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Rare kaon decays:

~N

\S'randar'd Model and beyond/




Introduction: rare kaon decays

K;, — utu 10% 79 = 12 (SD) 684 + 11
K, — nlete 40% 3210 < 28 (@ 90% CL)
K, — 2%t 30% 15+ 0.3 <38

< K™ — mtvy 90% 84 1.0 <17.8 (as of 2019)
K; — J@ >99% 3.4+ 0.6 < 300

“"Approx. error on LD-subtracted rate excluding parametric contributions

% FCNC processes dominated by
Z-penguin and box diagrams.

O
< SM rates related to V,, With 2 %
minimal non-parametric 'F 1
uncertainties. % 5:
< Golden modes K—mvv: <9
uniquely clean theoretically. m

% Decays to charged leptons: affected

by larger hadronic uncertainties.

E. Goudzovski / University of Liverpool , 28 Oct 2020




K—7rvv in the Standard Model

SM: Z-penguin and box diagrams

s W v 8 W d
“Swwwwawwe
u,c,t u,c,t
u,c,ty 161, T
Z
VWWWWVYW
/('i,/ W \y\ V vV

“Golden modes”: ultra-rare decays, precise SM predictions.

< Maximum CKM suppression: ~(m./my,)?|V*. V4] -
* No long-distance contributions from amplitudes with intermediate photons.
% Hadronic matrix element extracted from measured BR(K.;) via isospin rotation.

Mode Expected BRgy Experimental status

BR<17.8x10-'1 at 90% CL
+ + -11 .
K*>nvv (8.4£1.0)x10 (three NA62 candidates, as of 2019)

BR<300x10-'1" at 90% CL
(KOTO 2015 data)

BR.,: Buras et al., JHEP 1511 (2015) 33; tree-level determination of CKM elements

K, —>nOvv (3.4+0.6)x10-"1

3
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K—mnvv and the unitarity triangle

B(K*™ — ntvp)

BR(K® — 1 8.3940.30) x 10~ . | 1Vet! oy o .
— atvv) = (8.39+0. - i [ } P..
( )= ) {0.040?] 73.2°
IVl 2.9% PSP(X)
BR(K; — nvv) = (3.36+0.05) x 10~ 9.9 % I

other

Vil 12 [ V| 17 [ siny 17
3.88x 103 0.0407 sin73.2°

Buras et al., JHEP 1511 (2015) 33
< Dominant uncertainties: CKM parametric; | CKM unitarity triangle with kaons

I|IIII| II|I I|IIII|I
a5

intrinsic theory uncertainties are O(1%). A K'—>mvv (NAG2)

10 |-

f),

¢ Work to decrease theory uncertainties : |
[e.g. Christ et al., PRD 100 (2019) 114506]. os 2 -

% Measurements of both K* and K, decays:

. I= 0.0 7

a clean sin(2p) measurement, g 5 1
an independent CKM unitarity test. o5 — -

<+ Complementarity to measurements in oF g
the B-sector. Over-constraining the CKM - % | Prospective study on rare Kaons B
matrix: reveal the nature of new physics. -1s - omghmmfommm i e
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K—mvv and new physics

% Correlations between BSM contributions K* and K, BRs. [JHEP 1511 (2015) 166]
% Need to measure both K* and K to discriminate among BSM scenarios.
< Correlations with other observables (¢’/¢, AMy B decays). [arXiv:2006.01138]

BR(K,—7n%vV) vs BR(K*—n*vv) | % Green: models with CKM-like

/ ' flavour structure
as, Butfazzo, Knegj

J
o

o
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v Models with MFV

| < Blue: models with new flavour-
violating interactions in which
LH or RH couplings dominate
v' Z' models with pure
LH/RH couplings

BR(K, — n%v) x 1011

% Red: general NP models without
the above constraints
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% The Grossman-Nir bound:
a model-independent relation

0 5 10 15 20 25 30 BR(K; — n'vv)
BR(K* — 1) x 10"

Ay +HAg | X|AT
M:

snerpl NP

7

X s <1
BR(KT —=7wtvv) 1 =~ §
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The NA62 experiment
at CERN
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Kaon programme at CERN

Earlier: NA31

1997: €’/e: K +Kq

1998: K, +K;

NA 48< 1999: K +Ks  |KsHI

i discovery| (2000: K_only |KsH
AW of direct

CPV [ 12001: K +Ks  |KsHI

% NA48/1{ 2002: Ky/hyperons

2003: K*/K-

2004: K*/K-

NA62 2007: K*/K*,, |tests

1 Bl I

Re run” | |2008: Keep/K', | tests
.
Main NA62 goal: K*—»=n*vv measurement to 10% precision 2015: commissioning
with a novel decay-in-flight technique. NA62< [2016-18: physics run 1

Currently ~300 participants from 31 institutions.
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2021-: physics run 2




