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Rare kaon decays: K—»>nvv

SM: box and penguin diagrams

R
u,c ty 16, 10, T
MWW
4w v
Ultra-rare decays with SM branching ratios
the highest CKM suppression: Buras et al., JHEP 1511 (2015) 033
A~ (my/my)? |V Vgl ~ A° Mode BRgwx10"
K*—>m*vv(y) 9.11+0.72
%+ Hadronic matrix element related K —7vy 3.00+0. 31

to a measured quantity (K*—nle*v). The uncertainties are largely

¢ SM precision surpasses any other parametric (CKM)

FCNC process involving quarks. Theoretically clean
< Measurement of |V, | complementary almost unexplor‘ed,’
to those from B—B mixing or B%—py. sensitive to new physics. 1
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K—nvv: experiment vs theory

BR(K,—>1%v¥) vs BR(K*—>1*vVv) CKM unitarity triangle with kaons
—————— S : K, ->p'n
{ E949 10

Current|experimental )
ungertainty

101 x BR(K. — 7Ovp)

D. Straub] C
CKM 20101 ., - >

101 x BR(KT — 7twi)

NA62 aim: collect O(100) SM K*—nr*vv decays with <20% background
in 3 years of data taking using a novel decay-in-flight technique.

Signature: high momentum K* (75GeV/c) - low momentum n* (15-35 GeV/c).

Advantages: max detected K* decays/proton (py/py~0.2);
efficient photon veto (>40 GeV missing energy)

Un-separated beam (6% kaons) - higher rates, additional background sources. y)
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Broader programme (1)

Neutrino oscillations discovery (1998)

p' € First non-SM phenomenon:
//r — m Z{} 1) Lepton Flavour Violation;
Vu Ve =

2) non-zero neutrino mass.

Neutrino source Neutrino detector

New physics scenarios involving LFV:
v Neutrino is a Majorana fermion (identical to antineutrino)
v Heavy (possibly sterile) neutrino states
v Supersymmetry with R-parity violation or RH neutrinos

Astrophysical consequences:
v Dark matter, nucleosynthesis, Supernova evolution, ...

% Search for forbidden states with lepton pair (ee, pu, pe):

KT — pvetet

KT s evutput

Kt 5 nmetet Kt 5 atn% 7% > ute”

KT > o utpt KT s amn% 7% =5 puet 3
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Broader programme (2)

Neutrino minimal SM (vMSM) =

SM + 3 right-handed neutral heavy leptons.  10*®

[Asaka et al., PLB 631 (2005) 151]

Masses: m,~10 keV [DM candidate]; M,3~ 1 GeV.'
HNLs observable via production and decay. 10™
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HNL production, kinematic factor:
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NA62 status
and UK involvement
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CRN NA48/NA62 experiments

Earlier: NA31
' ( 1997: &’'/e: K +K

e o T e -

1998: K, +K,

Jura mountains

NA48< 1999: K +Ks  |KsHI

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

CPV. 1 12001: K +Ks Ks HI

\
/ NA48/1{ 2002: Ky/hyperons
(|2003: Kke/k-
NA48/2<
2004: K*/K-
. ik N A62<f 2007: Kt /K, |tests
-I ' I*Ihg | R ph“se\ 2008: Kt /Kt |tests
Kaon decay in flight experiments. 2014 pilot run
NA62: currently ~200 participants, ~30 institutions. NA62< :
NA62UK: Birmingham, Bristol, Glasgow, Liverpool | |2015-: data taking

(12% of participants). 6
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The NA62 experiment

Un-separated hadron (p/=*/K*) beam:
400GeV SPS protons = 75GeV (£1%) kaons; LAV:

800MHz = 45MHz kaons = Large Angle Photon Veto

5MHz decays in fiducial volume

Total length: ~270m

SAV:
Small Angle Photon Veto

NA62UK Vacuum tank

(funded GTK: beam
b ERC) spectrometer \

Target ﬂ | I
/ \ EEIREA i i
KTAGt ,—H Vacuum: p<105mbar CEa e I
(Cherenkov / ------------------ ' -L NIMWMI
kaon tagger) Anti- L T T : | I

<80ps timing counters ||||'l||!F I" RICH LKr MUV

Beam N J . -
p]pe Y Straw <80ps t]m]ng 10 MHz rate
from K decays

Decay region: L=65m ThEEkeE

% Expected single event sensitivities (SES): ~10-'2 (~10-"") for K* (n°) decays.
* Kinematic rejection factors (limited by beam pileup and tails of MCS):
5x103 for K*—>n*n?, 1.5x104 for K—>p*v.

