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Studies of rare K™ decays at NA62




The NA62 Experiment at CERN: K NAGZ

~300 collaborators from ~30 institutions.

Primary goal: measurement of B(K* — ztuD)
New Technique: K™ decay-in-flight

‘ Results: [pLB 791 (2019) 156] [JHEP 11 (2020) 042] [JHEP 06 (2021) 093]
e T GEAEVe T e : Broader physics programme:

"-v ’M -~

Lac Leman (Iake Geneva) s m;c‘., Genéve alrport e LR e Rare K decays (this talk)
T i 355, 8 ' | o LNV/LFV decays (e.g. K™ — uTveTe™ puer 09 2023) 0407)
e Exotics (e.g. Dark photon [arxiv.2312.120551, talk by T. Spadaro)

Data taking

e 2016 Commissioning + Physics run (45 days).
e 2017 Physics run (160 days).

e 2018 Physics run (217 days).

e 2021 Physics run (85 days [10 beam dump]).
e 2022 Physics run (215 days).

e 2023 Physics run (150 days [10 beam dump]).
e 2024 Physics run ongoing ...
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Phetograph: Maximilien Brice © 2008 CERN

Continues long history of Kaon physics at CERN :

INFN Joel Swallow 1986-98
~ LNF

1977—-2001 2002  2003-4 2007-8 2016-18 2021—LS3 3

Discovery of direct CVP
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https://inspirehep.net/literature/1704548
https://inspirehep.net/literature/1807490
https://inspirehep.net/literature/1854186
https://inspirehep.net/literature/2653707
https://inspirehep.net/literature/2738578
https://agenda.infn.it/event/39000/contributions/233737/

NA62 Beamline & Detector msrzeonores  MAGZ £

Hermetic photon veto:

Unseparated hadron beam

+ . 0 — 50 mad Hadronic
E A s (7 + 570 %/P 23 %, K== 67%) Calorimeters
= « K7:75GeV/c (x1%)
2 7 CHOD
> 1 Nominal intensity: 750 MHz beam, 5 MHz L AV STRAW
K™ decays in ~60m decay region. Large Angle photon [l T Tr
. 7 veto (12 statlons T T : : :
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Decay region

- CHANTI Vacuum
FV:105—180m _ 300 m¢

GTK

Target KTAG

400 GeV Protons _ /
from SPS === F——]

(Nominal: 3.3 X 1012 per spill) : / I -
2

] 1 3 O(10~°) mbar Small angle
| Cherenkov kaon tagger, l l l l l | ohoton vetos
1 - 6. = 70 ps \ i i :|RICH ||
7 f f Beam spectrometer i l L * Dum p
] LKr
— Spectrometer: 4
"2 - STRAW chambers o, = 70ps
Manget: 270 MeV/c Liquid Krypton
(( momentum kick EM Calorimeter
| )) | | | | | | | | | | | | | | | | | | | | | )
0 100 150 200 250
Z[m]

e Designed & optimised for study of K™ — z7vD :
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, IRC, SAC (y)
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https://inspirehep.net/literature/1519167

NAG2

Precision study of K™ — 77yy

e Crucial test of chiral perturbation theory (ChPT). - —— Data
. Branchmg rat]o %(K_F — T 7/}/) _IS parameterlsed .In 400 :— ..................... + ....... ............................ ..... K+% n+yy
ChPT by an unknown real parameter . 350 D ' K'— oy
o External inputs [PLB 835 (2022) 137594] for O(p®). : | : : Ky 00
: : B i —> T TUT
. Signal selection: 300 = o - ) -
B —> T T
e positive track identified as 77, match with K™ and  5gqf | . B e e
2y in LK. : + + { . .
. Kinematic constraints on invariant mass M, and 200 E_ ....................... k... ........................... ...............
total momentum Pryy 150 _:__ ........................ + ............................. .............................. ------------------------------ ---------------
2 M2 » +
L o (Px—Pp) ry :
Main kinematic variable: 7 = = —. 100 = | ¢ o e
Select range 0.20 < z < 0.51 signal 50:_ .................................................. ++ ....................................................................................................
(0.04 < z < 0.12 norm.). - | 14 : . _
e Main background: K — 777", z¥ — yy with photon P' | e s e |
cluster margining in LKr. 40 460 480 500 520 540

MeV/c?
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https://inspirehep.net/literature/2147171
https://inspirehep.net/literature/2718968

A [PLB 850 (2024) 138513] wnﬁz g
K™ — n7yy ChPT ¢ result

300r 300r
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250 K~ =* + 250H [ K = =t -
: e Pty . | v2Indf = 92.5/30 : g L v2Indf = 29.6/30
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e Parameter ¢ measured in ChPT O(p™*) and O(p®) descriptions by reweighing
K™ — n7yy MC and performing a minimum-)(2 fit:

e ChiPT O(p®) p-value = 2.7 X 107 : cannot describe di-photon mass (z) distribution.

