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Kaons: flavour physics laboratory@ CERN SPS

The quintessential precision frontier experiments:
few decay modes, simple final states, large statistics.

Sensitive probes of new physics:

Energy scale
A Flavour physics

+ Heavy New physics < Virtual NP contributions

in SM-suppressed processes

K—>7tv;, K-l
K'—e v/ Kf—pu'v
LFV/LNV K decays
(K—mpe, K'—»m £70)

and more

T Standard Model TR K'—m'X (X—invisible,
- - X—L070, X—vyy)
: -~ & Direct search for light NP Lo vy
T IEIghEBrNeHIPIySICcS produced in meson decays K'—{4'N,

K—maa (a—e'e)

AN more
1N ] T




Kt — vy

SM: box and penguin diagrams

S W 4 S W d

d W vV vV vV 1% vV

FCNC process with highest CKM suppression
A ~ (m/my)?|ViVig| ~ N
Dominated by short-distance contribution (top quark)

t quark @ NLO QCD + 2-loop EW corrections,
¢ quark @ NNLO QCD + NLO EW corrections

Hadronic matrix element from BR(K*—e* ')
“Free” from hadronic uncertainties

Exceptional SM precision
[arxiv:2105.02868]

K" — vy

K — 70y

Kaon Unitarity Triangle
VudV:b + Vch:;, + V,dV;‘; =1

SM branching ratios
[JHEP09(2022)148]

7.86£0.61
2.68+£0.30

Sources of uncertainty:
K*:SD ~ 2%, LD ~ 3%, Parametric ~ 7%
KO:SD~ 2%, LD ~ 0.8%, Parametric ~ 11%

Before NA62: BNL E787/E949 Br(K+ — mtvv) = (1.73112) x 10719



Sensitivity to new physics

Grossman-Nir bound

e Models with CKM-like
BK, — 71v0) < 43B(K+ - n71D)

> 20 1 ' ' ' T flavor structure
- b’,' Buras, Buttazzo, Knegjefis _Models with MFV
X c1 JHEP 511 BR(K; — TCOV\_/ T
= 31 v e Models with new flavor- ( i - _) x —+ <1
{ s f’:' arg A'L violating interactions in BR(K* = 7tvy) 1
=] g v,V | which either LH or RH
7 ‘%',' e couplings dominate
) £ —Z/Z' models with pure
el (‘)a’,’ / LH/RH couplings
o 10} 5/ b 4 ] —Littlest Higgs with
,,' T parity
’:' e Models without above
¥ constraints
sf 1 Ar EEAR Only; , —Randall-Sundrum J
"’ < |€K| o Im AL(R) / MZ(/)
]
Y/ & w
\General NP L’ZMAL' Y
]\/12[’)
% 5 10 15 20 25 30 _
BR(K* — n*vv) x 10M

Simplified Z,Z" models [JHEP 1511 (2015) 166] Important tO have

Littlest Higgs with T-parity [EPJ C76 (2016) 182]
updated theory scenarios

Custodial Randall-Sundrum [JHEP 0903 (2009) 108]
MSSM non-MFV [PEPT 2016 123B02, JHEP 0608 (2006) 064

LVVF models [Eur Phys J C (2017) 77]



Kaon rare decays
CERN: NA62 (K*), LHCb (Ks)
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NAG2

The NA62 experiment Qi etan Facig

Fixed-target experiment @ CERN North Area M=
400 GeV proton SPS beam

oo e
s g A )

Main aim: measure

Br(K*™ — 7T vv)with
decay-in-flight technique

Broad physics programme:
« Kaon rare decays

« Searches for LFV/LNV

* Precision measurements
« EXxotic searches

Timeline:

« 2016-2018: Run1 (2.2 108 POT),
first observation of Br(K* — 7tvv)
« 2021-LHC Long Shutdown 3:
Run2 with improved detector




The NA62 beam and detector

NA62 collaboration,
Un-separated hadron (p/x*/K*) beam. JINST 12 (2017) P05025

SPS protons: 400 GeV, 3x10'2/spill. LAV: large-angle Hadronic "
K*: 75GeV/c (+1%), divergence < 100urad. photon veto (12 stations) calorimeter uon

600 MHz beam rate; 40 MHz K* rate; 0,=70ps dz‘j\euc\ﬁ;)r
~5 MHz K* decays in fiducial volume
Dump
: RICH ““

.

