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The NA62 Experiment at CERN

~200 collaborators from ~30 institutions.

NAG2,

e Primary goal: measurement of B(K™ — m vv)
e New Technique: K decay-in-flight

e Results: [pLB 791 (2019) 156] [JHEP 11 (2020) 042] [JHEP 06 (2021) 093]

e Broader physics programme:
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e ;__:..ggg_.—;—,;:;;;-ﬁ - Généve- - e Precision measurements of kaon and pion decays
Lac Leman (|?JIke Geneva) S o m alrpor't{ e e e HNL and LNV/LFYV searches in kaon decays
- ;"iﬂ e . e Hidden Sector searches with kaons and in dump mode
s o i SE ) e See L. Peruzzo’s talk later today, Flavour parallel session

e Data taking

2016 Commissioning + Physics run (45 days).

2017 Physics run (160 days).

2018 Physics run (217 days).

2021 Physics run (85 days [10 beam dump]).

2022 Physics run (215 days). }Th‘s result
2023 Physics run (150 days [10 beam dump]).

2024 Physics run ongoing ...
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https://inspirehep.net/literature/1704548
https://inspirehep.net/literature/1807490
https://inspirehep.net/literature/1854186
https://indico.cern.ch/event/1335188/contributions/6177603/

K — mvv : Precision test of the SI\/I

SM: Z-penguin & box diagrams
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® B(K — mvv) highly suppressed in SM
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* GIM mechanism & maximum CKM suppression S — d transition: ~ \VtSth\

* Theoretically clean = high precision SM predictions
* Dominated by short distance contributions.

* Hadronic matrix element extracted from B(K — mlv) decays via isospin rotation.

mW

Decay Mode BR

SM |[Buras et al. EPJC 82 (2022) 7, 615]

SM [pAmbrosio et al. JHEP 09 (2022) 148]

Experimental Status

B(K* - w7 vv)

(8.60 + 0.42) x 10~ 11

(7.86 + 0.61) x 1011

(10.6%53) x 10~

(NAG2)

B(KL — T[O'VV)

(2.94 + 0.15) x 10~ 11

(2.68 + 0.30) x 1011

<2x%x107°

(KOTO)

INEN Differences in SM calculations from choice of CKM parameters:

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

KOTO (2021 data)
[Eur.Phys.J.C 84 (2024) 4, 377]

NA62 (201618 data): [JHEP 06 (2021) 093] y
3

N/


https://inspirehep.net/literature/2057332
https://inspirehep.net/literature/2103460
https://inspirehep.net/literature/1854186
https://inspirehep.net/literature/2719296
https://inspirehep.net/literature/2719296

K — mvv : Beyond the SM MIEZQ

* Correlations between BSM contributions to BRs of K and K; modes [JHEP 11 (2015) 166].

* Must measure both to discriminate between BSM scenarios.
* Correlations with other observables (¢’ /&, AMg, B-decays)
[JHEP 12 (2020) 097]|PLB 809 (2020) 135769].

* Leptoquarks [EPJ.C 82 (2022) 4, 320], Interplay between CC and FCNC [JHEP 07 (2023) 029], NP In neutrino sector
[EPJ.C 84 (2024) 7/, 680] and additional scalar/tensor contributions [JHEP 12 (2020) 186][arXiv:2405.06742] ...
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* Green: CKM-like flavour structure HEP 11 (2015) 166
* Models with Minimal Flavour Violation MEV
15¢ arg Ay

= arg VigVis

(10~ ]

* Blue: new flavour-violating interactions where LH
or RH currents dominate

=~
e 7' models with pure LH/RH couplings oE ol
°* Red: general NP models without above constraints ;” ’ g
* Grossman-Nir Bound: model-independent relation < | ",@,‘ exc V7 o Tm Ay / My |
PLB 308 (1997)163-168] (K, — TL'OVV) Tt | /5 - J\General NI‘) A ﬂ;A
s 1 o s w0 B wm B

B(K™ » wtvw) 1g, B(KT — ntui) [10711] j/
INFN = B(K; » ) <43 -BK* - ntvy) S


https://inspirehep.net/literature/1385876
https://inspirehep.net/literature/1385876
https://inspirehep.net/literature/1798889
https://inspirehep.net/literature/1794913
https://inspirehep.net/literature/1873423
https://inspirehep.net/literature/2661964
https://inspirehep.net/literature/2734758
https://inspirehep.net/literature/1816043
https://inspirehep.net/literature/2786773
https://inspirehep.net/literature/439627

K™ - vy at NA62

NA62 Strategy:

e Tag K and measure momentum.

NA62 Performance Keystones:

® 0(100)ps timing between detectors

. o 4 . . .
o Identify 11 and measure momentum. O (10%) background suppression from kinematics

C. ® > 10’ muon rejection
e Match K™ and ™ in time & form

vertex. ® > 107 rejection of #° from Kt — ntm" decays
* Determine mfniss = (Px — P,T)2
e Reject any additional activity. becay mode Sranching Ratio [PDG]
Kt - gtr (20.67 + 0.08)%
Kt > ntntn™ (5.583 + 0.024)%
Kt - ntvw ~ 10710




Secondary 75 Gel/c beam:
=, m:70%, p:23%, K7: 6%
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e Designed & optimised for study of K™ — vV :

200 250
Z [m]

e Particle tracking: beam particle (GTK) & downstream tracks (STRAW)
e PID: K - KTAG, ™ - RICH, Calorimeters (LKr, MUV1,2), (1 detector)

e Comprehensive veto systems: CHANTI (beam interactions), LAV,LKr,IRC,SAC (y)
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https://inspirehep.net/literature/1519167

NA62 upgrades for 2021-22 data taking NA6Z ()

e New detectors, installed during LS2:
e 4th GTK (Kaon beam tracker) & rearrange GTK achromat (GTK2 upstream of scraper).
e New upstream veto (VetoCounter) & veto hodoscope (ANTIO) upstream of decay volume.
e Additional veto detector (HASC2) at end of beam-line.

e Intensity increased by~ 35% with respect to 2018 [450 — 600 MHZz].

e Improvements to the trigger configuration.
New detectors installed in 2021

Upstream veto
VetoCounter
e o




Bayesian classifier for K™ — 7t matching NAGZ2

e Output: posterior probability of GTK track = true K™
e Use likelihoods of kaons (K) and pileup (P)

e Likelihood ratio used to select true match when N7 > 1

e |nputs: spatial (CDA) & time
(AT, ) matching,
intensity/pileup (No7x)
[prior}]

e Models for PDFs/Prior from

J{+ - T[+TL' T~ data
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e Efficiency improved (+10%) and
mistagging probability maintained.



