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Focusing mainly on PBC benchmarks:

1) K—»nX: dark photon (BC2), dark scalar (BC4), ALP (BC10,11)
2) n9—YyA’: visible dark photon (BC1)

3) K*=>£€*N, n*—>e*N: heavy neutral leptons (BC6,7)

4) Other searches in kaon decays
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The NA62 experiment
at CERN




Kaon experlments at CERN
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NA62: a multi-purpose K* (and ©t°) decay experiment 2015: commissioning

focused on K*—»n*vv measurement to 15% precision. N ag2< [2016-18: physics run 1

Currently ~300 participants from ~30 institutions.
2021-: physics run 2
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The NA62 experiment

SPS protons: 400 GeV, (2-3)x10'2/spill. JINST 12H(§c?r1o7r{icP05025
Unseparated secondary beam: LAV: large-angle Calorimeter Muon
75 GeV/c (£1%); beam rate: ~500 MHz; photon veto (12 stations) (HAC) detector
K* rate: ~30 MHz; c:=70ps (MUV)
K* decays in fiducial volume: ~3 MHz l
Dump
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tracker
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% One year ~ 1.5x10'8 protons on target ~ 5x1072 K* decays.
0:0 Beam structure: ideally, uniform over a 4.8 s long spill.
* In practice, significant variations
of instantaneous beam intensity during the spill. I:>
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NA62 datasets

10 Kaon decay dataset
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Kaon decay dataset:

Run 1 (2016-18): 850k good SPS spills in 420 days.

Run 2 (2021-): 1.5M good SPS spills in 650 days, up to 2024.
Data collection to continue until LS3 (up to 2026 inclusive).
Broad programme: rare K*/n® decays; LNV/LFV, hidden sectors.

Beam-dump dataset: 0.9x10'8 pot, collected in 45 days.
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Kr—n*X at NA62

\ /
[arXiv:2507.17286]

Invisible X, from the K*—n*vv measurement [JHEP 02 (2025) 191]
% BC2 (invisible dark photon),

% BC4 (dark scalar);

% BC10 (ALP with fermion coupling);

s BC11 (ALP with gluon coupling).

Visible X, from K*—>zn*u*u~ and K*—>7*yy measurements
[JHEP 11 (2022) 11; PLB850 (2024) 138513]
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K*—7r*vv measurement principle
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Main K* decay modes
(>90% of BR) rejected
kinematically.

Resolution on m?Z;..:
0=1.0x10"3 GeV4/c2.

Measured kinematic
background suppression:
v K*onr*n? 1x1073;
v K*>utv:  3x1074,

Further background
suppression:

v" PID (calorimeters & RICH):
W suppression 1.3x10-8,
7t ID efficiency = 73%.
Hermetic photon veto:
n9—yy rejection

factor = 1.7x10-8,
6



K*—n*vv result (2016-22 data)

M2 VS pion momentum

JHEP 02 (2025) 191
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The 2016-22 dataset: 51 signal candidates; expected background: 1

B(Kt —» ntvi) = (13.0f§;$|stat+1j§
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% The rarest particle decay ever observed with >5¢ significance.
% Consistent with the SM expectation within 1.70.
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Search for K*—»n*X.., at NA62

JHEP 02 (2021) 201; arXiv:2507.17286

Peak search in K—>mvv regions:

104 g_. AV SRR I ..... -+— Data K:vl\g
E : IK2n IKu2

103 ? .................................. IKSE Ke4
- "|Upstream

102 = PP

Squared missing mass (2016-22 data)

0-110 MeV and 154-260 MeV.

wss| v Main background: K*—n*vv.
v" Limits on BR(K ) of O(10-"),

Search for n®—invisible:
v Negligible SM rate (n°—4v).
v' Observation = BSM physics.

v' Interpretation as K*—n*X,
with my between R1 and R2.

v Using 10% of Run 1 dataset;
4x10° tagged n° mesons.

v' Optimised ©* momentum range

region
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0.08

to reduce n%—yy background.

Expected n°—yy events: 10

events observed: 12.

01
m2.. [GeV?/cY] v

BR(n—inv)<4.4x10-% at 90% CL 8




Peak searches: K*—mx* Iy Kr->ntyy
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[arXiv:2507.17286]

Summary of K*—=n*X results
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KL—)TCOXMV at KOTO
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KOTO experiment at J-PARC

Upstream .
KOTO setu N Hermetic veto system . .
|pst K* veto > Primary KOTO goal:
collimator \ collimator | , search for KL—)TCOVV,
- | . : ) S 10
Trg"t _________________________ I ___________ K mp "o%y: ________ single-event sensitivity <10
* — . Csl ** Primary proton beam: 30 GeV;
oo Charged i : 60 KW = 6.6x1013/5.2 s,
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2l'm Fidugial decay rqgion peak momentum 1.4 GeV/c.
KOTO data collection Latest operationin | B€am composition:
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KOTO: K, »n%vv and K, »nX. .,
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» Background: 0.252 events (K,.—27°%, K, —yy,
K*—>nle*v, upstream n°, hadron clusters).