NA62 collaboration,

JINST 12 (2017) P05025 Beamline & deteCtOr

Un-separated hadron (p/n*/K*) beam. LAV: large-angle Hadronic
SPS protons: 400 GeV, nominally 3.3x10'*/spill. | photon veto (12 stations) Calorimeter Muon
K*: 75 GeV/c (£1%), divergence < 100 urad. (HAC)  detector
Nominal beam rate: 750 MHz, K* rate: 45 MHz;

0't=70ps (MUV)
~5 MHz K* decays in fiducial volume Dump
GTK: beam RICH
Target tracker
— — Vacuum | | | . 1
KTAG: Cherenkov O(10-%) mbar
kaon tagger, 6,=70ps RICH \
ff / |
_ | Spectrometer: Small-angle
Anti-counters RDeeci?)yn . STRAW chambers | kr M Photon veto
9 calorimeter
f T T T T T ‘ ‘ T T T T T T T —>
o 100 150 200 250 Z[m]

< Currently, 1 year of operation ~ 10'8 protons on target; 4x10'%2 K* decays.

% Single event sensitivities for K* decays: down to BR~10-12,

< Kinematic rejection factors: 1x10-3 for K*->n*n%, 3x10~ for K—>p*v.

<+ Hermetic photon veto: n°—yy decay suppression (for E _,>40 GeV) ~10-8,

% Particle ID (RICH+LKr+HAC+MUV): ~10-% muon suppression. 8
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NA62 status Run 1 completed

—2016 2017 2018

H | [ | |
Dec 16 Apri7 Aug 17 Dec 17 Apri8 Aug 18 Dec 18

2.2x1018 POT collected

WS

%

Commissioning run 2015: minimum bias data (~3x107° protons/pulse).
Physics run 2016 (30 days, ~1.3x1072 ppp): 2x10'" useful K* decays.
Physics run 2017 (160 days, ~1.9x107%2 ppp): 2x10'2 useful K* decays.
Physics run 2018 (217 days, ~2.3x10"%2 ppp): 4x10'% useful K* decays.
> Run 2 start after the Long Shutdown 2 in 2021 (~3x10'2 ppp).
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K*—>r*vv measurement:
NA62 Run 1 data set

~

/

Analysis of the 2016 data: PLB791 (2019) 156.

Analysis of the 2017 data: arXiv:2007.08218, accepted by JHEP.

Full Run 1 (2016—-18) data set: first presented at ICHEP 2020,

paper in preparation.

E. Goudzovski / University of Liverpool , 28 Oct 2020
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NA62: K .,

signal regions
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2=(P,—P_)? vs track momentum
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Main K* decay modes
(>90% of BR) rejected
kinematically.

Resolution on m?_,.:
0=1.0x10-3 GeV4/c2,

Measured kinematical
background suppression:
v K*>rtrl: 1x1073;
v Kr>ptve 3x1074,

Further background
suppression:

v' PID (calorimeters &
Cherenkov detectors):
1 suppression 1078,

n efficiency = 64%.
Hermetic photon veto:
n%—yy rejection
factor = 1.4x10-8.11



Key parameters timing, PID

— 30, -
A E- i
X 1 At [DT] 0 Re|solut10n| [ps] |
% o y ~100 ps timin
< 100 GTK-KTAG t1m1ng stability vs run number oo P S,
N T =250 calibrations stable
v of Spread ~ 5 ps b 2005 ‘ Spread ~ 10 ps within a few PS
£ :
-5/ % 2 faady Y
5_ ﬁ & *‘ ’w ISGQ » ol “M .m}.l
_15_ St}_
‘Run number (full 2017 dataset) - Run number
%00 7700 7800 7900 8000 8100 8200 8300 007700 7800 7900 8000 8100 8200 8300
Calorimetric PID RICH PID
(machine learning approach) (llkellhood analy51s)
’3‘ E ? 1..._-""_ """ —.—...x,_,_._'
S 2
-1 @
S0k ‘ () = 6.3X105, e(t) = 78% | | S0 Te(ut) = 2.3 107, e(t*) = 82%
Muon suppression: 10-8, | - Z102- e e
pion ID efficiency: 64% b efficiency (data) 2, e
=~ T { ut efficiency (data) z F ++**+ :
~10" 4;_T E](]—“;— e
Photon VetO: 0_5 ++ - "'*"‘,.4_.__.__.‘ — 10_5:_ _f_ I j'["eff]c]enéy (data]|
see later... o | e ""+|+I+-'P-J—¢-~++4,_,,h - ) |.1 effncnency (data)|
0% 20 25 30 35 40 10 20 25 30 35 40
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Analysis principle

erp |
N‘n'uu ~ NwwetrzggerERV

NP : expected number of K_,, events

Bfr(ﬂ'yy) : Standard Model K_,, branching ratio (central value)

N : K*—>n*n® events selected from the control data,
without photon + multiplicity rejection, corrected for pre-scaling

ERV : “random veto” K_,, efficiency (photon + multiplicity rejection)

Etrigger : trigger efficiency for K, events

Ay (A, ) ¢ acceptances from simulations (A,,,=6.4% for most data)

Br(mm)  : PDG branching fraction of the K*—n*n® decay

Analysis performed in bins of ¢+ momentum and instantaneous
beam intensity, separately for four data sets.

