1.5573%9) x 1011 ,
048 observation (CERN; long-term [58]‘)
BR(K — 7up)(+) | (1.381327) x 10711 (we assume 100% error)
' < 38 x 10~ @90% CL [57]
0.21 -
BR(Ky — %up)(—) | (0.94%55) x 107
, 50
B Kt -nto o N i i
e Koup (AR >0) L ) |
100} L Ly ' X I l
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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. K1, — uj has been shown for both signs of the long-distance contribution.

For K1 — m%eé and K — m°ufi, constructive interference between direct and indirect CP-violating
contributions has been assumed.
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Very recent development HIKE full prOJect|ons

—— current data LD:- fo K- /
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[CERN Physics Beyond Colliders
Document in preparation,
and paper In preparation by

D’Ambrosio, Mahmoudi, Neshatpoul
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Italy before 2023

l |
(NOVESE-1) IT m

| v U Ty
g M "
Tl T
lll !_I‘ l SERIE A
Ul ; °
(TORING=7) | l .

(VERONA-)
(INTER-19 T ALBOD'ORO

)

CIUVENTUS -36) @) T T T I MILAN-18) I = ’i'll

PUII I I LR
W

10 A (l‘.(aulunnnvn
A o) )

- r [ &
PITIW i, SN
i Yy e )] (FIORENTINA~2)

(ROMA-3

-0 TN
“hiv
|

(NAPOLI-2)@

@ (CAGLIARI=T)




World
For several mlllennla

w;,;‘;.".“‘"“' TEFTTY

et &




World before VII BC

S

N A




Conclusions

® Interesting new experiments and phenomenology

® Interplay with high energy experiments very important

»  LHCB: Ks->pu extraordinary result: interference effect!!!Short
distance window

ex/ex (+) 4

- 1
6X 10 \ ]

3 < \ ]
< 4% 10 ]
R H%10 \

““““““




Conclusions

Flavour anomalies: interplay with K->Twvv but

|0% measurement needed! O S
& 6x102 | \
é4><10'12§ = \\\\

LHCB Ks->pp extraordlnary result: R

weak chiral lagrangian
LFUV in Kaons very useful

Rich rare kaon program
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Why we need KOTO and NA62

A(S — dVﬁ)SM ~ EL ’LLVL X Z Vq*qud ™m

§ L[N (1= p—imd

L

SM y — A X V — A Littenberg

- b
CP violating
(KL — 7vy) = J = A*)\%,
M Only top

hep-ph/9308272, Buras et al,
1503.02693.

\V)




Misiak, Urban; Buras,
Buchalla; Brod, Gorbhan,
Stamou’ll, Straub

N = Vaa Vs
/Im\ .\ [/Rel. Red; . \°
B(K*) ~ i (I;txt) +< i (P, + 6Ps0,) - ;tXt>
] - 30% £ 2.5% )
K3 LD
BK') = (8.82+0.840.3) x 107! TH
VCb nonpert QCD
(1.737162) x 10710 E949

<11-107'° 90% CL NA62



UV sensitivity

1 -0.37 (
(180 TeV)?

SLYudrLv Yy vr)



Cristina Lazzeroni, ECFA mtg 2022

Kaon Global Fit

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.
[arXiv:2206.14748]
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[arXiv:2206.14748]

Heff =

4GF ASd Qe Z Clol

0L = (57.Prd) (7ev"(1 — 75) ve)

Ck

— Clg,SM + 50}5

LD:+ for K —»uu

B K*-ontvo
B K-up (AL, >0)
LFUV with K*->n* 1
- K-nlee
I current fit
[ projection A
I projection B

