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K — wvr: a golden channel in flavor physics
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Flavor Changing Neutral Current;
B(K — mwvw) highly suppressed in SM: B(Kt — ntvp) B(Kp — 7°vb)

— GIM mechanism + CKM matrix Buras et al. 11 11
element suppression SR 0 (2000 615 (8.60£0.42) x 10 (2.94 £ 0.15) x 10
D’Ambrosio et al. —11 —11
Theoretically clean: [JHEP 09 (2022) 148 (2] (7.86+0.61)x 10 (2.68 £0.30) x 10
— Dominated by short distance (13.0133) x 107" 2.2x107° @90% C.L.
Experimental status | NA62 2016-2022 KOTO 2021

contributions;
— Hadronic matriX element extracted [JHEP 02 (2025) 191 (] [PRL 134 (2025) 081802 (]

from K — wlv.
Benchmark SM value for this talk: BSM (KT — 7t vi) = 8.4 x 10~ 11 [JHEP 11 (2015) 033 (7]
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K — mvr: Beyond the Standard Model

Correlation between neutral and charged channels:
® Model-independent Grossman-Nir bound [pL8 398 (1997

20

163
B(Kr — 7°vd)/Tx, <1
— N . MFV:
B(K+ — ntvw) [T+ s
5 ) - o v
® New Z’ boson [JHEP 11 (2015) 166 (7, JHEP 12 (2020) 097 (7 =
. o . . T
— Minimal Flavour Violation: Z" with CKM-like < " v
structure; T
— Z' with pure LH / RH couplings; = s Apordgenys
— General 7' oy % Jex [\ oc I Af gy / My
. . -« General NP o 22 "2r AT
® Majorana neutrinos [JHEP 12 (2020) 186 (1, ERJC 84 (2024) 680 (7]. 0 » i
0 5 10 15 20 25 3C
® Leptoquarks [JHEP 02 (2018) 101 (7, ERJC 82 (2022) 320 (7, PLB 835 B(K* = wtwp) [1071]
(2022) 137525 (7. [JHEP 11 (2015) 166 (7]
® General LFUV / LNV correlating with rare b decays [epJc

77 (2017) 618 (', PLB 809 (2020) 135769 (£, JHEP 10 (2024) 087 (.
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The NA62 experiment

~200 collaborators from 35 institutions

High-precision kaon experiment:
® Primary goal: B(K+ — ntviy) measurement;
o ¢ Technique: Fixed target & decay-in-flight

Senéveairpart . ® Broader physics program [sce backup for references]:

Precision measurements of kaon and pion
decays;

HNL and LNV/LFV searches in kaon decays;
Hidden Sector searches with kaons and in
dump mode;

Neutrino tagging.

This talk
ICommissioning’ 2016 2017 2018 [MESZINN 2021 2022 2023 2024 2025 2026»

45 days 160 days 217 days Upgrades 85 days 215 days 140 days 185 days 210 days
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K™ — 77vr @ NAB2: experimental strategy

Decay modes | Branching ratio (oG 7] mZes = (Py+ — Pp+)?
Kt =ty (63.56 + 0.11)% Pat
KT — atx® (20.67 £ 0.08)% b, Onk_ o = =

Kt o atatn™ (5.583 & 0.024)% =

KT = ntr~etve | (4.24740.024) x 107°
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0 020 0 4 s @ 70 O(10*) background suppression from kinematics
EPFL #A62 Y LpHE - EPRL 7 momentum [GeV/c] (10%) 9 PR 17.03.2026  4/18


https://pdglive.lbl.gov/Particle.action?init=0&node=S010&home=MXXX020

The NA62 detector

Y [m]

400 GeV /e
proton beam
from SPS

e O(100 ps) sub-detector time resolution

EPFL M62{)

Downstream (detect 71-*)
Fiducial volume
2 CHOD
Upstream STRAW _‘_L\_ MUV1.2
(detect K ANTIO ,
14 | c Ifon
RICH
Veto MUV3
Target KTAG SAC
o = LI}
B ; GTK ol RICH “n
Dump
IRC
| Secondary 75 GeV /c beam: = —J_’_‘— LKr
7t 70%, p: 23%, K11 6%
7_11 T T T T
0 100 150 200 250
Z[m]