GTK: beam

tracker
x Vacuum

T KTAG Cherenkov
:|RICH

kaon tagger
=70ps \
400 GeV
SPS protons, .. 1 Spectrometer: Small-angle
Anti-counters Ig)eegci%)r/\ i straw chambers | kr EM  Photon veto
calorimeter
T ){){ I T T 6IO m T T T T T T T T T T T T r —>>
0 100 150 200 250 Z[m]

Un-separated hadron beam: find K*
Boosted kaons (75 GeV)



NAG62 technique

Tag K™ and measure momentum.

|dentify 't and measure momentum. Decay mode Branching Ratio [PDG]
+ o e K* = u'y, (63.56 +0.11) %
Match K™ and z™ in time & form vertex. K+ 5 5770 (20.67 < 0.08) %
i 2 = _P)? Kt >t (5.583 = 0.024) %
o Determinem, . .= (P — P),)

Reject any additional activity.

@ (100) ps timing between detectors
0(10%) background suppression from kinematics

Pg+ = > 107 muon rejection

> 107 rejection of z¥ from K+ — 777" decays

Extreme challenge but... few decay modes, simple final states,
large statistics. Maximum use of data for bckg evaluation.



NAG62 technique
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g 0.12 . 2018 Data
° 3 : SM K*—>xtvww
Result: 2016+2017+2018 data ;
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[JHEP 11 (2020) 042]
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0.15210:093 | 0.2674+0.020 | 1

1.464+0.33 | 2.16+0.13 2 NSMexp 4ocumes:
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BK+ - ntvv) = (10.6139 | stat T 09syst) X 1071 at 68%CL | 4

In background-only hypothesis: p = 3.4 X 10~* = significance=3.40.
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Search for K"‘ N 71-+X [JHEP 06 (2021) 093]
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Search for K™ — 7", |

0

Basic event selection as K*—ntvy, but
applied to K*—n*n® region on 10% of Run1 data

Main K*—z*an® (7 —yy) background estimated

from MC with single y efficiency by tag-and-probe

Expected n° —yy events: 10*22_g, observed: 12.
[reaching limits from y-veto inefficiency]
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Interpretation of K™ — 77X

Limits on BRs for K* — 71X, K — n'n’, ., Kt — 1" X(X—yY)

mv>

translate to parameter space for hidden-sector portals

[PLB 850 (2024) 138513]

[ReptProgPhys 86 (2023) 016201] — 107!
10_2 - T T T : T ! = 'T
E K+—>TC+TIT inv :: E ?5
[ \ | R
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55 B o S i 0 50 100 150 200 250 300 350
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. BC11 model, ais an axion
BC4 model, X is a dark scalar

[BC models within the Physics Beyond Colliders framework]



Upgrading NA62

2016—18 analysis proved NA62 technique.

Limitation: tight cuts to reject backgrounds = reduces signal efficiency.

To improve: need new tools to control background.

N(exp) K™ decays in decay tank
Background 2018 (S2)
+0.90
Upstream 2,76_0.70
K* — z*n° 0.52 £ 0.05 © Kapi
@ Kmu2
P ® K3pi
K* -ty 0.45 % 0.06 Ked
_ Upst
K™ > a'ne™v | 041£0.10 © Upstrear

K* - n%z"n” | 0.17+0.08

Total 4.3 11—8:2 % Upstream background




Upstream decays can be detected and actively vetoed.

