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Kaon physics: why?

Kaons: protagonists of many discoveries since 1947!

Kaon decay experiments: the quintessential precision frontier experiments

- few decay modes
— simple final states
— large statistics
— Long history of successes!
* Hot topics — experiment:
— Rare Kaon decays

[especially the “golden modes”: K—mvv, K, -7, K, (—p'p]

— CKM unitarity tests

— Low-energy QCD tests

— BSM searches (e.g. LNV/LFV decays, on-shell BSM particles)
* Hot topics — theory:

— Precise SM predictions

— Lattice QCD
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Kaon physics: why?

Kaons: protagonists of many discoveries since 1947!

Kaon decay experiments: the quintessential precision frontier experiments

- few decay modes
— simple final states
— large statistics
— Long history of successes!

* Hot topics — experiment: This talk!
— Rare Kaon decays

[especially the “golden modes”: K—mvv, K, -7, K, (—p'p]

— CKM unitarity tests
— Low-energy QCD tests
— BSM searches (e.g. LNV/LFV decays, on-shell BSM particles)

* Hot topics — theory:
— Precise SM predictions
— Lattice QCD
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Kaon physics @ CKM 2023

133. Rare kaon and r::harm decays at LHCb

2L Paras Naik (University of Liverp
® 18/09/2023, 15:10
WG 3

36. K->mumu in the continuum
A Stefan Schacht (University of Manch

Rare K decays & ® 18/09/2023, 14:45 : _—
Low-energy QCD tests WG 3 Precise SM predictions

137. Update and outlook of rare K decays at NA62
2 Michal Koval (Charles University

® 19/09/2023, 15:10

WG 3

37. Perturbative aspects of rare K and B decays
& Martin Gorbahn (Liverpool University

® 18/09/2023, 15:35

WG 3

138 Search for K; — 7 v at KOTO

112. Improved radiative corrections for K3 decays and superallowed beta decays

2 koji shiomi (High Energy Acceler..., koji shiomi (Kyoto university & Misha Gorshteyn
® 19/09/2023, 15:35 ® 21/09/2023,11:30
WG 3 el
108 Global fit, proposal for KuSKKu2 measurement, CKM first row unitarity
2 Matthew Moulson (INFN e Laboratori N 38. K->mumu on the lattice
® 20/09/2023, 09:00 2 En-Hung Chao (Columbia University
WG 1 CKM unitarity tests ® 18/09/2023, 16:00

WG 3 Lattice QCD
109 New measurement r.:f KS - mev at KLOE-2 39. Rare kaons on the lattice
& Antonio Passeri (Universita e INFN R & Ryan Hill
® 20/09/2023, 09:30 ® 19/09/2023, 14:45
WG 1 WG 3
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* FCNC forbidden at tree level: 1-loop contributions as leading order
« Highest CKM suppression: BR ~ [V "V > ~ !

Decay

KL—>TEOV;
Kf—n'w
K —n'e'e
K, —nup
K, >
K 'y

BR(K; — 7%v)
BRSD(KL — 71'0[_"[_)
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The golden modes

[, /I Theory error” SM BR x 10" Experimental Experiment Year
BR x 10"
(before KAON19)
>99% 2% 2.94+0.15 <300 KOTO 2019
90% 4% 8.6 +0.4 17.3 1> BNL-787/949 2009
40%  10% 32+1.0 <28 KTeV 2004
30%  15% 1.5+£0.3 <38 KTeV 2000
10%  30% 79+ 12 (SD) 684 +11 BNL-871 2000
4% >30% 0.52+0.15 <80 LHCb 2017

“approximate error on LD-subtracted rate excluding parametric contributions

K, — n’ ' vs K — mvv:

BRsp(K, — p'p?) “—y— Re

charm
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high sensitivity
to new physics

) A%
ANAB2

* Larger theoretical uncertainties from LD physics
* SD CPV amplitude: y/Z exchange
LD indirect CPV amplitude: K, — K

* LD CPC amplitude from 2y exchange
* Explore helicity suppression in FCNC decays




K, —n'v at MOR.#: strategy oo W

KL—m“v; signature: 2ys + missing p.. + nothing else!