No candidates observed in the data.
Result: BR(K,—>n%v)<2.2x10-° at 90% CL.
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d—>yA', A'se*e” at NA48/2

Dark photon production and decay (BC1):
peak search in the K*—>n*n’y—n*(ye*e~) spectrum

[PLB746 (2015) 178]
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NA48/2 at CERN: the n%, sample

. . . e 4 +.-0 , —
K* decays in fiducial volume:g K=>m" | | | . secan
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o L
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o |m,.—m,| <8 MeV/c?;
e non-zero missing total &
transverse momentum.

Reconstructed

7%, decay candidates:
e N(K,,p) = 1.38x107,
* N(K,3p) =0.31x107,
o total =1.69x107.
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Dark photon: results & prospects

BC1: exclusion of DP coupling vs m,

LU J-U “ T T T T T T T T
BC1 90% CL UL
Past experiments
1073 NA48/2
E NA62 A’ - {f + hadrons:
_a K — EPJC 85 (2025) 571:
10 1.4 x 10V POT
- projected (10'8 POT)
107°¢
1076 B~
107\ T
10_8 Ll 1 1 L |p'| |
1072 101 100
my [GeV/c?]

To be improved
by NA62
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| Further opportunities:

1 NA62 dataset is ~10 times larger than
1 NA48/2 with improved m,. resolution:
1 expect order of magnitude

1 improvement on BR(n°—yA’) and €2.

In mass range m,,<my<2m,
1 the K*>u*vA’, A’—e*e channel
1 is potentially competitive.

[Krnjaic et al., RL124 (2020) 041802]
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K*, t*—€*N at NA62:
HNL production (BC6,7)

/

PLB807 (2020) 135599, PLB816 (2021) 136259, arXiv:2507.07345

17



HNL production in kaon decays

% Trigger lines: K, for K*—>e*N; Control/400 for K*—>u*N. PLB807 (2020) 135599

< Run 1 dataset; numbers of K* decays in fiducial volume: PLB816 (2021) 136259
Nx=3.5%107% in the positron case; Ny=4.3x10? in the muon case.

< Squared missing mass: m?,;..=(Px—P;)?, using GTK and STRAW trackers.

% HNL production signal: a spike above continuous missing mass spectrum.

S uared missing mass: (Px-P.)?2 S uared missing mass: (Px-P 2
K e K 'u
‘a:; : ; —— Data - ety 109 _K+ .................................................................. Data
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2 o o - :
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- (suppressed by : 5 -
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2 i 2
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HNL production in pion decays

Squared missing mass: (P,—P.)2 BC6,7: NA62 |U,p4|? limits vs myy,
< : a : ; 1 : :
Q 407 : ¢ Data 4O d NA62 |
N> - + X 107% gt +
o C | |mt—e*v [ ]Early utdecays | | & = nt—e*N
o I l l o K —pty 2 — K'—e*N
% i : l C\E i N N — K'=u*N
Pt WD T —e :
210 Tt
2 - - K+—)[l+N
® -2 |
> :
w F
104 K"' . N N 9
[ ‘ ; .
-0.005 0 0.005 0.01 0.015 100 200 300 400
m2,..(m) [GeVZ/c’] HNL mass my, [MeV/c?]

% The 2017-2024 dataset; K, trigger line (limited efficiency for beam pions).
< Number of n* decays in fiducial volume: N, =6.5x10"Z,

< Squared missing mass: m?2,;..=(P,.-P;)?, using GTK and STRAW trackers.
[arXiv:2507.07345]
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HNL production: results

1

| [Rept.Prog.Phys. 86 (2003) 016201]] |
10-2- ~

107 PIENU NA62 =
& Krse*N | = -
S 1079 ‘\\—
— = NA62 -
U nt—e*N =
e St T eeene NASS B
107} "W__:~—
[Electron coupling .
0 107! 1

BC6,7: |Uy |2 limits vs myy, from production & decay searches

my [GeV]

1

% For |U_.,|?2, NA62 improves on the T2K and PIENU limits.
< For |U,|?%, NA62 has similar sensitivity to T2K and BNL-E949.

