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Rare Kaon Decays:
SM and Beyond

The golden modes K — 7w

Joel Swallow
I N !N:FN EPFL Seminar




NAG2

(p, 1) Kaon Unitarity Triangle
VudV;kb + VchC’Z + thV;Z — 1

K — vl : Precision test of the Standard Model

SM: Z- pengum & box dlagrams
4 V

u,c,ty

1l W

e B(K — mvr) highly suppressed in SM

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

« Hadronic matrix element extracted from B(K — A +1/f) decays via isospin rotation.
Mode SM Branching Ratio [1] SM Branching Ratio [2] Experimental Status

K* = 72t | (8.60£0.42)x 10711 |(7.86 £ 0.61) x 10711 |(10.6 £ 4.0) x 10~ nas2 1618
K, - 7vb | (294+0.15)x 107" |(2.68 £0.30) x 10~!! |<2x 1077 KOTO(2021 data

| N F N Joel Swallow ARecent SM calculations [1:Buras et al. EPJC 82 (2022) 7, 615][2:D'Ambrosio et al. JHEP 09 (2022) 148] 3
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https://inspirehep.net/literature/2057332
https://inspirehep.net/literature/2103460
https://inspirehep.net/literature/2719296

K — nvi : Beyond the Standard Model NAGZ ()

» 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 (¢'/¢, AMy, 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:2405.06/742] ...

20
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https://inspirehep.net/literature/1385876
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NAG2:

The K™ factory at the
CERN north area
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The NA62 Experiment at CERN

~200 collaborators from ~30 institutions.
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Primary goal: measurement of B(K* — 77 uD)

New Technique: K™ decay-in-flight

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

Broader physics programme:
e Rare K™ decays (e.g. KT — 77 yy (pLs 850 2024 1385131)
e LNV/LFV decays (e.g. Kt — 71'_(71'0)€+E+ [PLB 830 (2022) 137172])
e Exotics (e.g. Dark photon [prL 133 (2024) 11, 111802])

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 (204 days [12 dump, 7 low intensity]).

this result

2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
I N FN Joel Swallow 6
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https://inspirehep.net/literature/1704548
https://inspirehep.net/literature/1807490
https://inspirehep.net/literature/1854186
https://inspirehep.net/literature/2718968
https://inspirehep.net/literature/2026034
https://inspirehep.net/literature/2738578

K™ — 7n7vr at NA62 NAGZ ()

NA62 Strategy:

o Tag K™ and measure momentum.

NA62 Performance Keystones:
e O(100) ps timing between detectors

o O(10%) background suppression from kinematics

o Identify 77 and measure momentum. ;
e > 10’ muon rejection

e Match K and 77 in time & form vertex.

e > 10/ rejection of 7 from K+ TV decays

o Determine m>. = (PK — Pﬂ)z

miss
e Reject any additional activity.

Decay mode Branching Ratio [PDG]
Kt > u'y, (63.56 £ 0.11) %

Kt = 779 (20.67 £ 0.08) %

Kt - ntntn™ (5.583 £0.024) %

Kt = nv (8.60 +0.42) x 10~ [sm

Buras et al. EPJC 82 (2022) 7, 615
I N F N Joel Swallow 7
T EPFL Seminar



https://inspirehep.net/literature/2057332

Kinematic constraints & signal regions NAGZ {

m2.. = (Py+ —P_+)2 ©(10%) background suppression from kinematics

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

The story so far: K™ — nt v with 2016—18 data ¥A6Z Q

g Data :z - « Data g 0.12 - 2018 Data
T 01 . 1K' - atwMC > 0.1 3“”‘*&“"*4’ K" -» mwMC %
§0.08 = ,:-;. % E e o %
~£0.06 — Eooos |- W 0.
0.04 — = § 0.06 " -
0.02 = Agwowme st oee o 0 i .« © -y
0 :_ . - 0.04 o . o .
~0.02 T S B Yy 002 whdanritemn bty inn... - s Soaeisnat
-0.04 - i , . — e
oo . 2016 data [PLB 791 (2019) 156] ~ 2017 data [JHEP 11 (2020) 042] d: - L
. 15 20 25 30 35 R . . —002; (VIR SR
7t momentum [GeV/c] " momentum [GeV/c]
(*N>"P assumes SM BR from [JHEP 11 (2015) 166)) —0.04 - [JHEP ()6 (2()21) ()93]
Data-taking year [Reference] N, Nf,f\,/;[ &P N_ps 5w ‘Z’fl mo,ﬁintu,:?(;ev‘,‘f]
2016 PLB 791 (2019) 156] 0.1521 03 | 0.267+£0.020 | 1
2017 JHEP 11 (2020) 042] | 1.46+0.33 | 2.16 £0.13 2
2018 JHEP 06 (2021) 093] | 5.427922 | 7.584+0.40 | 17
201618 JHEP 06 (2021) 093] | 7.03135%85 | 10.01+£0.42 || 20

Statistical combination: | % (K+ — 7T+1/17) — (10 6J_ré312

Joel Swallow
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https://inspirehep.net/literature/1385876
https://inspirehep.net/literature/1704548
https://inspirehep.net/literature/1807490
https://inspirehep.net/literature/1854186

NAG2 Detector, Upgrades & Performance




NA62 beamline & detector

Secondary 75 GeV/c beam:
c 4, e :70%,p :23%,K" : 6%
>—

[JINST 12 (2017) 05, P05025]

NAG2

Hadronic
Calorimeters
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e Designed & optimised for study of K™ — 77D :
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)

Joel Swallow
I N !N:FN EPFL Seminar 1



https://inspirehep.net/literature/1519167

Calorimeters

e Use BDT classifier for LKr & MUV1,2
e + MUV3 (fast ™ detector)
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Particle ID performance : 2021—22 data

RICH

Designed to distinguish between
77 /u™ with 15 — 35 GeV/c.
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Comprehensive photon veto system: 2021—22 ¥A62 )

0

Control sample of K™ — z™x
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e Probability of K™ — 7Z+7TO, ) — 144

events passing all photon veto conditions: 7] 0 = (1.72 T 0.07) X 1()_8

INFN JoetSwallow e Meets target: combined }//JZ'O rejection of O(10°). 13
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Upgrading NA62

e 2016—18 analysis proved NA62 technique.

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

e o improve: need new tools to control background.

Joel Swallow
I N !N:FN EPFL Seminar 14




Upgrading NA62 NAGZ [

e 2016—18 analysis proved NA62 technique.

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

e o improve: need new tools to control background.

N(exp) K™ decays in decay tank
Background 2018 (S2) y y
Upstream 2,761’8:28 '
Kt — ntn’ 0.52 +0.05 ® K2pi Largest backgrounds:
Kmuz2
K" - u'v 0.45 + 0.06 O ﬁgzl 1. U[lstreanl )
K" = ntn~e'v 041 +0.10 @ Upstream 2. K" > rn'nm

K™ = 7z"z"7" | 0.17+0.08
Total 4314091 Upstream background Veto by detecting previously

missed particles...

Joel Swallow
I N !N:FN EPFL Seminar 19




Mid 2018 - installed TCX Collimator TCX Collimator

Much improved shielding - blocking almost all upstream decay paths.

Sketch only Bend6

Bend4A

Vacuum Tank

Fake vertex

GTKH

Scraper

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

L.

‘ Signal in-time with pileup beam particle (z™) which does not leave beam pipe



2021 - addition of VetoCounter TCX Collimator

Upstream decays can be detected and actively vetoed.