13
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Single event sensitivity

Beam intensity measured event-by-event from beam tracker (GTK) time sidebands

Random veto efficiency &gy Trigger efficiency Etrigger
. measured with K*—>p*v sample . measured from control samples
9 >
s - )
& 0973 = 7" momentum [15,20] GeV/c
g 081 S 0.95 mple momentum bin)
= - Gt
S 07 b E
> -
E 0.6 b
S : A 0.9
g 0.5 — .P_ln
2 - i
04 - = 0851
0.3 E— Photon + multiplicity rejection i <gtrigger> = 0.881£0.04°
B + Photon rejection _
0.2 - LKr veto 0.8 —+— Statistical uncertainty
0.1 n LAV veto L
TE - Stat+systematic uncertainty
0_||||||||||||||||||||||||||||||||||||||||||||||||| 075_| T N N I N |
0 200 400 600 800 1000 * 0 200 400 600 800
Intensity [MHz] Intensity [MHz]

< Integrated over momentum & intensity, SES,,,s = (1.11£0.07)x10-"1,
(main uncertainties: trigger, acceptance, random veto)

< Expected number of SM events: N_, = BR,/SES = 7.5810.405yst10.755M.1 4
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K... data after selection (2018)

Signal and control regions are blinded

t; 0.12 = ntntn- control . Data
N O ] a SM K*—>ntvw
S - .-
2 0.08 .
£ L
S  0.06 —
=m0 0.04 — Region 2
control _
regionsm X » o, LAY s L T R YLy
0 Region 1 u*v control region
— [u*v control
—0.02 - region_ ]
—0.04 :| | . ° | R |
15 20 25 30 35 40 45

7t momentum [GeV/c]
After background evaluation, control regions are opened first,
and data are compared with background expectations. 15
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“Conventional” backgrounds

Missing mass spectrum of m*nY
events (control data)

B —a— Data
107 %_ —— MC K'—=n*x®
B MC K*—r*n%n?
106 ? B MC K'—n*n® Uncertainty
10° £
- Region 1
10° = ST —
10° £
107 £
‘| i g
1 I.ll..ll..l...II.T.lﬁ

-0.04-0.02 0 0.02 0.04 0.06 0.08 0.1.

m2, [GeV?/c]
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The largest background from
K* decays in the vacuum tank:

K*—>r*nO
(K*—>p*v is treated similarly)

Data events in the
n*n? region after the
K_ . selection

VvV

(including =° rejection)

Expected numbers  Fraction of n*n°
of K*—>n*n® events  events in signal

in signal regions regions measured
after K_,, selection  from control data
16



Upstream background: type 1

Upstream background event

Vacuum tank

2016/2017 layout

X ST
Pileup beam pion

Collimator CHANTI

5
- s == 4

KTAG Colligator
7 800
E 600
CN: pstream
£400 d .
E200 | ecay.
of %] >0

™ o

-8 PRI AN IR BN RN RVREN N BT B

03}00—600—4(}0—200 0 200 400 600 800
Xcu]]imawr [mm]
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Sclttering in the

RAW chamber

Back - extrapolatio
after reconstructio

T TST AW 1,2 STRAW3,4 RICH

Fiducial decay region
110-165 m

Fake vertex with
a pileup beam particle
a signal-like event
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Upstream background: type 2

Upstream background event Vacuum tank
Pion
2016/2017 layout overshooting
the collimator
! Plleup plon Extra scattering o
re entry

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

'
r
x
r
r
L
L

\\\‘:“" .
#‘“‘\\ Collimator

Fake vertex

Upstream | With a pileup
' decay: | beam pion:

E;]h
o 3
EmB

i = + +.20

~200 3 w}f T T T STRAW 1,2 STRAW3,4 RICH

A LJ,J This type is absent in
o0, Fiducial decay region  80% of the 2018 data:
0% 00600400200 0 '2;'){0'401'1 6&1[::3}'0 i - a new collimator with

E. Goudzovski / University of Liverpool , 28 Oct 2020 larger transverse Size



Final collimator replacement

~Old collimator New collimator (since June 2018)

= J'- \*
w-ql

)

":"".‘."‘!
\ i
: Ry
AN

=4 ;.

e\
T AN

+» The new collimator allows for a looser event selection:
signal acceptance A_,, improved from 4.0% to 6.4%.