=20 -10

0 10

6CH = 6CF

20

30

40

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



Observable SM prediction Experimental results Ref. HIKE projections
BR(K* = xtvy) (7.86+0.61) x 107" | (10.6739+0.9) x 10" [110] 5% (Phase 1)
BR(K — n'v?v) (2.68+0.30) x 107" | < 300 x 107" @90% CL [144] 20% (Phase 3)
LFUV(d"" —a%) 0 —0.031+£0.017 [145, 146] +0.007 (Phase 1)
BR(K; — 6.821077) x 10-°

(KL= ) (+) | (6:822529) (6.84+0.11) x 107 [147) 1% (Phase 2)
BR(K, — pp) (-) | (8.04%54]) x 10°°
BR(Ks — uu) (5.15+1.50) x 10712 | < 2.1(2.4) x 107 '° @90(95)% CL [148] Upper bound kept to current value
BR(Ky — nlee)(+ 3.467092) x 10-11

(Kp = mee)(+) | (3:467050) <28x 101! @90% CL [149] 20% (Phase 2)
BR(K; — ne)(—) | (1.557052) x 107"
BR(K; — 2°up)(+) | (1.38703]) x 10"

(Ke MU+ | ( ‘0‘?)’( <38x 107" @90% CL [150] 20% (Phase 2)
BR(Kg — x0up)(—) | (0.947031) x 10~

Table 5: The SM predictions, current experimental status and the expected HIKE sensitivity for the different
observables. The “(4)” and “(—)” signs in the first column correspond to constructive and destructive
interference of the amplitudes.
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w——current data
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HIKE projections
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20t
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‘|[A + for K, - ) MIXE projections
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Figure 17: Global fits in the {8Cj,8C} (= 8C})} plane with current data (purple contours) and the pro-
jected scenarios (green regions).




Kaons and LFUV

Deviation of Wilson coefficients from SM, for NP scenarios with
only left-handed quark currents.

o

[arXiv:2206.14748]

Bounds frorh
individual

B K*-ntve
— KL"IJ“ (Al‘.lvy > 0)
Ki=uu (AL, < 0)
LFUV with K * —»r* 12
=== Ki=nee
“ee Kionup

observables----

~205%

-10

0

' I A1 '} I ' 1
10 20 30 40 50 60

6CH = 6CF

~— current data
projection A

30r I projection B

o
T

=10+

Very recent development: HIKE full projections

=15

-10 -5 0 5

70

30

20

=10+

Individual measurements
can be combined in a fit.

Projections can be used

for future experiments

—— current data
pro;ect on A

Ct = Cl g + 6C4

-10 -5 0

6CH

-15

Heg = 4GF o Z CLO}

O1 = (57uPLd) (e (1 — 7y5) vr)

8C; = 8C5 = —6C;

Projections:

A: predicted central values for
observables with only upper bound
is projected to be as SM prediction;
for measured ones current central
values are taken.

B: central values for all observables
are projected with best-fit points
obtained from fits of existing data.

[CERN Physics Beyond Colliders
Document in preparation,

and paper In preparation by
D’Ambrosio, Mahmoudi, Neshatpour]
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LM e = Y QL 9Dy + Y QY UL 4 Y L 9F3, + h.c.

Yukawa,



arxiv 2206.147¢
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1.8 A 0 LHCb bound @90% CL
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Figure 4: BR(K — pfi) as a function of 6CY (= C§ = —CY,) assuming both possible signs for the
long-distance contribution from A%,W on the left panel. BR(Kg — uni) as a function of NP contribu-
tions in dC7 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 — upi) are from Ref. [44] and Ref. [51], respectively.