NP =291%14
g

INFN Joel Swallow o ChiPT @(p6) p-value =049 : ¢c=1.144 + 0-069stat T 0-034syst -
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https://inspirehep.net/literature/2718968

[PLB 850 (2024) 138513] H‘Ez \
K* — x*yy results -
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% |+Data E787 (1997)
2 0.3-ChPTO(°) | 31 eventsT
S = ; 5 z s : ' 5
F NA48/2 (2014)
- 0'25: 149 events _‘_
. NAG2-2007 (2014)
B 232 events o
0.15
. NA48I2 + NA62-2007 (2014)
0_1:— 381 events | :
0.051- NA62 (2023)
8 _ _ _ _ . 3984events = ¢
O(')==‘=r L1 1 | —— —_— Ll 1 11511116111171111811119111110111111111112111113111114

B(K*'— m*yy)x10’
N, =13984 | ChiPT O(p®) description: Fit p-value = 0.49 : ¢ = 1.144 = 0.069.t.+ =+ 0. 0345yt

NeP =291 + 14| B(K* = nryy, ChPTO(p®)) = (9.61 £ 0.154¢4t £ 0.075y5t) X 1077

e Model independent BR measurement:

INFN Joel Swallow ® %(K‘F —> 7Z'+}/}/’Z > 02) p— (946 + 019Stat + OO7SySt) X 1()_7 -
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https://inspirehep.net/literature/2718968

: NAGZ2
SearCh fOr ALP ]n K+ _) 7Z.+a a _) y}/ decays [PL8850(2024);9;;’3]

o Peak searchinm, = \/(PK P )2 (207 — 350 MeV/c?) in steps of 0.5 MeV/c? [m_, resolution from 2.0 — O. 2 MeV/c? across
search range].

e For each m, hypothesis background estimated with simulation and UL on number of signal events established with CLg method.

o Gives first limits on B(K™ — n7a) for ALP decaying promptly as @ — ¥y, and limits on coupling strength f(_;l ~ T ~05in the
BC11 FIPs benchmark scenario. =
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https://inspirehep.net/literature/2718968

— new: sprin W‘EZ _ ’ _
Study of KT — 7Z'+7Z'O, 72'0 > ete [new: spring 2024] ‘l

o Experimentally observable BR: B(7" — eTe (y),x > x. ) where x = meze/mﬁO .
0

e Dalitz decay &

e For x > 0.95, Dalitz Decay ~ 3.3 % of decay rate.

e Previous best measurement from KTeV experiment [Phys.Rev.D 75 (2007) 012004]
RB(n’ — eTe (y),x > 0.95) = (6.44 £ 0.2555¢ + 0.225,,5t) X 107°.

e Using latest radiative corrections [JHEP 10 (2011) 122], [Eur.Phys.J.C 74 (2014) 8,
3010] this result can be extrapolated to the full phase-space and compared to
theory:

— e 'e y dominates for low X.

B (7% — eTe™, no-rad) x 10° . Diagram for 71'0 N €+€_ :
KTeV, PRD 75 (2007) 6.84(35) . considered in
Dorokhov and Ivanov, PRD 75 (2007) 6.23(9) ith various
Husek and Leupold, EPJC 75 (2015) 6.12(6) ’ \6‘” v
Hoferichter et al., PRL 128 (2022) 6.25(3) o — ;/*y* transition

form factors

Joel Swallow
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https://inspirehep.net/literature/729815
https://inspirehep.net/literature/916218
https://inspirehep.net/literature/1298277
https://inspirehep.net/literature/1298277
https://inspirehep.net/literature/1298277
https://inspirehep.net/literature/1298277

%

StUdy of KT — ]z'+7z'0 7V 5 eTe™  mnewspring202a) WABZ

o NA62 Data collected in 2017+2018 & using simulations “NAG2 Preliminery . |=Dat
with the latest radiative corrections included.

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

2500 K"> nttete

o Normalisation: K™ — 77e™e
e [select ~background-free for m,, > 140 MeV/c?]

2000

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

Events / (1 MeV/c?)

1500

e Ildentical final state, common selection criteria —
cancellation of systematics.

e Multi-track electron trigger line used to collect both
signal & normalisation.

e Level O (hardware) : RICH(timing), CHOD(>2 charged
tracks), LKr(>30 GeV)

e Level 1 (software) : KTAG(tag K+), STRAW(charged
tracks forming vertex)

...............................................................................................................................
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e Downscaling factor D, = 8. 455 457 457 455 488 450452 454 406 458 590503 504 506 508 B¢
. .. . .o [MeV/c?]
o Overall trigger efficiency =~ 90 % for both signal & A = (4770 +0.01 ) % &
normalisation. mee D Sftat
N_,,= 12160 Purity > 99.9 %

wee

el Sl Effective number of kaon decays: Ny = (8.62 % 0.08gt4t £ 0.260,¢) X 101!
IN!N:FN Vulcano24 External uncertainty from norm. BR: B(Kt — ztete™) = (3.00 = 0.09) x 10/ 10




— new: sprin Jlﬂ“ﬂhliii?ﬂ
Study of KT — 777", ¥ — ete™ [reweprinozes 1)