Sketch only Bend6

Bend4A . E x
Z| S
Bend4 Bend5 TRIM5 g
% 5 oo- & §
(I_D =3 C>3 IC_'J < Fake vertex
il |

cHAaNTIE | B

|

\
I_ T
O QX
O
=

Scraper

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

<

‘ Signal in-time with pileup beam particle (z™) which does not leave beam pipe



New upstream vetos VetoCounter & ANTIO YA6Z{

- O Sintiltator i =
.| JVetoCounter i U ] AN
. .H%.t‘“zx‘ﬁr o

e Detect particles from | e R 2

. P x‘"ﬂ"’"\ e "3'551." e 3 A
decays upstream of final || Bttt
. -l \? ‘g, “ -ﬂ’ S ."‘
COll]matOr- .:“t.‘:aﬁ;’zan - - ';:agjw—
*"ws-ty;} - l SRS T =
\7

P . ¥ 3 e

e Factor ~3 rejection with|| Ees===
~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.

[JINST 15 (2020) C07007] 18
[SPSC report 2023][EP Newsletter, Dec21]

Joel Swallow
I N !Ner EPFL Seminar



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
https://inspirehep.net/literature/1791898

4th GTK station

e 51 Pixel detector exposed to
~1GHz beam.

o Essential for K™ — 7 matching.

e Measures KT 3-mom. & time

e 4th GTK station improves
efficiency & pileup resilience.

Cooling plate

| N FN Joel Swallow Si Pixels ~(30x60 mm active area)
" LNF EPFL Seminar More info: [Kleimenova, VERTEX2023]



https://agenda.infn.it/event/35597/contributions/211600/attachments/111654/159362/vertex2023_na62_kleimenova.pdf

Example K™ — 777", 7° — yy event

” LAV1 2 Not detected due to inefficiencies and/or missed
interaction products

MUV1,2

-~ RICH

Sketch only

MUV3

Photon interaction
with RICH flange




2021 - add HASC2
” LAV1 2 Additional downstream particles can be vetoed.

MUV1,2

Sketch only

MUV3

Photon interaction
with RICH flange




HASC2 veto

0

e K™ = ntn’ was 2nd largest

background for 2018 analysis.

e Addition of HASC2:
e 30% less K* — n 7"
o 18%less KT — ntntn™
e 3.5% less K* — utu

e with only 1.5% signal loss.

Joel Swallow
I N !N:FN EPFL Seminar
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10*

10°

-0.02 0

NAG2

Events passing 7 v selection

(modifying HASC veto: study integral of background regions)

—— ~@- HASC1 only

; J\
IR SRR ................... _’_ HASC1+HASC?2

e e e e e

0.02 0.04 0.06 0.08 0.1 0.1
m2.  [GeV?/c’]
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VAGZ2 A

Summary of NA62 upgrades

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.

Upstream veto

VetoCounter
PRy 2

New detectors
iInstalled in 2021:

ANTIO
Veto

P
IN FN Joel Swallow ' g ! ' hpdoscope
x| EPFL Seminar
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Beam intensity: 2018 vs 2022 NA62 ()

~20 x 10 pppon T10 ~30 x 10! ppp on T10
— AN s
% 0.1 -2018 Dat | 2022 Data
n )
AN ./
0.08 - ...... I: ...... I
i ' | |
. | |
0.06 — : """" :
i S |
0.04 — l I
- | Average: |_'
0.02 “ : intensity ... 5
TR I N
[T BN RN lll IR llll co b e 0 |

100 200 300 400 500 600 700 800 900 1000
Instantaneous Beam Intensity (MHz)

e Average beam intensity increased.
INFN: o NA62 “Full intensity” with 4.8s spill = 600 MHz 2




NAG2

[NA62 SPSC Report 2022]

2021 instantaneous beam intensity

H
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4000 4000

—
o
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wo  All events o >1 second into the spill =
5000 L_ 8000+ - .
7000H 7000—

:r 102 eooo;- 800
.|[::':': | 50005—
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1000 1000

0

1 0 100 200 300 400 500 600 700 800 900

0O 100 200 300 400 500 600 700 800 900

Instantaneous beam intensity [MHz
Instantaneous beam intensity [MHz

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.
IN FN Joel Swallow 25
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https://na62.web.cern.ch/Documents/SPSC-SR-306.pdf

K+ — n7vp : Analysis of new data
2021-2022 data : Signal Sensitivity

Joel Swallow
I N !N:FN EPFL Seminar




Analysis strategy NAG2

Common
conditions

e RICH multiplicity (reference time)
e Signal in CHODs

e No signal in MUV3(u veto)

e Tag K™ ( > 5 KTAG sectors)
e Signal: K™ — 77 vU candidates . <40 GeV in LKr (/y/e veto)

Triggers:
e Minimum Bias: K™ — v

+ add more
conditions

0

e Normalisation: KT — 771

e LAV veto (downstream of vertex).

Selection:

o Normalisation K™ — 77 7": 1 downstream track (only); identified as 77; K™ — z™*

matching (space & time); upstream vetos.

e Signal K™ — 71U candidates: same as normalisation selection + full photon and
detector multiplicity cuts (reject all extra activity).

Joel Swallow
I N !N:FN EPFL Seminar 2




Bayesian classifier for K™ — 7™ matching NAGZ ()

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

o Likelihood ratio used to select true match when N > 1

e |Inputs: spatial (CDA) & time
(AT’,) matching, intensity/
pileup (Ns7x) [prior]

e Models for PDFs/Prior from
K™ = n7n"n~ data.

P _ K _
e =380% Pmistag_6% Pmistag_Z%

= -, 0.1
) 0.5 5 E = E ——s—— Mistagging, K’ not reconstructed in GTK
= - |— Kaon decays Q090 i 9 0.09 o N
S Q. 4B b o - o = ——e—— Mistagging, K’ reconstructed in GTK
. - T € R e i e O 0.08 "
O R S SE: S O oF =
S 0.35F |- e e e I N O O OO =S S R I N R
<
0.3 R e = T [ v W A SRS FAen. NN NN NN NNNPAPAYS =SSN el WL SN N S N
oast \P(CDA). e T e
|400 500 600 700 800 900 1000 AIIOO 500 600 700 800 900 1000
e Instantaneous beam intensity [MHZz] Instantaneous beam intensity [MHZz]

e Efficiency improved (+10%) and
mistagging probability maintained.

Joel Swallow
I N !N:FN EPFL Seminar
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. cre o NAGZ2 A
Signal sensitivity e}
o 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

Number of L :
normalisation trigger 1

normalisation events

\ (generally 400) %SES —
N D NKgRVgtrlg m/v
Nyg =

‘%n’ﬂ' Ayz'yz' Random veto //
/ \ efficiency Signal selection

. . Trigger efficiency acceptance
Branching ratio of Acceptance of (ratio)
Kt — 777" decay normalisation selection
BN
A%
Number of expected SM events: N SM _
- - SM ~11 vy

(For comparison to previous results use 938> = 8.4 X 10 %SES

[JHEP 11 (2015) 166], but results are independent of this choice)
I N FN Joel Swallow 29
LNF
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https://inspirehep.net/literature/1385876

A t
ACCGpt ances » . Azcep ances WHEZQJ

Analysis is performed in (5 GeV/c) N;;“i_’(pi) —

! DoN (D) gtrig(pi)gRV
bins of momentum:

ggSES(pi) R ggim A]Z']Z'(pl)

B— Normalisation, K—m*r® &— Signal, K'—=n*vv

T i ol Case OLD NEW
= 0_025__ ............................................................................................. e 2018 (82) 5021—29
g 0 10 2 NS U NS SRS ST S . Norm. 11.8% 13.4% +15%
O ) ¢
O B e
D Q.05 S R BRS S——— Signal |(6.37+0.64)% |(7.61+0.18)% | + 20%
U) -

LT . L

0.01 g o I o @ o e Increased selection efficiencies.
- : : : : S e New K-pi matching technique.
00 s "
- e Re-tuned vertex conditions.
_I | | | | | | l | | | | l | | | | l | | | | l | | | | l | | | | | | | . Relaxation Of Some VetOSo

0 25 30 35 40 45 . .
Track momentum [GeV/c] ® Improved precision (plus improved
systematic uncertainty evaluation).