» Hermetic photon veto: ~108 suppression of ©%—yy.

» Particle ID (RICH+LKr+MUV): ~107 muon suppression.
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Minimum bias (~1% intensity) and K__ test runs taken in 2015.

UNA%

Most systems commissioned and meet the design requirements.

Running at 20% intensity now, planning ~50% intensity later in 2016
(max intensity is currently limited by SPS capabilities)

Expect to reach a few SM K_ , events sensitivity by the end of 2016
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NA62 performance in 2015

K, region |l «—

K., region |

s Gigatracker
information not
used in this study.

% Photon veto
criteria not applied
on purpose.

+» Kinematic &

time resolutions are -oos
close to the design.
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KTAG operation in 2015

The first NA62 detector to be commissioned; performance exceeds specifications

-Arbitrary scale
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NA62: UK contributions

Hardware and trigger:

¢ full responsibility for the KTAG subdetector;

¢ full responsibility for the Run Control system;

% development and operation of LO muon+hodoscope+RICH trigger;
*» development and operation of the high-level software trigger;

¢ GRID infrastructure, software, data processing, DCS system.

Leadership in the physics exploitation:

¢ Flagship analysis: K*>n*vv ;
¢ Detector performance & rare decay studies with 2015+2016 data.
> Analyses of “old” NA48/NA62 data.

Major leadership roles:

> Physics coordination; % s 2007 data analysis coordination;
» Software coordination; <+ high-level trigger coordination;¥%
» Run coordinators: 4 out of 15 (in 2016); %
» Editorial Board membership: 3 out of 10;
¢ Conference Committee chair.
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Run 2 and Run 3 programme

% NA62 Run 2 (2015-2018) is focused on K*—m*vv.
v Trigger bandwidth for other physics is limited.

v" Several measurements at nominal SES~10-12; K*—>n*A’, t0—>wvv.
v A few measurements do not require extreme SES: K*—>£*v,, ...

v In general, limited sensitivities to rare/forbidden decays
(SES~10-19 to ~10-"1, similar to NA48/2 and BNL-E865).

v A proof of principle for the broad rare/forbidden decay programme.

% NA62 Run 3 (2021-2024) programme is under discussion.
[will be presented at “Physics Beyond Colliders” workshop, CERN, Sep 2016]

v'  Existing apparatus, different trigger logic: no capital investment.
v' Rare/forbidden K* and =n° decays at SES~10-"2;

K* physics: K*-»n*¢*8-, K*>n*ye*e-, K-> 2*vy, K*>nt'yy, ..

70 physics: n%—e*e~, n'—e*e-e*e”, n°—>3y, n0—4y, ..

Searches for LFV/LNV: K*—>n €2+, K*>n*ue, n—pe, ...
v Possibly K, rare decays (SES~10-""), including K, »=%€*€¢- [CPV].

v" Dump mode: hidden sector searches (long-lived HNL, DP, ALP). 19
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Beyond 2024

<+ Need to measure both BR(K*—>n*vv) vs BR(K, »n%v): affected differently by NP.
% In the next few years, we expect:
v NA62 @ CERN to measure BR(K*—n*vv) to 10%;
v' KOTO @ J-PARC to observe a few K, —n%v events.
<+ A new, possibly multi-purpose, K, experiment at CERN focussed on K, »n%vv,
with SES~0.5%x10-12 is under consideration for Run 4 (2026-2029).

KOTO: Charged Veto (CV) | Csl Calorimeter KLEVER @ CERN:

Main Barrel (MB) feasibility and sensitivity study
Front Barrel (FB) LAV 22-26 LKr
" | R LAV 18-21 ;
R = LAV 1-12 —LAV13A7 | 111 ] | 11 | 15
o L
3 AN R MWT,\RC
] L] sac
v < FV >
Py 105 m 155 m 241.5m

Neutron Collar Counter (NCC)

< 30 GeV protons (300 kW); <py, >=2 GeV/c; < 400 GeV protons; <py >~100 GeV/c:

< Proposal: SES=8x10-"2 (~4 SM evts) complementary approach to KOTO.
with S/B=1.4 in three years. % 60 SM events in 5 years with S/B~=1.

% Short (100h) run in 2013: SES=1.3x108; % Protons required: 5x10"% (NA62x10):

% Observed 1 event, expected 0.36; [CKM2014] target area & transfer line upgrade.