« K. momentum not known — Kinematics with p.
e Decay vertex reconstructed assuming M(yy) = m(n°)

* Particle veto is essential: m2, = 2F; By (1 — cos0)
> >
All other K decays have = 2 extra ys or > 2 tracks to veto, o WEE
except K, — yy: 2ys + nothing else (but p_ = 0) fimfy=h=—rm

Blind region

p Signal region /
KOTO Keystones: T A
— Pencil neutral beam (precise p.) 250 MeV*
— Photon rejection
— Charged particle veto
130 MeV™
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KL—>TC0\’V at IO"(;? K. Shiomi,

d
s v 19" Sept, WG3

%1 01 8 Eeam.ﬁov?er: 645kW at .high._est iljl 2021 %
140F T || 201921cata | =
SN (| IR SRV W NS | | . ? | Inanalysis T ™
120F | "7 2016-18 data 180 &
© - : | | (Phys. Rev. Lett. | | | 2
2 100F 2015 data 126, 121801) ww o 0o
= L (Phys. Rev. o
6 80 Lett. 122, [[]7 v £
g r | ®
§ 60 cot3data | B = A 08
- C | (PTEP 2017, | =
§ 40F| ooicon |1l gl =
2 onE T 20
g 20:— - I (R
< ok [ — L | i
‘ 2013 ‘ 2014 ‘ 2015 ‘ 2016 ‘ 2017 | 2018 | 2019 ‘ 2020 | 2021 ‘

t t t

t
. Additional barrel- -Calorimeter upgrade for nfy Kt veto: UCV
Prlmary beam: Detector upg rades type veto (IB) separation :|1mmt

30 GeV/c protons from J-PARC -Down stream Charged veto
Neutral beam (16°), 8 usr “pencil” beam, <p(K )> = 2.1 GeV

18/09/2023




Review of MO.#2016-2018 result ;- owm.

500

£ 439 0 0
450£436.79 353 * |0.53 1013 0 PRL 126 (2021) 121801
400 | . .
ssol ' Expected: 0.04 signal + 1.22 background events
Swf ik 1-9-"'_%'}- e Observed: 3 events in the signal box
= - | including signal region
2 250 [ -
2 =] BR(K, —7'vv) < 4.9 x 10 (90% CL)
s “VF 4 j | 10,00
wof B | 120
100 0 0
= 0.14 +0.06 0
50
0:...|........| N N T P SN | B B
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 .
Z,x (mm) Main backgrounds found:
— K, — vy from halo
Expected backgrounds Ist
Source Expected Collimator Colllmator F
(68%CL) Kk, = >
K, — m'2n0 0.01 +0.01 /V = _ <:
K, — yy halo 0.26 £ 0.07
Other K, decays 0.005 £ 0.005
K=, + Hiﬂ e 0.87 + 0.25 — K* decays from KL—>Ki conversion
n interaction in Csl 0.017 = 0.002\ 1st
5 from n in CV 0.03 +0.01 A Collimator Colhmator F
7 from upstream int. 0.03 +0.03 K, E== ! K* /
Total 1.22 +0.26 s = B=s I \b
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K, —n'vv at EO‘(VZ;?: 2021 result

— Suppression of dominant backgrounds

~ K:BG (K* = %%

Ist 2st
Collimator  Collimator H
P

- Installed Upstream Charged Veto(UCV) for K+ detection

- A plane of square scintillation fibers read by MPPC

0.5 mm- square fibers
tilted 25 degree

1mm-square fibers

— HaloK; — 2y

Ist 2st
Collimator

Collimator F

- Developed new cuts based on the difference of
kinematical distributions or shower shape

Shower shape Likelihood

Signal CSI Halo K CSlI calorimeter
2% = 2y KL_>27"'
L A
] Reconstructed Zuix .
18/09/2023 Karim Massri —