G. D'Ambrosio Theory of Kaon Physics

0

K; — m’eTe” : summary

Br(K; — wleTe™) < 2.8-1071% at 90% CL KTeV

CP conserving NA48

Br(K;, — n'eTe™)< 3.10712

Ky

|
|
1) ‘
|
|

V-A® V-A = (n%te™|(5d)v_a(ée)v—_a| K1) violates CP



( — Im N
A= VidVig

K s ¢ - :

TB(KS — m0cte™) = 4.60% x 1079

Possible large interference: ag< —0.5 or ag> 1; short distance probe even for ag large

10—4

ImA I\ °
2) +3)[" = |15.3 ag — 6.8 . a‘s+2.8<173 t) ] o

[17.7+ 9.5 + 4.7] 10712



Isidori Mescia, Smith

w d o 1
™ e
u,c,t u, e, t
i \
g X
70
Kg e I(L

BR(K — ) = (C4, + Ciylas| + Colas|” + CL) - 1071

las| = 1.20 = 0.20,

Cgir Cient ‘ Crt;lix C’ft’y
(=c| (462+0.24) (w2, +w2,) | (11.3£0.3)wsy | 14.5+0.5 ~0
¢=p | (1.09 % 0.05) (w2, + 2.32w2,) | (2.63 £0.06)wsy | 3.36 £0.20 | 5.2+ 1.6 . 2 2 6
arxiv 2206.1474
aor KTeV bound for muon mode
BR™M (K, — mlee) = 3.4610:% (1.557059) x 107" =
_ : 0 KTeV bound for electron mode
BR™M(K, — m°pp) = 1.38%037 (0.9475:3)) x 107" T
X
% 20}
X
=)
— 10+
BR™P(K — n’ee) <28 x 107" at 90% CL. — Konleter
— K- Oy+u-
BR™ (K}, — n'u) < 38 x 1071 at 90% CL. O tenstructiv neerenc . . SRR
-60 -40 -20 0 20 40 60
oct



Observable

BR(K* — ntww)
BR(KY — n°wv)
LFUV(a — a%?)
BR(Kp — pup) (+)

.
SM prediction Exp results Ref. | Experimental Err. Projections a rx l v 2 20 6 1 ‘i ? Z
(7.86 £ 0.61) x 1011 | (10.6+40 + 0.9) x 1011 [15] | 10%(@2025) 5%(CERN; long-term) [58] °

(2.68 +0.30) x 101 | < 3.0 x 10~° @90% CL [17] | 20%(CERN; long-term ‘58]) 15% (KOTO ‘61])

0 —0.0314+0.017 [16,42] | £0.007 (assuming +0.005 for each mode)
(6:82:5%) x 10°° (6.84 £0.11) x 107° [43] | experimental uncertainty kept to current value
(8.0415:57) x 107°
(5.15 £1.50) x 10712 | < 2.1(2.4) x 1071 @90(95)% CL  [44] | <8 x 107'2 @95% CL (CERN; long-term [51])
(3.461598) x 1071
(
(
(

< 28 x 1071 @90% CL [56]
1557949 x 1071
’ observation (CERN; long-term [58])
+0.27 -1
1.38%)3¢) x 10 <38 x 10-11 @90% CL (57] (we assume 100% error)
0.947925) x 10711 T

T T 50 T
. Kt ontud ol ! !
e K- (At‘W >0) /,f’ ‘\\ : :
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K= (Afvy <0) kN 40 1
[ 1
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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. K1, — pji has been shown for both signs of the long-distance contribution.

For K; — m%eé and K — m°ufi, constructive interference between direct and indirect CP-violating
contributions has been assumed.



Observable SM prediction Experimental results Ref. HIKE projections
BR(K* = xtvy) (7.86+0.61) x 107" | (10.6739+0.9) x 10" [110] 5% (Phase 1)
BR(K — n'v?v) (2.68+0.30) x 107" | < 300 x 107" @90% CL [144] 20% (Phase 3)
LFUV(d"" —a%) 0 —0.031+£0.017 [145, 146] +0.007 (Phase 1)
BR(K; — 6.821077) x 10-°

(KL= ) (+) | (6:822529) (6.84+0.11) x 107 [147) 1% (Phase 2)
BR(K, — pp) (-) | (8.04%54]) x 10°°
BR(Ks — uu) (5.15+1.50) x 10712 | < 2.1(2.4) x 107 '° @90(95)% CL [148] Upper bound kept to current value
BR(Ky — nlee)(+ 3.467092) x 10-11