2021 - addition of VetoCounter TCX Collimator |33
RICH

Sketch only

Bend4A

ANTIO

Bend4

Fake vertex

Scattering at STRAW1

Vacuum Tank

Coll. (TCX)




2021-2022 detector improvements

[ VetoCounter ] MUVO

STRAW
GTKO LAV

GTK

KTAG

Target

[ Beam line rearranging ]

Additional GTK station

Beam line rearranging to swipe away upstream 11"

VetoCounter to detect upstream decays Data taking pushing
to veto accidental particles to the hardware limit
HASC-2 to further suppress K* — m*n® decays of intensity for NA62

Intensity increased from 60% to 100% of nominal



Particle identification performance (2021-22)

Calorimeters RICH

Use BDT classifier for LKr & MUV1 ,2 Designed to dlst]ngu|sh between
+ MUV3 (fast u* detector) nt/ut with 15 — 35 GeV/c.
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Signal sensitivity

0

Normalisation channel: K — z%7z” , momentum range p € [15,45] GeV/c

Effective number of K™ decays, Ny: Single event sensitivity:

Downscaling factor of
normalisation trigger
(generally 400) 1

\AN D ‘%SES - N
NK — Z A K Rngg sz/
/ Y Random veto //
\ efficiency Signal selection

Number of (Branching ratio corresponding to expectation of 1 event)

normalisation events

Branching ratio of Acceptance of Trigger efficiency acceptance
K* — 770 decay normalisation selection (ratio)
Number of expected SM events: gM
(For comparison to previous results use %> = 8.4 x 10711 NSM vy
[JHEP 11 (2015) 166], but results are independent of this choice) UL

T
9B SES



Single-event sensitivity
(2021-2022 data)

N SMexp — BR(T[VV)SM - BR(T[VV)SM A (N,.xD )ls £
TIVV m 0/1%trig|~RV
SES BR(m) |A_ i
—ii— Normalisation, K'—»n*n® —&— Signal, K'>a*vv
§ F .
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8 r —
S 0.02- - il
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8 * .
20015
%) L .
0.01 . -
0.005] -
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Track momentum [GeV/c]
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0.92F 1
- T
0.9
0.88f
C i
0.86[ T
C i
0.84F ?
: :
0.821- |
C *
0.8[
0789520 25 30 35 40 45

Track momentum [GeV/c]

Hanaom veto efficiency, e,

With respect to 2018 analysis:

* Improvements in energy
reconstruction

« "Bayesian" K*-11* matching

* Increased signal yield

* More precise €ig and ery
evaluation

1% : ...........
t—o— H i
L e == : M e SR - g g S
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[Random veto (RV): efficiency
loss due to beam activity]



Background evaluation (2021-2022 data)

Events passing 7vv selection
Background Reglons 2021—22 data [/ sinairegions

— 0121
1" ~ +_ —> T +ﬂ +7Z,' D Control regions
3 D Backgrounds from kinematic
% 008 ; i m— misconstruction tails in m
o - . . — miss
' 0.08] /
]; 0_04: Region 2 Co_ntro_l sample events
ECR2} Number of events in Signal Regions
(tE i . e—— T T > passing signal selection \
CI-R1 | B o “ B in background region
o | Region 1 Z Kt = ntn’, T, ¥ NCS
SRS | Ny = Nitor * £, LR
: R - bkgR tail — bkgR NCS
el bkgR
-0.04] CRmu3 /
B WEEEREEE ST AT Y Kinematic tail fraction: Control sample events
-0.06 15 20 25 30 35 40 45 measured in control sample in Background Region

* momentum [GeV/c]



Backgrounds: kaon decays (2021-2022 data)

0 + +
Kt - atn'(y) K™ > u'v
cc(:)ntrol sample of Kt —» 7 *+70 events with control sample of Kt - u*tv events
n° — yy and 2 photons detected in LKr: with RICH PID=z" and Calo PID=x*:
£ . — All regions | | 2 10°F | . [—All'regions
2 10 MWRi,R2 || ° F | | (EER1, R2
S 10° R | S 3 | | -CRmu
5 CR1,CR2 | | - | | | mm cRmu2
2 10° WcRmus || 5 1072 | | | mmCRmu3
3 CR3D | g af | *
10° \ Z 10° \ \
| -
102 | 10°E |
| -
10 \ 105
1 *
107" _1
-0.02 0 0.02 0.04 0.06 0.08 10
4 -0.02 0 0.02 0.04 0.06 0.08
r'l"i,zniss [GeVZ/C ] mﬁ‘iss [Gevz/C4]
e <1% contribution from K* — u*v followed by u* — etww.
Nyo(K* — z*7°(y)) = 0.83 £0.05 Nyo(K* = p*r) =0.9+0.2

