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Theoretical motivation - Standard Model

@ FCNC loop process
o s — d coupling and highest CKM suppression (BR~ |Vis x Vig|?)

S w \*\ u,c,t /ﬁl/

u,c,t

@ Very clean theoretically B ) N
— <o

e Short distance contribution
and no hadronic uncertainties

o Hadronic matrix element extracted .l

Vool
7.0%

9.9% X,

from well-known decay KT — 7%t L% other
e Theoretical error budget
dominated by CKM parameters
@ SM predictions
[Buras et al., JHEP 1511 (2015) 033]
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Theoretical motivation - Beyond the Standard Model

Z'(5TeV) in ConstrainedMFV

> 7l (1011

BR(K,

Simplified Z, Z' models
Littlest Higgs with T-parity

Custodial Randall-Sundrum
MSSM non-MFV

LFU violation models

Constraints from existing measurements (correlations model dependent):
Kaon mixing and CPV, CKM fit, K,B rare meson decays, NP limits from direct searches

K — mvi can discriminate among different new physics scenarios

Randa

Il — Sundrum

LittlestHiggs

BR(K* — mtvw) 1071
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K — mvv: Ezperimental status

KT — ntuvi Ki, — 7%
& F v 90% CL r
+>m”4 = yCamerini — Measurement 10k ® Littenberg(1959)
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— 115 —11
BR(K+ — 7T+I/I/) (17. 3+10 5) X 107" jpro 77, 052003 (2008), PRD D 79, 092004 (2009)]

BR(KL - 1/,/) < 26 X% 108 [PRD 81, 072004 (2010)]
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Kaons at CERN

Earlier: NA31
1997: €'/e: K +K

=
©
©
o
=
+
Pl

oL

wats | [ on
‘ .
.o~ s ~France discovery|
““centre of the LHC
: NA48/1

NA48/2| |2004: K*/K-

NN
o |l ©
o |l ©
w Il N
=
zllg
A2
o
2
o
=3
:

NAG62 2007: K*!Z/K*lﬂ tests

Ry phase

2008: Kto/KE,

2014: pilot run
Kaon decay in flight experiments. Sl
NA62: ~200 participants, ~ 30 institutes NA62 9 | 2016 —: k*—>m'vv run

2017 - : K*>m*vv run

2018 - : K*>m*vv run
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Physics program of NA62 experiment

e Main goal:
o Collect O(100) signal events = 103 Kaon decays
o Measure BR(K" — 7" v) with 10% precision
o Other program and future plans:
o Measure | V.| with ~10% accuracy
o Probe several NP scenarios in K™ — 77w
o Probe NP in similar processes (e.g. K™ — 77 X)
o Beyond the baseline:
° decays with 3 tracks in the final state

o Di-muon trigger stream: ~ 2 x 10" K* decays; SES ~ 107!
o Decays to ie and ee pairs: ~ 5 x 10! K* decays; SES ~ 1070
o Other 3-track decays: ~ 5 x 10* K* decays; SES ~ 107°

° decays
searches
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NAG62 Detector layout

@ ~ 5MHz of nominal K™ decay rate

Detectors for Secondary Beam
Kaon ID (KTAG, Cerenkov) (large angles)
Kaon Tracking

EM.
calorimeters

1m
target
'

Momentum
selection &
collimation

~100 m

<

o
=

v ¥ 3 e

KEG Beam
tracker

>

EM.
calorimeter
(forward)

Hadron
calorimeter

1 RICH ‘l/

Ma gnetic calonmeters

~150 m Spectrometer (small angles

|«

SPS proton »
400 GeV

1012 p/s

><¢

Secondary Beam » Kaon Decay

p =75GeV/c ~5 MHz
Ap/p~1% 4.5 x 102 /year
X,Y Divergence <100 prad 60 m length

K(6%),m(70%),p(23%) 10~¢ mbar vacuum
750 MHz

>

Beam size: 6.0 x 2.7 cm?