19
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Background summary (2018)

Expected SM signal

7.58(40)_(75)

ext

Kt — nt7%y) 1B 0.75(4)

KT — ptv,(v) IB 0.49(5)

K+ - mtan—etu, 0.50(11) (from
Kt —-natnrn* 0.24(38)

KT — 7ty < 0.01

K+ — It7%, < 0.001
Upstream background 3.30%%%
Total background 5.287% .,

simulations)

BDT-based
estimation

¢ Most background is still not due to K* decays in the vacuum tank!

“ Improved the beamline layout and a new upstream veto detector
will be used after LS3 to suppress upstream background.

¢ Contributions from upstream inelastic interactions are under study.

E. Goudzovski / University of Liverpool , 28 Oct 2020
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Opening the box (2018)

— Squared missing mass vs pion momentum
2 0.12= . Data
= — SM K*—>ntvw
@ 0.1 —
2 0.08 — s
E 0.06 —|Region 2 > TOmR
E ® L o o
0.04 — . I . =
0002 :—wsﬁw‘}t‘hﬁﬁ*“ - ......t .“.%‘ & .n-"-.h.;dm..:u..'. ’-\“%;#-
0 — [ Region 1 > e - oy
Squared missing mass - ; i el S
4L —a— Data K*—n*nl
10 E == K5t (SM) K'->mrn
= K =uv(y) K*>n*retv
3 [ K"—)p*\':]u+—> e* [ ] Upstream [ Lol [ I L
10° 40

2
10 Region 2

10

1

107!

0.02

0.04

102 =

—0.02 0

35
7" momentum [GeV/c]

The 2018 data set:

Candidates observed: 17
Expected background: 5.3+1.0
Expected SM events: 7.6

Plus 3 candidates from 2016+17 data21
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Result: full Run 1 data set

= 15 Expected background Numbers of candidates per category
3 . Expected SM signal + background i - .

2 + Observed data 120 signal candidates

S 10 observed in total

-q-é 8 2018 (S1): six pion mgmentum bins

=

Z.

=)

(S2) data

2016

' 2018 2017
| data

Categories: Category

% Main 2018 data set (80%): six pion momentum bins (15-45 GeV/c).
s Early 2018 data sample (old collimator), 2017 and 2016 samples:
three separate categories, integrated over pion momentum.

Final result (full Run 1 sample):
Br(K" — ntvi) = (11.075 S star. £ 0.35ys.) x 1071

E. Goudzovski / University of Liverpool , 28 Oct 2020 (3 ° 56 Signiﬁcance)
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K*—x*vv: historical perspective

» Time evolution of BR(K*—>n*vv)
> 10 - v | Camerini
E — V¥  Experimental upper limit @ 90 % CL
'l\ 10_5 g_ ® Experimental measurement
"'M » — Klems Theoretical prediction
E 10 g_ v Cable
/R 1 0_7 i_ V Asano
- v E787
10°° =" \ 4
9 - GIM mechanism v BNL CERN
10 g_ T——— E787+E949 NAG2
107 S ecilations T ke
— t quark Isospin relations
10—1 1 B L L | L SRR | | L L L | | L | | | | | | | |
1960 1970 1980 1990 2000 2010 2020
Year of Publication
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Hidden-sector physics with K*—z*vv

Squared missing mass (2017 data)

10° ¢ —r e < Signal regions R1,R2: search

- : == Koy for K*—=n*X (X=invisible)

. re lon/\-l(—f\f() )
102 & : — E:ﬂif*;;u*—z' e 0 <my, <100 MeV/c? and

T Koty 160 < my < 260 MeV/c2.

B e Kot .

- Koy v" Interpretation: dark scalar,
10 ] 5.:;;:". ALP, QCD axion, axiflavon.

Region 2 v Main background: K*—m*vv.

4

<+ The n*n® region: search
for n®>—invisible.
v SM rate: BR(n?—>vv)~10-%4,
v Observation = BSM physics.

v" Reduction of n%—yy
1N background: optimized

—0.02 0 0.02 0.04 0.06 0.08 . ’E‘*tm"”,‘e”.“l‘([“ ra[‘)fe' o
mﬁﬂss [GEVZ/C4] Xtension:. —>TT A, WI

m, between R1 and R2. 24
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Search for K*—-=n*X (2017 data)

Squared missing mass resolutlon UL at 90% CL on BR(K*—>n*X) vs my

‘5 : T ‘ 1 T T | T T T 1 | | T T | Jl-r d :I T I T | T T T T : I: I:,I T |\\‘ I| T T T T I//r | #
N L oy | . . // l
% 0.0011— -] N - ) i . \‘j soop//, &
U - i g -8 ;" ‘\ \ L,/ !
— : + "5 10 E_ | "' \\\ |\\ v ,’/ _|E-
g - 1S - [ AGZPrei' D M
S 0001 15 F
Q : | 1: N B | HII‘
7] T o
oA B | Jf + -9 ,j 1"
~ 0.0009 | 1% 10
Né) : i : | I ﬁ ’4//",'
000081 Mass resolution: | | 1 5 !
1 6m,~40 MéV/c2 | 185
I at My = 0 | 1 10_105_ - ! |—nNae2
0.0007— | | u e - v - E787/E949 T= f
7\II‘Il‘l|ll"|'|"‘|""li _|||||||||||||||||||||||||-||-
0 50 100 150 200 250 0 50 100 150 200 250
my [MeV/c?] my, [MeV/c?]