% Collected x20 more data in 2015; % Re-use NA62 infrastructure and parts of

>

< Intention (no proposal): upgrade to 100 SM evts.  detector (LKr calorimeter; muon system).
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[ Recent & upcoming results: )

2003-2007 data samples

UK groups have been consistently responsible for
>50% of the physics output of the “old” CERN kaon experiments

Recent results:

% Search for lepton number violation and resonances in K*—rup decays
[Birmingham & Liverpool]

% Search for dark photon production: n%—yA’ [Birmingham]

% n0 transition form factor measurement [Birmingham & Bratislava]

¢ Searches for heavy neutral leptons: K*—£*v [Birmingham]

14
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NA48/2 three-track data sample is analyzed.

Main background: K*—37* with n*—p*v decays in flight.
Upper limit on LNV decay + searches for 2-body resonances.
Proof of principle for NA62 analysis at SES~10-"2,
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[Factor 13 improvement; final result; paper in preparation]
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K,p selection:

— Data W 0 , -
- . | m'—oyA, AHe'e

10° 3 o [ K*>nlusv
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| T Data: 17M DP exclusion summary (up to 2015)
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20 40 60 80 100 120 [NA48/2 collaboration, PLB746 (2015) 178] 16
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n? form factor (2007 data)

Fit illustration: Data/MC(a=0)

U'I.DE— ;
- !

= [ |—e— Data/MC(a=0) ,

~ [ _ . e

_,‘31.04— Form factor: best fit ,

S - o[---- Form factor: +15 band /

)

-20 equipopulous x bins

- y2/ndf = 52.5/49,
p-value = 0.34

8

1.02

1.01

World data: n° TFF slope

measurement with n°, decays

Geneva-Saclay (1978)

NAG62
0.99— Preliminary
- | | R ! ! Lo
107 107 X 1
4 Preliminary result (2016): A
a= (3.7OiO.535tatiO.36$y$t)><1O‘2
9 [final result & paper in preparation] )
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Fischer et al. 30k e:fenls
Saclay (1989)
Fonvieille et al. )
1 32k events

SINDRUM | @ PSI (1992)
Meijer Drees et al. I ® 1 54k events
TRIUMF (1992)
Farzanpay et al. L *> i 8k events
NAB2 (2016)
{preliminary)
II|IIII|IIII|IIIIIIII|III

-0.1 -0.05 0 0.05 0.1

n° TFF slope

First observation (5.8c) of
non-zero TFF slope in the time-like
momentum transfer region. 17
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HNL searches

2007 data: background-limited; sensitive

above 300 MeV/c? unlike BNL E949 (decay at rest)

2015 data: a wider programme including

K*—>8€*v,, K*=>2*vvv and K*—>€*vA’.
v' The K* flux of 2007 matched in one week;
v ~10 times lower background; wider m range.

107°

1070

107}

0.20

Limits on U 4
(production searches)

|2 from Kf—ptv

| NA62-R,
L S — expected sen51t1v1ty S
KEK(1982)
NA62- -R¢
single even_t sensitivity
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#
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Summary

¢ UK participation in NA62 from 2011:

v Capital funding and manpower for detector construction and
operation from ERC Advanced and Royal Society Grants.
Soon after, STFC contribution with M&O costs.
KTAG detector delivered on time and exceeds specifications.
Now in exploitation mode: supported by STFC Particle Grant.
Extremely good value for STFC investment
(M&O, 1 postdoc, 2 Rutherford fellows, travel, some academic time).
Strong UK leadership in physics analysis: both NA62 and “old” data.
Recently, UK-led best limits on K*—»ntu*p*, n®—yA’, HNL; n° TFF.

% NA62 run 2015-2018:
v" Running at 20% intensity now, and going to 50% soon.
v Expect a few SM K_,, events sensitivity by the end of 2016.
v" Focused on the K_ , measurement (SES~10-"2).

% NA62 run 2021-2024:
v An extensive K*/K, /n° rare decay and beam dump programme
with existing detector is being developed.
v Anew K experiment afterwards is under consideration. 19
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Backup
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Beam dump mode: HNL decays

D) — £EN pd
/ 0(10"°) decays/year [
at tzlarget

_N ______ >

P EErT

e e s

gt it J I UNNMHWII

o
W wwm oy
. KT 5 ¢EN | b
Y v g y
Search for decays: N —
N —
U412 HNL exclusion limits

(NA62: assuming Ug,=U ,;

0 obtained during K_,, running)
CHARM
10° —~——
N NuTeV
" \ \62 d
NA62 expected:
0k PS191\062 expected: D* decays
o K* decays (N—>7LF only)
o BBN allowed band
1 1 | ‘ I 1 1 | ‘ L 1| ‘ |

T.FdeGI’O, PANIC2014 Se@-saw | |
0.2

04 06 08 1 12 14 16 18 2
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10"

~EpF (0.14 GeV/c? < my < 1.9 GeV/c?)
pT£F (0.8 GeV/c? < my < 1.9 GeV/c?)

