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Theoretically clean, almost unexplored.
Sensitive to new physics, and to high-mass scale O(100) TeV

Mode BRSM´1011
K+®p+nn(g) 8.4±1.0
KL®p0nn 3.00±0.31

Hadronic matrix element related
to a measured quantity (K+®p0e+n).

Exceptional SM precision.
Free from hadronic uncertainties.

SM branching ra=os
Buras et al., JHEP 1511 (2015) 033

Ultra-rare decays with
the highest CKM suppression:
A ~ (mt/mW)2|VtsVtd| ~ l5*

SM: box and penguin diagrams

The main physics goal



The unitary triangle
Buras et al., 
JHEP 1511

η−

ρ−

Hypothetical CKM fit to K→ πνν
10% for K+ and KL

−

Dominant uncertainties for SM BRs 
are from CKM matrix elements
Intrinsic theory uncertainties 1.5-3.5%

Measuring BRs for both K+ → π+νν and 
KL → π0νν can determine the CKM 
unitarity triangle independently from B
inputs:

Sensitivity to  O(100) TeV scale



K+®p+nn and	new	physics
Buras, Buttazzo, Knegjens

JHEP 1511
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Fig. 2 Left: correlation of B(K+ → π+νν̄) with B(B+ → K ∗+νν̄),
having imposed RD(∗) = 1.25. The red (blue) coloured region is for
c13 = 0 (c13 = 2). We also show isolines of θq , and the red star is the

SM point. Right: branching ratios for K+ → π+νν̄ and B+ → K ∗+νν̄,
normalised to the SM values, as functions of θq . The solid (dashed) lines
correspond to c13 = 0, φq = 0 (c13 = 2, φq = π )

The deviations from the SM expectations in the two FCNC
neutrino modes are closely correlated, as described by the
following relation:

%B(K+ → π+νν̄)

%B(B → K (∗)νν̄)
≈2

3
× θq

cos φq

×
1 − 12 [RD(∗) − 1]θ2

q fq

1 − 15[RD(∗) − 1] θq fq
cos φq

, (4.18)

where %B = B−BSM
BSM

, and as illustrated in Fig. 2. Notice that
for small θq this correlation does not depend on the mea-
sured value of RD(∗) . The constraints from B → K (∗)νν̄ can
severely limit the deviations in K → πνν̄. This fact is well
known in the literature, independently of the relation with the
LFU B anomalies, see e.g. [45,46]. If c13 < 1, the NP con-
tributions interfere constructively with the SM amplitude in
the first branching ratio, and destructively in the second one.
As a consequence, in this case B(K+ → π+νν̄) is always
suppressed, with deviations of up to −30% with respect to
the SM value. The opposite is true when c13 > 1. Also, the
constraints are more stringent when cos φq is positive, since
in this case the effective scale of new physics is lower. For
negative cos φq and c13 > 1, in particular, the constraint
from B → K (∗)νν̄ becomes irrelevant, and large devia-
tions can be expected in B(K+ → π+νν̄) [within the limits
of (2.8)].

4.4 Constraints and connections to other observables

b → s&+&−. FCNC processes that involve the light gen-
erations of leptons are suppressed by the spurion V& in our
framework. While LFU violation in these modes is a gen-
eral prediction following from (3.6), the exact size of these
effects depends on the unknown parameter ε& (and, more
generally, by the assumption on the breaking of the U (2)&
lepton-flavour symmetry). The NP contributions to the Wil-
son coefficientsC9 andC10 of the semileptonic b → sµ+µ−

Lagrangian

Lb→sµµ
eff = 4GF√

2

α

4π
V ∗
tbVts

×
[
C9,µ(b̄LγµsL)(µ̄γ µµ)+ C10,µ(b̄LγµsL)(µ̄γ µγ5µ)

]

(4.19)

read

CNP
9,µ = −CNP

10,µ = −π

α
R0θqeiφq (1 + c13)|ε&|2 . (4.20)

Global fits of these Wilson coefficients, performed after the
recent measurement of the LFU ratio RK ∗ [1], in the case
of NP coupled to left-handed currents only, yields CNP

9,µ =
−CNP

10,µ = −0.64 ± 0.18 [6–10]. From this result, fixing the
overall scale of NP from (4.7), it follows that |ε&| (1+c13) ≈
0.1 up to an O(1) factor depending on θq and φq . Since the
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Models with CKM-like flavor structure
Models with MFV

Models with new flavor-violating interactions in which either 

LH or RH couplings dominate
Z/Z′ models with pure LH/RH couplings
Littlest Higgs with T parity