Kt > 7z+7z0}/ : included with “kinematic tails” estimation

K* — u*vy : not included in “kinematic tails” estimation if y overlaps 1™ at LKr (leading to misID as 7™)
o Suppression: based on (Py — PM - P),)2 and Ey with ¥ = LKr cluster (mis)associated to muon.
e Necessary for 2021—22 data, since Calorimetric PID degraded at higher intensities.
« Estimation: min. Bias data control sample with signal in MUV3 : Nbg(I(Jr - utry) =08+04

« Validation: data sample without K* — "1y veto and PID = “less pion-like” (Calo BDT bins below z* bin).



Backgrounds: upstream (2021-2022 data)

match a1 O | | |
g : |—Pil
g [ pagp
N Upstream Reference Sample: = -
signal selection but invert CDA cut (CDA>4mm) g 0.35F
. 0.3 K
cda Scaling factor : bad cda —> good cda A P (CDA)
Probablllt ‘to ass K+ _ 7[+ matchln 0.22_ ..................................................................................................................................................
P match yep ° E N e
0.15[
. 0.1 P
Upstream reference sample contains 0.05E P (CDA)
all known upstream mechanisms. I ey
. L % 5 10 15 20 25 30
o N provides normalisation.
Jcpa depends only on geometry. "
c
P, ..., depends on (AT, Norx). 2
. . . . . . B 10?
(Time matching, intensity/pileup estimator) E
£
Invert & loosen upstream vetos to >

enrich with different mechanisms: 10
¢ Interaction-enriched: val1,2,7,8

e Accidental-enriched: Val3,4,5,6,9,10

e All independent. 1

Nbg(UpStream) _— 7 4—18 fSR Vall Val2 Val3 Val4 Val5 Valé6 Val7 Val8 Val9 Val10




Background evaluation (2021-22 data)

P - P.f [GeV?/c?]

mrzniss

0.14
0.12
0.15%2 632

0.08F :

% Signal regions

~ 0.06[
0.04 158 =

0.02

0
-0.02—
-0.041

-0.06

lllllllllllllllllllllllllllll

10 15 20 25 30

Sensitivity for BR ~4/S +

35 40 45 50
7t momentum [GeV/c]

B/S=0.5

Kt — ota0(y) 0.83 +0.05
Kt —7nta® | 0.76 £0.04
K+ — 7tx% | 0.07 £ 0.01
K™ = utv(v) 1.70 £ 0.47
Kt = utv 0.87 £0.19
Kt — putvy | 0.82+0.43
Kt —atata™ 0.11 £ 0.03
Kt = rtrnetv 0.897058
Kt — 7%ty < 0.001
Kt — wtyy 0.01 +0.01
Upstream 7.4%%%
Total 11.0733

e Similar but improved with respect to 2018 analysis for

same amount of data.




Signal regions (2021-22 data)

=(P_- P, [GeV?/c’]
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L 1D projection with differential background predictions
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Combining NA62 results: 2016-22

Integrating 2016—22 data: N,, = 1872, N, =51
bg 2 obs

[# Nobs = Nexo(s(0)+b) ENexs(b)

2021-22
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Category

Background-only hypothesis p-value = 2 X 10~/ = significance Z > 5
Bie_2o (Kt > wtvy) = (13.0733)x107 11

316—22(K+ - 7T+VV) — (13.0 tgg stat t%:g)syst)X1O_11



K™ — vy result in context

BNL E787/E949 experiment
[Phys.Rev.D 79 (2009) 092004]
t%16 18 _

o8 = ( ) x 1071

[JHEP 06 (2021) 093]

37 = (16,05
-

4.1
10.6+4!

) x 107!