Particle tracking: GTK - beam particle, STRAW - downstream tracks.
PID: Cherenkov detectors (KTAG - K+, RICH - = ™), calorimeters (LKr, MUV1,2), muon (MUV3)
Comprehensive veto system:
— Upstream: VetoCounter (early decays), CHANTI (beam interactions), ANTIO (halo particles)
— Downstream: LAV, LKr, IRC, SAC (photon), MUVO (multiplicity), HASC (photon conversion)

e O(107) muon suppression e O(10%) 7° veto
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Number of events

Previous results

[JHEP 02 (2025) 191 (]

* Integrated 2016-2022 dataset: Ny, = 1813, Nps = 51.

[# Nobs = Nexp(s(B)+b) ENes()

101~ = ° I BNL

8- H—e— NA62: 2016-18
°r —e— NA62: 2021-22
a4

i ] *~—i NA62: 2016-22
21 SM [JHEP 09 (2022) 148]

C SM [EPJC 82 (2022) 7, 615]
0% 1 23 456 7 8 91011121314 510 15 20 25 30 35 40

Category

B(K' ~m'vv)x10%

Bis—22 (KT — ntup) = (18.013

Plstae T35 syse) x 1071 = (18.0%37) x 107

25% fractional uncertainty;  smallest branching ratio observed with > 5¢ significance.

EPFL ”‘EZQ LPHE - EPFL
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Improvements: Machine Learning technique

Clusters

Features

Link existence score

Max edge
u lassifier selection
—

Transbrmer

.

Tracks

MUV1V MUV1H MUVa2v MUV2H
1 Transformer based GTK
track reco.
< CNN based calorimetric
_____ PID.
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

E/p
® Transformer GTK reco: K—m mis-matching probability (K not reconstructed): 6% — 4%
* CNN Calo PID:

- ~ 16% less K™ — utwv, background.

- ~ 70% less Kt — uTv,~ background with T and ~ overlap in LKr
EPFL MA62§

LPHE - EPFL
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Improvements: beam, hardware, trigger, selections...
x10°°

¢ Optimal intensity: = :zg Siape depends on | Uncettainty of
— Saturation due to paralyzable dead time; é s [ BtOinensty e the model
— Operated at 450 MHz (75% of full intensity) . i
since August 2023. I :
® KTAG N based — H, based: efficiency: 15¢ E
99.5% — 99.7%, material: 3.9%Xo — 0.7%Xo. : |
F 5% —» ! <— Fullintensity
e LAV Trigger veto: all LAV stations from the 2nd — 55 !
only LAV stations downstream of vertex. 0 B
0O 100 200 300 400 500 600 700 800 900 1000
— K™ — 77 x° background under control; I nstantaneous intensity [MHz]
— Increased upstream interaction events — Vacuum tube
used for background study. I | I
e Offline LAV1 veto: Z ’
— stronger upstream interaction suppression; © o

|

to STRAW, direction mis-reco

— ~ 40% less upstream background
(= ~ 30% less total background).

GTK3

® Re-tuned selections.

ANTI
LAV1
—

o ©
> >
3| 3
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2023—-2024 dataset: signal sensitivity

Normalization channel:

K+t = atad,
Nor 3.93 x 108
Arr (12.971 + 0.009)%
Nk (5.93 +0.02) x 10*2
Arvi (7.36 + 0.33)%
ERV (72.3+0.71%
Etrig (86.4 4+ 1.2)%
Bses | (0.37 £0.02) x 107*
N2 2294 1.1

Together with 2016—-2022 dataset:
* O(10™) effective K decays;
® > 40SM K — rTvi events

expected.