The expected sensitivity is evaluated
assuming zero background.

Backgrounds to be considered:

scattering of halo muons (p*N—K°X),
charge exchange in KTAG/GTK (K*'n—K°p),
accidentals (K* decays, halo muons).

Improvements over the world data are
possible also for dark photon and axion
production on Be target.

Proof-of-principle: the 2016 data. 21



NA62 & SHiP design parameters

Primary beam for both NA62 and SHiP: 400 GeV/c SPS protons

NA62 SHiP
(running experiment) (proposal)
Years of operation 3 5
POT per SPS spill 3x1012 4x1013
POT total 5x1018 2x1020
Decay volume (m3) 260 m3 1780 m3
Decay volume distance to target 104-183 m 64-124 m
Decay volume pressure (bar) 10-° bar 10-6 bar
Halo muon rate in spectrometer 6 MHz few kHz
Straw chamber area 0.06m<R<1.05m | R;=5m, R,=10m

... but a crucial aspect is the background rejection capability!

22
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LFV in K* and n® decays

Mode UL at 90% CL Experiment Reference
KT > 7mnrpre 1.3 x 10~1* BNL E777/E865 PRD 72 (2005) 012005
Kt > rntpuet 5.2 x 10—10
KT s nputet 5.0 x 10719 FBNL E865" PRL 85 (2000) 2877

T 5> m eTet 6.4 x 10—10
K3 - ntputp® 1.1 x 109 @\ NA48/2> PLB 697 (2011) 107
K™ — p~vete™ 2.0 x 10~% Geneva-Saclay ~ PL 62B (1976) 485
Kt s e vputpt no data
) — pTe~ 3.6 x 1019 FNAL KTeV PRL 100 (2008) 131803
) = pmet 3.6 x 10—1Y

* CERN NA48/2 sensitivities for these three modes are similar to those of BNL E865

Expected NA62 single event sensitivities:
~10-12 for K* decays, ~10-"" for n° decays.

4

L)

L)

L)

L0
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» NA62 is capable of improving on all these decay modes.
» Sensitivity will depend on the trigger selectivity.

23



Search for Kr-p*N, Nortut

¢ Interpretation in terms of production and decay of either
Majorana neutrino (N) or LN conserving heavy neutrino.

% A scan in the parameter space: my and 1.

% Limits of ~10-1° (~10-?) set for t,<100 ps for LNV (LNC) case.

UL on BR(K:—>p=N)xBR(N—>n ) UL on B.R(Ki—)MiN)XBR(N—)TCi},ﬁ)
depending on assumed my and 1, depending on assumed my and 1,
LNC case (FCNC background)

=100 ns

LNV case (no background)
90% CL

M

4
4

1=10ns

T=1ns

108 10°®

UL on BR(K* - 1*N,) x BR(N — %) at 90% CL
>
UL on BR(K* - 1*N,) x BR(N — 7*u") at 90% CL

10-9 \’\,—Jk t=1ns j 109% wW\'
J - <10 ps
t =100 ps i
10-10 10-10:_
t<10ps = 90% CL
III|III|III|III|III|III|III|II _III|III|III|III|III|III|III|II
260 280 300 320 340 360 380 260 280 300 320 340 360 380
Assumed N, mass, MeV/c® Assumed N, mass, MeV/c? 2 4
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Search for K*—>n*y, x—>pu

< K>
2 200, + + L~ mass
3 1800
E 160[—
140
120~
100
80l SM background:
601 MC K*>m*p p-
- (BR~107)
4 | NA48/2, PLB697(2011)107
201?
O:I|III|III|III|III|III|IIII

220 240 260 280 300 320 340 360
M(up), MeV/c?

% Also background limited; UL~10-°.

+» This leads to non-trivial limitations on the
inflation (y) phase space: y—pu*u- decay
dominates at m,~300 MeV/c2.

Shaposhnikov, Tkachev, PLB 639 (2006) 414,
Bezrukov, Gorbunov, PLB736 (2014) 494
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UL on BR(K* - 7X) x BR(X— ') at 90% CL
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