= 200 -
L " NA62 Preliminary ., | |~ Data
Backgrounds: § W b B e I ke
+ - A . . . RSl L s
e K™ — m"eTe  :irreducible, flat in signal g ™ e
region ~ £ 140
egl10 m,, m_o §
e Kt 5 2t7°, 2’ 5 etey =Kt - ntn): i 120
o a) 77¥ Dalitz decay distribution with large-x b
tail. 80
e b) Photon conversion in STRAW (y — e¢™e™) + 60
: +
selection of a produced e—. 40
e Suppress using STRAW hit information, 20
building ‘track segments’ pointing to vertex
0
e KT — 7z+7r0, 7’ = ete ete = Kt > 7z+7ng O 14
: double Dalitz decay with an undetected ete™. e 1-21
S 0.8E
0.6

130 131 132 133 134 135 136 137 138 139 140

m,, [MeV/c?]
Joel Swallow
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new: sprin ”‘EZ _
Study of K™ — 7 ]Z'O 7V — ete™ [newspring2024 1)

200

2 _ NA 62 Prelimina |~ Data
e Fit for signal extraction: E 180 - m -------- 'y i K > w0t 6
m,, € (130,140)MeV/c* £ . e
. Slgnal acceptance (for X¢rye > 0.95) *§ 140
A(K+ — 7 T, ) — (5 72 = 0. OZStat) % " 1
e Perform maximum likelihood fit of e

simulated samples to data: 80

e Fitted signal event yield : 597 += 29 .
40

e y*/ndf = 25.3/19, p-value = 0.152. -
e {BR of other decays: external input 0
from PDG} QO 14F
~ 1.2F

A 0.8E

0.6

130 131 132 133 134 135 136 137 138 139 140
M, [MeV/c?]

INFN " e B(n' = ete (y),x > 0.95) = (5.86 £ 0.30c4¢) X 107° 12




Preliminary Results: K™ — 777", 7 — ete™ NABZ{
Braga(n’ — eTe™(y),x > 0.95) = (5.86 £ 0.305tat + 0.11gyst £ 0.19gxt) X 107° = (5.86 £ 0.37) x 107

6B [1078] | 6B/B [%]
. L Statistical uncertainty 0.30 5.1
e Large external uncertainty from B(K* — n7eve™), ———— = t .
measured by NA48/2 and E865. New analysis for this _ _ ' '
mode planned at NA62. Total systematic uncertainty 0.11 1.9
: . : Trigger efficiency 0.07 12
e Strong prospects for the future with optimised multi- R4 tive corrections for 70 —s et e 0.05 0.9
track electron trigger line with reduced downscaling, Background 0.04 0.7
collecting d large di-electron final states Sample. Reconstruction and particle identification 0.04 0.7
Beam simulation 0.03 0.5

e Lower central value than KTeV measurement, but results are compatible:
e Brr (1’ = eTe (y),x>0.95)=(6.44+0.33)x 107"

e Result in agreement with theoretical expectations when extrapolated using radiative
corrections:

o Btheory2022(r’ = e*e~(y),norad) = (6.25 £ 0.03) X 10~°

Joel Swallow
I N !N:FN Vulcano24 13




Tagged neutrinos at NA62

£,
X

Target
0 A —iF

KTAG

ANTIO

MUVO

STRAW

LAV

/Hm’”g

RICH

e -
e
-~-
—~—
--
~-
“
—

0ﬂc;ZTKCO?'L\ l l l l l ll | | ‘ ‘RI(TH'
_’_,_,_J

)
0

1
100

150 200

o Goal: search for K™ — ™y, with:

e K™ and u™ detected by GTK and STRAW trackers as usual.
o U, interacting in LKr calorimeter (20 tons of Liquid Kr, MUV12 66ton HCAL)

o U, Interaction probability 610~ : cc-pIS v, = U~ + shower

Joel Swallow
I N !N:FN Vulcano24

e Trigger based on u™, i~ and shower activity.

NAG2

[De Martino, NuFact23]

14


https://indico.cern.ch/event/1216905/contributions/5448754/attachments/2702123/4690877/NuFACT_NuTagging_DeMartino.pdf

NAG2

[De Martino, NuFact23]

Tagged neutrinos at NA62: strategy

NA62 preliminary Signal MC NAG62 preliminary

e . = g p 1T 171 e Blind analysis, using 2022 data.
3 Q N . :
< =f T AR S S1gnal region : |d; g, | < 60 mm

B : S | 2
é 02+ ............................................ ........................................ = g i £ _ ‘ mzss‘ —_— ‘ (P P ) ‘ < O 006 GeV /C
= v 15
2 = | | e Sudy backgrounds using data-driven methods

1. _ | e e ... e using side-bands:

0.1 o N ....... R SRSt ............. e e _ : i B 1 . . o .

1. - T e K™ — uTv + extra in-time activity (side-

: | —L._ bands of d; ).