Kinematic constraints & signal regions #A62

m12niss = (Pp+ — Pn+)2 0 (10%) background suppression from kinematics
P_+

[JHEP 06 (2021) 093]
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https://inspirehep.net/literature/1854186

Signal sensitivity: acceptances “cfeRtances

NAG2

SM SM
Analysis is performed in (5 GeV/c)  exp p) = By _ BrywAmv (i) DoNpr(Di)€trig(Pi)€
bins of momentum: nvv o BSES(pi) Bnn mr(pi) 0 P g PRy
B— Normalisation, K—x*n’ ¢— Signal, K'—=n*vv
8 — 5 5 . 5 g g ;
= - . Case OLD NEW
..% 0_025_ ST P SOPTR ST SO SRR O ST S 2018 (82) 5021-27
3 i .
e (1 - Norm. 11.8% 13.4% | +15%
O - ¢
O i C
D 0015 . Signal  [(6.37+0.64)% |(7.61+0.18)%| +20%
CD -
B - ° ° ° °
0.01 g — — — PRI SE— .| * Increased selection efficiencies.
i e New K-pi matching technique.
o NA62PRELII\/IINARY ......... N ..
0.005¢ e Re-tuned vertex conditions.
O:I | | | [ 1 | | | [ 1 | | | | 1 | | 1 | | | | I | | | [ 1 | | | | . RelaxatiOn Of Some VetOS.
15 20 25 30 35 40 45

(INFR

Acceptances evaluated at O intensity.
Intensity dependence captured in &gy,

Track momentum [GeV/c]

e |[mproved precision (plus improved
systematic uncertainty evaluation).y

10 N/



Signal sensitivity: trigger efficiencies

Biva _ Bi%z‘lmv(?i) DN (p-g
BSES(pl) BTL’TL’ ATCT[(pl) 0 L tT'lg l RV

Analysis is performed in (5 GeV/c)

bins of momentum: TVV
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(INFR

N5 i) =

NAG2

Csig  &pig(new) = (859 £ 1.4)%
Enorm  £44(2018) = (89 £ 5)%

Strig —

e Trigger efficiency ratio:

* New: several components in both
normalisation & signal triggers:
partial cancellation.

e Old: in 2016—18 data normalise with
fully independent min bias trigger
(no cancellation).

e |mproved precision by factor 3 with
reduced systematic uncertainty. y

11 N/



Signal sensitivity: random veto MIEZQ

SM SM o

Epy is independent of track momentum N EXP ) anv Bm/v Amﬁ(pi) DN ( ) | ( _

(related to additional activity only) nvv Pi) = Bors( ) B (p;) 0N \Pi)¢etrig\PifeRV
SES\Di TTTT mr Pi

1

® cny = Random Veto Efficiency:

O
o

® 1 — &py = Probability of rejecting a signal
event due to additional activity.

e Balance:

O
o

e Strict vetos = lower efficiency

Random veto efficiency, ¢,

0.4r . : e Loose vetos = higher background

i ; '&?fvse?f Vel 5 e Operational intensity higher but re-tuning
0.2 F LKrveto ] vetos means Epy is comparable:

- ¥ Photon rejection

I < Photon + multiplicity rejection Epy (HEW /‘[21 0y & 6OOMHZ) — (63 6 _|_ 0. 6)%

TR B R R T S SR SR
% 200 400 600 800 1000 1200 &py(0ldAygrs ~ 400 MHZ) = (66 + 1)%

Instantaneous intensity [MHZ] i



Signal sensitivity: results MIBZQ

NnnDO - 1 e Display integrals (15—45 GeV/c, 2021+22) for summary tables.
NK — BnnAnn BSES — NKERVEtrigA _ * Acceptances evaluated at O intensity.
VYV
SM

N, Normalisation Kt — 7T 7Y 2.0 x 10% NEXD By

Arr Normalisation acceptance (13.410 % 0.005)% "V Bsgs

Ni  Effective K decays 2.9 x 1012 Assuming B, & = 8.4 x 10711 ;
A Signal acceptance (7.6 £ 0.2)% 2021-22: Ny = 10.00 £ 0.34

_ | c.f. 2016—18 : N,,5 = 10.01 % 0.42

etrig  Lrigger efficiency (85.9 + 1.4)%

£ Random veto efficienc 63.6 + 0.6)%

i _ o Y ( )70 Double expected signal by

Bskgs Single event sensitivity (0.84 +0.03) x 10~ including 2021—22 data.

e Significant improvement in SES uncertainty:
e old: 6.3% —> new: 3.5%. Due to:

e trigger efficiency cancellations y
INFN e improved procedures for evaluation of acceptances and &gy,




Background regions & estimations

Events passing TVV selection

NAG2

015 Background Regions: 2021—22 data  [/]sinai regions
5 . : L FE‘;.-:;" {. T | Control regions
% 01 B Qﬁ “" Background regions
(5 B by TSN . . .
& o.0a fFT?’p' Backgrounds from kinematic
B ] — . . . . 2
n - misconstruction tails in M, ;cc
« 0.06
N -
~ B C Control sample events
[ o .
2 0.04r- Reglon 2 Number of events In Signal Regions
F CR2 [ passing signal selection \
002_ ﬁ%;m»;#,p,c LA e el e e 8 T e AT AR N baCkgrQund regi()n
CR1Tp :
o Region 1 2,777 R \ NES
cRmuzk — B\ Nbg = Npigr * Jeait = Nogr * 3¢5
-0.02 / bkgR
004, NA62 PRELIMINARY SRm /
B Kinematic tail fraction: Control sample events
—0.0615' - '20' - '25' - '30' . '35' . '40' - '45 measured in control sample in Background Region

INFN Background estimations in signal regions validated with control regions

7t momentum [GeV/c]
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Kt >m no(y)

control sampleof K™ — 1 10 events with

0

T~ — Yy and 2 photons detected in LKr:

K™ > u'v
control sample of KT - utv events
with RICH PID=t ™ and Calo PID=p":

—h
o
o

!_'.IIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| [

10°
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10*

Number of events

10°
10°
10

15

-1 | P
107", 0.02

Npg(K* - n*n%(y)) = 0.83 £ 0.05

— All regions
B R1, R2
B R
CR1, CR2
" CRmu3
CR3D

0.04 0 06

mISS

Kt s>nmatntn™

e Use MC to measure f;,;:

hIINARY

Hﬁ

F'

— All regions

B R1, R2

KR

" CRmu

W CRmu2

8 CRmu3
CR3D

Rﬂ!iLII\/IINARY

Number of events

[

[GeV?/c]

Il

Hl

-1 | |
0.08 107" 002 0o | 004  0.06

mISS

0.08

[GeV2/c ]

e <1% contribution from K — u*v followed by ™ — etvv

Npg(KT™ > n n"n™) = 0.11 £ 0.03

Nyg(K* — p*v) = 0.9 + 0.2




Radiative decays: Kt - ntn’y & K+ - utvy WIIEZQ

e KT - 7T+7TO)/ : included with “kinematic tails” estimation.
e Suppression: photon vetos, rejection with additional y is 30x stronger.

e Estimation: MC + measured single photon rejection efficiency : Ny, (K™ = n*ny) = 0.07 + 0.01

e Validation: m,zniss control regions (CR1,2 - see later)

® K™ = u"vy : not included in “kinematic tails” estimation if ¥ overlaps 1™ at LKr (leading to misID as 77 ™)

e Suppression: based on (Px — B, — y)z and E, with y = LKr cluster (mis)associated to muon.
e Necessary for 2021—22 data, since Calorimetric PID degraded at higher intensities.
e Estimation: min. Bias data control sample with signal in MUV3 : N}, (K™ — p"vy) = 0.8 + 0.4

e Validation: data sample without K™ — vy veto and PID = “less pion-like” (Calo BDT bins below 1t bin).

= o —
RICH Lkr & o £ [ Minimum Bias Data o
> é 3 - ; ; z ; )
+ * 0.5 e = 10
ob- K+->u+vy =10
~0.05[:- L R LR LR 5 10°
e Before K™ — u"vy veto: found excess of events at i Bh: “EEEE N :
p > 35GeVl/c in Region 2 relative to 2016—18 data. ! A G | 1 INMINA R 1.
e Additional background identified and studied in data control Dokl N A ') 2 A I S =
samples & MC. SRR JEEIE
* K™ — u™vy veto added to selection criteria for final analysis. . AN Regionz | y
0157006 004 002 0 002 004 006 008 0.1 | /.
m?niss = (PK - P:c)z [GeV2/C4] 16 >




Upstream background mechanism

e A kaon decays upstream - pileup beam =* track
the fiducial decay region o oo Rniod
— downstream =« track
e Only a m+ enters the
fiducial decay region XA
e There is an in-time pileup Collimator | cHANTI
beam particle (in GTK) all W
......... :.;Z.----..----.
e The upstream m+ is | omiy .
scattered in the first il Pl milimpialiion

STRAW chamber, and a e
fake vertex in the fiducial Sketch not to scale!
decay region is
reconstructed A eyl

Fiducial decay region

(NN O



Upstream background evaluation

Nbg — ZNifcdaPimatCh
i

N Upstream Reference Sample:

signal selection but invert CDA cut (CDA>4mm)

f Scaling factor : bad cda —> good cda
cda

Probability to pass K™ — ™ matching

P match

Calculate using bins (i) of (AT, Nerg)

|[Updated to fully data-driven procedure]
N=51 fps=020+003 <P, cn>=73%

Ny, (Upstream) = 7.4

INFN

+2.1
—1.8

VAGZ A\

e Upstream reference sample contains all’
known upstream mechanisms

® |V provides normalisation

® f-r, depends only on geometry
® Priatch depends on (AT, , Nori)

VALIDATION SAMPLES:

invert & loosen upstream vetos to
enrich with different mechanisms

Expected +4Observed

N T ARRTETERERERERL — e TLRRLLLRER LT

..........................................................................................................................................................

Number of events

Upstream sample 18



Summary of expectations

NAG2
o

KT — nt7%(w) 0.83 +0.05 RSM
+ + 0 + _ - SM,exp __ v
K™ = 7TO 0.76 = 0.04 BSES — (084 + 003) X 10 11 Nm,g _ Bﬂvv
Kt — 7tn"y | 0.07 £ 0.01 SES
.+ n
KT = ﬁ I/(’yl L.70 £ 047 Assuming B;EVMV =84 x 10711
K™ — umv 0.87 £0.19 . o Expected signal doubled
L 2021-22: Ny = 10.00 1 0.34 by including 2021—22 data
K™ —=uTvy | 0.82x043 c.f. 2016—18 : N, = 10.01 + 0.42
Kt s atntr 0.11 4+ 0.03
Kt —sntn ety 0.897 95
K+ — 00ty < 0.001 e N'L per SPS burst: 2.5 X 107> in 2022
K™ — nyy 0.01 = 0.01 o c.f. 1.7 X 107> in 2018. = signal yield increased by 50%
121
Upstream T41s e Sensitivity for BR ~ /S + B /S similar but improved with
Total 11.01%5 respect to 2018 analysis, for same amount of data

(A O



Signal regions: 2021—22 Data MAEZQ

2021—22 data 1D projection with differential background predictions
0.12 & SM signal expectation [not a fit]:

(P
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-0.06

15 20 25 30 35 40 45 - SM_
 momentum [GeV/d] Expected SM signal: N> =~ 10

Expected background: N,, = 11.0%%3 y
INFN Observed: N, = 31

-0.04




Results: 2021—22 Data

e Measure B, and 68% (10) confidence interval
using a profile likelihood ratio test statistic g(6)

__10¢ .
&g o A
< 8- AlbZ PRELIMINARY,
( (g;: / g Theory [JHEP 09 (2022) 148]: B = (7.86x0.61)x10™"
:.I« é Theory [EPJC 82 (2022) 7, 615]: B = (8.60+0.42)x10™"
% 6; NA62 measurement
B
Il
S 4f / 20
T F
O 3F
@ o
I —
e 1o
% I .
IiJO_'II||||||:|| : ||:||||||||||||||
0 5 10 15 20 25 30 35