EPFL M62{)

LPHE - EPFL
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Selection acceptance
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Random veto efficiency, e,

Trigger efficiency (ratio)
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2023-2024 dataset: background evaluation Background | Ny”
® "Peaking" backgrounds: K+ —a 7%, utu,, ot o Kt = 7r+7r0(7) 1.19 £ 0.10
. . +
— evaluate tail fraction from control samples. K" = pfu(y) 1.3940.29
R 4 . Ot . Kt —watxta™ | 0.2540.05
KT >t n~e ve, m vy, m LT v: K+ o ntrety 1-59t8:i§
— evaluate acceptance with MC simulation. Kt = alyy 0.04 £0.04
+ 0+
e Upstream background: K* —»mlTv < 0;2081
o . Upstream 74755
— tail in CDA: Closest Distance of Approach s
between K+ and 7+ tracks; Total | 1197373
— extrapolate via template fit*.
%10 Exkt — ot 0 — All regions _ éws ‘f‘ aoegertal
E 105% control sample :vf S\; . i ’/:/.:;,’d(:ev:a‘syst
§105; ;% gwso
510‘:% “‘x 125
103; “LV, 10.0
E H
102% r 75
% 0.041 Signal selection 2 Fit range
1055 0 0.02 . 0.06 0.08 0. 115 2‘0 2‘5 3‘0 3‘5 00 10 20 30 40
m2, [GeVicY] CDA [mm]

* New method in 2023-2024 analysis. Previously using a linear approximation.
EPFL NAG2

LPHE - EPFL

x* momentum [GeV/c]
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2023—-2024 dataset: background evaluation

Validation of background evaluation

Control region prediction (colored) v.s. observation
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0.1
0.08

- PP [GeV?/c*]

D Background

[ ] ot rgons

regions.

0.06

(P

0.04

K
[T T T[T [T TTT[TrT

0.02

rnrzniss

0

QT TTT
N
g3
.
L4

-0.02] 33 /f"/( e
ooab

138

[t129 =252

-0.06— "

1041

10 15 20 25 30

p-value = 0.65
EPFL ”‘EZQ LPHE - EPFL

35 40 45

50

st momentum [GeV/c]

175
150
125
100
75
40
30
20

10

Upstream validation samples

Expected @ Observed

B

Vall Val2 Val3 Val4 Val5 Val6é Val7 Val8 Val9 Vall0

p-value = 0.79
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Analysis summary & comparison

‘ 2021-2022 2023-2024

Nyr [x10%] 1.95 3.93
Arn [%] 13.410 +0.005  12.971 + 0.009
Ny [x1013] 2.85 4 0.01 5.93 £ 0.02
Arvi %] 7.62 £ 0.22 7.36 £ 0.33
ERV [%] 63.2+ 0.6 72.3 4+ 0.7
Etrig [Y)] 85.94 1.4 86.4 4 1.2
Bsgs [x107] 0.85 +0.03 0.37 £ 0.02
NEM 9.940.3 22.94+1.1

2x statistics, 2.3 x signal events expected;

14% improvement in random veto efficiency ey (lower intensity);
Significant less K™ — u*v, () background (CNN Calo PID);

| 2021-2022  2023-2024

KT = 7t7%y) | 0834005  1.194£0.10

Kt — pu(y) 1.70 +0.47 1.394+0.29

Kt —watnta™ | 0114003  0.25+0.05
Kt s atr=etv | 089732 1.5975-22

Kt = nhyy 0.01 £0.01  0.0440.04
KT — 7%ty < 0.001 < 0.001
Upstream | 7.4%7 7.4728
Total | 110135 119735

Combined NA62 2016—2024 dataset:

* N;-7 =30"5

o NSM —434+1

Significant less upstream background (LAV veto, re-tuned

selections, new GTK reconstruction, intensity, etc...)

Overall S/+/S + B: ~ 2.2 — ~ 3.9.
EPFL ”‘Ezo LPHE - EPFL

Expected SM significance > 50.
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Results: 2023—-2024 dataset

+Dataf’] K3

Bx.. Bk,

Ky .K3n
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-0.043— 107

—OGG:"""'"""""'-'""""""