. Oilg.._l"...i...i,;li , ,

% 100 200 300 -0.01 -0.005 0 0005 0.01 e Mis-reconstructed K™ decays (sidebands of
dLKrv [mm] mlss [GeV2/ c ] m2 )
miss’*
: + + : : Nnorm
Normalise to K™ — u™v (no interaction) : N =
. K K+ +
Enorm; B(K+ — ptv)
- sigmal __ + signal
dLKrv‘ § ainsnt ° Nexp NKgg(K — H U)Pmt Lkr Slgnal Nnorm Pint,LKr
. B - gnorm

Vi LKr H e Evaluate signal efficiency with MC (GENIE)
o Results: P, g, = (6.0 £ 0.15y5t) X 1071

NN o Swallow Esignal = = (2.55 £ 0.154¢5¢ = 0. O4syst) T : N;?Z,al = 0.228 = 0.014¢¢5¢ £ 0.01 1syst

Vulcano24
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https://indico.cern.ch/event/1216905/contributions/5448754/attachments/2702123/4690877/NuFACT_NuTagging_DeMartino.pdf

NAG2

[De Martino, NuFact23]

Tagged neutrinos at NA62: Results

Background NAG62 preliminary  Sjgnal NAG62 preliminary
5 S B b e ey —— T 0.025+,
2 5 % Observed events % Observed eventsI &~
> E E . _ >
O ; : O
ORI X1 7 ST PR AR ST R - 0.02 O
= : : o
? - ; : - -
o 5 5 S
P 5 ; : 0.0155
0 |- g~ f-eceosim— R || 0.01 &
; ' ' : S
E - —0.005
—0.02 L ! I S s WA I RS RN I R A | PR Ll e g
0 100 200 300 0 100 200 300
dLKr \Y, [mm] LKr v [mm]

o NP = 0.228 £ 0.01455¢ = 0.011gyg¢

e Observe 2 events in signal regions.

e Backgrounds:

o NEP(mis-reco K*) = 0.0014 + 0.0007g¢¢ = 0.000245  © (+1 10 Dackground sideband)

NQXp(p‘IeUp + K" — p'v) = 0.04 £ 0.025¢,5¢ £ 0. Ulsyst o Detect full event : K+ — U I/
ool Swallc tagging the neutrino!
IN!N:FN Vulcano24 16



https://indico.cern.ch/event/1216905/contributions/5448754/attachments/2702123/4690877/NuFACT_NuTagging_DeMartino.pdf

VAGZ2 A

[De Martino, NuFact23]

Tagged neutrinos at NA62: Results

Event Display - Event A

@ P+ = 25.25 GeV/c
e FE.,—>21GeV

MUVS3 i il
/7 l
g | ~ —

g I
2k

]

4
)

Joel Swallow X M| | V 1 e, 0
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https://indico.cern.ch/event/1216905/contributions/5448754/attachments/2702123/4690877/NuFACT_NuTagging_DeMartino.pdf

Golden Modes: K — w1

Joel Swallow
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K — mvl : Precision test of the Standard Model

SM: Z-penguin & box diagrams

S W ), S 1%
ANWWWWWWWW
L T A
u,c,ty YE, U, T
_ANVWWWK,
i W v 7

« B(K — mui) highly suppressed in SM

m
. GIM mechanism & maximum CKM suppression s — d transition: ~ —L

d

174

1,6 T d

174 124

My

* Theoretically clean = high precision SM predictions

 Dominated by short distance contributions.

ViV,

NAG2

Im

2%,

BR(K, — n%v¥)
BRSD(KL = 71'0£+£_)

BRsp(K, — p'u) ——— Re
charm

« Hadronic matrix element extracted from 9B (K — V¢ +1/f) decays via isospin rotation.

» High sensitivity to new physics: unique flavour physics probe to reach a model independent ©(100) TeV mass scale

 BR predictions modified by ©(50%) in multiple BSM scenarios (Z', little higgs,

Randall-Sundrum, non-MFV MSSM, LFUV leptoquark...)

Mode SM Branching Ratio Experimental Status
K* - ztup | (8.60+0.42) x 107" | (10.6 +4.0) x 107! Nas2Runt
Ovp (2.94 +=0.15) x 1011 < 300 x 101 Koto (2015 data)

K; - &
Joel Swallow L
IN!N:FN Vulcano24
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ARecent SM calculations [Buras & Venurini, Acta Phys.Polon.B 53 6, Al][arXiv:2205.01118]



https://inspirehep.net/literature/1926125
https://arxiv.org/abs/2205.01118

K™ — n7vr at NA62

NA62 Performance Keystones:

o O(100) ps timing between detectors

o« O(10%) background suppression from kinematics

e > 10’ muon rejection

e > 10/ rejection of 7 from KT — 77" decays

dI

m,zniss — (PK+ — P +)2

Joel Swallow
I N !N:FN Vulcano24

NAG2

Process Branching Ratio [PDG]
K+ —>,u+1/ﬂ (63.56 £0.11) %
Kt = 7Y (20.67 £ 0.08) %
Kt - ntntn (5.583 +0.024) %
K" >z n"e™y, (4.247 +0.024) x 107>
Kt = ntup (8.60 £ 0.42) x 10711 [sm]

102

10°

10

10°

10

- Signal Region'1

-0.04 -0.02

0 0.02

0.04

0.06

6 @ 012 20

2, 4
mz... [GeV</c™]



"vv Results: NAG2 Q)

Run1 (2016—18) K™ — =
v& E - 2018 Data *2 Expected background
> OOIZ B SM K*—>rtvwy :>: 12 | P 8
b L
g 0.1 ot 5 I Observed data
Rz B . -"‘";".; § ’&3 10 B : ; .
s i € [2016i2017i 81 | S2
£ = = : : :
0.06 - ° 8720 7z 8 i
- ® e | -
0.04 - . = e e |
® [
4 !
2|
—\1 . 11A||1'||1\. . ‘IAIII]:.11 0_Hi R - T O =1 A I o R A o N (RO T [ O T R R o i oy o | ||
15 ) o5 30 3 40 45 60 I 2 o 4 > 6 7 8
©t momentum [GeV/c] Category
exp exp _ +1.05 , _

e In background-only hypothesis: p = 3.4 X 1()_4 = signal significance: 3.40.