B(K'—m*vv) x 10"

VAGZ2 a

e Use 6 (momentum bin) categories

After fit P
(use measured BR)

+ Nobs — Nexp(S(é) +b) I Nexp(b)

10

NAEkZ PRELIMINARY

Number of events
(@)

| | | | |
04520 2025 2530 30-35 3540 40-45

Category (&% momentum range [GeV/c])

Basoaa(K* = V%) = (16.0552) x 10711 = (16.0 (4)0 (1,50 x 10711

I N F N Evaluate statistical-only component by repeating procedure assuming exact knowledge of signal and background expectations y



Combining NA62 results: 2016—22

* Integrating 2016—22 data: Np, = 18%5 , N, = 51.
e Background-only hypothesis p-value = 2 X 10~/ = significance Z > 5

NAG2

__10¢ . " ® Nobs = Nexo(s(8)+b) ENexp(b)

& of R € 10— @ . 2021-22

S & NAB2 PRELIMINARY S N6 &7 (83 BR

J 8- 82 PRE > 51 (S2) ;

t;: 73_ Theory [JHEP 09 (2022) 148]: B = (7.86=0.61)x10™" re) 8_— 17 NA62 RELIMI A Y

= F Theory [EPJC 82 (2022) 7, 615]: B = (8.60+0.42)x10"" o ;

£ 6 - NA62 measurement o i ; ;

s S e

£ 4F )

o 4

O 3 i

D i

g °F 1o o

» F -

= 1F i

2 — ' . .

ﬁ 0_ | | | I I | | : |:| | | l 1 1 | | I I | | | I I | | O_ : : : . | | | | | |
0 5 10 15 20 25 30 35 0 7 8 9 10 1112 13 14

B(K'—m*vv) x 10 Category

Big_22(KT > mTvy) = (13.0t§:3) x 107t = (13.0 (igg stat +13 syst) X 107" y
INFN
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Results in context

BNL E787/E949 experiment
[Phys.Rev.D 79 (2009) 092004]

BNL

Broy - = (10.673%) x 1071

TvVYVy
[JHEP 06 (2021) 093]

—  NAB2 2016 18
NAG2 PRELIMINARY
—*— NA62; 2021 -22

Biw - =(16.0132) x 10711

TvVYV

NA62 2016 22

SM [JHEP 09 (2022) 148]

SM [EPJC 82 (2022)7 615]

e Fractional uncertainty decreased: 40% to 25% 5 10 15 20 95 30 35 40
e Bkg-only hypothesis rejected with significance Z>5 B(K' —=n vv)x10"

(N D)

By - = (13.0733) x 107

ITvVYVv

e NA62 results are consistent

e Central value moved up (now 1.5—1.70 above SM)



https://inspirehep.net/literature/814428
https://inspirehep.net/literature/1854186

Results in context

10—8:
e Fractional uncertainty: 25% - | |
| KOTO direct exclusion @ 90% CL
e Bkg-only hypothesis rejected with
significance Z>5 107° eigs N bound |
N . 9. 9.9.9.9.90.90.9.0.0.0.0.0.0.6'~™ - rossman
- + + a7 c:::A ,,,,, .
® ObSGI‘V&FIOn of the K — T[ VYV TL:‘ ””””” : AB2 FPREL”\/”NARY
decay with BR consistent with Pt : S :
SM prediction, within 1.70 Q gl i 2 i
1010 - )
e Need full NA62 data-set to ' i e i
o =
clarify SM agreement or M [EPIC 82 (4022) 7, 615]
tension M [JHEP 09 (202p) 148] |
| l
1011 . . 1 : : I : : :
0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.29 2.50
16—22 __ +3.3 -11 B(K+ — wtup) X107
anV — (13-0—2.9) X 10 ﬁ y
INFN 24 N/



Conclusions

o New study of K¥ — w7 vV decay using NA62 2021—22 dataset:
e |mproved signal yield per SPS spill by 50%.

® Ny, = 11.0775 , Nyps = 31
® Byi2(KT = mvy) = (16-0:51(5)) x 1071 = (16 0 (+4 Z)Stat (J—r:{ﬁg

NAGZ [

) x 10711

syst

e Combining with 2016—18 data for full 2016—22 results:
® N, = 18735, N,ps = 51 (using 9+6 categories for BR extraction)
® Bio—22(K™ > nvv) = (13.0233) x 107 = (13.0 (£3:7) 500 (3173 syst) X 107
e Background-only hypothesis rejected with significance Z>5.

e First observation of K™ — w7 vV decay: BR consistent with SM prediction within 1.7¢
e Need full NA62 data-set to clarify SM agreement or tension.

2023—LS3 data-set collection & analysis in progress... y
INFN A\






The story so far: K™ — w7 vV with 2016—18 data

NAGZ

012 F . Data 5 . T onn . 2018 Data
~ - .y Y T 01— . K > 5 MC v o SM K*—mtvwv
‘E 02;; - e SR e § 3""?-&85:'3&?-.- cE 0.1
~50.06 Eooos - “F 0.08
= =
0.04 — 0.06
0.02 — agevevnee o 0 — o
0 = ———=—== 0.04 .
- PP AT Tl e 2 i
-0.02 ces = . . . -0.05 _—
9 2016 data [PLB 791 (2019) 156]
~006 lllsll|20||||25|||30HH35H _0'110 15 20 25 30 35 |H40 (OIS AR ‘
7t momentum [GeV/c] " momentum [GeV/c]
0. 04— [JHEP 06 (2021) 0931 |
Data-taking year [Reference] N, Nfﬂf s N, ps 50 25 i‘j . nfinm I:?Gevj‘f]
2016 PLB 791 (2019) 156] | 0.152799% | 0.267+0.020 | 1 N
,exp
2017 JHEP 11 (2020) 042] | 1.46 +£0.33 | 2.16 £0.13 2 my  GSSUITIES.
: : B,u = 8.4 x 10711
2018 JHEP 06 (2021) 093] | 5.427927 | 7.584+0.40 | 17
2016-18 JHEP 06 (2021) 093] | 7. 03+(1, o> | 10.01+£0.42 || 20

Statistical combination:

INFN



https://inspirehep.net/literature/1704548
https://inspirehep.net/literature/1807490
https://inspirehep.net/literature/1854186

Particle ID performance : 2021—22 data NAG2 [\

Calorimeters

e Use BDT classifier for LKr & MUV1,2

e + MUV3 (fast u™ detector)

—_ 1
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Put™= n*) = (1.3+0.2) x 1078
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Comprehensive photon veto system: 21—-22 NA62 g

Control sample of KT ->n'n

- NA62 PRELIMINARY
| o gL =

.............................................................................................................................................................