15 20

Joel Swallow
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Acceptances evaluated at O intensity.
Intensity dependence captured in €5y,
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Trigger efficiencies B g NAG2 )

Analysis is performed in (5 GeV/c) N97(p,) = — T DONM(pl-eRV
bins of momentum: ggSES(pi) Brx Arn(Di) e

0.94

0 92:_ ......... + ......... ..................... ...................... ______________________ ______________________ __________ 8Sig mg(l”leW) =(859x1.4)%
| : E E 5 5 5 : l'
08| BT 6 Q018 = (89:£5)%

0'88—_"""§ """"""""""" """"""""""" """"""""""" """"""""""" """"" e Trigger efficiency ratio:

086 s = = — s i e New: several components in both
084 - - 4 normalisation & signal triggers:
| % % % ? 4 partial cancellation.

D It A e s e Old: in 2016—18 data normalise with

Strig

0.8l 0c | “rell min: Ary.. S fully independent min bias trigger
5 ? ? ? (no cancellation).

||i||||i||||i||||i||||i||||i||||i||
0.78" 05~ ""50 25 30 35 40 45

Track momentum [GeV/c . . :
| L Improved precision by factor 3 with

INFN el Svalo reduced systematic uncertainty. -
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Random veto

NAG2

SM SM
NEXP ggﬂw ggmﬂ/ Amﬂ?(p i)
egy is independent of track momentum N ~(p;) = Nm(pi)en,ig(pi
(related to additional activity only) B SEs(Pi) B yi2): Am(l?i)

1

>

o
w
>,
' 0.8
Q
O
© 0.6
S
O
>
&
S ! s
C _ RC+SAC veto
&U - LS _AV veto

0.2 ¥ Krveto b
B + Photon rejection
i * Photon + multiplicity rejection 5
I I I I I I I I I I I I I I I I I I I I I I I
OO 200 400 600 800 1000

Instantaneous intensity [MHZz]

Joel Swallow
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1200

e £py = Random Veto Efficiency:

e | — &,y = Probability of rejecting a signal
event due to additional activity.

e Balance:
e Strict vetos = lower efficiency

e Loose vetos = higher background

e Operational intensity higher but re-tuning
vetos means €py, is comparable:

ep (NEW, o1y ~ 600 MHZ) = (63.6 £ 0.6) %

32



Signal sensitivity results NAGZ {

Ny = Narlo B e = 1 » Display integrals (15-45 GeV/c, 2021+22) for summary tables.
P MA - N KERVE trig Azwz? * Acceptances evaluated at 0 intensity.

N,. Normalisation KT — 77" 2.0 x 10°% NP _ %fz%

Arr Normalisation acceptance (13.410 % 0.005) % U RBerg

Ng  Effective K™ decays 2.9 x 1012 Assuming oM = 8.4 x 107! ;
Ay Signal acceptance (7.6 £0.2)% 2021-22: N, , = 10.00 = 0.34
cmic  Trigger efficiency (85.9 + 1.4)% c.f. 2016—18 : N, = 10.01 = 0.42
ery  Random veto efficiency (63.6 £+ 0.6)%

: . . Double expected signal

Bsrgs Single event sensitivity (0.84 + 0.03) x 1011 by including 21—22 data.

¢ Significant improvement in SES uncertainty:
e old: 6.3% —> new: 3.5%. Due to:
o trigger efficiency cancellations

INFN Joe! swallow e improved procedures for evaluation of acceptances and &py, 33
~ LNF
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NAG2

e Saturation of expected signal yield with
intensity. Mainly due to:

Optimum NA62 intensity

Sill(?fted signal yield vs intensity e Paralyzable effects from TDAQ dead time
40

A : L : and trigger veto windows.
- Slopedependson ., s . . -
e o Offline selection, due to veto conditions.

nvv / spill

E z . i é : g E g thhe : : )

30 - FOintensty et model—— e Main sources of uncertainty for model:

ak e ’ e Online time-dependent mis-calibrations.
5 % e Fit uncertainty.

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

20 B ........................ ............

. E | e From August 2023 operate at optimal
15 ;—,s ‘, ........................ ............ : ................................. I ........................ ,,,,,,,,,,,,,,,,,,,,,,,, intensity (~75% Of fUll) tO maXimise TUL

< ....... E.u.lléi.n.tenfs.i.ty ....... sensitivity
e Maximise signal yield

e lower expected background

00000000080000000000000000000000d0500000000000000000000000¢0000000000000000080000000000000000000000000000ERPENEsNNREERRRRERERRRERNS

llllllllllllllllllllllllllll

0 100 200 300 400 500 600 700 800 900 1000 e Higher DAQ efficiency

Instantaneous intensity [MHz] e Studies of 2021—22 data at high intensity

were crucial to establish optimal intensity.
IN FN Joel Swallow 34
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K+ — n7vp : Analysis of new data
2021 —2022 data : Background Evaluation

Joel Swallow
I N !N:FN EPFL Seminar




Background regions & background estimations

Events passing 7oL selection

0.12

Background Reglons 2021—-22 data

0.1

0.08

' . .
2 Signal regions

Control regions

Background regions

fF}Spi

v 0.06

(P - P.)? [GeV?/c*]

Region 2

0.04
£ CR2 |-

SS

=
E 0.02|

.-’..\.l

r .‘.’. "..o ‘. L5 5 'g.ﬁ.l.'.
‘ f.}.: .h.: ."* .Q.o '..'. g

A A R
CR1

ﬁmmm 707 / =

CRmu2
-0.02

CRmu
-0.04

|\|

25

-0.06" ¢ 20

Joel Swallow
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40

CRmu3

Kinematic tail fraction:
45 measured in control sample

nt momentum [GeV/c]

VAGZ2 A

e Backgrounds from kinematic

2
misconstruction tails in m. ...

Control sample events
Number of events in Signal Regions
passing signal selection

In background region

Control sample events
In Background Region

36



K™ — 7¥7(y)

control sample of K™ = « * 7V events with

) — Yy and 2 photons detected in LKr:

control sample of K" - u'v events
with RICH PID=z" and Calo PID=:

10°
10°

10*

\

— All regions
B R1, R2
B R
CR1, CR2
=¥ CRmu3

— All regions
B R1, R2
KR

e CRmu

= CRmu2
W CRmu3

Number of events

CR3D CR3D

Number of events

10°

10°

10

I_!IIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| 11

_!!!

15

il 1

1 0_1 L 1 | |
. 0.02 0.04 0 06 , 0 08 ~0.02 0 . 0.04 0.06 0.08
[GeVe/c”] m2... [GeV/c?]

o <1% contribution from K™ — 1 "v followed by u* — e*ww.