Joel Swallow
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https://inspirehep.net/literature/1854186

K+ — v with NA62 RUN2 data (2021+22) Y4620

e Analysis overhauled and re-optimised for high intensity data. Work in
e Improve signal yield by 50% and improving overall sensitivity. progress

 Number of expected signal events per good SPS spill increased: 1.7 X 10™ — 2.5 X 107.
SM BSM /

SM,exp B 9% v ATV
NS el o i
er T

TV

——4—— Photon rejection
_ ' ——— Photon + multiplicity rejection
L1 l LI 1 S T - I N V- l L1 P11 J 1 L1 l L1 1 1 L1 1 [ 1 L1 l I |
30 35 40 45 OO 200 400 600 800 1000 1200
Track momentum [GeV/c] Instantaneous intensity [MHZz]

—i#i— Normalisation, K—n*'n®  —&— Signal, K'>nvv s 1
8 - : . . : : s ")
= : >
+ 0.025 O
a - c
2 - g 08
- O
& o 2
c B
o) - S 0.6
g >
L 0.015 -
77 - =
- -§ 0.4 | |
01— T | & IRC+SACveto
- T L 5 lAVveo
:_ 02'— + LKr veto """""""""""""

Track momentum [GeV/c]

I N F N Joel Swallow o5
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https://cds.cern.ch/record/2896093/

K+ — nub with NA62 RUN2 data (2021+22) Y4629

o Data was taken at the (hardware) high intensity limit. Work in
rogress
o Studied these limits and understood how the yield of signal K™ — 7 vp ee/en S

evolves with intensity.
e Determined an optimum operating condition, adopted starting from mid 2023.

x10~°

S dapendson| { | 1 | |indertai
7 P P i : Uncertamty N = ;
S 35 _Slgnal acceptance .................. o ....................... | ........................ e ....................... wm .
> - t 0i t t £ | of the = [ 4 i :
- atOintensi ' L | ‘ 3 ;
t?: 30 e e y B N L mOdeI ...................... QCJ 08
= : : O "
25 :_ ........................................................ ) + o ]
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https://cds.cern.ch/record/2896093/

[K. shiomi : Kaons @ CERN 2023]

K, — 7'vv at KOTO
e Located at J-Park 30 GeV main ring.

Signature of KL—>n%v v = "2y +Nothing+Pt”

(] FB Hinemos NCC MB BCV CV LCV | | QEV CC04 CC05 CC06 BHCYV  BHPV BHTS
Al II_|I L\ L L\ L \ \ 1 \_l

il e ‘/ \ -

\J\\L Lo A T < 3GeV *‘“f :
R = & e 11518 — S N
- . |r’ w@\ 3 . R 3 Gev
‘ | g".;‘.‘ | Downstream y | _ AW . .~ P
| = .a\ Ve ‘ - - Synchrotron

T " T 1 = el F 1P Calorimeter \}ncrete/iron shield - g £ k.3
| | | "“ "* | | | | | | Nuclear and D article ._xperlmental Facility o
0 2 4 V“ 6 8 10 12 14 16 - ( : e

: Hadron hall
P Assuming 2 r from 0,
4 .
* Calculate z vertex on the beam axis
Signal region
M2(7r0)=2E1E>(1-cos 0)
/ \Vertex Calculate 70 transverse momentum

Joel Swallow
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https://indico.cern.ch/event/1300660/contributions/5569043/

Ot.¢

KL — ﬂoyﬂ at KOTO [K. shiomi : Kaons @ CERN 2023]

S V
e Long-term data-taking campaign with 10x more data expected in 3-4 more years (60 days/year).

e Latest preliminary results based on where background is smallest due to Upstream
Charged Veto newly installed in 2021.

%1 01 8 Beam power: 64.5kW.at highest in 2021

—h
o

s .l - s 3 A A Al
. * == “——
e L+ b3 . Poreve v e 0

- 3 s - v :'-'-‘ " v
I 40 b -~ o R - NGO Ng_ . AmE_ . - 1 . P R (A - 4
- : - 9 1 - =S gxt'e ] - i o = : - ( Ia a
: - $ : 38 o3 833 ¢ i : T ° 3583 " :

In analysis

o0
o

l 20 » ...... ............. ....................... (. ....... ,. ......... 2016-18 data
= | : i i i (Phys. Rev. Lett.
126, 121801)

.........