K. Shiomi,

19" Sept, WG3

Suppression of other backgrounds

+ Downstream Charged VGTO(DCV) Installed in the vacuum to detect charged particles
before hitting the down stream beam pipe

ey

Decay volume

v

e

Neutron direct hit on CsI

+ Calorimeter’s both-end readout

D ‘/ =

g 2N _ Observed

_ - 1. Ob served. |
% 450; . Expected

2 400 E,__ ................ R\ '\
\'{: 350215.?, .............. .0 0
- 286.1+ 2. 3 0.02:|: 0.006 0 :

% 3005 ..... i

. 2505y :
E 2007 * -Fe- | [Noevents g,
50E- 0 0 05
8 ‘ 0 195:1: 0 083 0

2000 3000 4000 5000 6000
Rec. n° Z,,, (mm)

BR(K, —avv) < 2.0 x 10~ (90% CL)

CKM 2023 — Santiago de Compostela 10




K* —a'vy at NA62: strategy

K* —m'vv signature:
Kaon track +
Pion track +

NOTHING ELSE 0 0 x| 0
Miss ~ my 1- =+ m.
DK |
& F :
‘= Q:E % i ——— 4
x5 A f b
. ""TI\"._ Ed% 3 0°1,_ :
/ S~ § £ B . .
£ AN Signal regions
£ S 0051
i £ :
< 1o 0l
VR PHPI R PO W WOPR PP ~0.05/—
R =T = S - T - S - R~ R -
0540 20 30 40 50 60 70 80 90 100
p [GeV]
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(

VAGZ {,

_ pkl
23

) — prcllpal62

Main backgrounds:
BR(K"™—u'v) =63.5%
BR(K"™—n"n’) = 20.7%

NAG62 keystones:

— Precise tracking

— PID (in particular m/p)
— Photon rejection

— Precise timing

. |

Background
rejection
at ~ 10" level

11




The NA62 experiment

- Data taking periods & intensity

1| CERN SPS

Protons on T10

| protons IRCc Dump
5] Decay LKr
< Region
‘l_f)" T T T T T T T T
0 100 150 200 250

Primary beam:

* 400 GeV CERN SPS protons
Secondary hadron beam:
K* (6%) / ©* (70%) / p (24%)
p=75GeV, Ap/p~ 1%

60 x 30 mm? transverse size
Decay region:

60 m long fiducial volume
Vacuum ~ O(10-° mbar)

~5 MHz K" decay rate

18/09/2023

Z [m]

NAG2 ()

B0O|—

'

200

2016 |

£0.12610” K" decays
~ 40% nominal

2017

1.5x10" K* decays
~ 50-60% nominal

?2.6>< 102 K* decays
~ 60-70% nominal

Adp 16

Dec 16

| | |
Apr17 Aug 17 Dec 17 Apr 18 Aug 18 Dec 18

Nominal intensity: ~ 3 x 10"2POT/spill — 750 MHz hadron beam

ol
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NA62 Runl (2016-2018) result

NAG2 ()

2018 data:

Background | Subset S1 | Subset S2
atn0 0.23£0.02 | 0.52+0.05
utv 0.19£0.06 | 0.45+0.06
mtr~ ety 0.10£0.03 | 0.41 £0.10
rtatn— 0.05£0.02 | 0.17+0.08
Tty < 0.01 < 0.01
w0ty < 0.001 < 0.001
Upstream 0.54103% | 2.761020
Total 1117950 | 4.3170:23

JHEP 06 (2021) 093

0.12
0.1
0.08

[GeV¥c!]

miss

- Data
SM K*—>mtvw

2

0.06
0.04

0.02

i

-0.02
-0.04

H‘\H‘\H \II‘HWII\‘H\|IH‘HI|H

T R

Expected: 7.6 signal + 5.4 background events
Observed: 17 K" —n'vv candidates!