Npo(K™ = p"v) = 0.9 0.2

Npo(KT™ = n72727) =0.11 £ 0.03| .,

mISS

Nbg(KJr — 777%y)) = 0.83 = 0.05

o Kt > ntntn™
oel owaliow
|N!N:FNEPFL seminar |® Use MC to measure f, ..




Radiative decays: K™ — zt7'y & K" — utuvy NAG2 [

« KT — 7z+7r07/: included with “kinematic tails” estimation.
e Suppression: photon vetos, rejection with additional y is 30x stronger.
o Estimation: MC + measured single photon rejection efficiency : Nbg(KJr — Jt+7z0y) = (.07 £ 0.01

e Validation: mnz,liss
e K™ — 1 "vy : not included in “kinematic tails” estimation if ¥ overlaps ;™ at LKr (leading to misID as 7 ™)
o Suppression: based on (P — Pﬂ — P},)2 and E}, with y = LKr cluster (mis)associated to muon.
e Necessary for 2021—22 data, since Calorimetric PID degraded at higher intensities.

o Estimation: min. Bias data control sample with signal in MUV3 : Nbg(KJr — uTry) =0.8+04

control regions (CR1,2 - see later)

e Validation: data sample without K™ — 1 vy veto and PID = “less pion-like” (Calo BDT bins below 7™ bin).

- Energy/cell [MeV]
RICH  LKr % : photon-like I
56 -
[ saE MIP l | R

KT — W _ S2 ¥ -T !
U - o 10°
48 [

46 :_ | \“ _ 10
a4l Expected

track Dead cells

n
e

MUV1/2

Y ID Cell LKr

—

42 - Positlion 1

| | 1 l | | | l 1 | | l 1 | | l 1 1
Joel Swallow - 72 74 76 78 80 82 84
N N ketch onl 38
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K™ — u"vy Background

o Kinematically select K™ — 1 vy events:
My Kn) = (Pg— P, — P,)

miss
e P, : 4-momentum of K™ from GTK (as normal)

. Pﬂ : 4-momentum of track with ,u+ mass hypothesis.

. P}, : reconstructed from energy and position of LKr

cluster (and position of K™-u™ vertex).

Validation: data sample with PID = “less pion-like”
(Calo BDT bins below 7™ bin).

-9 Observed %% Expected

K, BK,
" Upstream

K

2, validation samples:

Events

CRXRXRLRAXRXLHRLRLRXRERLLRRRLHLHRLRAXIRIAIKS

00 0 T 0 0 0 00 00 %0 %020 %0 %0 0 %0 0 0 %0 %0 %0 %0 %0 %0 %0 %0 %0 0 0 0 0 %0 %0 %0 %0 20 %0 20 0000 70 0 0 0 % %0 %0 %0 %0 %0 20 202020 2070 %0 % % 20 %0 %0 %0 20 20 20 2626267676 % % % 20 %0 2%
0002020 %0 %0 %0 %0 200000050 202020 120%0 %0 %0 %0 %0 %0266 %6.%6%6%6 %% % % %% 0205070705020 %0 20202026222 %% % % %
R RRRBI I RRRRRARIIIRRRRARIARRK QRRRRRRRRINANARAAHKHKKKS
00000000 20 %0 %0 20 %0 20 2020 20 20 20 0 0% 10%6%0%0 %% %0 %0 %020 %0 2020200 2 % %0 %0 %0 % 020202020 %0 %0 202026767020 % % % %
00000000 00000009001¢ 10999900000000.0000% %% 020202020 %0 %020 2020206762202 %% %%
OLLEELLLELLIIELLEELELELLLEELLLLLLKRK QRRRRRRRRRRRARIHRRRRRNS
PR v W v.a.v N KIS K5 0205070700202 %0 %% %62 %%
QRRRKRRXKKK 0% 020%%%
120000000 %0 %0 % %0 %0 %%

& 0205070700202 %0 % %262 %%
000000028
'\
2 O o XXX vy vwwww KR LRARRS

SOOOOLITIOOOORRRIKIKKAKRS

2026%0%%% 0% %0 %%

020202020202 1%6%%% %%

20%6%6%%% o262 %% %

20002020267 [ 26 %% %%

MO0

S

2RRRRARAIHAKS

0 0 0 20 0 20 0 20 020 020 0202020205020 2020 2020 2020 2020 2020 2020 2020 20 2020 2020 20

0.3 0.4 0.5

0.6
Calorimetric pion probability

0.7 0.8

Evaluate background expectation using uvry control

sample from MinimumBias trigger, not applying

Calorimetric BDT classifier and MUV 3 signal:

o
—r

0.05

) = (P - P, - P,)* [GeV°/c"]

R R R T

2_0.051

K

rnrzniss(
=

(4 -+ - -
.\.-:' i~ .£=.
-l =
Bl
i

-
ot -l
Nas

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

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

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

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

-0.15 -0.06 -0.04 -0.02

0

|
02
m2.

O_

.04 0.06 0.08 0.1
(I:)K_Pn:)2

[GeV?/cH]

e Before K™ — 111y veto: found excess of events at p > 35 GeV/c in

Region 2 relative to 2016—18 data.

—
o

e Additional background identified and studied in data control samples & MC.
e K™ — 11Tvy veto added to selection criteria for final analysis.

—r
Qo
SN

—
o
w

—
o
N

1




Other backgrounds NAGZ ()

e No clean control samples for in data: use 2 X 10° simulated decays.

sel
MC _
Effective = Random veto & trigger efficiencies Acceptance :AKe L= — (1.3 T O-3stat) X 10 :

# of K+ \ l / / Nﬁg

Ny (K" — n7n~e™v) = Ngegye,;n B Ak, N, (K™ — mtn=e*v) = 0.897034

Branching ratio of 1(64/v

(from PDG)

e Kt = 7% vand KT = ntyy: Ny (KT — ¢) < 1x 1073

e Evaluated with simulations.
o Negligible contributions to total background. Nbg(K — nyy) = 0.01 £0.01

Joel Swallow
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Upstream background evaluation NAGZ [
— Z N ifcdaP lm ater

l
N Upstream Reference Sample;:

e Upstream reference sample contains
all known upstream mechanisms.

e /V provides normalisation.

signal selection but invert CDA cut (CDA>4mm) o fCDA depends only on geometry.

f Scaling factor : bad cda —> good cda
cda e P, depends on (A NGTK)
PmatCh Probability to pass K™ — z™ matching Zf; 25 I:).9
Calculate using bins (i) of (AT, , Ngrg) 20 —0.8
[Updated to fully data- drlven procedure] —0.7
15 —0.6
N — 51 fCDA — ()2() + 003 < P match > = 73 % —0.5
10+ —0.4
N,,(Upstream) = 7.47 1 o3

0.2
0.1

[N FN Joe! swallow 0 0.050.10.150.2 025 0.3 035 04 04505 ° -
e EPFL Seminar A T,| [nS]




Upstream background validation NAGZ

e Invert & 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:

Expected -4 Observed

L e RETSITRTITTIEY (REYTTITTRITTE SECTRLTTRCEIRL FECEPRETTRCTTIIRRRETTRETTRTR] EERTERTRERTIE SR RERTRLTTRLERL — L LS

Number of events

e (i.e. events in signal region with
associated VC signal) N TSSO S FOOSssv SO VOSSO S SO SO RO sosees e
VCrej. _ VCI"Ej. _ : : : : :
o IV exp =69+ 14, Nobs =9 L ] e e e e S s e e St
e VetoCounter is essential to control EESSA S Y SO A S S S SN B A,
upstream baCkgrOund. IR | ............................ || ............................. | ............................ | ..............