.............................................................................................................................................................

rejection inefficiency,n

15 20 25 30 35 40 45
mt Momentum [GeV/c]

1079 L]

e Probability of K™ - 7T+7TO - 144
events passing all photon veto conditions: N0 = (1.72 £ 0.07) X 1078

INFN e Meets target: combined y/1t° rejection of 0(10°) y



Photon veto performance

0

—h

o
4

|

..................................

S
<
(00

n’(—yy) rejection inefficiency,n
>
o)
N
5%
[T1
>
Py,
<

1 0—9 | | | I ] I I | | I I | I I | 1 1 | | | I ] |1
15 20 25 30 35 40 45

wt Momentum [GeV/c]
INFN

e Combined y/1t’ rejection of 0(10%).

VAGZ2 76

e Probability of KT — 0 events

with 70 — Yy passing full photon

vetos:
Number of events passing full

1T VvV selection in T °
region
\ TR
. sel.

_—

Number of selected
normalisation events

Random veto
efficiency

Normalisation trigger
downscaling and efficiency

n.o=(1.72+0.07) x 1078

EN

30 N/



Upgrading NA62

e 2016—18 analysis proved NA62 technique.

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

e To improve: need new tools to control background.

Background zoNl(gX(g)Z) K™ decays in decay tank
Upstream 2-76t8'38 '
Kt > gt0 m K2pi .
0.52 + 0.05 ) Largest backgrounds:
K+ - utv 0.45 + 0.06 -&331 1. Upstream
e

2. Kt - matrt

KT >n n~e v 0.41 + 0.10 B Upstream

K*">n n™n~ | 0.17 + 0.08
Veto by detecting previously

missed particles... @
I N FN 31 \_/y

Total 4.317333 Upstream background




Mid 2018 - installed TCX Collimator TCX Collimator

Much improved shielding - blocking almost all upstream decay paths.

Sketch only Bend6

Bend4A

Bend4 Bend5

Fake vertex

¢
C
©
I_
=
=
S
O
©
>

GTK1

Scattering at STRAW1

Scraper

| | © signal in-time with true K* which decays upstream.

Z ‘ Signal in-time with pileup beam particle (7r ") which does not leave beam pipe




2021 - addition of VetoCounter TCX Collimator

Upstream decays can be detected and actively vetoed.

Sketch only Bend6

Bend4A . X

qu

—

Bend4 BendS %

- S

N 1 O
6 g§ C>t$ Fake yertex

+ ]|

Scattering at STRAW1

GT |
Scraper
VC2—®

© signal in-time with true K* which decays upstream.

Z ‘ Signal in-time with pileup beam particle (7r ") which does not leave beam pipe



New upstream vetos VetoCounter & ANTIOVNAGZ Q

cintittator tites-& -SiP\

ol A ol |,

N e oy,
-i"ﬁ-‘! bt m“'r. vll z“l"‘!'ug l -
- .v‘s.a" B e 8 o e
wdé f-*:’.\k. A (A A aa”m'z\\»
‘E NS M‘X@M’?ﬁﬁ P LA '/‘m!"
‘ﬁmi ég’ii’.ﬂaﬁf ﬁ‘wm‘k'ﬂ"@"ﬂm
oo ‘\vﬁm e Ted %P
"'"i\\_' ‘fm . ‘ .

VetoCounter

e Detect particles from
decays upstream of final
collimator.

e Factor ~3 rejection with
~2% accidental veto.

[FELIX readout: Streaming Readout Workshop talk 2021]

Coll. (TCX)

ANTIO

e Detect particles up to
~1 m from beam line.

e Reject ~20% of
upstream background

with <1% signal loss. y

[SPSC report 2023][EP Newsletter, Dec21] 34" S~



https://na62.web.cern.ch/Documents/SPSC-SR-326.pdf
https://ep-news.web.cern.ch/content/transforming-na62
https://indico.phy.ornl.gov/event/112/contributions/495/attachments/486/1338/08-12-21_A_novel_continuous_readout_for_the_NA62_data_acquisition_system_-_Streaming_Readout_conference.pdf

4th GTK station

e 5i Pixel detector exposed to
~1GHz beam.

o Essential for K* — ™ matching.

KTAG]-

e Measures K 3-mom. & time

e 4th GTK station improves
efficiency & pileup resilience.

Si Pixels ~(30x60 mm active area)




Example KT - ntn? 1¥ = yy event

LAV]_Z Not detected due to inefficiencies and/or missed interaction
products

Kr MUV1,2 MUV3 Sketch only

I\/IUVO”
RICH

Photon interaction
with RICH flange

STRAW



MUVO 2021 - add HASC2
LAV12 Additional downstream particles can be vetoed.

Sketch onIy

Photon interaction
with RICH flange




HASC2 veto

e K* - tn® was 2n largest Z 3 é _ é
background for 2018 analysis. —— ~@- HASC1 only R T