13. O+33

16-22 __
& -2.9

V1YY

) x 1071

NA62 results are consistent
Central value moved up

New: NAG62 result from 2021-22 data

[CERN EP Seminar 24/9/24, paper in preparation|

' BNL

~ NA62: 2016-18

’ NA62- éozf-zz

| NA62: 2016-22

SM [JHEP 09 (2022) 148]
SM [EPJC 82 (2022) 7 61 5]

Fractional uncertainty decreased:

40% to 25%

Ili
10 15 20 25 30 35 40
B(K' =z vv)x10"

Rarest decay process
ever measured !



Implications of K™ — 77wy
Part of parameter space already ruled out

KOTO preliminary: [Eur.Phys.J.C 84 (2024) 4, 377]

f < 210 (KOTO limit)

'é Buras, B , Knegj
Fractional uncertainty: 25% o JHEP 4511
Still consistent with SM -
s
Need full NA62 data-set .? $ NA62
to clarify SM tension % p.
= e\
o
m %
Next target: | ~ 8 o 1 "'_;
at least x3 improved | STee<y Mz
precision to match ‘ i NP o 18t +8a1 %4
parametric theoretical : A
> 0 5 10 15 20 25 30
uncertainty by LS3 BR(K" — z*v¥) X 101

%16 22 __ (13 O+3 3) X 10—11

Uy -2.9




Anatomy of K* — #tvy

Kaon decays induced by scalar or tensor BSM operators

BR(K — mvv) = BRew(K — mvp) + > BRiav(K — 11,

+ + ayv KT pK* Kt KT K* ~K*
BK™ —m v) =]y fV +Jg fs +Jr fr

i<=j

_)+A_KL KL KL KL K* KL
B(Kp nvv)—]va +]S S +J7 T
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Probing 3-generation BSM

B(Bt — Ktuvo)

EFT with dimension-six semileptonic operators
built in terms of SM fields.

Minimally-broken U(2)> flavor symmetry acting
on the lightest two SM families.

Reduce the number of relevant operators to 5

[Allwicher, Bordone, Isidori,
Piazza, Stanzione,
doi.org/10.48550/arXiv.2410.21444]

B(K* — 77vp)™™ = (8.09 £0.63) x 107!
B(Kp — %)™ = (2.58 £0.30) x 107!

(for comparison)

B(KT — ntvv) = (123 £3.2) x 10711 B(K; — %) = (6.7+2.2) x 10~ !

- e Minimal U(2),
I o General U(2),

B(Kt — ntww)
B(K+ — 7T+UD)SM

B(B* — K*vi)

- e Minimal U(2),
| e GeneralU(2),

B(K; — 7vi)
B(KL — WOVD)SM



https://doi.org/10.48550/arXiv.2410.21444

NAGZ: K™ — wtutu~

[doi:10.1007/JHEP11(2022)011]

FCNC decay, long-distance mediated by photon exchange
Together with electron channel tests LFU

Events / (MeV/c?)

Data/ MC

10°

400 420 440 460 480 50

0 5

1 o
20

m(mup) [MeV/c?]

. Central value and total errors

Statistical+systematic errors

Statistical errors only

PDG average (2022), without NAB2 result
E787 (1997)

207 events

i

E865 (2000)

430 events

HyperCP (2002)

110 events

NA48/2 (2011)
3120 events

NA62 (2022)

27679 events M
| I | | I | | I | | | | I | I | 11 | | |
4 5 6 7 8 9 10 11

B(K* — m+u+u’) x 10°

IBR(K* > mtutu™) =(9.15+0.08)x108

A — N (cos Ok, > 0) — N(cosbk, < 0) QK” between K and u-
"B N(cosOx, > 0) + N(cosbx, < 0)  inthe pp rest frame

Arg = (0.0 £ 0.7)x1072 @ 68% CL



NAG2:

Kt - atutu~

W(z) = GpMz(a + bz) + W™ (2)