TSR Vall Val2 Val3 Va4 Val5 Valé Val7 Valg Val9 Val10

- - Upstream sample
TN EN] Joe S Signal region P p42
“ne EPFL Seminar masked




Summary of expectations

Backgrounds

KT — nt7%(w) 0.83 £ 0.05
Kt —ataY | 0.76 & 0.04
K+ — nta% | 0.07 £ 0.01
Kt — utu(y) 1.70 £ 0.47
KT — utv 0.87 +0.19
K™ — uTvy | 0.82+0.43
Kt s atnta™ 0.11 4+ 0.03

Kt > ntn ety

0.34
0.897 5%

Kt — 7ty < 0.001
K™ — 77yy 0.01 = 0.01
2.1
Upstream 74794
Total 11.0793

Joel Swallow
I N !N:rN EPFL Seminar

Signal Sensitivity

B g = (0.84 +0.03) x 107!

Assuming "M = 8.4 x 107! .

SM.,exp __
Nﬂw? o

vy

2021-22: N_ . = 10.00 + 0.34
c.f. 2016—18 : N__ = 10.01 = 0.42

Expected signal doubled
by including 2021—-22 data

. N;f% per SPS spill: 2.5 X 107 in 2022
o c.f. 1.7 X 107> in 2018. = signal yield increased by 50%.

e Sensitivity for BR ~ \/S + B/S =0.5

e Similar but improved with respect to 2018 analysis for
same amount of data.
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Control regions 2021—22 data NAGZ ()

= 014 A S ] 7 R Expected 4 Observed
O — é § § é L
N - ' ' ' ' é 2
% O 1 2 ' Control regions C
O =
— 0.1} O
3 g Background regions “—

[
O 0.08 °

| O
Q" 0.06) =

| -

3 0.04 Z

=
E 0.02

0

-0.02

-0.04 _ _ _ . .

0.0 | L

I L 1 1 1 | L1 1 1 | | 1 1 | | I | L 1 1 1 | L 1 1 1 | 1 1 | .
CR1 CR2 CBRmu CRmu2 CRmu3 CR3pi CR:_SD

nt momentum [GeV/c]

e Good agreement in control regions validates background expectations.

Joel Swallow
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K™ — n7ui : New Results
2021 —2022 data

Joel Swallow
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Signal regions
2021 —22 data

Expected SM signal, N3"
11.0+2.1

0.12

Expected background, N,

N —1.9
o _
— e 1D projection with differential background predictions
%3 0.08 A ERCA & SM signa tation [not a fit
a' signa expec ation [Sr:/lo a |]
. N i %
' 0.06 . . :Q 10 tDataJKS |
e'/ _ °® o ® = = .K2n .KMZ
- q) [
"w 0.04| i . ., O 1 o sz UKy, | e
C\I.g — ° ® o °° ® § - e4 .K:rcyy
0.02 = e R : i A R e DY g 102 - el IR TR BEEL
0 Z 10l e L I

-0.02

-0.04

IIIII* |11 IIIII|

107"

I ‘ I I T ‘ I I E— H

_0.06 | N I ’ Lt r 1 1 1 |

I N F N Joel Swallow
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II|III|II
0.02 0.04 0.06 008

mISS

-0.04 -0.02 O

0.1
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Results: 2021—-22 Data NAGZ [

o Measure & _ - and 68% (1o) confidence interval e Use 6 (momentum bin) categories
using a profile likelihood ratio test statistic g(6). After fit ———

__10¢ ; : . . (u_se measured BR) [$Nos & Nexo(s()+b) ENexs(b)
& 9f | 5 € 10
<9 L l E | D |
= 8- ] : > [
t.é 7 - Theory [JHEP 09 (2022) 148]: B = (7.86+0.61)x10™" “5 8 B
:'/ § Theory [EPJC 82 (2022) 7, 615]: B = (8.60+0.42)x10™"' E B
N? : g NA62I measurement . -g 6 __
_— | | 3 |
~ \ i i / 20 Z
L 4F : ! i
S E N : 4=
-..% 3;_ : : = > V‘
._fg 2: : : i
© - : ; ol
B \ - 1o
s I ) i 4
Ii) O_ I I | I I | | I I : I | : I I I | I I I I | I I I I | O | | | | |
0 5 10 15 20 25 30 35 15-20 20-25 25-30 30-35 3540 40-45
B(K"*—m*vv) x 10" Category (¥ momentum range [GeV/c])

By (KT = n7vb) = (16.O+5'O) x 10711 = ([ 16.0 (+4.8 +1.4 « 10-11

~4.5 542) stat i Syst

I N F N Joel Swallow 47
' ve | EPFL Seminar Evaluate statistical-only component by repeating procedure assuming exact knowledge of signal and background expectations.




Combining NA62 results: 2016—22 NAGZ Q)

o Integrating 2016—22 data: IV, = 18_2 , N ,.=351.

I $ Novs “ Nexo(s(0)+b) ENexs(b)
(31) (S2)

: §17§ |

Number of events
°|°

S B S I I R R
O 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Category

I N F N Joel Swallow 48
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Combining NA62 results: 2016—22 NAGZ Q)

o Integrating 2016—22 data: IV, = 18_2 , N ,.=351.
e Background-only hypothesis p-value =2 % 10~/ = significance Z > 5

 Nobs — Nexp(s(0)+b) B Nexo(b)

1016; 18 18 2021-22
(S1) (S2)

. 17

Number of events
OO

- | | | | |
7 8 9 10 1112 13 14
Category

Joel Swallow
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Combining NA62 results: 2016—22 AaLed

o Integrating 2016—22 data: N,, = 16 N, =5l.

_2 )
e Background-only hypothesis p- value 2x 107" = significance Z > S

_10¢ B — o ¢ Nobs = Nexp(5(8)+b) B Nexp
& of A € 10 § -22
= 95 \ o / E’ 16 18 18 ; 2021
= % —— 6 10 1) 2
“C;“ - Theory [JHEP 09 (2022) 148]: B = (7.86+0.61)x10™" "'6 8— ;
= Vs C = :17:
- 65— Theory [EPJC 82 (2022) 7, 615]: B = (8.60+0.42)x10™" 8 -
N? 55_ NA62 measurement g 6__
~ / 20 Z
L 4fF -
o F 4
O 3 BE
g |
g 1o s
L 1.
= oF b N A ] 0== SN T N B R B

0 ) 10 15 20 25 30 35 / 8 9 10 11 12 13 14

B(K*—m*vv) x 10" Category

=\ 3.3 —11 _ 3.0 1.3 —11
INFN Joel Swallow L@16—22(I<+ — 7Z'+I/I/) — (13 01_2 9) X 10 (13 0 <+ >Stat [+1 2] Sy3t> X 10 -
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Results in context

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

t%16 18 __ (10 6+4 1) % 10—11

—3.5

0y
[JHEP 06 (2021) 093]