I

I OO e ............. 2015 data
| (Phys. Rev.
80 ...... ............. Lett 122’

(®))
(-
Beam Power (kWY

I

=
o

60— 2013 data
(PTEP 2017,
40— o21co01)

o2 242 el . M .
p . 5s o2t . 3 o+ 43 4 3 H
. 3 H B . . 3302 3 38 H
. . 14 - B Wy . e . Sele [ - siel N0
N s 3 H 3 H H
b . e - e e il . S  SAS
“ I o™ . 3 . 200 43 cees 2o
- . 4 MY - . el . alel M MMM
s : 0 3 HH . 3
. . g " “ . 3 N H eoss oo
. . s s 4 3 . o 2302 3 sess o2t
. . . . MY . . . e o 2els . shal 22
: - . MY .o e tels . whel a2
. . . . s % 4 . 3 . . 2352 3 seas o2t
. . . . . -3 . IR
o . . < s =% . . 13 . s . S 13 seas o
. H . . : . . H . . . 22e . IR
- e . - o - 4 et - el als
slsssnnninme sonnnssnsnnslosvsnnnnsnnnnnnnnnnnsnstoccssndoclocnnnnne L L N I oo IR D T
- . N b s H - 3 -+ 3 . s3s2 3 R
. . . ol . : . H3 . 3320 : 3
H : : H H3 H L
- : . p s o2 i 4 - 3 ot + 43 4 IR
. : . . s T e . 333 . 2300 13 seas o2t
. . . H . -3 H IR
. . . 8, & Y H . 3 . 200 H 3
. : 3 = 333 34 I T
. : . M I H . . P H ces o2e
- s . - os® e o MMM
. . “ : ets o 3 . 3 . 2020 3 IR
. 4 e o M . e . il M MMM
: HH : HH HH : I
. RERE . . 3 o 3328 . I
-
: H
. 4 .
- . '

. : .
. : .
l.‘ t

- ' i

N
o

Accumulated Protons On Target
|

=1 1

2013 | 2014 | 2015 | 2016 | 2017 | 2018 ‘ 2019 | 2020 ‘ 2021 ‘ 2022 ‘

Additional barrel- -Calorimeter upgrade for n/y Kt veto: UCV i
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https://indico.cern.ch/event/1300660/contributions/5569043/

K, — 7'vi at KOTO : 2016—18 results

Observed, Expected

Ot.¢

S Vv
[K. shiomi : Kaons @ CERN 2023]

Background Table

Number of events

500
- 439 0 0 0
= i K, = 3n 0.01 = 0.01
450-436.79 1383 * 10.5320.13 0 (K, — 2y (beam halo) 0.26 £ 0.07° )
400 | . Other K; decays 0.005 + 0.005
. = e _ _ ( K= 0.87 +£0.25" |)
= . e ,‘: T4 Signal region Hadron cluster 0.017 + 0.002
X 3001 1.97 035 . CV g 0.03 + 0.01
> = L e Upstream 7 0.03 +0.03
é 250 : | x 10 .22 =020
- 200 ;_ .E 3 . ¢ E 0.2_|_00 09 0. - -9
_ 1505_ E 1.2210.26/, - S o Resut: %(KL —> T I/I/) <49x 1077 @90 % CL
e = 0 — 0 o Identified K+ background and mitigated starting from
505_ 0.14 +0.06 0 2021 with new upstream charged veto (UCV)
= e Reduce by factor 13 with 97% signal efficiency.
oo v b b By b b by s Pl vy baa gy

Zvtx (IMmm)
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Single

K, — 7w at KOTO : PRELIMINARY 2021 analysis [MD"$¢;

cvent Sensitivity(S.E.S.):8./x 10-19
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c.f. 2016-2018 analysis:7.2x10-10
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c.f. 2016-2018 analysis:1.22+0.26
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[K. shiomi : Kaons @ CERN 2023]

. No signal candidate was observed
. BR<2.0x109@90% C.L. [S-E-Sx 23 J
5

with Poisson statistics

~ 500
> 450 ¢ g - 4.5
(11 T | S S————
- 300 —3
;250 g =1l 5
2 2000 CEe| | | .
0 AAAAAAAAAAAAAAAAAAAAAA 0

2000 3000 4000 5000 6000
Rec. 1’ Z,,, (mm)

e KOTO continues data-taking to reach sensitivity
below 10710,

e Planned future program (KOTO-2) key part of high
priority hadron hall extension plans at J-PARC.
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Summary

NA62 studies of rare K decays providing new precision measurements:
o Study of K™ — 7z yy : test of Chiral perturbation theory (ChPT) [PLB 850 (2024) 138513]
® 6’ — 1144 + 0-069stat + 0-034syst
o BK* — mtyy, ChPTO(p®)) = (9.61 £ 0.155¢5¢ £ 0.075y5t) X 1077

e Consistent with previous measurements with precision improved by factor 3, statistically dominated.

o Study of KT — 7z+7z0, 1) — ete” [Preliminary result: spring 2024]
e B — ete (), x> 0.95) = (5.86 £0.37) x 107°

e Precision comparable with previous measurement, statistically dominated
e |In agreement with latest theoretical expectations

o 2 candidate events with tagged v in K™ — 1 "v decays
Status of Golden Modes K — mvr

e KOTO continuously improving sensitivity to K; — 7!