K=ty & wascrsascz | @ —

. NAG2
Events passing 7 " VV selection

(modifying HASC veto: study integral of background regions)

e Addition of HASC2: g g g g g g g
10* iﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁfﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁfﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁfﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁfﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ;ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁfﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁf
® 30% IESS K+ — 7T+7TO :IﬁﬁﬁﬁZﬁﬁﬁiﬁﬁﬁiﬁﬁﬁiﬁéﬁﬁ]ﬁﬁﬁﬁﬁﬁﬁiﬁﬁﬁiﬁﬁﬁﬁﬁﬁéﬁﬁﬁﬁﬁﬁZﬁﬁﬁﬁﬁﬁﬁiﬁﬁﬁﬁﬁﬁﬁéfﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁiﬁﬁﬁﬁﬁﬁﬁﬁ%ﬁﬁﬁZﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁféﬁﬁZﬁﬁﬁﬁﬁﬁﬁiﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁéﬁZﬁﬁﬁiﬁﬁﬁﬁﬁﬁﬁiﬁﬁﬁﬁﬁﬁﬁﬁé

e 18%less KT > m mm™ :iifﬁfﬁ:ﬁéﬁffiif:jii_gﬁ_::]f..f....]é.:ffﬁf.[...j.;_]:.:]:j_:_ﬁé_fiii_]:]:éfifif:ﬁififié
e 3 5% less K+ N ,Ll-I_V I ...................... ...................... ______________________ ______________________ ______________________

e with only 1.5% signal loss K* >

]
-0.02 0 0.02 0.04 0.06 0.08 0.1 0.12

(NN D)



Beam intensity: 2018 vs 2022

~20 x 10 pppon T10 ~30 x 101 ppp on T10
\\ <
;i 0.1 - 2018 Data " 2022 Data
< LN =/
008 | ,
- |
- |
006 — [ :
- ey |
0.04 — |
- Average: |
0.02 | intensity ...,
R P -
I TR AN ;I L l L1 |||||l||rr'|- et d 1] ]

100 200 300 400 3500 600 700 800 900 1000
Instantaneous Beam Intensity (MHz)

e Average beam intensity increased. y
INFN e NA62 “Full intensity” with 4.8s spill = 600 MHz g S



2021 instantaneous beam intensity NAGZ {

[INA62 SPSC Report 2022]

10000

—

0 100 200 300 400 500 600 700 800 900

L ¥
> - 10° = 10000,
S o  Allevents S. = >1second into the spill >
g F - ~ ‘8000 — 1000
@ teopt N . @ oo
.E 6000 ‘ :.é Y00 | 6000 M HZ ___________________ =
‘% 5000 | E
Q 4000 8
O

3000 10 o)
% »
O 2000 g
Q

7,

— -
= 8
S s
% 17
= =

Folded event timestamp [25ns]

Folded event timestamp [25ns]

e Remove events in first 1s of 4.8s spill for 2021 data only.
e DAQ overwhelmed by instantaneous rates up to 10x higher than design. y

(INFR S


https://na62.web.cern.ch/Documents/SPSC-SR-306.pdf

Analysis strategy

e RICH multiplicity (reference time) Common
conditions
e Signal in CHODs

e No signal in MUV3(u veto) "

e Tag K™ (= 5 KTAG sectors) conditions
e Signal: K™ — m vV candidates - 0
ghal. e <40 GeV in LKr (" /y /e veto)

Triggers:
e Minimum Bias: K™ — u™v

0

e Normalisation: K™ — w71

e | AV veto (downstream of vertex)

Selection:

o Normalisation KT - 71" 1 downstream track (only); identifiedas t™; K™
— 17 matching (space & time); upstream vetos.

e Signal K — 77 VV candidates: same as normalisation selection + full photon and
detector multiplicity cuts (reject all extra activity).

(N )



Bayesian classifier for K* — n* matching ¥462 {

e Inputs: spatial (CDA) & time (AT ) matching, intensity/pileup (N 7x) [prior]
e Models for PDFs/Prior from K™ —» n¥m™ ™ data.
o |reseas| £ L kmeems| R
> 0.4 | Plleup 2.5 — Plleup TBBE
B 085 5 L . VN R L 07E
='0s = PKATY U e
0.25F | e e 150 ............................... S T O S— _— 155 000 R 0
0_2: E E | i % E 5 é 3 | N AOZ I HIVRENATS
L S e A e IR 0 O D
S T e o Negrr )
0.5 =

: PP ( AT ) ;_. AAAAA
Odl — I5I | 10 — I~|5 20 25 30 OF | _1| — I:E)E)I — 0 — ?? - 1 | 0_7|2| 3* 4I 5| 6‘| 7| 8| .9I 7;_)7; 7<'|>737<|;7572,‘7‘7737‘!;252;2;2‘;2;&95
CDA [mm] AT, =LAt +Atg, ) [ns] Nt

e Output: posterior probability of GTK track = true K™
e Use likelihoods of kaons (K) and pileup (P)

e Likelihood ratio used to select true match when N7 > 1
IN FN e Efficiency improved (+10%) and mistagging probability maintained.




Signal sensitivity NA62 ()

e Normalisation channel: K™ = 777" , momentum range p € [15,45]GeV/c.
Single event sensitivity:

(Branching ratio corresponding to expectation of 1 event)

Effective number of K™ decays, Ng:

Downscaling factor of
normalisation trigger 1
(generally 400)

\ — BSES —
NTL'TL'DO NKERVEtrlg VYV

K = BTL’TL'A Random veto //
T[v\ efficiency Signal selection

Number of
normalisation events

+ Trigger efficiency acceptance
Branchlng ratlo of K Acceptance of (ratio)
— 1t decay normalisation selection
BSM
Number of expected SM events: N SM vy
TVV

(For comparison to previous results use B~ = 8.4 x 10711 BSES @
but results are independent of this choice y
INFN P )

R Z e



Optimum NA62 intensity MIEZQ

Selected signal yield vs intensity  © Saturation of expected signal yield with
%107 intensity. Mainly due to:

- Slope dependson | e Paralyzable effects from TDAQ dead time

35 :—Signalacceptance ............................ ......................................................................... and trigger VetO W'indOWS.

39 b at0intensity .. I N T S, e Offline selection, due to veto conditions.

40

vy / spill

55 _ ................. . o * Main sources of uncertainty for model:
E ) e Online time-dependent mis-calibrations.
20 E_ ................. — 4 .......... ............ E ................................ : . Eit uncertainty.
15 ¥y T E — . From August 2023 operate at optimal
10 :_ ........... 75% ................ »i ................................ E<Fullmten51ty ....... intensity (~75% of full) to maximise
- . Lo TTVVsensitivity

i : : : :

"i' - : - :

D : : : :

28 : : : -

el G e R R T R T R T S S S S e R RS

£ . . . .