1%

t@16 —-22 __ (13 O+3 3) % 10—11

—2.9

e NA62 results are consistent

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

e Fractional uncertainty decreased: 40% to 25%

e Bkg-only hypothesis rejected with significance Z>5

Joel Swallow
I N !N:FN EPFL Seminar

VAGZ2 A

BNL

NA62 2016 18
- ——i NA62 2021-22

NA62 2016 22

SM [JHEP 09 (2022) 148]
 SM [EPJC 82 (2022) 7, 615]

10 15 20 25 30 35

+ —

40

B(K — T 'vv)x1011

51


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

Results in context 10+

. . | KOTO direct exclusion @ 90% CL
e Fractional uncertainty: 25% -
e Bkg-only hypothesis rejected [ LU O % % %0 00 % %0 2000 % % %0 262604 26 2026262929, 8. T
with significance Z>5 OE I K IRGEKEIKIRGRK KR e~ Grossman
N N %0 9 9. 0. O O O e~ [
e Observation of the 0 %%l :
— . e ad I S I
K™ — n7vp decay with BR e e : S
consistent with SM prediction, < 1010 f | = |
) ) - | o |
within 1.70 = 5 : 2 |
_ : = |
® Need fuu NA62 data'set to _SM iEpJC 82 (p022) 7, 61IF]
clarify SM agreement or S HEP 00 (20b2) 148] !
tension : :
10—11 | I

050 0.75 1.00 1.25 150 1.75 2.00 2.25 2.50
B ~10
B(KT™ — nvp) <10

- 16-22 +3.3 —11
Latest KOTO result: [arXiv:2411.11237] S S ( 13.0 ) X 10
| N FN JoetSwallow (updated on Wednesday!) vy —2.9 52
- LNF
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https://inspirehep.net/literature/2849478

Breaking news: NAGZ {

CERN Press release :  NA62 experiment at CERN observes
CERN Accelerating science u Itra-ra re pa rticle decay

In the Standard Model of particle physics, the odds of this decay occurring are less

than onein 10 billion

25 SEPTEMBER, 2024

INFN Press release : s
CERN: LESPERIMENTO NA62 OSSERVA UN PROCESSO RARISSIMO

INFN Istituto Nazionale di Fisica Nucleare

, e CERN reports first observation of ultra-rare
UKRI Press release : g particle decay
OCTOBER1,2024 | 5 MIN READ
B A One-in-10-Billion Particle Decay Hints at
B Hidden Physics

= Physicists have detected a long-sought particle process that may suggest new

forces and particles exist in the universe 53

—

Scientific American :

I N !N:FN Joel Swallow



https://home.cern/news/press-release/physics/na62-experiment-cern-observes-ultra-rare-particle-decay
https://home.infn.it/it/comunicati-stampa-full/209-comunicati-stampa-2024/6830-cern-l-esperimento-na62-osserva-un-processo-rarissimo-che-potrebbe-aprire-alla-nuova-fisica
https://www.ukri.org/news/cern-reports-first-observation-of-ultra-rare-particle-decay/
https://www.scientificamerican.com/article/first-observation-of-one-in-10-billion-particle-decay-hints-at-hidden/

Conclusions NAGZ

o New study of K™ — z7vb decay using NA62 2021—22 dataset:
e [mproved signal yield per SPS spill by 50%.

° Nbg — 1101_%5 y NObS — 31

L K = 20 = (160°58) x 107 = (160 (141) 1 [ ) X 107!
e Combining with 2016—18 data for full 2016—22 results:

° Nbg — 183 , Nobs = 51 (using 9+6 categories for BR extraction)

. Bio-(K™ — 27vD) = (13-033) X107 = (13‘0 (fiig’)stat [J—rig] syst> <107

e Background-only hypothesis rejected with significance Z>5.

e First observation of K™ — 7 v decay: BR consistent with SM prediction within 1.7¢
e Need full NA62 data-set to clarify SM agreement or tension.

INEN 2 oo 2023—LS3 data-set collection & analysis in progress... 54







What is the nature of the K — 70 deca

Vector
SM

SR 1

SR 1

Arbitrary units
o
oo

10 20 30 40 50 60

70

10 20 30 40 50 60 70
Pr [GeV]

—h
| | |

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

— SM (vector)

— scalar

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

— tensor

O
o))

o
N
| | | | |

000000/ Soo SN SRR | | 650000000000080000000000000000000000004ha00o000000 T . P . T

=
N

()
| ]

] | | | | ] | l ] ] | I | ] ] I ] | ] I | | ] E
0 0.02 0.04 006 008 0.1 0.12
mr2niss [Gevz]

Pr [GeV] [JHEP 12 (2020) 186]

e In SM: vector form factor.
e BSM: possible vector, scalar, tensor contributions.

e Differential measurement could show presence of new physics.
INFN Joel Swallow 56
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https://inspirehep.net/literature/1816043

Cedar & KTAG : K tagging with threshold Cherenkov counter VA62Z {\

Condenser Chromatic corrector
Light box Spherical mirror I /

Exit windows /

/ Mangin mirror
Y from 72' .

\
<—+—I'I yfrom K+

To KTAG <_+ Il
‘g s, W (Photon detection | I l

- bea VW \\a with a focusing lens SYStem) C e d ar
\' Beam pipe 700 rrrprr 458 BA RS A G

Lo guice with e /5 GeV Unseparated hadron beam

light collecting cones ]Z'+ . 70) % D 273 % : K+ : 6 % .

Beam

Wavelength [nm]
S
)
I

500 -

e Use fixed diaphragm to select ONLY Cherenkov light &5 | e 110 KR
from K™ (adjust diaphragm width and gas pressure in R || SR || e
CEDAR to ensure powerful K*/z" discrimination).

300 |-

R A I
200—111 EEENEEE EEEE e I PN TR 1- 0.0
I N FN Joel Swallow 90 92 94 96 98 100 102 104 106 57
v EPFL Seminar Radius at diaphragm [mm]




New Cedar-H : installed in 2023 NAGZ [y

o CEDAR-W filled with N, at 1.7 bar was biggest contributor to material in beam line
(39 x 107°X,,) .

o New CEDAR-H filled with H, at 3.8 bar:
e Reduces material to 7.3 X 1()_3XO : reducing multiple scattering.

o But new optics required to account for different optical properties of H,.
e Successful test beam in 2022 (at CERN,H6) and installation in NA62 in early 2023.

Q ] L B > | I ! !
S 100 e : 4 £1.0} -
e Cedar-H Performance at NA62: > E ] oo : ;,8310; :
e >99.5% efficiency for 5-fold S0 | o “osf -
coincidence. of :
o 7+ mistag probability: 10~ E | :
gP y- : ; 0.7} -
e ~65ps time resolution 109 B4 :
- 0.6 =
0 . . . ) . = CEDAR-H (data) . -
e 30% reduction in elastically b 1 [ e CeoaRw (e \ b
scattered beam particles. {  05F -0 Expectation, A=20.6 W\ -
[ -0 Expectation, A =18.1 % ]

-5 [ | A . " L1 - 7
INF N 2o Swallow [JINST 19 (2024) 05, PO5005] 936 . . 4.2 40 04— 5 - - 58
"N EPFL Seminar More info: [Kenworthy, PM2024] Pressure [bar] N-fold sector coincidences



https://agenda.infn.it/event/37033/contributions/227977/attachments/120185/174713/CBK_CEDARHTalk_PM2024.pdf
https://inspirehep.net/literature/2741339

Photon veto performance

o

B

—
CDI

~
|

—h
<
00

n)(—vyy) rejection inefficiency,n

107°

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

o Combined y/7" rejection of O(10°).