Detectors for decay products
Charged particle tracking
Charged particle Time Stamping
Photon detection

Charged particle ID

Pion and muon identification
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Analysis strateqy for K& — ntvp

Kaon decays in flight

g 1

. . . a“ﬁ E K ortnd(y]
@ Signal: Time and space K™ — 7 matching _!}10.;, "
@ Regions defined by: m?%.. = (Px — P,)? b o
@ The analysis is mostly cut based ol
@ Blind analysis: Signal and background ctrl =
regions are kept blind throughout the analysis E F
3 i
10° = [
107 ~0‘0A ~0I02 0.02 0.04 0.06 D‘DB Dml [GO\JZZ/ 4
Requirements

@ O(100ps) timing between
sub-detectors

Py
Main background sources

Decay mode BR | Main rejection tools
KT = uTv(y) 63% | pu—ID + kinematics
Kt = 777%y) | 21% | ~-veto + kinematics
K" — 7fnta~ | 6% | multi + kinematics

Kt — 777%° 2% | ~-veto + kinematics
K" — nletu, 5% | e—ID 4 ~v-veto

Kt = n°uty, 3% | u—ID + ~-veto
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@ O(10*) background suppression
with kinematics

@ O(10") p-suppression
(K" = u'v)

@ O(107) ~-suppression
(Kt = 7ta® 7% = 49)
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FEvent selection

Signal regions

@ Three different ways to calculate mmss

to avoid mis-reconstruction:

o My = (STRAW, GTK)
° mm,ss = (RICH, GTK)
o m?. . = (STRAW, Beam)
ﬁm 0.1~ ,f/‘:k’ K =7t K
0'05}/!/ X—) Py 10
R2 ] P
[ K+ +y
i aia L
R1T
~0.05]- : 10
; N 1

_0.b

L
10 20 30 40 50 60 70 80 90 100
p. [GeV/c]
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Selection

Single track in final state topology
7t identification

Photon rejection

Multi-track rejection

105 < Ziertex < 165 m

15 < P+ < 35 GeV/c
(best u/m discrimination in RICH
& to leave at least 40 GeV of Episs)

Performance
e(p) =1-1078 (64% 7™ efficiency)
e(r®)=1-1078
o (Mmiss) = 11072 GeV?/c*
a(t) ~ O(100) ps

10/80



Results of the selection - 2016 Data

mrrt ™ Region
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-:’:‘ PNN data
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é 0'082 e Control
g 0,06% Signal Region 2 (R2) Region
k 0.04% .
0.02% a . L] — = & @ 5_-__ Rtgzn
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0 02% : k e
o . Control
—0.04§ uhy Region
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Michal Zamkovsky FPCP 2019 11/30



Single event sensitivity - 2016 Data

SES ingredients

@ Nx from Kt — 7t 7% control trigger:

(1.21 +£0.02) x 10"

Trigger Efficiency: 0

012

[k - mwme

K* — n7vi acceptance: (4.040.1) x 1072
Random Veto Efficiency: 0.76 + 0.04
.87+0.2

j=nr

Signal Acceptance: 4%

momen
tum bin

SES
number of
K+ decays

signal /

acceptance

IS S
NS, (] ek el
v ~a

trigger
efficiency

random veto
efficiency

SES: 3.15 % 0.014¢ & 0.244, x 1071

Process

Expected events in R1+R2

K+ A7

0.267 % 0.001sta¢ & 0.0205yst = 0.032ex

Total Background

0.15 = 0.095¢5¢ =+ 0.01gyst

KT — ntx0(5) 1B
Kt — ptu(y) IB
Kt troety
Kt

Upstream background

—

— atatn—

0.064 = 0.007sa¢ & 0.0065yst
0.020 = 0.0035¢5¢ = 0.0035ys¢
0.0187G,92 |50 £ 0.009s:

0.002 = 0.001sg5¢ & 0.00245

0.090
0.0501 % 0 Istat
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20 25