T B TR |
35 40 45

7t momentum [GeV/c]

[y
<
-]

Combined NA62 2016-2018 data

SES =(8.39+£0.53 ) x 107
Expected signal: 10.01 £0.42 +1.19_,

Expected bkg: 7.037%
Observed: 20 (1+2+17) events
BR(K*—a*vv) = (10.6%3% tat :I:0.9syst)>< 101

3.40 significance, most precise measurement to date!

18/09/2023

Br(K, —n'vv)
2

107" =

10—11

KOTO Exclusion 90% CL

Grossman-Nir Exclusion /—

NA62 Runt

E787/E949

5 10 15 20 25 30 35
Br(K*—ntvv) x 101
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K — p'p at LHCb %

PRL 125 (2020) 231801

EcaL HCAL
SPD/PS M3 —250mrad
RICH2

Data samples:
*Run 1: 3 fb ' (2011-2012 data) at 7-8 TeV

* Run 2: 5.6 fb' (2016-2018 data) at 13 TeV

2
— 10 —
< 1 LhCb Kg = pp
% 101 N KE N l~4+ﬂf
= ————— K{— ntr
< q00d NILL o s |
= 1074 Combinatorial 3 LHCH
E ] — Total ﬂl 87
Q -1
45_@7 10 6 Run 1 only
'.-9 ----- Run 2 only
o Sk 14 —— Combination
= 10_2 — T T T T T 4
8 480 500 520 540 560 50
+,— 2
M(pp™) [MeV/c7]

Runl+Run2 result:

BR(K —pp) < 2.1 x 10 (90% CL)
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The golden modes — today

Decay ', /' Theory error” SMBR x 10" Experimental Experiment Year
BR x 10"
K —nw  >99% 2% 2.94+0.15 | <200 jOt.s 2023
Konw  90% 4% 8.6+ 0.4 10.6 0, +0.9 NAB2 2021
K —n'e'es 40%  10% 32+£1.0 <28 KTeV 2004
K —nu'u 30%  15% 1.5+0.3 <38 KTeV 2000
K —p'u 10%  30% 79+ 12 (SD) 684+11 BNL-871 2000
K —pu 4% >30% 0.52+0.15 <21 % 2020
T Im @ ) "approximate error on LD-subtracted rate excluding parametric contributions
22
T SR = 10% ¢
O 37 s
€ 3 % R - .
m ¢ T N KOTO Exclusion 90% CL
o |7 ' B M.q
BRsp(K; — p'u) ~—— Re = 107
charm =)
/ 7
. [ NA62 Runi
Indirect boundary 10 = E77/E049
on K, —n’vv by NA62

10—11I\I|\III‘I\III\I\l\ll\l\l\l‘\l\l
5 10 15 20 25 30 35

Br(K*—>n*vv) x 10!
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P. Naik, 18™ Sept, WG3

Rare Kaon decays v koval, 19" sept, a3

Ko = pppe
e P PRD 108 (2023) L031102
—I— Data i D:tamo ]
3.5 :— LHCb = === Signal excluded at 90% CL —: 3.5 :— LHCb R ;i:nal :xc:luded at 90% CL —: Cb
C —1 ] C —1 ]
- 3:_S‘Ifb E o 3):_S.Iﬂ) ; %g
> E ] ; E : . L]
2 25 1 3ok 1 SM prediction [EPJ C73 (2013) 2678]:
2 F 2 25¢ fon [EI )
e LF Y2 ; BR(Ky — p'pp'p) ~ (1-4)x10
5 - ] F ot -13
3 sk 1 sk BR(K, — pppp) ~(4-9)x10
S - ] = "
5 & |
+o—n e —12
0.5 I 05 L BR(K — p'up'p) <5.1x10
. : o i _ n B _9
o LLLLLLLTBbLE LI LLLL D | JULILE  RLLLL ik nan I BR(K, — p'pup'p) <2.3x10
450 500 550 600 450 500 550 600
my, [MeV/c?] My, [MeV/c?]
K'—-n'uu . .
HH — Test of Lepton Universality JHEP11 2022)011 NABZ2 Q
L 10°F |- Data i T Cenvalvaveandtomiemos || o 05T TTTTITIITT e AR G
%) 108 I:I K> etveuru -K TRV TR Statistical+systematic errors % i ° NAG2 (TEHM-)
E K —»rrev, EEK - Vu ——— Statistical errors only = - R e NA48/2 (muy)
5 107 K 5o K > mtpt o —— PDG average (2022), without NA62 result g 06 \\\ _____ NA48/2 (nee) i
b= 6 E787 (1997 S r NN — — EB65 (nee) (stat. only) N
§ LY 207 eve(nts ) ,8 - h B
L 105 & —O?j ]
E865 (2000) £ L i
104 430 events e S L i
10° L 0.8 . ]
HyperCP (2002) L i
102 11%|:vents ( . i ]
-0.9— —
10 NA48/2 (2011) - § 1
1 3120 events - 1
0 NA62 (2022) " T E
1072 AN fTﬁT?‘e\V?I‘“.S.\H‘.|....|....|.H\H..| e s
380 400 420 440 460 480 500 520 4 5 6 7 8 9 10 Af —0.64-062 0.6 —0-5;30;?65]’2(;2}548;25;&0&5
m(mup) [MeV/c?] B(K' - wrurp)x10 p f
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o o M. Moulson, 20" Sept, WG
CKM unitarity tests " beser 20" son WGl