Models without above constraints
Randall-Sundrum

Grossman-Nir bound
Model-independent relation

LFU Violation

Isidori et al., Eur.Phys.J. C 
(2017) 77:618

High sensitivity to NP (non-MFV): 
significant variations wrt SM
New physics affects K+ and KL
BRs differently



SPS	Beam:
400	GeV/c	protons

2.1012	protons/spill

5s	spill	[3s	eff.]	/	~16	s

Secondary	positive	Beam:
75	GeV/c	momentum,	1	%	bite

100	µrad divergence	(RMS)

60x30	mm2		transverse	size

K+(6%)/p+(70%)/p(24%)

For	33x1011	ppp on	T10	

! 750	MHz	at	GTK3

Decay	Region:
60	m	long	Piducial	region

~	5	MHz	K+	decay	rate

Vacuum	~	O(10-6)	mbar

Detector and Performances: 
JINST 12 (2017) P05025

Data taking periods so farNA62 luminosity during Run 1 (2016-2018)

Protons on Target

NPOT (2016) ' 0.1 · 1018

NPOT (2017) ' 0.8 · 1018

NPOT (2018) ' 1.3 · 1018 ' (0.4OLDCOL + 0.9NEWCOL) · 1018

NPOT (Run I ) ' 2.2 · 1018

Francesco Brizioli Br(K+ ! ⇡+⌫⌫̄) at NA62 CERN EP seminar 27.10.2020 5 / 13

400 GeV/c
SPS protons

Novel decay in-flight technique
NA62	beam	and	detector



Decay	in	flight	technique	@NA62
15 < P(p+) < Pmax GeV/c
to ensure several tens of GeV
of missing energy
+ Particle ID (calorimeters + 
Cherenkov + muonID)
Photon veto

Background rejec<on:
O(100 ps) <ming between 
sub-detectors
O(104) background 
suppression from kinema<c
condi<ons 
>107 muon suppression
>107 p0 suppression 
(from K+®p+p0 )



2016 + 2017 data

Joel Swallow

Combine 2016,17,18 data

12/4/2021NA62 : PNN 33

[2016: PLB 791 (2019) 156]

[2018: arXiv:2103.15389]

[2017: JHEP 11 (2020) 042]
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2016 + 2017 data
BR(K+ → π+νν)

< 1.78 × 10−10 (90%CL)
= 0.48+0.72−0.48× 10−10 (68% CL)

Grossman-Nir limit on BR(KL → π0νν): 
< 7.8 × 10−10 (90%CL)

BR(K+ → π+νν)

BR
(K
L

→
 π
0 ν
ν)



Signal	selection
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Figure 2: Reconstructed m2

miss
as a function of p⇡+ for minimum-bias events selected without

applying ⇡+ identification and photon rejection, assuming the K+ and ⇡+ mass for the parent
and decay particle, respectively. Signal regions 1 and 2 (hatched areas), as well as 3⇡, ⇡+⇡0,
and µ⌫ background regions (solid thick contours) are shown. The control regions are located
between the signal and background regions.

4 Event selection

The signal and normalization channels both require the presence of a downstream charged
particle track identified as a ⇡+ and of a parent K+ track that forms a vertex in the fiducial
volume. After these common selection criteria, specific requirements define the normalization
and signal events.

Downstream charged particle: One or two isolated STRAW tracks are allowed in an
event. If two STRAW tracks are present, the one closest to the trigger time is selected.
Events with a negatively-charged STRAW track are rejected to remove K+

! ⇡+⇡+⇡� and
K+

! ⇡+⇡�e+⌫ decays. The selected track must be within the RICH, CHOD, NA48-CHOD,
LKr, and MUV3 sensitive regions and must be spatially associated to signals in the RICH,
CHOD, NA48-CHOD, and LKr. The track angle measured after the spectrometer magnet must
be geometrically compatible with the centre of the reconstructed RICH ring. Time constraints
are imposed on the associated signals in the RICH, CHOD and LKr using the NA48-CHOD
time as a reference. A STRAW track with associated signals in CHOD, NA48-CHOD, RICH
and LKr defines a downstream charged particle.