(Kp = mee)(+) | (3:467050) <28x 101! @90% CL [149] 20% (Phase 2)
BR(K; — ne)(—) | (1.557052) x 107"
BR(K; — 2°up)(+) | (1.38703]) x 10"

(Ke MU+ | ( ‘0‘?)’( <38x 107" @90% CL [150] 20% (Phase 2)
BR(Kg — x0up)(—) | (0.947031) x 10~

Table 5:

30

20

The SM predictions, current experimental status and the expected HIKE sensitivity for the different
observables. The “(4)” and “(—)” signs in the first column correspond to constructive and destructive
interference of the amplitudes.
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Figure 17: Global fits in the {8C§,8C} (= 8C})} plane with current data (purple contours) and the pro-
jected scenarios (green regions).
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Ky — n%yy

O(p*) Ecker, Pich, de Rafael; Cappiello,G.D
CT Loop
7!'0
O Ky, ¥/\7 . F(KL_>7"O'7'7) 1
. - only A But = P~
W (KL—)’IT 77)exp 2.5
\ y

(g from Kqg — 27

3 CT’s
FhuF ImanKLau"ro (| T — | . 1 . :
F? 9K, 0r" o Cappiello, G.D., Miragliulo
F?2 m%‘- K" Cohen. Ecker. Pich

Full description of unitarity cut
AK=3m)=a+bY +cY?*+d X?



O(p4) B CHPT : - Ecker, Pich, de Rafael
K+ —>nrll Kg— 7011

ChPT
loops +CT

- Short distance

electrons and us in the final state

p_ DB o mpTu”)
{ - T(Kt = ntete)

lepton spectrum =z
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'97  Initial data inconsistency e and us: LFV?
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General consideration ff

j / A’ (r(p)|T {J% (2) Las—1(0)} | K (k) =



Wi(z) = GEMEWF (2) + W] ()

Wi(2) = GEMEWP (2) + W™ (2) -

AKT s atntrn )= a4+ oY +9(Y2+ X?/3)+ B.(Y? — X?/3),
A(Kg — %) bo X — do XY ,

1
si=(k—pi)°, 8025(814—824—83)» X =




20 =1/341r2
B - 4 4r2 1 42
1 Z — 20 X(Z):g—g—;—g(l—f)G(z/?“i)
Wi(z) = 5 |+ Fi—5—| F(2) x(2) 2
T L \/ T F(z) =1+ z/r{

K — 3rslopes

AKT - atatr a0+ oY +v(Y?2+ X?2/3)+ B (Y? - X?/3),

AKg — ntnn bo X — do XY

) =
0) =



Weak chiral couplings

K* — néy* a, = —0.578 £ 0.016 [3, 4] NE = Ny~ Ny = g (% B g— - 58 mfﬁjn,
Ks — %" as = (10633 £ 0.07) [5, 6] No = 2N N = g (5 + G os = 3 o8
K* — 757% Xp=(-24+4+4) GeV [T Ng’EN;4—N{5—N{6—N17=—M;glf”xs;
K+ — ntoy: é=1.56+0.23 +0.11 [8] . No= NT— Nt —9NT = —3 6 3Lz 4 I5)

12872

Decay mode | counterterm combination | expt. value
K* — n¥y* Nis — Nis —0.0167(13)
Ks — m%* 2N14 + Nis +0.016(4)
K* — 7% | Nyg— Nis — Nig— Niz | +0.0022(7)
K* — mtyy Nis — Ni5 —2Nyg —0.0017(32)

Luigi Cappiello, Oscar Cata,GD
arXiv:1712.10270,,EPJC
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LFUV In Kaons

NKT —>atutu)
(KT — mTete™)

<< LD




Collaboration with Crivellin, A Hoferichter, M and Tunstall,

LFUV: Kaons 7

Channel a by Reference
ee —0.587+0.010 —0.655 4 0.044 E865
ee —0.578 £0.016 —0.779 +£0.066 NA48/2 QEP _ 27V/2 x ONP
[ —0.5754+0.039 —0.813+0.145 NA48/2 Q
M ee P ee
Chl — O = a—=——— = Cy/'" — Cov*“ = a =194 79
4% (4% 27_‘_\/5 9V 9V 27T\/§

LHCB-NA62 PLEASE!!