/
X

L)

Two candidates in 2017 data, consistent with background: no signal.

Upper limits of BR(K*—>n*X), depending on X mass and lifetime.

Region 2: order of magnitude improvement on BNL E949 [PRD79 (2009) 092004]
Not limited by background: significant improvements soon. 95

e

*

e

*

e

*
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Search for n°—invisible (2017 data)

< Rejection of (K*—>r*n%(y), n°—>yy) decays: [arXiv:2010.07644]
simulation based on single-photon efficiency measured with K*—>n*n? decays.
» Rejection of n°—yy decays for K*—n*vv analysis: € ~ 2x10-8,
% For n%—invisible search (25<p,<40 GeV/c): & = (2. 8+§ ?) 10-°
Search for n°—=invisible: (1/3 of the 2017 data set).
< K_,, trigger and selection used, with 0.015<m?_...<0.021 GeV?/c*.

< Expected n%—yy events: 10 +§2, events observed: 12.
0 reJectlon Vs Tt momentum UL at 90% CL on BR(K*—>n*X) vs my

e | U7 1CJCTCLION VO 7U THOINICTHILUIN o
_9 T T T R T e _|
- L MO DR SSSNSNN MS——. S———————— T) 1 . -
8 PN\ SN = NN OO s s - 102 BR(TEO—)'InV)<4.4X1O 9
PR i < TR L b=l =t SO, NSRRI SOOI ENEDE {
&, WL, C L3 | W ! = Jersa e - el 8 3 e at 90% CL
o, 1071 5 10 —
- 10
AAAAAAAAAAAAAA ) BT ke
.............. o 10
; b
108 + 10
: 1 10
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------------------------ ---------------------------- E:-' 1(]_9
10—9 et ) 10_10 T, == T, =5ns T, =2ns T, =1ns
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Short-term plans: NA62 Run 2

BR(K,—nvv) vs BR(K*—>7r*vv)

-8
S 10 :
°; i KOTO Exclusion 90% CL /
T RS T T T T T T
.
g | —
T 107° - Grossmap-Nif Excluslon//
an =
C "
i NA62 Runi
107 E787/E949
10—11 s | BT BRI B R R R [
5 10 15 20 25 30 35

Expected Run 1+2 sensitivity:
SBR/BR =~ 10%

E. Goudzovski / University of Liverpool , 28 Oct 2020

Br(K*—>ntvv) x 10™

KOTO result

/ with 2015 data:

BR(K, —>n°vv)<3.0x10
PRL 122 (2019) 021802

NA62 Run 2 (2021-24):.

% Higher beam intensity.

% Optimized beamline,
new veto detectors:
reduced upstream
background, higher
acceptance.

«» Fourth kaon beam
tracker station added.

*»» Collect ~100 SM
candidates in total.
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Long-term plans: K*—>nr*vv at CERN

% The K*—>r*vv decay in-flight technique is firmly established,
and is expected to reach an O(10%) measurement by 2024.

% A possible next step after LS3 (in ~2027): a K*>x*vv experiment
with x4 beam intensity (present SPS limit), aiming at ~5% precision.
v" Challenge: O(10ps) time resolution for key detectors to keep random
veto under control, while maintaining other performances.

New pixel beam tracker (GTK):

time resolution: <50 ps per plane;

pixel size: <300x300 pum?;

efficiency: >99% per plane (incl.fill factor);
material budget : 0.3-0.5% X,;

beam Intensity: 3 GHz on 30x60 mm?;
peak intensity: 8.0 MHz/mm?,

e

A current/IWZGTK station

E. Goudzovski / University of Liverpool , 28 Oct 2020

New STRAW spectrometer:

operation in vacuum;

straw length/diameter: 2.2 m/5 mm;
trailing time resolution: ~6 ns per straw;
maximum drift time: ~80 ns;

layout: ~21000 straws (4 chambers);
material budget: 1.5%X,.

Ean £
M — '
== 3 s S
5 . P
e’
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Long-term plans: K, —»n%vv at CERN

< KLEVER: a high-energy experiment (10'? pot/year) complementary to KOTO.
% Photons from K, decays boosted forward: veto coverage only up to 100 mrad.
¢ Vacuum tank layout and fiducial volume similar to NA62.