Il 1
30 35
7" momentum [GeV/c]

Source 5 SES (107%°)
Random veto +0.17
Definition of 7 #° region +0.10
Simulation of 7 interactions +0.09
Nk +0.05
Trigger efficiency +0.04
Extra activity +0.02
GTK pileup simulation +0.02
Momentum spectrum +0.01
Total +0.24
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Validation - 2016 Data

Expected background in control regions

| min | [ wv
CR1 | 0.52 £0.08stat = 0.035ys: || CR | 1.02 £ 0.164¢a¢
CR2 | 0.94 £ 0.145;5: £ 0.054ys;

TR Tegion [JK* - n'vwMC
P d
ata
agr, e, + P
Control
1" region 2:
1 event

-8l [0 region

’ B
Say e peavbggd®  (Control
: * | region 1:
0 events

p,*u region:
2 events

L
15 20 25 30 35
1" momentum [GeV/c]
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BR(K* — ntui) < 14 x 1071 @ 95% CL
[Phys. Lett. B 791 (2019) 156-166]
~ Michal Zamkovsky = FPCP 2019

Result - 2016 Data

[k - mvwwMC
. -4-data

R W L L
One e;rent observed

e
in region I
P TS S S HN S S T S NS S ST S SRS
15 20 25 30

P I
35
" momentum [GeV/c]
The results are compatible with the SM
BR(K* — ntwi) <11 x 1071 @ 90% CL

[m]

=

Dac
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Result - 2016 Data

N 0.12
.; 0.1 . [k - mvwwMC
« * e data
6 0.08 LA Hu;tas. Burst 953, Event 543854, Track 1
=
E
£20.06 Es 9990 Likelihood under
~E R2 . 00000 b different mass
E 0.04 - o] hypothesis
oy 00 4 16.08ns.
- 00
0.02 AQQ;MC- aP®taae * 4 o
R1 =
0? I 0 (/_/
—0.02?5; CLeee @ 0
N o
—0.04 g One event obser '”
7 -150
—0.06%
% -200
—0.08 S S 300 -250 -200 -150 -100 -50 0 50

mm]
Mom 15.3, Mirror 24 ( 258.8), Frac M 1.000 0.000, PMT 1.000 0.000

1" momentum [GeV/c]

The results are compatible with the SM
BR(K* — ntwi) <11 x 1071 @ 90% CL
BR(K* — ntui) < 14 x 1071 @ 95% CL

[Phys. Lett. B 791 (2019) 156-166]
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2017 Data sample

Selection and SES

@ 2016-like selection ‘z 0.12¢
@ Comparable to 2016 analysis N% 0°1; e
performance O 0.08
o Better treatment of pileup in IRC N'é()‘“
and SAC 0.04 -
o 40% lower 70 rejection inefficiency 0.02 —=
compared to 2016 0F
o Slightly improved usage of RICH —0.02 -
variables ~0.04
_0.06:/“3\\“‘\“\‘\“\“‘\\“‘\\
15 20 25 30 35 40
7" Momentum [GeV/c]
PRELIMINARY
Nk (13+1) x 101!
SES (0.344+0.04) x 10710
Expected SM K™ — v | 2.5+ 0.4
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2017 Data sample

Background summary -~ 10°

@ 2017 data allows detailed comparison
between data and background models

-
=3
N
T
-
"
g

o Shape differs between signal regions,
and changes with pion momentum

dN/(0.00195 GeV¥c*
- =
)

-
=

L

T

@ Good agreement between modeled m;ss

and data confirms validity of estimated 107 ¢ Rt
background from kaon decays 002 0 002 0.04 0.06 0.08
m2, [GeVZ/c']

Process Expected events in signal regions

Kt — ntuw 2.5 4 0.4 (Preliminary)

KT — 7¥79(v) IB 0.35 £ 0.024¢5¢ 3= 0.034y;

Kt — ptv(y) IB 0.16 & 0.015a¢ & 0.055ys

Kt — ntn-etv 0.22 + 0.08t.¢

Kt — afata™ 0.015 £ 0.0084:5¢ &= 0.015;