Cabibbo Angle Anomaly: Disagreement leads to (apparent?) violation of CKM unitarity

V2 4+ 72 +]72] = 0.9985 £ 0.0005

v | 202(:;ERN Phy51l‘cs Beyond %olhders Document:, n prepaatlon K —7ev
| e . coend | JHEP 02 (2023) 098
= ll‘. - | 2104? ® DATA
I.I ’ § —MC-ALI-_
'1‘ -0.001}+ g . — Mc::e:[/
.‘I B "E 1 03 - — MC-others
Vis/Vua from K, ' [ Ao I
V.s from Ky '-l i A
0.220 - | v, from g decays .It' _g,ooz_l |- A®) | 102
1 P TR S T NN TR T S L il I T T T A S S P T T S A TR N S
0.965 0.970 0.975 -0.010 -0.005 0.000 0.005 0.010
Via Aeg
10
L o L b Ly By Bl
Motivate new measurements in the Kaon sector: S eV
V from leptonic/semileptonic decays
us P P Y £(0)[V_|=0.2170 % 0.009
but also of
BR(K'—m'u'"v)/BR(K'—pu*v) [PLB 838 (2023) 137748]
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Low-energy QCD tests M. Koval,

19" Sept, WG3

1 K'—nle'v
= i a0’ THEP 09 (2023) 040 MAB2 &
% | S, selection - —— Data 0 20F S, selection N e
S (ot 4 s MC K., | 8 18:— | Selectio ™ -Data
> VE > MC K., modified| & 19F o
S c o . Accidental O 16 MC KeG
o i R L MC K*—n’nle*v E C i
3 10° 1 “ £ 14E T-symmetry violation test:
S g 2120
5 I o ., 105 o g=Pr e xpr) , _ Ny =N
o 10 -~ ”q# 8E (Mg -c)3 7’ ¢ Ny + N’
; : ﬁﬁﬂﬁ% o i 2 # 6:_ - " _ 3
Iﬁﬂﬁ? ¢ - A =(-12£28 +1.9 )x*10
10§ 4 i y
E 5 E e e
:‘ IR T AT T T T O U AR RN AN A ol X1 03 E ,_._['Q:m mﬂ*% 1 Oﬂq
-0 -15 -10 -5 0 5 10 15 20 e S
M5 (Koa,) [MeV2/cY] &
| K-t ) ) -
Ty Paper m preparatlon Mﬂﬁz \Qa
T~ Data P ' :
L + + i i
300F- | K+_> oy E787 (1997) E787 (1997)
E . K - TC+TC+T[_ 31 eventsi ; 31 qiwents
250 K - na’n’ m
C + 0 N:A48!2 5(2014)_ Nﬂ:§4812 (2014)
200- \:| K - TT ’Y 14'8eventsi 143%events
E NA82-2607 {2514) NI-'%\BZ-ZOO? (2014)
150 232 evenh% 2325 events -
100E NA48/2 + NA62-2007 (2014) NA48!2 + NA62-2007 (2014)
5 381 events; i —r 381; events I
50: NA62 (2;022) -éthis result NASZ (2022) - this result
r | | | 40%,’.9 even&s = 403?9 events —_
L1 I | I | | | L | Ll i Ll i Ll Ll L L Ll L L . | , \ . \ | . | . , \ , , . , . ,
02 025 03 03 04 045 05 R e S R T R T 55 4 7 2 25
2=M, (m)/ M Br(K'— xyy <10’ ChPT O(p") ¢
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BSM searches in Kaon decays