2 = m(utu)2/ME

Measurement K, candidates By x 108
E787 [8] 207 5.0 £0.4stat £0.7sy¢ £0.6ex¢ =5.0 £1.0 » =
E865 [9] 430 9.22 % 0.60541 £ 0494 =9.2240.77 £ 0'034;_
HyperCP [10] 110 9.8 +1.0ga; = 0.5gys =98 +1.1 g 0.032r
NA48/2 [11] 3120 9.62 & 0.215¢at & 0.115ys¢ & 0.07ex; = 9.62 £ 0.25 § 0.03F
NA62, this result 27679 9.15 % 0.064tat = 0.03gys¢ £ 0.04cxe = 9.15 £ 0.08 E 0.028F
Table 2. Comparison with the previous measurements of the Kr,, branching fraction. g 0-026;_
0.024f
Measurement Signal candidates at by plat,by) 0.02 25_
E865, Kree [14] 10300 —0.587 £ 0.010 | —0.655 % 0.044 — i
NA48/2, Kree [15] 7253 —0.578 £0.016 | —0.779 £0.066 | —0.913 0.02
NA48/2, Ky, [11] 3120 —0.575+0.039 | —0.813+0.145 | —0.976 0.018
NAG62, Ky, this result 27679 —0.575+£0.013 | —0.722+0.043 | —0.972 0.016

Table 3. Comparison with the previous measurements of the K* — 7+¢+¢~ form factor param-
eters. The E865 K .. measurement [14] does not provide the systematic uncertainties, nor the

correlation coefficient of the form factor parameters.

A lot more data

available, and coming.
Uncertainties are stat-related

Also, electron channel

to come

LI L N I B R B B |

—— K, Data
[ SM prediction

-1 0.5 0 0.5 1
cosé,,
day 6by | 0Brpuu x 108 | §App x 102

Statistical uncertainty 0.012 | 0.040 0.06 0.7
Trigger efficiency 0.002 | 0.008 0.02 0.1
Reconstruction and particle identification | 0.002 | 0.007 0.02 0.1
Size of the simulated Kr,, sample 0.002 | 0.007 0.01 0.1
Beam and accidental activity simulation 0.001 | 0.002 0.01 —
Background 0.001 | 0.001 — —
Total systematic uncertainty 0.003 | 0.013 0.03 0.2
K3, branching fraction 0.001 | 0.003 0.04 —
K, radiative corrections 0.003 | 0.009 0.01 0.2
Parameters oy and S 0.001 | 0.006 — —
Total external uncertainty 0.003 | 0.011 0.04 0.2
Total uncertainty 0.013 | 0.043 0.08 0.7

Table 1. Summary of uncertainties.



NAGZ: K+ —atutu~
W (z) = GpMz(a + bz) + W™ (2)
z=m(u*p")? /Mg

[JHEP09(2022)148] at* — aSf = —V2Re[VigVii(Cl — CF)]
< —05[" I e /v WYy R Sensitive to LFUV in SD contributions
O L 68% CL contours: ]

@ - NAB2 (myp) - [PRD93 (2016) 074038]
£ o6l c | == NA48/2 (muy) i
S L N\ S EEEED NA48/2 (tee) H : =
Q - N\ |—— EB865 (nee) (stat. only) | — LFUV with K™ - ™ £/
O - .
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= i i
(e - i
L _08_— —_ 100
- . Q'
: ] © 5
—0.9_— ]
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Form factor parameter a, 6CY

[doi:10.1007/JHEP11(2022)011]



Kao ns at J PA RC KEK, NDA, Osaka, Yamagata,

Jeonbuk, Korea, Pusan, NTU, Chicago

"

30 GeV proton from Main Ring of J-PARC
Slow extraction : 2-s spill / 4.2-s cycle

Beam power : 82 kW as of June 2024 * T1 target at Hadron experimental facility

* Beam extraction angle : 16°

* 20-m beamline + KOTO Detector

|Hadron Experimental Facility

4 - -
Materials and LS}
xperimental F‘af:w '

Jan, 2016

30 GeV
proton




KOTO concept

Key points of KOTO experiment:
1) K¢ pencil beam, only K direction known
— only PT information can be used (to reject Ki—yy)
2) Z reconstructed assuming 2 clusters from n° decay
3) Charged and photon vetoes to reject background

0

K, —» 7%7 7°+ nothing
Neutral beam line "
éq? Calorimeter
y absorber & —
A"
Narrow beam W&
o i
(< 2 L
390‘0&0“5 short-lived =
1st collimator q;?é\ 2nd collimator
Pro =Dyt D1 p Signal region
m, = 2E)E,(1 = cos ) T .
Po 250 MeV-t :
W) P
s I
3 . 130 MeV :
Z axis :
=beam axis