NAG2

e Probability of K — '+ Y events with

) — yy passing full photon vetos:

Number of events passing full
71U selection in 77" region
N ;
7 "R
sel.

Npo =

/'

Number of selected
normalisation events

N 7Z'7ZD OgtriggR %

Random veto
efficiency

Normalisation trigger
downscaling and efficiency

no=(172%0.07) x 1078
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Bayesian classifier for K™ — z™ matching 1aded

o Inputs: spatial (CDA) & time (AT+) matching, intensity/pileup (Ns7x) [prior]
o Models for PDFs/Prior from K+ — ztztx~ data.

o
o

3 : : : T e e
: —Kaondecays EnS T S S S S T T T T T

— Kaon decays

|— Pileup

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

picon

— Pileup SYPRUPR =I E A N U U S N A S A A

o
N

itrary units

Arbitrary units

Arb

O
&)

0. 25| b i e ------------------------------ ------------------------------- -------------------------------- — {2 S O O A T O O O

N | O: O I O O O O O B R B el
0.5 1 1728456789 7107111213141516171819202722232¢9225
Aty +Aty ) I[ns] N

GTK

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

o Likelihood ratio used to select true match when N > 1
|N!N:FNEJ§§|LSSZ?T% e Efficiency improved (+10%) and mistagging probability maintained. 60




Kinematic regions NAGZ {

5 0.151 T T T Qsoaans ] @ Signal regions:
> I j : j j Gorko rgio e Control regions:
& N .
R 10 | EEE SO S S— S S ackround ropiona- - e Used to validate background
0 - f 3piR | predictions.
ot [ 7 ' ' ' ' e Background regions:
|
3 0-05¢ e Used as “reference samples”
k - . for some background
I o - |
I : — estimates.
O— """" CRmu2 : :kaR ----------
B / :kaR :
0.051.. S
S T ... T

15 20 25 30 35 40 45
Track momentum [GeV/c]
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o T o -
P 2 [
(.3. B ('2' B 0
N 0 Y | P S 8 ................................................................................................... YRR o Y | EESUSSRS SO—— | S Ol
~ - o ® - &
o © CR3D % - © CR3D
[ i | i 5
g g — « | -
Eg !O-Os I DU SR PV V4. N n\_/ 0-05 A SRR DU Ay VU . N
o - . I - .
U 5 5 [ 72
. o :
e - (ﬂ 3 g = % s
Qéé )] St SRS 44 ...................................................................... (tg OF— i B2 ......................................................................
I 2 CR3D - @ CR3D|
_005 | .................................. ---------------------------------- . _005 ] ---------------------------------- ----------------------------------
B ] | ] ] ] | ] ] | I | ] ] | | | ] | | | _| l | l l l l l l | I l | | I | | |
-0.05 0 0. 05 0.1 0.15 -0.05 0 0.05 O 1 O 15
mISS = (P - P ) [GeVQ/C ] m|ss (P - Pn)z [GeV2/C4]

CR3D: control region for events = (Py— P )2
. . . . WLZSS
in SR in 2 out of 3 dlmerV \
Default: GTK Default:.STRAW
) Alternative: |p| from RICH (use as a

Alternative: Nominal beam = m
INFN Joel Swallow miss,nom  yelocity spectrometer) = nzu ss.RICH 62
LNF
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Background mechanism: K™ — u vy NAG2

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

. . . , \Z 1 Dead cell 1]
o K™ — u"vy decay with fairly energetic photon (£, > 5 GeV) and high =" ST I
momentum ™ (p = 35 GeV/c). =P ' j
. o o o fo > 80 iE ' —| 4000
e yand u™ hit LKr together and are misidentified as a 7. T
60 . . —{ 3000
o No rejection power from photon vetos (LKr y cluster associated to track). P
oq o . 2 _ 2 . 5 I \\\\ . I2000
o Additional y naturally shifts m,, ;. = (Px — P,)” towards higher values - B T
(i.e. towards signal regions). ack B Iy
i 0 20 40 60 / 80 100 120 U
) X ID Cell LKr
RICH LKr & o Energy/cell [MeV]
> ; 2 B photon-like
N S = S6f
K* - W S ME MIP el b
..... 1 = 521 ¥ - - -T
K+ ............. 50 :_ @": :..' 402
st [T

46 :_ | \‘ — 10
_ Expected
“ur tr:ack
: . Dead cells
42 - POSItllOn

lllllllllllllllll 1

I[N F N Joe! swallow Sketch only 72 74 76 78 80 82 84 63
“ne EPFL Seminar

X ID Cell LKr




Background evaluation: K™ — vy NAG2

e Evaluate background expectation using yuvy control sample from MinimumBias (MB) trigger.
e Not applying Calorimetric BDT classifier and a signal in MUV 3.

Minimum Bias Data

o o | I e Kinematically select K™ — 1 vy events:
< 2 = (Py— P, — P>
S 005: R _— T R N g mmiSS(K'M 2}/) B (PK P'u Py)
= A S e P, : 4-momentum of K™ from GTK (as normal)
o™ i K* = uivy 3
| O — =10 . .
o f _§ o - o Pﬂ : 4-momentum of track with ,u+ mass hypothesis.
I i : : E
T0.08[ T S Mwwntmls 11 e P}, : reconstructed from energy (subtracting MIP
¢ [ - energy deposit) and position of LKr cluster (and
b e L) _ Ty + ,+
011 Rogion 2 10 position of K™-u™ vertex).
D L MBpy  Csignal
Mhiss = (P = P [GeV/c’] N bg(K — HU }/) =N ,uny MB P mislD
/ e \
Downscaling of T

' in Ki ' ' ' _ probability of y+u ™ bein
Not included in kinematic tails calculation MB trigger Ratio of 7+uD VU g

becauie the. tails sample imposes CalorJlr metric N and MB trigger misidentified as a 7
I[N F N Joetswallow 1PID=u™, while here there is misID of ™y = #™. efficiencies 64
“ne EPFL Seminar




Background rejection: K™ — utvy ... oo NABZ A

Events with MUV 3 association and
|m2, (K,,)|” < 0.01 GeVZ/c*

MILSS

35—

veto K™ — 11 vy events with:

E, . [GeV]
w
o
|

=)

2 2 271 4 c.f. resolution L - ' = 10°
o |mmiSS(K/42}/)‘ < 0.01 GeV</c ~ 0.0025 GeV?/c* - LN N\ E'—'-III _______ ' ' _____________________ )
B e e s .
¢ L > 5 GeV 20:— ......................................... II1IIIl _____ e 510
/ T -

° U "-like RICH PID. 15f .......................................... ...... ......'.l...l-l..'ll.'.'.'.I'_I..::.i"élll_.I_..I.I ....... | _____________________ _§1O3
R é |I z 5 N

B = - I‘ I I I — 102
T By mrrees S AT )11 LI
and MC. 5: .

o KT — pﬁl/}/ Veto = 20x background suppression with
0.4% signal loss.

| 1 | 1 | | | | | | | 1 | | l L 1 L
002 0 002 004 006 "'008: "0
m2.__[GeV?/c’]

e Why different to 2016—18 analysis?
e Calorimetric PID degraded:

e Higher intensity in 2021—22 data (in particular, affects MUV1,2).
IN|EN] Jo¢! Swallow e Training of BDT classifier. -
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Upstream background evaluation NAGZ [y

match e Upstream reference sample contains
N bg — Z NifcdaP i all known upstream mechanisms.
[

N Upstream Reference Sample: o N provides normalisation.

signal selection but invert CDA cut (CDA>4mm) o fCDA depends only on geometry.