20 20 25 30 35 40 45 -0.04 -0.02
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Z Total background
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0.02 0.04 0.06 008 0.1

o NS =11.972% e NM =229+11 e Ny =33

bg

EPFL ”‘EZQ LPHE - EPFL
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~
~

Test statistic, q@©) = -2In( LG,9)/L(6,

Results: 2023—-2024 dataset

8.9))
5

Theory

NA62 measurement: B = (7.2;22‘1%10 n

20

N W b OO O N 00 ©

1o

=

£

o

5 10 15 20 25 30 35
B(K* - 1t'wv) x 10M

Number of events

[# Nots = Nexp(s(®)+b) ENexs(h)

14

12

10

2

071520 2025 2530 3035 3540 4045
Category (1" momentum range [GeV/c])

Brosa- 2024 (Kt — ntuw) = (7-2tf:;|stat fg:ghyst) x 107" = (72t§f) x 107

EPFL MA62 ()

LPHE - EPFL
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Results: combined 2016—2024 dataset

20
[%] £ 7w SM
g 0074 e b +Data  [JK3
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~

Results: combined 2016—2024 dataset

~

_10p w [# Noss = Neso(s(8)+b) B Neso(b)
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T ose E o

Py 20 z 8

g 4 C

S S 6

S 3k r

o o aF

g 2 . e =

52 | 1o A=
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Results

= 1078
Y
BNL | L { =
[PRD 79 (2009) 092004 (%] . | 1
; i = % 25 KRN
NA62 2016-2018 —re— ‘ 500 JXRRRESS RS
[JHEP 06 (2021) 093 (7] [
NA62 2021-2022 —e—i
[JHEP 02 (2025) 191 ] ‘
NA62 2023-2024 —o— 107174
thisresult | ] — Total
[ Stat. only
NA62 combined EE Theory
0 5 10 15 22 +251 30 50 7.5 100 125 150 175 200 225 250
B(K* > mtvp) x 10 B(K* — 7tvw) x 101

B%q232024(K+ — 7T+V17) - (Q-Gfi:glstat tg:glsyst) X 10_11 = (9.61_:::) X 10_11
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https://doi.org/10.1103/PhysRevD.79.092004
https://doi.org/10.1007/JHEP06(2021)093
https://doi.org/10.1007/JHEP02(2025)191
https://doi.org/10.1103/PhysRevLett.134.081802

Conclusion

BQNOA?232024(K+ — 7\'+l/17) = (9.61_::::2) X 10_11

BNL I bl i i
[PRD 79 (2009) 092004 O ® Expected SM signal more than doubled.

NA62 2016-2018 =y ® Background reduced w.r.t. the previous analysis;
[JHEP 06 (2021) 093 (7] significant sensitivity boost.

NA62 2021-2022 1 i
[JHEP 02 (2028) 191 7] ® Expected SM significance > 5o.

NA62 2023-2024 [ ® Branching ratio measured to < 20% precision.

this result — Total . . .
siat. only | ® Result compatible with SM prediction.
NA62 combined —e— Theory . . .
; ; ; ; : | & NA62 2025-2026 data collection and analysis ongoing.
0 5 10 15 20 25 30

B(K* — mtui) x 10"
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Backup slides
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Recent theory works on K — mvv

JHEP 11 (2015) 033
JHEP 04 (2017) 079
PoS BEAUTY2020 (2021) 056
EPJC 82 (2022) 615
JHEP 09 (2022) 148
EPJC 84 (2024) 377
EPJC 84 (2024) 377

PLB 861 (2025) 139295
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—_— > Superseded
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B(K* = ntwir) x 101

JHEP 11 (2015) 033
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JHEP 09 (2022) 148
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Kinematic regions

:Z 0-12: % Signal regions
> E )
v 0.1 Control regions
g 4: K R ¢l
(\J? 0.08: 31 l:l Background regions
. L . + 4o a F | CR3pi
¢ Signal regions: Sensitive to K™ — 7" vp; T 0.06"
T =
® Control regions: Used for validating \?—I'f 0.04F i R2
background evaluation; 8 F
~E 0 02; L CR2 K nR
® Background regions: Reference and F L CRL ﬁw)z R1 e
normalization for main K decay 0F CRmu2
L _i— /‘/4/
backgrounds. -0.02F /CR};KHZR
-0.04 ‘l ; ‘
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" momentum [GeV/c]
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NAG62 performance: photon veto
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NAG62 performance: PID
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Calorimetric: LKr+MUV12+MUV3
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GTK reconstruction performance

e Old reco: based on combinatorics;