K - : ; :

? : : : :

AU e Maximise signal yield

lllllIlll]lllllllll|llll|llllllllllllllllllllIllll

100 200 300 400 500 600 700 800 900 1000 e [ower expected background
Instantaneous intensity [ MHz] e Higher DAQ efficiency

Studies of 2021—22 data at high intensity were y
INFN crucial to establish optimal intensity 7

44

&
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NAG2 A

Example event (2022 data). Energy/cell [MeV]

Background mechanism: K™ — u"vy

e K™ - utvy decay with fairly energetic photon (E,, > 5GeV) and high é”‘] D“'a"““rh-\ I

momentum u* (p = 35GeV/c). 210 ' SEh. (L

® v and 1™ hit LKr together and are misidentified as a T ™. "0 e

* No rejection power from photon vetos (LKr Y cluster associated to track). I iy~

40 |- T )| 2000

e Additional y naturally shifts m2,... = (Px — P,)? towards higher values _ : NS i
(1.e. towards signal regions). ek i ey

60 80 100 120

0 20
/ X ID Cell LKr
Energy/cell [MeV]
RICH LKr g o>a L 58 . -
4 = photon-like I
+ = T f
+ + H O 540 H 10°
& _)W s = : l B t
e = 52 - ?
+ ............ = :0 0“
K ....... L. 50 - w f ‘. 102
vV | e IRRRRET S 48 :_ - ‘e, _“0’: 1
.................. or E I t N )
............ - Expecte
4 - track

- - Dead cells
Sketch only “pposfon o N, y
72 74 76 T8 80 82 84
X ID Cell LKr 45" S~~~




NAG2

Evaluate background expectation using uvy control
sample from MinimumBias trigger, not applying

K™ — u™vy Background

e Kinematically select K™ — ,u+vy

d

events:Myss(Kuzy) = (Px — By — By’ Calorimetric BDT classifier and MUV3 signal:
® P : 4-momentum of K™ from GTK (as normal) = oi——Minimum Bias Data
® b, : 4-momentum of track with 1™ mass hypothesis. % |\|A62 PREL”\/HNA RY
. Py . reconstructed from eneray and position of LKr > 0_05: _________________________________________________________________________________________________________________________________________ :
cluster (and position of K7-u™ vertex). c%’“ ! A
o’ =
Validation: data sample with PID = “less pion-like” ~ [ )
(Calo BDT bins below 1t bin). %‘0-"5? Eld
L :
-l:C:J 60:_I<M2)/ validation samples: -9- Observed #= Expected ~0.1— ................ ................................. 10
T 503— -Kl*zY -K!*z I : : A . Rgegion§2
- " Upstream FYE NN, AN
“= NA62 PRELIMINARY 000008002 0 08 0% 0% 8%t
30 ) - e Before K+ — 11 vy veto: found excess of events at

p > 35GeV/c in Region 2 relative to 2016—18 data.

20 :s:s:s:'
: e Additional background identified and studied in data control

10

samples & MC.
* K* — u*vy veto added to selection criteria for final analysis.

0.1 0.2 0.3 0.4 05 06 07 0.8
Calorimetric pion probability



Background evaluation: K™ — u vy NA62 ()

e Evaluate background expectation using uvy control sample from MinimumBias (MB) trigger.

e Not applying Calorimetric BDT classifier and a signal in MUV 3.

Minimum Bias Data e Kinematically select K™ — ,Ll+VV

— 0.15
L [ 5 . 2 —_
 , NAG2 PRELIMINARY [ eventsimoc(Kiz)) = (P = By = )’
o [ ~¢  ® Pp: 4-momentum of K™ from GTK (as normal)
0 U.USj ,-*'{ E . .
e P B 1. e P :4-momentum of track with ,u+ mass hypothesis.
S il ettt --g%im-_-,ﬁ’_f{.;“ = H
~ | B N\ ® P : reconstructed from energy (subtracting MIP
< 778K vy control sampldid 14 . oy
B : - i s s s : ; : - 1§11 +_ +
o | IRegion 2] ) position of K™ -u™ vertex).
0155 sl 0{1532 02}4 oiae oéaa 051' 16.51'2@;.14 1 N, (K+ B 5signal p
M2 = (P_- P.f [GeV7/c] bg( — U VV) — uvy MB misiD

/ / probability of y+/,¢+ being
. . +

misidentified as a 1T

Not included in kinematic tails calculation because

Ratio of

. . . . . MB t =
the tails sample imposes Calorimetric PID=,u+, while rlgger n+v1_/and MB y
INFN here there is misiD of u™y => ™. trigger

efficiencies A7 N/




Background rejection: K™ — u vy NAG2 A

Minimum Bias Data
Events with MUV 3 association and

m2iss (Kuzy)|? < 0.01GeV 2 /c*

¥ F . . — 35 106

veto [T i vy events with: 8 _NAG2 PRELIMINARY I

* [Miniss (Kuzy)* < 0.01GeV? /et s 8 L IR &
25 _ ......................................... R o | i e =

20_ ......................................... ...... ..................... =
® 117 -like RICH PID. ot -

e Veto conditions established using data control samples of il : .....................
and MC. o s

® K™ = u"vy Veto = 20x background suppression with
0.4% signal loss.

W . W e e Wy e S e N e W e = - e

e Why different to 2016—18 analysis?

e Calorimetric PID degraded:
e Higher intensity in 2021—22 data (in particular, affects MUV1,2).

INFN e Training of BDT classifier.



Other backgrounds MIEZQ

e No clean control samples for in data: Use 2 X 107 simulated decays.

sel

. _ Nmc _ _3
_ Random veto & trigger efficiencies Acceptance : AK@4 o ygen (1-3 T 0'351"31") X 10
Effective # of K+ MC

~ \ /!

Nbg (K+ — 7T+7T_e V) — NKERVEtrigBKe4AKe4 Nbg(K+ — T[+T[_€+V) — 089i8%g

Branching ratio of K,
(from PDG)

+ 0 p+ + to, .
‘K — TU ’g Vand K —> TU yy. Nbg(K+—>7TO£+V)<1X1O_3
e Evaluated with simulations.
e Negligible contributions to total background. |Nog(K™ = yy) =0.01+0.01

N D)



Upstream background evaluation NAG2 Q

e Upstream reference sample contains
all known upstream mechanisms.