Kt — ntyy 0.005 £ 0.005,ys:

K+ — ¢+7%, 0.012 £ 0.012,ys;

Upstream background | Analysis on-going
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The KOTO Experiment

Study of Ky, — 7% @JPARC 30GeV Main Ring
Goal is to search for New Physics at BR ~ 10~

@ Primary 30 GeV/c protons on gold target
@ Secondary neutral beam
(Kr,, neutrons, photons) ’ &
o P =14 GeV/c peak )
@ Transverse size: 80 x 80 mm? R
@ Fiducial decay region ~2 m 30G4
Arizona, Chicago, Chonbuk, Hanyang, Jeju, JINR,
KEK, Kyoto, Michigan, NDA, NTU, Okayama, Osaka,
Pusan, Saga & Yamagata
Y FB NCC Hinemos MB BCV CV €03 OEV LCV CcCo4 CCo05 BPCV CcC06 newBHCV BHCV BHPV BHGC BHTS
m
2 ea L DN P
FST ==\
ol —K - Decay volume - e, I

(vacuum)

CSI concrete and iron shields b Z
Z[m]

| I | L | L | L | | L L | L | I I I
0 2 4 6 8 10 12 14 16 18
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Signal Detection

[ calorimeter

| photon veto

—— charged veto

KL — 7['01/17

@ 2+ with high Pr = signal

non,
i,
S[aIS

Hermetic Detector |

@ no signal in veto detectors

rec. n° Pt [GeV/c

Main background sources

Decay mode BR [%] Rejection tools o .
K, — mTeTr 40.6 charged, non-EM s

Ky, — nfuFu 27.0 charged, non-EM

Ky, — ntn— =0 12.5 charged, low 70 Py

Ky, — 707070 19.5 extra y

Ky, = vy 55-107% | low Py, symmetry

K — nta— 2.0-1073 | charged, non-EM

Ky, — 7970 8.6-10~% | extra vy
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2013 Data Results and Improvements

2013 Data sample
@ N(Ki) ~ 2.4 x 10" (SES1.3 x 107%) Pion produced at detcctor upstream

@ Upper limit on BR(Ky, — 7°v)
<5.1x1078 @90% CL [p7er 2017, 02101
Improvements

Halo Neutrons
hitting the NCC

[

@ Thinner vacuum window: 125—12 pym

@ Beam Profile Monitor for better beam alignment ™" gememe mos oy =
@ Beam Pipe Charged Veto added I Y ot
@ 1/10 reduction of Ky, — 777~ 7" background
@ Special run with Al target to collect neutron Y ;':r o
enriched events K, »n'nnm
@ Better photon-neutron ID in Csl Neutron directly hit on CsI
= EObserved s
g w?{\pcm(l N n
Same 4 tran o300 K ; ) Halo Neutrons
e [T Naon 1 hitting the Calo
mé . .ﬁ. . .1610.11 K I]
M% "; l’L‘ml‘ . ﬁ.‘l]:l)_ﬂ]
I.W? .. oz
'“% = 9 oot o
o ey &K%.{m,b
I%ﬂ 1500 2000 2500 3000 3500 “L““H;?x' ;m[“:n °
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2015 Data Result

2015 Data sample

@ Based on 40% data collected before major upgrades
o SES=13x107°
o BR(Ky, — m%7) < 3.0 x 107°

Backgrounds 500
F344 0 0
] source Nevents 450£331.5+13.0 [0.270.15 0.1)080;
Ki, decay :23 e ; -
Ky —»7fa 7%  0.05+0.02 | 5 ,¢ i 1.23:041)
Ky, — m0x® 0.0240.02 | Za0f 8% ===
other Ky, decays 0.03+0.01 | Smo- 3% (16150 | I
neutron induced 150 ¢ _'.-._‘_ | $0.16
hadron cluster ~ 0.24 +0.17 ‘ZZ T I |0
upstream-7° 0.04 +£0.03 0““&‘”“\
CV—7] 004 :l: 002 1000 1500 2000 2500 30()gislzgl:n();)0 4500 5000 5500 6000
| total 0.4240.18
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KOTO Time line