%+ A possible intermediate NA62/KLEVER step: a K, —n%2*€- experiment. ;
LAV 16-21 LAV 22-25 ;| MEC

UWAF\C LAV 1-15 ./
I T | L]

Ky

E > : T E]
l- ERERR I HENEEEN
KNever

. | N isAc
80 m from target 130 m 170 m PSD 2415m
Main detector/veto systems:

c. UV/AFC  Upstream veto/Active final collimator
Target sensitivity:

60 SM K, -»n%v events with S/B~1
in 5 years of running;

8BR(K, —»nvv)/BR(K,—»nlvv) ~ 20%.

LAV1-25 Large-angle vetoes (25 stations)
MEC Main electromagnetic calorimeter
SAC Small-angle vetoes
CPV  Charged particle veto 29
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The KOTO experiment
at J-PARC

~
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JOT*  KOTO at J-PARC: K,_—movv

< Primary beam: 30 GeV protons; Mam e ==

Vacuum vessel - eco7

50 kW = 5.5x10"3 p/5.2 s (in 2019). :

* Neutral “pencil” beam (at 16°):
<p(K))> = 2.1 GeV, with 50%
in the (0.7-2.4) GeV range.

+» Beam composition:
K., neutrons, photons.

* Fiducial decay region length: 3 m.

* Csl calorimeter + hermetic photon veto.

E. Goudzovski / University of Liverpool , 28 Oct 2020




KOTO status

18
10010 2016, 100
el |2017, 2018 |} .
Q 90: ~
g - ; : — O
E 70— n R | - =
[ — | 2013 data (Phys. Rev. — (@)
= 60= (PTEP 2017 |- Lett. 122, —60 A
= - (ozco) ] L 021802) ] =
= 50§ O;E)eration : - g
2 40 ofHadron | e S 140 q
305 .
20= —20
10;— ]
0 e -2 ' — = 0
2012 2013 2014 2016 2016 2017 2018
Dec Dec Dec Jan Dec Dec Dec
2015 run 2016—2018 runs

% Reached 40 kW beam power,
3x10"° POT collected.

% Final 2015 result:
BR(K,—»>n%vv)<3.0x10-% at 90% CL.
PRL 122 (2019) 021802

E. Goudzovski / University of Liverpool , 28 Oct 2020

% Reached 50 kW beam power,
4x10"° POT collected.
% Preliminary results reported in 2019/20.

2019 run

32

¢ Analysis in progress.



KOTO: 2016-18 data

Preliminary results (N.Shimizu at ICHEP 2020)

Single-event sensitivity:
BRes=71x10-11 (=20xBRs,)

Main backgrounds:

#BG (90% #BG (68%
c.L) c.L)

0.09£0.09 0.09£0.09
K* - nlety 0.90£0.27 0.90+0.27
K* - nutv <0.21 <0.12
Neutron  Upstream 0 0.001£0.001 0.001%0.001
Hadron cluster 0.02 =0.00 0.02 £0.00
CV-pi0 <0.10 <0.05
CV-eta 0.03+0.01 0.03+0.01
Total central value 1.05+0.28 1.06%0.28

70 transverse momentum [MeV

< 500,
450§

W
O
c|||

50-

1o

300
250-
200:
150"
100 -

P-(n%) vs

473.5 +
42

VA

vertex

0

0.00
+ 0.00

’vv endpoint

nole blinded region)

1019

0
+0.08

0

008+005

K;—>3n?° emc@oint

000+OOO

00 2000 3000 4000 5000 6000

After a blind analysis, four candidate events in the signal region.
* One event demonstrated to be background (timing in a veto counter).

% Background estimate (revised): 1.05+0.28 events, mainly from K* decays.
<+ The result on BR(K,—n°vv) is to be reported soon.

E. Goudzovski / University of Liverpool , 28 Oct 2020

Z (n° decay vertex) [m]
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Short-term plans: KOTO step-1

Signal: need 20 times more (flux x acceptance) to reach SM sensitivity.
v Increase the beam power (50—100 kW) gradually by 2024.
v" 8-16 months of additional running planned in 2020-2024.

Background: need ~10 times improvement in background rejection
to obtain S/B =~ 1, assuming SM signal rate.
v" Continuing programme of incremental detector upgrades.

Example:

Dual side readout for Csl calorimeter
modules installed at end of 2018 run
y interaction in Csl

—a I

n interaction in Csl

[1 >.—--". 1
4
SiPM PMT

Resolve y/n interaction depth by reading
light from front Csl face with a SiPM

E. Goudzovski / University of Liverpool , 28 Oct 2020
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1.0E-09 ¢

SES

1.0E-10 }

1.0E-11

SES Projection

New target

. New Main Ring power supplies

* At SES SM: SM is excluded at
95% (20) if BR,,s = 5.7 BRgy,

SES SM A— 2m_60ns
------------------------------------ B — 2m_30ns
C 4m_30ns
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Long-term plans: KOTO step-2

<2.0GeVic
o « 1.8x108 pion/spill « 5d i
To reach O(100) signal events: . Xi0better Dplp - 5.2 GeVIG K |
e < 162 GfeV(C « Good n/K
% proton beam power above 100 kW; - LS
<+ new neutral beamline at 5° AN e 3 KL
with <p(K,)> = 5.2 GeV/c; ﬂ =% _S”KOTO-2

% larger fiducial decay volume; I K7.65R [
% complete rebuild of the detector.