® New reco: ML-driven;
® Metrics evaluated on MC.
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GTK reconstruction performance
e Use Kt — ntntr~ sample, reconstruct the true K+ from 3 downstream 777~ tracks;
e Compare with the GTK reconstructed K+ track from the K- matching in signal selection:
— matching efficiency (true K * selected): 79%;
— true Kt not selected: true K not in GTK candidates: 4%;
— true K not selected: true K in GTK candidates: 2%.

Probability

I > Ol
0.95F S 0.09F
E Q £
0.9 © 0.08
£ o £
0.85F 0.07F
Forero ey C
0.8F e 0.06: .
0.75 i 0.05f e
0.7F T 0.04F e
0.65F B 0.03} v e
E F N3 e e
0.6F 002" e
0.55¢ 0.0 Pt
0.5:‘ . . . L L . . Ogt:T’“wAw . . . . L . .
0 200 400 600 800 1000 0 200 400 600 800 1000

Instantaneous beam intensity [MHz] Instantaneous beam intensity [MHz]
EPFL NA62 ) LPHE - EPFL 17.03.2026  8/17



Analysis strategy
® Selections:

— Normalization K™ — 7" 7°: 1 downstream track (only); identified as =+; K—r matching
(space & time); upstream vetos.

— Signal K™ — 7T vi: normalization selection + full photon and detector multiplicity cuts
(reject all extra activity).

NWVD

/‘Ngl;;f = B(KJF — 7T+Vﬁ)/BSES +Nbg\

Observed events in signal region Evaluated background

Number of D n
ot own-scaling factor of
normalization events normalization mg er

1 \}Nﬁﬂ D0<__ (generally 40!
Bsgps = Nk = —1—
NKnggtrigAwu_ BWTrATrﬂ'NAcceptance of

normalization

Random veto  Trigger efficiency Signal selection Kt & gtg0
efficiency (ratio) acceptance branching ratio

¢ Performing the analysis in bins of 7+ momentum (categories). Fitting all the categories to get the
final BIKT — ntww).
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BaCkgI’OUﬂd eva|uatI0n 2 fF Lty [ Allregions]
[ S ERLR2 |
" P — o trol |
Peaking" backgrounds: K+ —n 7%, utv,, nTata™: s contpleemie mKR
PNNsel PNNsel Ngl?l E e
_ se _ se CRmu3
Nbg = NbgR : ftail = NbgR : th'f‘l E -Cle,uCRZ
bgR CR3D
o NEEN#!: Number of events passing signal selection in
background region

e N§E: Control sample events in Signal Regions
ELUZ 0.04 0.06 : 0.08

. ngtgl: Control sample events in Background Region i (GeVIc
® Control samples: NI = 2,48 % 10, NS = 24, NF = 1501008
o B
KT —srtn=etve, ntyy, nl0tv: % oxf .
Bb E oot
Nbg = — e Bbg : NKSRVetrigAbg %: oosf
BSES ¢ nnai SR2
* A, acceptance of signal selection for the background 002" =
= R
decay channel; . P e e —
-0.02-
® By branching ratio of the background decay channel; wi/ e
. -0. E
® Nkerverrig: Same as signal Bses. T N )
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K* — u'*v,~ background
e ;7 and v overlap in LKr;

RICH o
o H * Evaluated with f;4.$ in kinematic and PID variables;
—>u . |
G ® Validation:
Sketchonly | sphotrometer | e o 50 Kinuzy I Upstream
c E
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Upstream background K reco)

K™ (reco) I

] CDA
/ ¥ (reco) / 7t (reco)
e 1 coming from upstream of the fiducial volume;
® source: early decay, interactions, etc. Suppression:
o 629% of total background. o upstream veto detectors;
® AT between the reconstructed K and 7"
— " F o ® a BDT using spatial information of the
Sketch only| Bend6 — + n
Bendea || « reconstructed K and ©™ tracks.
N 2| o
Bendd  Benas E Estimation:
g ") ® use Upstream Reference Sample (URS);
— e extrapolation in CDA.
KTAG E \/‘.‘\ p
(_'!. g ‘Scattering at STRAW1 j‘. \.~ Valldat|0n
¢ L8 ® 10 validation samples modifying the
.Sg it i s K whichcacays s I upstream vetos;
.Sg nal particle (*) which dc