NA62 upper limit at 90% CL: BR(K*—>pu*vvv)<1.0x10-¢,
and similar limits of BR(K*—>u*vX,,,). [PLB 816 (2021) 136259]
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Other searches in K decays

/
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NA62: search for K*—>7n* X Xee

L/
0‘0

0.0

Run 1, multi-electron trigger, Ny=8.6x10"1,
Production and prompt decays of axion pairs, K*—n*aa, a—»e*e™:

PLB846 (2023) 138193

exclusion of the axion explanation for the “17 MeV anomaly”.

v' Expect BR(K*—>x*aa)>2x10-8 for m,=17 MeV.

[Alves, PRD103 (2021) 055018; Hostert and Pospelov, PRD105 (2022) 015017]

K*>r*S, SSA’A’, A’—e'e.

Momentum excess
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*» Prompt dark cascade involving a dark scalar (S) and dark photons (A’):

* SM rate: BRsy(K*—>n*e*e e*e™)=(7.2+0.7)x10-"1 [Husek, PRD106 (2022) LO71301]

UL at 90% CL of
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a0 B(Kﬂe) <14x 10 (%250_

200[-

150(-

100F

50

20 40 60 80 100 120 140 160
A' mass [MeV/c?]




KOTO: search for K, »X X

Yy_ Yy

PRL 130 (2023) 111801
s Dataset: one month (June 2018), a dedicated trigger line.

< Proton beam power: 51 kW; total exposure: 1.1x10"° pot.

% Main background: K,—3x undetected photons or (double) cluster fusion.
< Signal acceptance reduced at my>150 MeV/c? by anti-K,—3n? selection.
% No data events observed in the sighal region.

 o0sKOTO IZE(\{elrtex? VSMx | oro UL of BR(K —>XW'XW) VS my
E cotlP 3ol i
E 5500E 8 ol #e - - '© - 90%CL E
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3000 = 3 F é E
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. . 10°L @ ]
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1500k Ngpg=0, Neys<0.62 - e E

| * 5 . %eeee? | ]

1000 10-7 IR | il T I SRR 1 I
0 50 100 150 200 250 0 50 100 200 250

Average X Mass (MeV/c?) Generated X Mass (MeV/cz)
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KOTO: search for K, ->yA’
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KOTO preliminary [T.Wu @ ICHEP 2024]

Search for a massless dark photon (A’).

Experimental signature: a single EM cluster in the final state.
Dataset: a special sample (2 hours) collected in 2021.
Number of kaon decays: Ny = 1.29x10°,

Single-event sensitivity: BRggs = (2.91+0.05)x1078,

Black = Number Observed
Type Source Background Level Red = Number Expected (Bkg)
o 6000~ —3
KO decay KD -2y 10901201, £0055ys. 3 :41) . g
C0.05+0.03 A
K - 310 <0.18 90% C.L. & r
Kg - 21" <0.51(90% C.L.) 4000(— ak
K = nte, <0.27 (90% C.L.) ook
K — 2ty <0.25 (90% C.L) Ej; —1 il I3
A D& - 12.66+4.42,6+2.134ys.
K0 > 17 <0.17 (90% C.L.) B . _* Ga. ‘
Neutron 11.57 £ 442000, £ 2130y, | 1000 5 F
-41 36. 5516 83 = 72320. 63£5 45
Total (exclude sources without central value) 12.66 + 4,424, +2.13;y5. e o a e e R e T
Hxy (mm)

Result: BR(K,—>yA’) < 3.5%x10-7 at 90% CL
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KOTO: search for K, —»n°n%X

KOTO preliminary [J.Redeker @ Kaon 2025']

% The 2021 dataset is used.
< Number of kaon decays: Ny = (4.27+0.31)x10'Z,
< Mass range probed: 160 < my < 220 MeV/c?, in 5 MeV/c? steps.

Di-photon mass spectrum Lo UL of BR(K .—n%1%X,,) vs my
1 Search window SR :(ZJ:gSio.lamfio.ossys ) —— M,y of 0bse|rved Events
107 4 _ 2 0.11+0.01+0.01, 195% CL i |
{ for my=180 MeV/c - —— Upper Limit
] \ . l —— K; = 2n%yy Upper Limit
10° ; E‘.‘éitg.ggmié.gis,.s \ 107y i ' —— Clyato Upper Limit
B r : New upper limit
s = on BR(K . —»>n°r%y)
1073 10751 j - : : : :
101 3
: ¥ \
: 10—7 : | 1 ] : v / w—
1072 3 o 2021 Monte Carlo (KL3pi0) !
{ mmm 2021 flonte Carlo (KL2pi0gg) : 1] 12 3
1 ¢ 2021fdata (180 MeV cut set) 10-8 - | | | | | | |
el 50 100 160 170 180 190 200 210 220
M X Mass (MeV)
YsYe

K, — 37° background K; — 2wy~ expectation 25
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OKA at Protvino: K*—n*rnX,

Missing mass: (Px-P,-P.o)? |__ e EPJ C84 (2024) 3
: : m2(0)| X )
N (2013 data?only”sh m(“ ) N OKA experiment:
o *& | —é—ﬂff K+ decays in flight,

EEaaE N = 18 GeV/c beam,

Wﬂﬁpﬁm 2012-2013 dataset.