=3 g —— arXiv:2307.04579 WAEZ é
i L Kt a9
& f 2 mK e, ? %35
& S SR, x [ [UL on K+—>Tt aa, a—e" e
?J @ WK - "Top 3 3-|
E102:_ .............. g -E _)ﬂ:?? ex cﬁg :\
m = L
- @ oo osf QCD axion excluded _____
i Efjﬁoﬂ ; f \ as explanation
10 g_ O O . : (B -K —H'I:R D % 2: \ Of " 1 7 MeV anomaly" .....
c 107 "= oo K'=nie'v s \
L K —r ey 3 i 5f ~
PR W O a1 2 N
RRIAE" TNl 5 2y RN
[ 2 f N
10—2 I_I_I_I_LI__ 05 \__ /
1 0_1 :_ .................... 400 450 500 550 600 _H /
F m_,, [MeV/c?] r
C [ | L1l | I | | | L 111 L 111 —l—| [
O\IIIIIIIIIIIIIIIIIIIIII
-10 0 10 20 30 40 50 60 70 Y reteete) < 1.4x10°8 20 40 60 80 100 120 140 160
Ap = pver‘tex eam [GerC] BR(K ) Axion mass [MeV/ CZ]
[T NV W+ dorave |
— PLBSR 02 137679 - LLNV K" decays | — PLB 830 (2022) 137172
o ||—=Data L C | [«Data é
%1 02:|:| K+—)J'C T Wﬁ% E =2 1 |EK >ngetvy Wﬂﬁy :Q‘;
S [ K+—>n:*:t‘e*v . ¥, < 1 E E | _E10Mev i
= oy : > | Ee
S [ K'>r*e'e + g £ . OK —x'myy
~— = g'l 0 E_ E'(‘lﬂ MeV
% + i w L E .K+_’I+EET
g E | E»10Mev
@ 10 1o i
107
3 ¥ E
, 107
1 107 3 ;
I | | 1|l [ 10 _I Ill 11 I I
-0.02 001 0 0.01 0.02 0. 03 0.04 0.05 200 250 300 350 400 450 500 550 400 420 440 460 480 500 520 540 560 580 6200
Mss [GeVeY] m(7 e*e*) [MeV/c?] m(r n’e*e*) [MeV/c?]
BR(K" — pve'e’) <8.1x10™M BR(K* — we'e’) <5.3x10! BR(K" — n%’e’) < 8.5x1071°
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The golden modes — short-term

Decay ', /' Theory error” SMBR x 10" Experimental Experiment Year
BR x 10"
K —nw  >99% 2% 2.94+0.15 | <30 Ot  ~2025
Komw  90% 4% 8.6 + 0.4 ~15% precision ~ NABZ ), ~2025
K —n'e'es 40%  10% 32+£1.0 <28 KTeV 2004
K —nu'u 30%  15% 1.5+0.3 <38 KTeV 2000
K —pe 10%  30% 79+ 12 (SD) 684+11 BNL-871 2000
K —pp 4% >30% 0.52+0.15 <21 % 2020
T Im @ ) "approximate error on LD-subtracted rate excluding parametric contributions
% ]
11 Shtz- g 107 ¢
) Do, < - \“3 ~ 2025
£ 3 2 T [ S
m | b M'J . \QQ
< - — 10—9 - \“ //
BRsp(K, — p'u) 7_1 Re = - 055 -
cranm - 1 KOTO exclusion 90% CL
KOTO: Further improvements in - %
K* background suppression in 2023 107" = 2
Expect SES ~ 107" in a few years / g
L g 4 NA62 Run1 [JHEP06(2021)093]
NAG62: Run2 (2021-2025) data taking Sl BN
with improved upstream background suppression 10 5 10 15 20 25 30 35
Expect BR precision ~ 15% by 2025 B(K*—7*vv) x 10"
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KL—m"v; at JPARC:

KOTO-II

* Long-term plan (from 2006) to upgrade to reach O(100) SM event sensitivity
* Now beginning design work for a new KOTO-II experiment

* Increase FV from 2 mto 12 m
— Complete rebuild of detector

* Increase beam power to > 100 kW

P

2

P8 |
HE S

KOTO

« New neutral beamline at 5° — Larger K, yield

18/09/2023

'EH Extension of hall with 2nd target
O Em— 9 | HER K10
7 _ el m il Dump -
- | e 2 £ ~{ KL2 beam line
%& Tl (T2 ' —
71 iy "~ Bl Rl Py ‘Extraction angle: 16° - 5°
e & IK1.1/K1.1BR

- ‘\ N 56m .

Higher momentum &
higher intensity K,

2m

— 12m !

KOTO Step-I1

Requires hadron-hall extension
— Joint project with
nuclear physics community
— KOTO-II is a flagship project
— Described in KEK Road Map 2021
for research strategy 2022-2027
Hall extension works ~ 6 years

Sensitivity studies for smaller beam angle & larger detector:
~ 35 SM events with S/B ~1 at 100 KW beam power (3 x 107 s)
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K* —xm*vv at CERN: HIKE-Phasel /K

High Intensity Kaon Experiments
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HIKE-Phasel improvements wirt NA62:

— Improved timing to be able to stand the intensity increase (x4)

— Equal or better key performances at high-rate to keep background under control
[e.g. kinematic rejection, photon rejection, PID]

— Up to x2 increase in signal acceptance thanks to new, more granular/performant detectors
[higher efficiency in K-t association, PID, kinematic rejection] & fully-software trigger

— Further suppress dominant background from upstream K* decays
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K, —»n't*t- at CERN: HIKE-Phase2 £/K;
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A multi-purpose K decay experiment focussed on K, —n’"" decays
* 120 m long neutral beamline:
* Secondary beam opening angle = 0.4 mrad; 2.4 mrad production angle
¢ Mean momentum of decaying K, mesons =46 GeV/c

* Reconfigured HIKE-Phasel detector:

* Kaon tagger, beam spectrometer, RICH, small-angle calorimeter removed
* STRAW spectrometer shortened, chambers realigned

Number of spills 3% 10°

Protons on target 6 x 10"

Ky decays in FEV 1.9 x 1014 First observation @ > S0
Mode Ns N Ng/y/Ns+Nz 08/8 and measurement of both
K; — nlete” 70 83 57 18% ultra-rare decay modes
K; — nutu= 100 53 8.1 12%
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K — p'p at LHCb: prospects

7.6.1 Rare kaon decays

In the SM, the K — upu~ decay is long-distance dominated, with subdominant short-distance

and the decay rate is very suppressed. For example, the SM prediction B(K?! —
ptp sy = (5.18 + 150 p + 0.025p) x 1072 can be compared with the current experimental
upper limit B(K? — P e < 8 % 10719 at 90% CL. Therefore, even small BSM
contributions and BSM-SM interferences can compete with the SM rate. This has been proven

to be the case in leptogquark models . as well as supersymmetric models [390]. In the

left) or even saturate the current experimental bound in certain narrow regions of the parameter
space [390]. The CP asymmetry of the K — ptp~ decay is also sensitive to BSM contributions
and experimentally accessible by means of a tagged analysis.