— ZNifcdaPimatCh
l

‘ e . .
N Upstream Reference Sample: N provides normalisation.

signal selection but invert CDA cut (CDA>4mm) | fCDA depends only on gegmetry

Scaling factor : bad cda —> good cda
fcda ° ° ® Fmatch depends on (AT+: NGTK)

o OB Lo T B ———— 1

P Probability to pass K* — m™ matching = 20 I
Z - 0.9

match u
20_ .............. ............................ .............. ............. _08
Calculate using bins (i) of (AT, Norx) B f f f 0.7
[Updated to fully data-driven procedure] oo NN .............. ______________ —0.6
N=51 frps=020+003 <P .cn>=73% - NABS 05
100 —0.4
_ +2.1 - —0.3
Ny (Upstream) = 7.4Z1g

0.2
B 00 0.1
INFN 0 0050101502025030350404505 0
_. A T,I [nS]



— ZNifcdaPimatCh
l

Upstream Reference Sample:
signal selection but invert CDA cut (CDA>4mm)

N

f Scaling factor : bad cda —> good cda

cda

P Probability to pass K™ — ™ matching
match

Calculate using bins (i) of (AT,, Ng7x)
|[Updated to fully data-driven procedure]

N=51 fps=020+0.03 <P r,>=73%

Ny, (Upstream) = 7.471g

INFN

Upstream background evaluation

e Upstream reference sample contains
all known upstream mechanisms.

NAG2

® N provides normalisation.
® -5, depends only on geometry.
® Patch depends on (AT, Nork)-

Nygs = o1
2 u : 5 :
C : :
=S — : :
8 f %
12 ...................... BN
ob—. | NP
Y N R U S S
of e e
— |
T e S . e
2 ..................................
0_ | | | | | | | i | | |
0 10 20 30 40 50
CDA [mm]



Upstream background validation

e |[nvert & loosen upstream vetos to
enrich with different mechanisms:

e Interaction-enriched: Val1,2,7,8
e Accidental-enriched: Val3,4,5,6,9, 10
e All independent.

e Expectations and observations are in
good agreement.

e Number of events rejected by
VetoCounter:

e (i.e. events in signal region with
associated VC signal)

o NVCre] — 6.9 + 14_ NVCre]

exp

e VetoCounter is essential to control
upstream background.

(INFR

9

Number o events

I\'J

NAG2

Expected + Observed

-----------------------------

.............................

-----------------------------

............................

Vall Val2 Val3 Val4 Val5 Valé6 Val7 Val8 Val9 Vall0
Upstream sample

Signal region



Kinematic regions

015 ---------------------------- ---------------------- ---------------- Signalregions ] ® Signal regi0n5:
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Control regions: 2021—22 Data
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e Good agreement in control regions validates background expectations. y
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Results in context: the long story of K™ —» 7 vv

e Experimental measurements:
e Camerini et al. [PRL 23 (1969) 326-329]
e Klems et al. [PRD 4 (1971) 66-80]

e Ljung et al.
e Cable et al.
e Asano et al.

[PRD 8 (1973) 1307-1330

[PRD 8 (1973) 3807-3812]

[PLB 107 (1981) 159]

e E787 :
e [PRL 64 (1990) 21-24]
[PRL 70 (1993) 2521-2524]
[PRL 76 (1996) 1421-1424]
[PRL 79 (1997) 2204-2207]
'PRL 84 (2000) 3768-3770]
PRL 88 (2002) 041803]
949 (+E787)
PRL 93 (2004) 031801]
e [PRL 101 (2008) 191802]
e NA62:
e 2016 data: [PLB 791 (2019) 156]
e 2016+17 data: [JHEP 11 (2020) 042]
e 2016—18 data: [JHEP 06 (2021) 093]
e 2016—22 data : this result.
e Theory:
e [Phys.Rev. 163 (1967) 1430-1440]
'PRD 10 (1974) 897]
[Prog.Theor.Phys. 65 (1981)]
[PLB 133 (1983) 443-4438]
[PLB 192 (1987) 201-206]
'Nucl.Phys.B 304 (1988) 205-235]
[PRD 54 (1996) 6782-6789]
[PRD 76 (2007) 034017]
[PRD 78 (2008) 034006]
[PRD 83 (2011) 034030]
[JHEP 11 (2015) 033
[JHEP 09 (2022) 148]
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First search for K+—mOmpe decays, arXiv: 2409.12981 [hep-ex], submitted to Phys. Lett. B.
Search for leptonic decays of the dark photon at NA62, Phys. Rev. Lett. 133 (2024) 111802.
Measurement of the K+ — m+yy decay, Phys. Lett. B 850 (2024) 138513.

Search for K+ decays into the m+e+e-e+e- final state, Phys. Lett. B 846 (2023) 138193.

A study of the K+ — m0e+vy decay, JHEP 09 (2023) 040.

Search for dark photon decays to p+u- at NA62, JHEP 09 (2023) 035.

A search for the K+ — p-ve+e+ decay, Phys. Lett. B 838 (2023) 137679.

A measurement of the K+ — m+u+py- decay, JHEP 11 (2022) 011.

Searches for lepton number violating K+ — m-(1m0) e+e+ decays, Phys. Lett. B 830 (2022) 137172.

. Search for Lepton Number and Flavor Violation in K+ and 0 Decays, Phys. Rev. Lett. 127 (2021) 131802.
. Measurement of the very rare K+ — m+v v decay, JHEP 06 (2021) 093.

. Search for K+ decays to a muon and invisible particles, Phys. Lett. B 816 (2021) 136259.

. Search for a feebly interacting particle X in the decay K+ — m+X, JHEP 03, (2021) 058.

. Search for m0 decays to invisible particles, JHEP 02, (2021) 201.

. An investigation of the very rare K+ — m+v v decay, JHEP 11 (2020) 042.

. Search for heavy neutral lepton production in K+ decays to positrons, Phys. Lett. B 807 (2020) 135599.
. Searches for lepton number violating K+ decays, Phys. Lett. B 797 (2019) 134794.

. Search for production of an invisible dark photon in m0 decays, JHEP 1905 (2019) 182.

. First search of K+ — m+v v using the decay-in-flight technique, Phys. Lett. B 791 (2019) 156.

. Search for heavy neutral lepton production in K+ decays, Phys. Lett. B 778 (2018) 137.
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