KOTO result of 2021 data analysis

KEK, NDA, Osaka, Yamagata, /PR o
Jeonbuk, Korea, Pusan, NTU, Chicago ® .o, “=

Black: observed

Final PT vs Z plot  Red: expected BG ~ Single Event Sensitivity =
Contour: signal MC (9.26 + 0.08stat = 0.75¢yst) x 1010

500

215 0 0
450 ?35.6:2.0:13.2 0.033:0.008:0003 |0
4001
{5 =
<X 350 1 g
¢ 3000 0.499:0.108:05 Nobserved =0
E = | including signal region
< 0 Y L W ¥ [0 .
" 2000 &L 0 .03 BR(KL—=110wW)<2.1x10-2(90% C.L.)
g 150 - . 10.253:008535 || 10002
100/ 0 0 List of the backgrounds
50 0.157+0.060+22s i
C Related to photo-
EL o Source nuclear interaction Estimated v.
1?)00 2000 3000 4000 5000 6000 - : Statistics
Rec. Zyix (mm) Upstream ] 0.060 stat.)i0.007 (syst.) oft(r;:t :?grtrd
KL—2m0 0.059 + 0.022 (stat.)(+0-051 t. inefficiency
- n (sta )(sys ) evaluation

We will submit the paper on this result soon.

K= 0.042 + 0.014 (stat.) fg:g% (syst.)

Sy 0.045 £ 0.010 (star.) % 0.006 (syst.)

Hadron cluster BG 0.024 £ 0.004 (stat.) = 0.006 (syst.)

Ob tained the WOr /d beS t /Iml L. n production in CV 0.023 £ 0.010 (star.) £ 0.005 (syst.)

Sum 0.253 + 0.055 (stat.) fg:ggg (syst.)

Aim to reach SM sensitivity by 2027



Rare kaon decays after 2030

Unfortunately, HIKE (high-intensity kaons)
at CERN was not approved CERN: LHCD (Kg)
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KOTO-Il and Extension of J-PARC hadron hall

Current hall 58 m - Extension of Hadron Experimental Facility
Double the area for Hadron/Nuclear and Particle physics
> Prepare T2 and more several beam lines, put KOTO Il behind the dump
Supported by KEK project implementation plan 2022

as a 1st priority project to request budget

Extended hall

E= B V¢
Extraction angle 5° - KOTO Il behind the dump
43-m long KL2 beamline

3 ; "




Prospects for K — z'yy

KEK, NDA, Osaka, Yamagata, 10 EXNEE—
Jeonbuk, Korea, Pusan, NTU, Chicago ® .o -=
O 10_7 =T 1771 LI I LI I T T T T T
'c-% = : v : v Upper limit (90% CL)
Dé) - O Single event sensitivity
E 10—8 E_ ................................................................................................................................. E
c = 07O 3
2 m OTO M IKOTO(ZOZl(Prellmmary) |
© " - . 2013 .
m 10 e ................ A e —
I - | | : o K, - n%vV search by KOTO
> - . [oro ; : [Sensitivity < 10710
R 10‘10 e A SIS s (2016-2018)f- e L o —
T - z z -
> i i i i i i i ;
- Standard Model 7]
10—11 ._E___ ............ ................ ................ ................ ................ ................ ............ __E
— | Next generatlon experlment KOTO Il W|th sen5|t|V|ty <1012 |

—12 | | | I | | | I | | | | | | | t | | | | | | | | | | | | | | | I | | |
10 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

Publication Year

Aiming at first observation of K;
— %9V in 2030s

Aim to collect O(50) with B/S=1 events in 2030s



KL —> 77:0[+{_

Contributions from long-distance physics amplitude
- SD CPV amplitude: y/Z exchange constrains UT n
* LD CPC amplitude from 2y exchange
LD indirect CPV amplitude: K; — K _
. P Lo - BRgp(K, — u'u) ' Re
« K¢— #°¢*¢~ will help reducing theoretical uncertainties, measure lagl charm

» measured NA48/1 with limited statistics

BR(K, — #n'vv)
BRgp(K, — #'t*L)

* planned by LHCb Upgrade

« K; — a%*¢ can be used to explore helicity suppression in FCNC
decays, give unique access to SD BSM effects in the photon
coupling via the tau loop

B(Kp > r'e*e”) = 3.54°0% (1.565%) x 107!