High statistics: nominal # of decays 50 times greater than NA48/2



i/d4a:eiqx<7r(p)|T{Jeﬁm(ilf)CAS:l(O)} (K (k)) =

W(z
(47)°

N——"

z(k+p)* — (1 —13)q"]



General structure of the amplitude

AK—mZ’*Z_(s)

—e? x alp-Jpvpy) x X [ e (x() TP O LA @HK )

& x up-Yv(p2) % (—SEViVia) x S (n(p) (577 0) 0 K 1)

XU POk By X Jrrey 2= 8/ME

Wir(2) = W2 (z;v) + W22 (z;v)

. _ Gr :
]p(m) - Z eq(Q7PQ) (:B) ['Aslept (:l:) (_ﬁvusvud) X I§=:1 Cr (V)Q[(:L'; V)

q= u) d’ S

VdCzl\I/j(V) as(u) Z»YJ—,V(QS C;(v)

E. Witten, Nudl. Phys. B 122, 109 (1977)

E J. Gilman, M. B. Wise, Phys Rev D 21, 3150 (1980)

C. Dib et al., Phys Lett B 218, 487 (1989): Phys Rev D 39, 2639 (1989)

J. Flynn, L. Randall, Nucl Phys B 326, 31 (1989) [Nucl Phys B 334, 580 (1990)]
A.J. Buras et al., Nucl Phys B 423, 349 (1994)



GD Greynat Knecht

Predicting a, 0,7 Going beyond the low-energy expansion
requires an unsubtracted dispersion relation

1 [ AbsW(x/M2%)|+x
W(2)|er = ;/ dzx S_ (J\Z/Q f)(|)
0 i < K (/
with
AbS W(S/M?{)|7T7T . 2 S _4M7% —1/2 T st —>Ktn~
o = 00 —4M2) x TN ) T (s) (5

Then a_ and b_. are given by spectral sum rules

1 [ dx
CrMya|ee = W(0)lrr = /0 =L Abs W (/M) on
and
1 M? 2 S
2 K 0
GFMKb—F‘TF?T — W/(O)‘T(’T(' — @ <M7% ) (CLI— _ 64—@)
M2 [ dg , 1 (M2\? S0
— T/O ?AbsVV(:I:/J\IK)|7T7T ~ 60 (M% a4 —5+@

requires F77*(s) and f7 ™ 257 () beyond low-energy expansion



Combined fit (eTe™)

GD Greynat Knecht

/6_|_ . 108 a b_|_ Xz/dOf
+0.483 +1.632 86.7/39
—3.96
—0.598 —0.678 48.8/39
+0.489 +1.630 60.4/39
—2.88
—0.592 —0.680 45.4/39
+0.495 +1.629 74.8/39
—1.80
—0.585 —0.682 42.8/39
| g i ]'% | Tl ?{ ]'%
25%10 — ++$% — 25%10 — %:}:i:}q% )
6M%i+ M%}%
7‘011‘H‘0.2”“013”“014””&57 —> 7‘0.‘1"Hoiz”"013””0.‘4”“0‘.57

NA48/2 + E865



Fit to NA48/2 data (ut )

By - 108 a by x?/d.o.f
+0.372 +2.102 11.9/15
—3.96
—0.611 —0.746 15.9/15
+0.384 +2.081 12.1/15
—2.88
—0.598 —0.768 15.2/15
+0.397 +2.060 12.4/15
—1.80
—0.585 —0.790 14.5/15
6.x10 ++++ + )
4.x10° +++ E
NA48/2

GD Greynat Knecht

As in the NA48/2 data for the e e~ channel, the data show a slight preference for the positive solution



Robustness of determinations of a,. and b_
Impact of remaining two-loop contributions, not contained in W, (2)

Predictions for a, and b, ?