VU with good prospects for future KOTO-2 programme.
o NA62: worlds best measurements of K™ — 7 v with RUN1 data. First RUN2 data result being finalised.

o NA62 will provide the final measurements of rare K™ decays for the foreseeable future.

Joel Swallow
I N !;_FN Vulcano24
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VAGZ A

K — mvv : Beyond the Standard Model

« Correlations between BSM contributions to BRs of K™ and K, modes [Buras et al. JHEP 11 (2015) 166].

« Must measure both to discriminate between BSM scenarios. (In SM get clean # measurement).

 Correlations with other observables (¢'/e, AM, B-decays) [Aebischer et al. JHEP 12 (2020) 097]

20

e Green: CKM-like flavour structure
e Models with Minimal Flavour Violation

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

10|

e /' models with pure LH/RH couplings

e Red: general NP models without above
constraints .
; Or Ap only:

e Grossman-Nir Bound: model-independent exc I oc Im A2 / M2,

relation ) 7 R
%(KL — T 1/17) TK+ - 1 ‘ ' \General NE 6 — 11[/ =

— 0 5 10 15 20 25 30

INFN e HUEE = ), BUK* = ntvp) [1071] 3

Vulcano24 [Buras et al. JHEP 11 (2015) 166]
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https://inspirehep.net/literature/1385876
https://inspirehep.net/literature/1385876
https://inspirehep.net/literature/1798889

K* — ztup Signal Selection NAGZ ()

e Reconstruct K™ and 7z

. ‘Z - = — [JHEP 06 (2021) 093]
e K — m matching & reconstruct vertex < 0.1 -
® - ‘ 4
. . - - 10
e CDA, timing, vertex in FV © 008 | ;
2 - -
o g . . . ~ £ -
e 7 Identification (1™ rejection) 0.06 [ | 0.:.,.*:::,.,.,~ ’0‘0 -
e RICH (Calorimeters) performance: 0.04 - _ ‘,;ou 3 Control reglons| | 32
) B 9 < - =
T ~ B 4 *ﬁs XX -
o e(77ID) ~ 0.85(0.82) % r e B J
n 2
® P(//t : TU m]SID) 3 X 10_3( 0 - | e Control regions 10
10_5) _ Control‘
, o ~0.02 ["E i
e Photon vetos & Multi-track rejection K >ty o 10
_0.04 T T | | L1 1 1 | L1 1 1 | L1 1.1 | L1 11 | L1 1 1 | 11
° 71'0( — ;/y) rejection inefficiency 0 10 20 30 40 50 60 70
~ 1078 n" momentum [GeV/c]

. - 2 ]
+ Kinematics: m_.... VS, :

INFN R « Selection optimised in bins of p_. 32



https://inspirehep.net/literature/1854186

Before & after new final collimator in 2018

Background Studies [2018 data] NAGZ ()

- - NGl e s e Background | Subset S1 Subset S2
> B by B
3 0.08 - : >
£0.06 - R e S £
B 2 9. 0. 9.90.9.9.9.90.90.0.0.0.0.0.0.0.0.0
B 9.9.9.90.0.90.90.90.90.0.90.0.90.0.90.0.0.0.9, <
2 9. 9.9.90.90.90.90.90.9090.90.90.90.90.0.00.9.
0.04 — S RS e %
- Y0¥ %% %0%%%%%% %% %% 8 s
0.02 — 10 g€ (10.9£1D) ko
_ (7.240.9) % . S G 31 | +
0 — RXRRRRRRKAKKN =y oot [ (32.4432) |
B 11 " — ". e ampa THE Vi 0.39 0.90
- (9.240.6)7” . - PR L RN Upstrea,m 0.541-0.21 2.761—0.70
—0.02 — 174 i e - -
E = | ,
B e - Total 0 e 181
_0.04 1111|1111|1111|1111|1111|111| 022 072

1S 20 25 30 35 40 45

[Fraction of 2018 data sample: S1 =20% , S2 = 80%]
7t momentum [GeV/c]

e Primary backgrounds (from kinematic tails) evaluated with data-driven procedures.
e Upstream bkg. dominated by decays upstream of FV

oot sy, ® New collimator installed (June 2018) blocks many upstream decays
IN!N:FN vulcano24 @ Strict anti-upstream rejection loosened. UHEP 06 (2021) 093] °°



https://inspirehep.net/literature/1854186

K™ — z7vv : Run 1 data NAGZ Q)

‘E 0 121_ - 2018 Data
7012 ¢ “Data ST ud e SM K*—mtww
«; 0.1 — o 1K' > atvwMC 8 01
So0s TR e . 2016 data [PLB 791 (2019) 156] : 0085 s
Eoo = 0.152+0993 u$M = 0267 £0.038 E * TR
0.04 — = - - .
- 006_ ° o o
0.02 ;— % ety o & = g — 1 _ Y o o Py
o
.02 : " 2017 data [JHEP 11 (2020) 042]
—0.04 —
_0.06 R R RS B R SR S / = 1.46 £ 0. 33 nﬂw 2.16 = 0. 29
15 20 25 30 35
mt entum [GeV/c] nobs =)
g ~ / e DPData - N
[ Al NN P K* > mwMC —0.04
S - TeE R v, 2018data[JHEP06(2021)093] S T T
0 - ) ST e - nobs =17 2
n § 1 Expected background
B %1 + Observed data
~0.05 :_ 'q'é 02016 2017 s1 s2
; Run1 2016-18 data [JHEP 06 (2021) 093] 280