B(Ky — n'u*p”)

[arXiv:hep-ph/0404127,arXiv:hpe-ph/O4041 36, arXiv:hep-ph/0606081] (2 sets of values corresponding to constructive (destructive)
[arXiv:0705.2025, arXiv:1812.00735, arXiv:1906.03046, interference btw direct and indirect CP-violating contributions)
https://indico.cern.ch/event/1196830/]

Experimental bounds BR(K; — nlete”) <28 X 10~ piys Rev. Lett. 93 (2004) 021805
- Phys. Rev. Lett. 84 (2000) 5279-5282
fl‘0m KTeV. BR(KL N ”0ﬂ+ﬂ_) < 38 X 10_11 yS. hev ( )

Main background: K; — £ yy
* Like K; — ¢*¢~y with hard bremsstrahlung

Greenlee

BR(K, — e*eyy) =(6.0 £ 0.3) X 107 E*>5MeV PRD42 (1990)
BR(K, — u*uyy) =104 X 102  m,, >1 MeV



2206.14748, 2311.04878, 2404.0364 3]

Access to

photon coupling

Can be used to explore helicity
suppression in FCNC decays,

give unique access to SD BSM
effects in y coupling via T loop

0 p+ p— [D’Ambrosio, lyer, Mahmoudi, Neshatpour
—>
K, — 7"t

Lepton Flavour Universality Violation: We assume NP contributions of the charged and neutral
5 — : leptons related to each other by the SU(2). gauge symmetry
o i and we work in the chiral basis
40+ b("f i
o7 | { — I Ve e ©wo_ T
A & | 0C; = 0Cy = —0CY, 0CT #0C; =0CT,
o | Dy iy T
S ! B KOTO-I, Proj. A 30 mmm KOTO-II, Proj. B BR(K.»nee): 25%
10+ : I KOTO-II, Proj. B BR(K, - n°up): 25%
oF  Ktontv ! 20
0 Kiopp (Al > 0)
Ki-up (AL, < 0)
—-10F ‘.',. o Itl:g\;()::hK -t % 10 ch‘
“ems K-snlup
_20—20 —‘10 0 1‘0 2‘0 3‘0 4‘0 SIO 6‘0 I 70 o
6CH =6CF
! 1o of individual observables
. .. _10k B K* - ntvo (NA62-final 15%)
Bounds from individual observables: ~107/ME K.-+n'y? (KOTO-N 25%)
K, - nee (KOTO-II 25%)
Coloured regions: 68% CL measurements 5 5 = 5 : e L b s s !
Dashed lines: 90% upper limits oct oC}

Projection A
Observables already measured are kept, others assumed
at their SM values, all with target precision of KOTO-II

Projection B
All measurements give current best-fit point with
target precision of KOTO-II



Summary

Kaon physics: sensitive probe to both “heavy” and “light” new physics

Heavy New Physics probed via flavour physics observables
Light New Physics probed via production searches in K decays

NA62 new result on 2016-22 data:
B K = x02) = (130733) x 107" = (13,0 (49) o [ ) x 107"

First observation of this decay (significance > 5 o)

Rarest particle decay ever observed !

NAG62 will continue to take data until LS3: large stat will also more
investigations

KOTO-II, the successor to KOTO, aims at first observation of
K, — m¥vv by 2030s.

Increasingly important to combine K* and K, measurements,
and with other flavour measurements



Additional material



Other LFV / LNV results

LFV/LNV K* and =’ decays, NA62 Run1

| | IIIlII| | | IIIIIII | | | T |
102 10" 10°"° 10°°
Upper limits of decay BRs at 90% CL

NA62: UL on BRs of LNV/LFV K*and =’ decays ~ O(107°-107'")