2015 data 2016-2018 Data

T

X

—
—
%

80
70
60
50
40
30
20
10

[+-]
o

New Csl readout

New Beam Pipe CV

[+1]
o

New Lv2 Trigger

iy
o
Beam Power (kW)

Accumulated P.O.T.

v New Lvl Trigger

New Barrel Detector =
e | |

2012 2013 2016 2016 2017
Dec Dec Dec Jan Dec Dec

_\Hlllllll|II\||JII|||I||\|H|HII‘III

| -
N
o
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2016-2018 Data sample

Analysis Status: 2016-2018 Data sample
o SES = 8.2 x 10710 (without new veto window)
e Background under control

@ Results coming soon in summer 2019

500,

PN 431 . 0 0 v
ggg: .‘ ) 0.07+0.13 0.02+0/03 -
3005 ..\’ o 20t0.1g. 13141 fincuing signlgion) Ky = 27° 0.09+0.09
2501 ° " K, »>mtrr®  0.02+0.02
200? .':'. . +0/14 Hadron cluster  0.07+0.13
iggf_ R CV-pi0 <0.19

505 i 73028 0.00:0400 s ___
@ |
2000 3000 400() 5000 6000

Pi0RecZ
Future Run toward SES(10~!!) with 100kW Beam Power
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NP searches in kaon decays @NAG6G2

@ Search for Majorana neutrinos in LNV KT — 7= ¢/ decays

o DM + Baryon Asymmetry + low mass of SM v
can be explained by adding three sterile Majorana neutrinos to the SM
o Current limits

BR(K* — 77 p*p®) < 8.6 x 1071 @ 90% CL
BR(K*" — n7etet) < 6.4 x1071°

@ Search for resonances (N, X, etc.) in the opposite-sign leptons sample

o YMSM + real scalar field (inflaton X) with scale invariant couplings
o Explains universe homogeneity and isotropy on large scales/structures on
smaller scales
o Current limits in opposite sign muons:
o HN peak search in K™ — p*(77p"™) Limits set at ~ 107° (90% CL)
o Inflatons peak search in K™ — 7% (u " u™) by NA48/2
o Searches in KT — 77X, XT — ete~
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Lepton Flavour Violation

So[ [0 NA62|S [NAG2
> OK - 3 e

= DK srre'y =

o K se've's e

ng* mK )[e'e"f[‘,e'v 2

o [IK'snee” o

'” Yok

250 300 350 400

450 500 550
m(ne'e’) [MeV/c’]

s
450 500 550 1°
m(ree ) [MeV/c?]

5
210°
2
10t
Py
E(f
&

m(xutp) [MeV/ic]

Kt —>n etet

Signal Region
Bkg. Prediction:
N& = 0.16 4 0.03
Observed: nsg =0
Nk = (2.14 +£0.07) x 10"
SES = (0.87 +0.03) x 107

Kt = r putp
Signal Region
@ Bkg. Prediction:
N =0.91 4 0.41
@ Observed: nsg =1
® Nk = (7.9440.23) x 10"
Jo A @ SES =(1.28+0.03) x 1071

2 2 o J
107380 400 420 440 460 480 500 520 ' 380 400 420 440 460 480 500 520

m(rpu) [MeV/c’]

Decay BR UL @90% CL | PDG UL @90% CL

Kt - netet 2.2 x 10710 6.4 x 10710

Kt - aptpt 4.2 x 10711 8.6 x 1011 _ : vace
B —— 2530



NP searches in kaon decays @NAG6G2

@ Search for HNL in K™ — /TN with undecayed N
o K™ — "N events would appear as peaks in the K™ — [T m2 .
o Searches are model independent