* <10 GeV/c separated
pion, kaon, pbar

« ~107/spill K-, pbars
COMET [N

Muon

Hadron hall extension required:

. GeV proton
+ <31 GeV/c unseparated 2ndary
beams (mostly pions), ~107/spill

% a joint project with nuclear physics
community; Step-1 |
% on the list of KEK future large-scale |_D_| 2y
projects, with medium priority. £ e |2m
'TD“ 2ma llw
Expected sensitivity: Step-2 |

% signal acceptance: 5x KOTO step-1; |_—D_|
% 60 SM events with S/B~1 K.
at 100 kW beam power (3x107 s). &,

E. Goudzovski / University of Liverpool , 28 Oct 2020
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 beyond the flagship analysis

Recent NA62 results

~
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K*'>n*u*'u~ measurement (Run 1)

SM selectlon m(Trutu)

T 0 L e s B i R - 1—— Data
= = NA62 Prel/m/nary K s netv,
D + o=+
2 1 06 e e ULLET T T T s S - K — 7T ” v}L
— Bl >nntn y
P 5[ S - |[COK —»n'wrn
E 10 E_ .................. ................ ........ - K+—)71;+u+u_('y)
b - | | -
10* g =
10° E
107 5 eSS, T =
1oL PR kL 2
1 B E
107! -

L e L DT
460 480 500 520
m(mtup) [MeV/c?]

28011 candidates (~0.05% background):
~10 times the world sample.

[1WAl
400 420 440

Preliminary result:
BR(K*—>m*p*u~)=
(9.2740.07,+0.08,,+0.04,,,) x10-°.
LU test: K-> npp vs K—>nee FF parameters.

E. Goudzovski / University of Liverpool , 28 Oct 2020

NA6Z2 Preliminary

E865, K___ (1999)

10300 events — statistical error only

NA48/2, K___ (2009)
7253 events

NA48/2, wa (2011)
3120 events

NA62, K (2020) — this result

TR
28011 events

-0.9 -0.85 -0.8 -0.75 -0.7 -0.65 -0.6 0.

55

Form factor parameter a,

NAG62 Preliminary

E865, K___ (1999)

10300 events — statistical error only

NA48/2, K___(2009)
7253 events

NA48/2, K_  (2011)
3120 events

NAG62, Kﬂ:Ml (2020) — this result
28011 events

-2 -18 -16 -14 1.2 -1

-0.8 —06

Form factor parameter &,




Search for K*—»nu*u* decay (2007)

SM selection: m(n*u )

rNA62

—
<

Signal region

— —
2 2

Events / (1 MeV/c?)

2,

10

2
107380 400 420
m(rtutu) [MeV/c?)

Candidates observed: 8357
Background: 0.07%

BR(K*>rn*u*p-) = (0.962+0.025)x10-7
K* decays in FV: (7.94+0.23)x10""

E. Goudzovski / University of Liverpool , 28 Oct 2020

— ek
2 3 3

Events / (1 MeV/c?)

2,

—
o

—

107"

—2 =T L
440 460 480 500 520 '9 380 400 420 440 460 480 500 520

LNV selection: m(rm—u*u)
—— Data

[ K —sa'n'n

I K —»a*n v

Bl K -rne'y

K -rptp

O K opivip (x10)

"NA62

Signai rfegion

m(r p*u) [MeV/c?)

Expected background: 0.91+£0.41 evt
Candidates observed: 1
BR(K*>nu*u*)<4.2x10-1 at 90% CL
[PLB797 (2019) 134794]




Search for K*—>n-e*e* decay (2007)

SM selection: m(n*e*e")

T‘:?.I 0% —— Data NA62
= F |OK'->nn'n

E C | K —ntn ety

=  |[OK'—e've'e

21 0° = |l K —[e'ey] e

S”'j E [CIK'>mre'e

107"

300 350 400 450 500 550
m(x*e*e’) [MeV/c?]
Candidates observed: 2484
BR(K*—>n*e*e”) = (3.00+0.09)x10-7
K* decays in FV: (2.14+0.07)x10"

E. Goudzovski / University of Liverpool , 28 Oct 2020

_Events / (4 MeV/c?)

1072

107°

LNV selection: m(n-e*e")

"NA62

Signal :région

I

Kr—>[e*ey] ,e*v

250 300 350 400 450 500 550
m(ne*e*) [MeV/c?)