® each enriches upstream background from

EPFL #A62 Y LpHE - EPRL different mechanisms. 17.03.2026  12/17



Upstream background: Evaluation
Upstream Reference Sample: from signal selection

® remove K-m matching;
® require CDA > 4 mm.
Evaluation step 1: CDA > 4 mm — CDA < 4 mm.

* Two C'DA templates from samples enriching
interaction and accidental like events;

Fit to URS C'D A distribution in (4, 32) mm;
e Extrapolate to CDA < 4 mm:

URS
Jepa=Ncpaca/N

Systematics:

— selections of the template samples;
— bin by bin fluctuation of the templates.

New method:

— more appropriate evaluation of systematics;

— more knowledge on background mechanisms.

EPFL ”‘Ezo LPHE - EPFL

Events / (4 mm)

ups match match
Nbgp = fcorr : E NifCDAPi
i

[ accidental
175 +4 data
### fitted total
== NP w.syst
15.0 da<s W- SY
125
10.0
7.5
5.0
25
¢<——— Fitrangeg ——
0.0 10 20 30 40

CDA [mm]
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Upstream background
CDA distribution of templates

Template 1: interaction like _ Template 2: accidental like

40 50
CDA [mm] CDA [mm]
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Upstream background: Evaluation

Upstream Reference Sample: from signal selection
® remove K-m matching;
® require CDA > 4 mm

Evaluation step 2: Restore K-m matching.

e Evaluate pmatch (ATmatch ,Nork ) :

— probability of events passing K-m matching;
— afunction of (ATmateh, NaTK)-
® Use URS events to represent upstream
background with CDA < 4 mm:
— N;: number of URS events in AT},qtch V.S.
Nari bin i

o fmatch: oorrection for difference in AT, qrcn V.S.

Ngrk distribution in URS events and upstream
background with CDA < 4 mm.

EPFL ”‘ﬁzo LPHE - EPFL

ups __ pmatch § match
Nbg — Jcorr : NifCDAPi
[

005 01 015 02 025 03 035 04 045 05
IAT aenl [NS]
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Prospects
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Broader physics program

Precision measurements & rare decays:
o Kt — ntutu—: [JHEP 11 (2022) 011]
o Kt — 70etuey: [JHEP 09 (2023) 040]
e Kt — nteteeTe : [PLB 846 (2023) 138193]
e Kt — ntyy: [PLB 850 (2024) 138513]
e 70 5 ete™: [MORIOND2024]
* Kt — pty,ptu—: [KAON2025]
o KT — etvey: [KAON2025]
® Kt — ntatay: [KAON2025]
Forbidden decays:
o Kt — m—¢tet: [PLB 797 (2019) 134794]
o Kt — muet & 70 — p~et: [PRL 127 (2021) 131802]
o Kt — 7~ (n%)etet: [PLB 830 (2022) 132172]
e Kt — p~wvetet: [PLB 838 (2023) 137679)
o Kt — 70npe: [PLB 859 (2024) 139122]
EPFL MA62{ .

Invisible particle search:

e 70 5 ~A’: [JHEP 05 (2019) 182]

e Kt — et N:[PLB 807 (2020) 135599]

e 70 — inv.: [JHEP 02 (2021) 201]

e Kt — pt 4inv.: [PLB 816 (2021) 136259]

e Kt — 7t 4inv.: [JHEP 11 (2025) 143]

e 7t — et N: [PLB 872 (2026) 140119]
Dark sector in dump mode:

e T~ final state: [JHEP 09 (2023) 035]

e cTe final state: [PRL 133 (2024) 111802]

® Hadrons final state: [EPJC 85 (2025) 571]
Neutrino tagging: [PLB 863 (2025) 139345]
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