ﬁd&l Scaling factor : bad cda —> good cda

o P ., dependson (AT, Ngri).

Nyrs =91

P Probability to pass K™ — 77 matchin
atch ytop 9

CalCUIate USIng bInS (I) Of (AT+, NGTK) 12:_ .......... N .....

[Updated to fully data-driven procedure] 10:_ ______ ) D S _____

ol 1

N =351 Jepa = 020003 <P, ... >=T73% :
! M— B
7 4+2.1 Foo T Al o
N,.,(Upstream) = 7.47 1 IR 1T

IN!N:FNI;PFII_SSenLlinar ° N » ” ® coagmm ©°




e Experimental measurements:
o Camerini et al. [PRL 23 (1969) 326-329]
o 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]

o E/787 :

o [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]

e £949

[PRL 88 (2002) 041803

(+E787)
PRL 93 (2004) 031801

[PRL 101 (2008) 191802]

o NA62:
e 2016 data: [PLB 791 (2019) 156]
e 2016+17 data: [JHEP 11 (2020) 042]
e 2016—18 data: [JHEP 06 (2021) 093]
o 2016—22 data : this result.

e Theory:
[Phys.Rev. 163 (1967) 1430-1440]
[PRD 10 (1974) 897]
[Prog.Theor.Phys. 65 (1981)]
[PLB 133 (1983) 443-448]
[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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INF EPFL Seminar

2

=

!

-+

107*

107°

<

af

107°

107/

107°

107°

107 1°

107"

Results in context: the long story of K™ — 77 i KAGZ ()

- N v 90% CL

__,Camerini .

= vLjung ¢ 2-sided 68% Range

- Theoretical Prediction

- yKlems

g yCable

B yAsano

- JE787

B GIM Mechanism ¥ NA62

= E787+E949 [ 201618

— v + BNL B

- v L ; L/(ﬁ"al) .Yi 201:/22

= e I - ]

E B Oscillations t qu ark lsospin relations  1® N A62

_I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
1970 1980 1990 2000 2010 2020

Publication Date
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https://inspirehep.net/literature/56411
https://inspirehep.net/literature/67831
https://inspirehep.net/literature/81833
https://inspirehep.net/literature/93266
https://inspirehep.net/literature/168335
https://inspirehep.net/literature/284397
https://inspirehep.net/literature/341540
http://www.apple.com/uk
https://inspirehep.net/literature/447440
https://inspirehep.net/literature/523689
https://inspirehep.net/literature/567469
https://inspirehep.net/literature/646902
https://inspirehep.net/literature/793322
https://inspirehep.net/literature/1704548
https://inspirehep.net/literature/1807490
https://inspirehep.net/literature/1854186
https://inspirehep.net/literature/55252
https://inspirehep.net/literature/89052
http://www.apple.com/uk
https://inspirehep.net/literature/153246
https://inspirehep.net/literature/192645
https://inspirehep.net/literature/245444
https://inspirehep.net/literature/22779
https://inspirehep.net/literature/421281
https://inspirehep.net/literature/750582
https://inspirehep.net/literature/786693
https://inspirehep.net/literature/867241
https://inspirehep.net/literature/1351444
https://inspirehep.net/literature/2103460

[K. shiomi : Kaons @ CERN 2023]

K, — 7°vv at KOTO

[T. Nomura : Kaons @ J-PARC 2024]

e Located at J-Park 30 GeV main ring.
o KOTO continues data-taking to reach sensitivity <1071"

JOt.#

S

Branching ratio (BR)

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

Signature of KL—»mOv v

(m] FB Hinemos NCC MB BCV CV LCV
2._

KOTO

2015

2021

= "2 v +Nothing+Pt”

OEV CC04 CC05 CC06 BHCY  BHPV BHTS

(I

l)y—>
X z
o te/iron shield

to <10-10,

oj hl
LN | | | | |
k g 6 14 16

8 10 12

Assuming 2y from m0,
Calculate z vertex on the beam axis

Signhal region M2( 77 0)=2E 1E»(1-cos 6)

Joel Swallow
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>
/ Vertex Calculate 70 transverse momentum

sensitivity

Search down

approachlng 10 11

predlctlon

100

KOTO 2015 (<3x10-9)

KOTO 2021 (<2x10-9)

Preliminary

Grossman-Nir bound
(<6.4x10-10)

10-10
SM (3x10-11)

Grossman-Nir bound:
indirect limit from relation to BR(K+—r1twv);
Calc’d from NAB2 results (2021) with 10 region
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https://indico.cern.ch/event/1300660/contributions/5569043/
https://conference-indico.kek.jp/event/273/contributions/5412/attachments/3619/4970/koto-240727-v1.pdf

d Y
L
KL — 71-0 vy at KOTO [ArXiv:2411.11237, Nov2024] IO(‘ ’?
S V
S00 - 21 5 0 0 TABLE 1. Summary of background estimation. The second (third)
450 :2 3 5 6_2 04132 O 0 33+0 008:0.003 0 numbers represent the statistical uncertainties (systematic uncertain-
= (UE2.UE * =V JUO=U. ties).
400 Source Number of events
€Ty - K+ 0.042 + 0.014 T5:00q
; 350 1 Kr K1, — 27 (beam-halo) 0.045 £ 0.010 £ 0.006
= K —2n° 0.059 £ 0.022 020
¥ 300 0‘4981'()'108 0097 Neutron HaLdron-cluster 0.024 4+ 0.004 £ ?).%586
E = including signal region CV-n 0.023 & 0.010 =+ 0.005
~ 250 - - - - - - - ————- To Upstream-7r° 0.060 + 0.046 =+ 0.007
- 2005 : 0 | 0.008 Total 0.252+ 0.055 T0-0°2
S 1s50F . 10.252:0.0557 || X000,
I B(K, — n°vp) <2.2x 107 @90 % CL
1001 0 0 =
. +0.035
501 0.165:00605 |0 e Result uses data from 2021

1?’_1111|1|11|1|1||||||||1|1 .Includesnewvetodetectors

2000 3000 4000 5000 6000 K back ;
dg2alns dACKgroundas
RCC. thx (mm) g g
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http://2411.11237

NA62

K™ - ntup

e KT = LU : [pLB 791
(2019) 156] [JHEP 11 (2020) 042]
[JHEP 06 (2021) 093][this talk]

e K* — 77X :[JHEP 03 (2021) 058]
[JHEP 06 (2021) 093]
+_0

o (K* - nt7%) 7" = invisible
[JHEP 02 (2021) 201]

e Kt 5 7t7Y 720 - efe™
[prelim. Spring 2024]

e K™ — z7yy [PLB 850 (2024)
138513]

e Tagged neutrino [prelim. 2023]

Joel Swallow
I N EN EPFL Seminar

physics programme

« KT = JZ'OJZ',MB [prelim. Spring 2024]

« KT = (72’0)72'_€+€+
[PLB 830 (2022) 137172]

e K™ — u~vete™ [PLB838 (2023) 137679]

o K™ — mue , 1° > pu~e™ [PRL 127
(2021) 13, 131802]

e Beam dump dark
photon searches:

e A’ = T [PRL 133
(2024) 11, 111802]
[JHEP 09 (2023) 035]

e A’ — hadrons
[prelim. Spring 2024]
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https://inspirehep.net/literature/1832447
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