Expected background: 0.16+0.03 evt
Candidates observed: 0
BR(K*>mpu*ut)<2.2x10-19 at 90% CL
[PLB797 (2019) 134794]




Search for K*—>npe decays (Run 1)

LNV decay: m(z—u*e*)

@105? [ ] $ Data(K'—nu'e sel)
-S L i i - K'=sx'n'n
g 1 04 ;E : : K'sa'ne'v
< s
::- C : : - K'=x'nu'v
‘%103§ i i =E:—m'e'9‘
- R —u've'es
Lﬁ 102:E a‘ky K'=sm'p'p
E i i - K'=se'va'p
10;‘ | :+ L Total uncertainty
i i i
10'F
107%F,
Q 1.6
= 14
T 1.2
] 1E T
08:_ L L T T
0.6;— ................... * ................................................................ + 1' "
0.4:—“}1|r||1|r1|T||1|r1'r"1'"|' 11111111*11
300 350 400 450 H00 550 600
M, [MEV/C?]
Bkg. Prediction: Observe 0
NIt =1.06 + 0.20 events in SR

Preliminary result (ICHEP 2020):

BR(K*>nu*e*)<4.2x10-"" at 90% CL

E. Goudzovski / University of Liverpool , 28 Oct 2020

Events / (4 MeV/c?)

105% | $ Data (K'-srn'we sel)
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1 04 = : 1 K'sa'ne'v
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1 02 E d'lé.m:y [ Ksewyw
E i Tatal uncertainty
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E
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LFV decay: m(n*u-e*)

|IIII.IIIIIIIjIliI-

""" 14 1iTl|1|i1|1

300 350 400 450 EIDO 550 600

MeV/c?
Bkg. Prediction: Observe 2 Mo | ]
NPt =0.92+0.34  eventsinSR

Preliminary result (ICHEP 2020):
BR(K*—>r*pu-e*)<6.6x10-1" at 90% CL
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HNL production search: data sample

00 00

% Squared missing mass: m?_...=(P,—
¢ HNL production signal: a spike above continuous missing mass spectrum.

% Triggers used: K _,

, for K*—»>e*N; Control/400 for K*—p*N.
¢ Numbers of K* decays in fiducial volume:

N,=(3.52+0.02)x10"2 in positron case; N,=(4.29+0.02)x10° in muon case.

Squared missing mass: (Py—P.)?

pr—etvv
(suppressed by

good vertex
resolution)

iTt—>e’y
(accidental

0 0.05 0.1

02
[GeV?/c?

0.15

mises

= 10°

—
o
M2

-01

P,)?, using STRAW and GTK trackers.

- 920M ca.ndldates

ﬁl .| TTTTT

Squared missing mass: (PP )?

—*— Data
[ K-ty (E <10 MeV) |
[ K —pvy (E >10 MeV)
- K ™—u*vy (upstream) |

|:|K—>n:n:n:

-0.05 0 0.05 0 1 0.15

[GeV?/c?
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HNL production

search: results

| Up, |2 limits vs my,, from production searches

PLB807 (2020) 135599

CKEK NA62 (2007)
K—e™N, K =sp'™N K —=p'N

UF

NA62 (2015)
K'e'N

E_ .................... I. ............ R _\' .................................... N AEE(ED15} ...................

- ' K'=p*N |NAG2

N (2016-17)

u K'—=p*N

| LA Esds Y AR BTV Y prefim. _

| PIENU

| e N e T

= NA62 (2017-18)

EL e | | | | |

50 100 150 200 250 300 350 400 450
HNL mass [MeV/c?]

E. Goudzovski / University of Liverpool , 28 Oct 2020

K+—¢*N

< Full 201618 data set for |U_,|?,
~1/3 of the data set for |U 4|2

¢ Improvement over earlier
production searches by up to
two orders of magnitude
in terms of |U,,|?2.

| For |U_,|2, the BBN-allowed

range is excluded up to 340 MeV.

< For |U 4|7, sensitivity
approaches the E949 one;
the search extends to 383 MeV.
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Summary

» Rare K decays: unique new-physics probes up to O(100 TeV) mass scale.
* NA62 Run 1in 2016-18: exposure to 6x10'2 K* decays in flight.

» Many new results; most importantly, first evidence for
the K*—>n*vv decay: 20 candidates,

Br(Kt = ntvp) = (11.015 2 star. £0.35,6:.) x 1071
| L [preliminary]
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*

Short-term plans for K»nvv decays:

v" NA62 to reach O(10%) precision on BR(K*—z*vv) by 2024
with an established decay in flight technique;

v" KOTO is making significant progress in background reduction,
aiming to reach SM sensitivity to BR(K,—>n°vv) by 2024.

L)

’0

D)

Next-generation kaon experiments:

v High-intensity kaon beam facility at CERN:

O(5%) precision on BR(K*—>nr*vv) followed by a K, experiment;
v KOTO step-2 at J-PARC: plans to measure BR(K, >n°vv);
v' detector technology: synergies with future collider & flavour experiments.
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