‘ ‘ . 0. Kr—n*nla decay density:
K'>nip'v | Camalich et al.,
-0.04 -0.03 -0.02 -0.01 0 0.01 0 05
ey PRD 102 (2020) 015023
Upper limits of BR(K*—n*n%) d]_"( K+ > atnla) 1 (m%. —s)3
at 90% CL vs ALP mass ds |F |2 15367m3m3, B

s = (P, —I—p@) ‘and /5’2 = 1 — 4mﬂ/s

4 Prospects at NA62: )
upper limits of O(10-7)
on BR(K*—>n*nla)
L with a downscaled
el b v e b b b b Lo a1

1075 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 02 0.22 \control-trigger sample/ 26
m, [GeV/c?]

K*>a*non0

S
w

T T

BR upper limit

-
<
o

T T T
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Summary

% Rare kaon decays are a unique probe for new physics:

v' large decay samples are available (-10'3 events);
v’ relatively simple and clean final states, low backgrounds.

s Kaon experiments provide unique coverage of FIP phase space:

v" FIP production in K*, ©* and =° decays at NA62;
v FIP production in K; decays at KOTO;
v FIP searches in dump mode at NA62 [Jan Jerhot’s talk].

% Both NA62 and KOTO are collecting data:
new results at improved sensitivity are expected soon.

New ideas very welcome,
please get in touch!
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Spares
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NA62: search for n®—invisible

< Rejection of (K*—n*n’(y), n°>yy) decays: simulations

based on single-photon efficiency measurements with K*—>n*n® decays.
< Rejection of n%—yy decays for K*—n*vv analysis: ¢ = 1078,
< For n%—invisible search (25<p,<40 GeV/c): ¢ = (2.8+5 9 )x10-?

Search for nt°—invisible: (-10% of NA62 Run 1 dataset, 4x10° tagged m° mesons)
» K., trigger and selection used, with 0.015<m?,,<0.021 GeV?/c.

< Expected n%—>yy events: 10f§2 , events observed: 12.

o) + +Y .
_10°¢ n% rejection vs ©* momentum . UL at 90% CL of BR(K*—>n"Xi,,) vs my
[ - - o
= Restricted 2 OF || BR(O>inv)<d.4x10- |
. L\ (o)
107 ‘T— region used & st |[. at90%CL
B © Yo
: f for the search [ R
L — 5
sl [ i JHEP 02 (2021 ) 201
S 107
E T 10 7 -
10 B + 107
= E 10°°
- l:ﬂ10—10 T, = T, =5ns T, =2ns T, =1ns
L 1, =500ps 71, =200 ps =100 ps
0—10|II\L{IIIIIIIII""l"“l""JJJJ 10—11..|||||||||||||||||ll
10 15 20 25 30 35 40 45 0.11 0.12 0.13 0. 0. 15
©* momentum [GeV/c] m, [GeVI/c?] 29
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Dark photon lifetime

BC1 dark photon proper lifetime below the di-muon threshold:

106 100 MeV
ctar = 0.8 pm X X

g2 m A

DP mean path A mA

1
Mean path at E, =50 GeV B assummg 82—10 -6
(max possible energy at NA48/2 and NA62): < [ 12 RECRE SR R ce B ——
106 (100 MeV)2 8 f,
Lmax ~ 0.4 mm X X C-“:I—E g e
g2 mar 8 =
21[]'3 S mm Mean path at E-‘EU GEV

% For ¢2>1077 and m,,>10 MeV/c?, 3
DP path length ]S negl]g]ble W]th 107 ................ ............... ............... ................

respect to the resolution on the 5
. . . - 1[]_ E_ .......................... -\. ............... -\. ............... | ................................ -\. .......

vertex longitudinal coordinate (~1 m). 51 ; Proper time
o - e[ THM: . o — S .
»» DP decay can be considered prompt. 10 2 N T D
0 0.02 0.04 0.06 0.08 0.1 0.12

¢ DP production and decay signature
(n9—yA’, A’—>e*e") is identical
to that of the Dalitz decay, n°,—ye*e-.

my [GeV/c?]
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