GD Greynat Knecht

Comparing Wajoop(2) and W, (2)

solid lines: |Wa1o0p (2)]? full two loops

dash-dotted lines | W, (2)]?

red curves: a4 = —0.585, b, = —0.779, B = —2.88 - 1078
blue curves: a. = —0575, b, = —0.779, B2 = —0.99 - 108



Rare kaon decays

K, — utu 10% 79 + 12 (SD) 684 + 11
K, — nlete 40% 32+10 <28 (@90%CL)
K, — nutu 30% 1.5+ 0.3 < 38
90% 8.6+0.4 10.6+4.0
9 >99% 3.0+0.2 <300

"Approx. error on LD-subtracted rate excluding parametric contributions
FCNC processes dominated by (see also arXiv:2203.09524)

\/
) X4

Z-penguin and box diagrams. C
< SM rates determined by Vcxu, E%

with minimal non-parametric ? T

“theory” uncertainties. 5 S
< Theory errors are being reduced & &%

[Lattice QCD, e.g. arXiv:2203.10998]. o0
¢ The current focus is on K—>nvv:

uniquely clean theoretically.

E. Goudzovski/ Quy Nhon, 8 August 2023




Kaons and LFUV

Deviation of Wilson coefficients from SM, for NP scenarios with
only left-handed quark currents.
[arXiv:2206.14748]

Bounds from
individual
""" n [ --epservables:— Individual measurements
9 can be combined in a fit.
| Projections can be used
T F = 20 for future experiments
€220 -10 0 10 6?::1 _ 63(0:;_[ 40 50 60 70
Very recent development: HIKE full projections
20 e\\ e

24
T A T

o
T

=10+

Ci = C’,ﬁ,SM + 0C;,

=15 -10 -5 0 5 =15 -10 -5 0

Hog = 4GF )\sd Qe Z CeOe
01 = (57, Prd) (7" (1 — 75) vi)

8Ct = 8C5 = —8CY,

Projections:

A: predicted central values for
observables with only upper bound
is projected to be as SM prediction;
for measured ones current central
values are taken.

B: central values for all observables
are projected with best-fit points
obtained from fits of existing data.

[CERN Physics Beyond Colliders
Document in preparation,

and paper In preparation by
D’Ambrosio, Mahmoudi, Neshatpour]
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HIKE Phase 2: sensitivity

¢ Decay BRs in the Standard Model (assuming constructive interference):

_ ImA ImA, \’ 5 +0.98 11
Bsm(Kr — nlete”) = (15.7|as|2:t6.2|as|(10_;)+2.4(10_;) )xlo 12 = 3.547,5 X107,

Bsm(Kyp — nutp”)

ImA Ima, _ ~11
(3.7|as|2i1.6|as|(10_j)+1.0(10_;) +5.2)x10 2 = 14145 x10

1 =V*V [Isidori, Smith, Unterdorfer, EPJ C36 (2004) 57]
; ts 'td [Mescia, Smith, Trine, JHEP 08 (2006) 88]

¢ SM signal yields and backgrounds in 5 years of operation:

Mode Ns Ng Ns/\/NS + Np
K; — nete” 70 83 5.7
K; - nu*u~ 100 53 8.1

¢ Sensitivity to the CKM parameters
(assuming an improved |as| measurement with K<—n%€*€- at LHCb):

6 (ImA,)
ImA,

6(ImA;)

= 0.28.
ImA;