The LHCb prospects for the search for K¢ — pu*p~ decays are excellent. With 2011 data
the experiment overtook the previous world best upper limit by a factor of thirty [391], and has
recently gained another order of magnitude . The right hand side of Fig. [7.9 shows the
expected upper limit for B(K? — ptp™) as a function of the integrated luminosity multiplied
by the trigger efficiency. It can be seen that if the trigger efficiency is high, as expected from a

contributions. However, the long-distance contribution is still very small in absolute terms,

latter, B(KY — p'pu ) can have values anywhere in the range [0.78 — 35] x 10 !2 (see Fig. @

LHCb Upgrade Il TDR |

full software trigger, LHCh can explore branching fractions down to near the SM prediction.
Currently, the only existing measurement of B(KY — 7'u*pu~) comes from the NA48

experiment _
B(K? = 7% p~) = (29715 £0.2) x 107"

In the Upgrade II LHCb can achieve a statistical precision of 0.11 x 10~ with 300fb~! of
integrated luminosity, assuming a trigger efficiency of 100% [393]. Assuming a trigger efficiency
of 50% LHCb will still be able to significantly improve on the NA48 measurement. Apart
from the branching fraction, the differential decay rate in the dimuon mass contains interesting
information about the form factor parameters ag and by [394). The LHCb Upgrade II can reach
a 10% statistical precision on the form factor term |ag| with free bg [395].

Other kaon decays that can be studied at LHCb include K™ — mpup (both with opposite-sign
and same-sign muon pairs), K? — 4y, or decays involving electrons in order to test Lepton
Universality . The LHCb acceptance is such that it favours the sensitivity to K_f;]' modes
over K modes by about a factor 1000 due to the longer KU lifet.im(.‘El
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10" K /fb~' produced in LHCb acceptance
— ~1 strange hadron/event!

Vast K program for Run 3
Expected improvements on:
« K—pp

« K—n'p'p
o Ki—p'pp'pe
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The golden modes — long-term

Decay I',/I'  Theory error” SM BR x 10"  Experimental Experiment Year
BR x 10"
K —rw  >99% 2% 2.94+0.15 | 20% precision KOTO-II ~ 2040
Kf—n'vv 90% 4% 8.6+04 5% precision m - phasel ~2035
K —n'e'es 40%  10% 32+1.0 20% precision m - phase2 ~2040
K —nu'u 30%  15% 1.5+0.3 20% precision m - phase2 ~2040
K, —pp 10%  30% 79 = 12 (SD) 1% precision m - phase2 ~ 2040
K—ppw 4% >30% 0.52+0.15 SM sensitivity % ~ 2040
T Im @ ) "approximate error on LD-subtracted rate excluding parametric contributions
QZ ® 8 —~ 10_8 =
T T 0{#% g E
S iy A aur® | ~2040
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Conclusions

Rich physics programme with Kaons

— Recent results:
— Rare Kaon decays: B B
— Golden modes: K, —n’vv (KOTO), K'—n*vv (NA62) and K — p'p (LHCb)
— K'—»n'pw'u (NA62) and K, — ppp'p (LHCD)
— CKM unitarity tests:
— Cabibbo angle anomaly: motivate new measurements of V. with kaons

— New measurement of V  from K .— mev (KLOE)

— Low-energy QCD:
— K*—nle'vy (NA62), K'—m'yy (NAG62)

— BSM searches:
— K*—>n'e'ee’e analysis & K'—naa (a—e’e") interpretation (NA62)
— Many LFV/LNV modes (NA62)

Prospects:

[Short-term] Clear strategy defined for experimentally improving on golden modes:
— Reduce current main sources of background
— Run at higher beam intensity

[Long-term] Next-generation of Kaon experiments currently being designed
 J-PARC: Plans for KOTO-II to measure BR(K, — m’vv) at 20% precision

e CERN: Proposal for HIKE to measure BR(K*— n*vv) at 5% precision
and to measure BR(K, — n°0"{") at 20% precision

— Bright future for experimental kaon physics!
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