[y
=)

T T T T T T T T T e my, = 6.85T00 =10.01 + 1.26 ,n,,, = 20 T

_ y
" momentum [GeV/c] 0.82 71'1/1/

Statlstlcal combination: -
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https://inspirehep.net/literature/1704548
https://inspirehep.net/literature/1807490
https://inspirehep.net/literature/1854186
https://inspirehep.net/literature/1854186

Study Qf K T — 7[+][O’ 7[0 - e'l'e_ [new: spring 2024] ”ﬂﬁZQ

e Common Sighal & Background Selection:
e Vertex from 3 (in-time) charged tracks
e Kinematics (momentum & vertex position)

e PID: 77eTe™ (using LKr E/p : <0.9 for z* vs 0.9-1.1 for e™)
e m,, > 130 MeV/c? (>140 for normalisation).

NA@jz Prei/iminefuy .  |--Data

Events / (2 MeV/c?)

e Normalisation:

o Acceptance: A_,, = (4.70 £ 0.01¢4¢) %

o Selected events: Nﬂee = 12160 (purity>99.9%)
e Effective number of kaon decays:

Ny = (8.62 %+ 0.08¢¢¢ + 0.26,¢) X 10!

e With external uncertainty from norm. BR: = Eou G e e L |
140 160 180 200 220 240 260 280 300 320 340 360

%(K-l_ —> 71'+6+€_) = (3.00 £ 0.09) X 10/ m,. [MeV/c?]

Joel Swallow
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NAG2

[De Martino, NuFact23]

Tagged neutrinos at NA62: selection

KTAG GTK STRAW LKr MUV1 MUV2 MUV3

< 50 hits within 8 ns
K+ o
Single p+ track
Y~ e P
o -~
Vv
Vertex in fiducial region Ev= p pl_H_

Exactly 2 in-time
candidates

Exactly 2 in-time
candidates

NAG62 preliminary Signal MC NAG62 preliminary Mis-reconstructed K" decays NA62 preliminary
1400 1400

—e— Signal MC

0.08 i —0.02

~— K->uv with pile-up I

—0.03 1050

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

dyuva v [Mm]
dyuys v [Mm]

0015

Normalized count
Normalized count
Normalized count

700 . é

002 . N ] 350 | 0.01 350

INFN Joel Swallow 0 2 4|d¢ ” o .04

" LN Vulcano?24 p-shower E./E, Reco 36


https://indico.cern.ch/event/1216905/contributions/5448754/attachments/2702123/4690877/NuFACT_NuTagging_DeMartino.pdf

NAG2

[De Martino, NuFact23]

Tagged neutrinos at NA62: Expectations

Background NA62 preliminary  Sjgnal NA62 preliminary
— ———————————————————————————————mm 0.025<
K g % Observed events in side bands %  Observed events in side bands C\ﬁ
> : : : Q
o ool . Lt [ SR MR DOt O TP e 002 O
g ; Z : g %
F | . Signal region masked : S
s s - :
& : J 0.015 =
- = Y £
O] SUPPP BRSRSEEE _ ﬂ """"""""""""""""""""""""""""""""""""""" — =1 0.01 5
2 ; 2 2 . ; ; : ' =
B § § § : § § {1 —0.005 W
-0.02
0 100 200 300 0 100 200 300
dLKr \% [mm] LKr \ [mm]
o NP = = 0.228 £ 0.014454¢ = 0.01 lsyst
. Slgl:ta ] Probability for total event yield
° . ex
ackgrounds: Nevznts = 0.2694

Nex” (mis-reco K™) = 0.0014 £ 0.0007g¢4¢ £ 0.0002y+
NexP(p][eup + KT - U I/) 0.04 + O.OZStat * O-Olsyst
o for 1 dataevent p =0.2058

Joel Swallow
IN !Ner Vuleanood e for 2 data events p = 0.0277. 37

o for 0 data events p = 0.7638



https://indico.cern.ch/event/1216905/contributions/5448754/attachments/2702123/4690877/NuFACT_NuTagging_DeMartino.pdf

NA62 Run2

e NA62 technique is firmly established.

VAGZ2 A

e Run2 - target B(K™ — n i) measurement: O(15) % precision.
e 4th GTK (Kaon beam tracker) & rearrange beam line elements around GTK achromat.
e New upstream veto & veto hodoscope upstream of decay volume.
e Additional veto detector at end of beam-line.

e Intensity increased by ~ 30 % with respect Run1. Matched by trigger updates.

e Improvements to the trigger have led to smaller trigger downscaling factors for multi-track
triggers: more data available for rare decays and CLFV/LNV searches.

Upstream veto

.
Al
. ]
¢ AN

~.'_’j i Ol
e "" ,
. ol S it O A
-'(‘ 7’ . 3
PO +°
: %
/‘"ﬁ
2 "’v&‘ “ <
e ‘
-
v

New detectors
installed in 2021
for NA62 Run2:
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