= 0.33,

K; —nlete

Kp—nu*p-

13

E. Goudzovski/ Quy Nhon, 8 August 2023






GD Greynat Knecht

Predicting a, 0,7 Going beyond the low-energy expansion
requires an unsubtracted dispersion relation

1 [ AbsW(x/M2%)|+x
W(2)|er = ;/ dzx S_ (J\Z/Q f)(|)
0 i < K (/
with
AbS W(S/M?{)|7T7T . 2 S _4M7% —1/2 T st —>Ktn~
o = 00 —4M2) x TN ) T (s) (5

Then a_ and b_. are given by spectral sum rules

1 [ dx
CrMya|ee = W(0)lrr = /0 =L Abs W (/M) on
and
1 M? 2 S
2 K 0
GFMKb—F‘TF?T — W/(O)‘T(’T(' — @ <M7% ) (CLI— _ 64—@)
M2 [ dg , 1 (M2\? S0
— T/O ?AbsVV(:I:/J\IK)|7T7T ~ 60 (M% a4 —5+@

requires F77*(s) and f7 ™ 257 () beyond low-energy expansion



Predicting a, b,.? Going beyond the low-energy expansion

Simple approach: unitarize both using the inverse amplitude method
T. N. Truong, Phys Rev Lett 61, 2526 (1988

(1988)
A. Dobado et al, Phys Lett B 235, 134 (1990)

T. Hannah, Phys Rev D 55, 5613 (1997)

A. Dobado, J. R. Pelaez, Phys Rev D 56, 3057 (1997)
J. Nieves et al., Phys Rev D 65, 036002 (2002)

Oy |nr = —(L5T410005)  byler = —(0.62270012)  for B, = —0.85-197°

note: position of the p resonance much too low for 3, = —2.88... (phase
goes through 7 /2 at s ~ MPQ/Q!)

([ —0.10 = +0.03 NDR
! —0.14 = +0.07 HV

[ _0.04 = +0.03 NDR
| —0.07 ++0.03 HV




GD Greynat Knecht

Matching LD and SD at NLO

v (GeV) v (GeV)



Results NA62 Q

BR(KT = n7up) < 11 x 1071 @ 90% CL

BR(KT = ntvp) < 14 x 1071 @ 95% CL

B One event observed in Region 2
B Full exploitation of the CLs method in progress
B The results are compatible with the Standard Model

B For comparison'gr(K+ — 7+uw) = 28744 % 10711 @ 68% CL

BR(Kt = nmuD)gy = (8.44+1.0) x 1071

BR(KY = 7m10D) ey = (17.37152) x 1071 (BNL, "kaon decays at rest”)

FPCapri2018, Capri K *—x *vv : first NA62 results (A. Ceccucci) 19



NAG2 [

Prospects

B Processing of 2017 data on-going
#* ~ 20 times more data than the presented statistics
#* Expected reduction of upstream background

* Methods to improve the reconstruction efficiency under study

B 2018 data taking under way
% Further mitigation of the upstream background is expected
% Processing in parallel with data taking

# Final 2018 reprocessing expected beginning 2019

B Expect ~ 20 SM events from the 2017+2018 data sample. The
analysis of this sample should provide:

#* Input to the European Strategy for Particle Physics

#* Solid extrapolation to the ultimate sensitivity of NA62 achievable after LS2

FPCapri2018, Capri K *—x *vv: first NA62 results (A. Ceccucci) 20



K|_-> Y, V

B(Kp) = (3.14£0.17 £0.06) x 10~'"  TH

B(K;) < 2.6 x 107® at 90% C.L. E391a

Model-independent bound, based on SU(2) properties
dim-6 opera‘rors for sdvv Grossman Nir

B(KL) < £ x B(K )gos < 1.4x 1079 at 90%C.L.
T+



UV sensitivity

1 -0.37 (
(180 TeV)?

SLYudrLv Yy vr)