@ Searches for LNV/LFV decays Kt — mue, including 7° — pe

BR(r pTe™) < 5.0 x 1071
BR(r " e™) <52 x 107
BR(r"ute™) <13 x 1071
BR(7® = pFeT) < 3.6 x 10710, kTeV @ FNAL

Limits set by
BNL E865, E777

@ Searches for K" — py~vete™ and KT — e vu™pu™ decays

BR(u vete™) < 1.9 x 1078 @ Geneva — Saclay, 1976
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Results of HNL search - 2015 data

@ Local signal significance never exceeds 30: no HNL signal is observed
@ Reached 1076 — 1077 limits for |Ues|? in the 170-448 MeV/c? mass range
@ Improved limits for for

@ Major improvement foreseen with high intensity NA62 data

@ = H ; 5
©1.2F K+ %e‘LN S0 KEK (1984) NAG2-2007
2 E 2 £ K'op*N, K'—e'N :(2}”7[N
= C o -l
T08F %
Y- — T 1
£ o E
0 0.4;[ < F
So2En ° [
&) E H =2 R T DR U o § . A
g 1.2: 10 E This result
@ F C K 5N, K'—e™N
T F
= £ L
=0.8F s
060 L S 1 e 11
e F E949 (2015)
£ E PIENU (2017 R
D'4j L e—e'N ) K '=u'N
ot ; i i i ; i B P S Y EUR UTT P, N R R ST
200 250 300 350 400 450 50 100 150 200 250 300 350 400 450
HNL mass [MeV/c?] HNL mass [MeV/c?]
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HNLs: prospects with full data set

e Data sample 2016-18 in comparison to data sample 2015:
o Beam tracker (GTK) in operation:
e a factor ~ 2 improved HNL mass resolution o,
o lower background and broader mass range accessible
e a factor ~ 3 lower background in the K — e™N mode
(Kt — pFv, ut — e"vr: muon decays in flight rejected geometrically)
o lower background from upstream decays in the K* — 1N mode
o Much larger data sets:
e K™ — e"™N mode: the main Kt — 7tvv trigger is used
with reduced signal acceptance - max calorimetric energy = 30 GeV:
expect O(10°) K™ — eTv events, a factor ~ 1000 improvement
o K™ — "N mode: down scaled control trigger (D=400):
expect 0(10°) K™ — pTv events, a factor ~ 100 improvement
o Expected sensitivities to with 2016-18 data:
o better than 10728 for both and

Large data sets already collected; analysis is in progress
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Conclusions for K — wvi decays

e NA62 BR(K" — 7triy) measurement:
Decay in flight technique works!

1 event observed in 2016 data

o BR(K* — 7ntvi) < 14 x 10710 @95% CL

Analysis of 2017 data is ongoing - Results expected in 2019
Precise evaluation of the total statistics collected in 2018 is
under study

o BR measurement expected in the next few years

e KOTO BR(K; — 7%vi) measurement:

o UL on BR(Ky, — 7%#) =3.0-107° @90% CL based on 2015
Data sample

e 2016-2018 Data Analysis with better Detector, DAQ &
Analysis Methods ongoing

o New results expected in Summer 2019

o Future Run toward SES(107!) with 100kW Beam Power.
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Conclusions for other NA62 decays

e Searches for LFV/LNV in 3-track decays:
o 3 months of 2017 data of 2 LNV/LFV decays improving over
PDG limits
o BR(KT — 7m7efe™) < 2.2 x 107 @90% CL
e BRIKT = n putut) <4.2x 1071 @90% CL
e ~ 3 times more data still to analyze
@ HNL result from the 2015 run:
e Search for HNL production in K™ — ¢t N decays with
minimum bias data:
107% — 1077 limits on |Ues|? in mass range 170-448 MeV/c?
Improved limits for |U,,4|* for 300 < my < 373 MeV/c?
[Phys. Lett. B 778 (2018) 137-145]
e Major improvement in HNLs foreseen with new data.
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