Parent K+: The parent K+ of a selected downstream charged particle is defined by the
signal in KTAG with time TKTAG closest in time and within 2 ns of the downstream particle,
and a beam track in GTK with time TGTK within 600 ps of the KTAG signal and associated in
space with the downstream track in the STRAW. The association between the GTK, KTAG and
STRAW signals relies on a discriminant built from the time di↵erence �T = TGTK – TKTAG

and the closest distance of approach (CDA) of the downstream charged particle to the GTK
track. The templates for the �T and CDA distributions of K+ decays are obtained from a
dedicated sample of K+

! ⇡+⇡+⇡� decays, where the K+ is fully reconstructed using the
pion momenta and directions measured by the STRAW. The GTK track with the largest value

9

2018 data divided into two subsets, S1 (before, 20%) and S2 (after, 80%) 
installation of the new final collimator. 
S2 is divided into six categories corresponding to 5 GeV/c bins of 
pion momentum in 15–45 GeV/c range. 
S1 is a separate category integrated over pion momentum. 
Dedicated selection applied to each category improves signal sensitivity 

Control regions are 
used to validate the 
background estimates

Improvements led to 
sizable increase in 
signal acceptance,
while keeping same level 
of S/B ratio



Background	evaluation

Background Subset S1 Subset S2

⇡+⇡0 0.23± 0.02 0.52± 0.05

µ+⌫ 0.19± 0.06 0.45± 0.06

⇡+⇡�e+⌫ 0.10± 0.03 0.41± 0.10

⇡+⇡+⇡� 0.05± 0.02 0.17± 0.08

⇡+�� < 0.01 < 0.01

⇡0l+⌫ < 0.001 < 0.001

Upstream 0.54+0.39
�0.21 2.76+0.90

�0.70

Total 1.11+0.40
�0.22 4.31+0.91

�0.72

Figure 6: Background predictions. Left: Reconstructed m2

miss
as a function of ⇡+ momentum

after applying the signal selection to the S1 and S2 subsets. Events in the background regions
are displayed as light grey dots. The control regions, populated by the solid black markers, are
adjacent to the background regions. The numbers next to these regions are the expected num-
bers of background events (in brackets) and the observed numbers (without brackets). Right:
Expected numbers of background events summed over Regions 1 and 2 in the 2018 subsets.

7 Results

After unmasking the signal regions, four events are found in Region 1 and thirteen in Region 2,
as shown in Figure 7, left. In total, combining the results of the K+

! ⇡+⌫⌫̄ analyses performed
on the 2016, 2017 and 2018 data, 20 candidate events are observed in the signal regions. The
combined SES, and the expected numbers of signal and background events in the 2016–2018
data set are:

SES = (0.839± 0.053syst)⇥ 10�11,

N exp

⇡⌫⌫̄ = 10.01± 0.42syst ± 1.19ext,

N exp

background
= 7.03+1.05

�0.82.

The statistical uncertainties in the SES and N exp

⇡⌫⌫̄ are negligible. The above SES corresponds
to about 2.7 ⇥ 1012 e↵ective K+ decays in the fiducial volume. The external error in N exp

⇡⌫⌫̄

stems from the uncertainty in the SM prediction of BR(K+
! ⇡+⌫⌫̄). The uncertainty in the

background estimate is dominated by the statistical uncertainty in the upstream background
contribution.

A background-only hypothesis test is performed using as a test statistic the likelihood ratio
for independent Poisson-distributed variables as prescribed in [33]. A p-value of 3.4 ⇥ 10�4 is
obtained, corresponding to a signal significance of 3.4 standard deviations.

The K+
! ⇡+⌫⌫̄ branching ratio is determined using a binned maximum log-likelihood fit to

the observed numbers of events in the nine categories comprising the NA62 data set (Figure 7,
right). The parameter of interest is the signal branching ratio. The nuisance parameters are the
total expected numbers of background events in the signal regions and the single event sensitiv-
ities and corresponding uncertainties, obtained separately for each of the nine categories. For
each category, the number of background events is constrained to follow a Poisson distribution
while the SES follows a Gaussian distribution with mean and sigma as estimated. The resulting
branching ratio is

BR(K+
! ⇡+⌫⌫̄) = (10.6+4.0

�3.4|stat ± 0.9syst)⇥ 10�11 at 68% CL, (4)
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Background from Kaon decays and upstream events evaluated
using data and control samples
Good agreement in control regions between expected and 
observed background events

actual (expected)

Background expected in 
Signal Regions S1 and S2:



Background	evaluation,	e.g π+π0
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Figure 3: Evaluation of the ⇡+⇡0 background. Left: Distribution in the (p+⇡ , m
2

miss
) plane of

events in the ⇡+⇡0 region and in the adjacent control regions after the complete signal selection
is applied to the S1 and S2 subsets. The intensity of the grey shaded area reflects the variation of
the SM signal acceptance in the plane. Right: Data/MC comparison of the m2

miss
distribution

of minimum-bias K+
! ⇡+⇡0 events selected by tagging the ⇡0

! �� decay. This data sample
is used to measure the K+

! ⇡+⇡0 kinematic factor fkin.

6 Background evaluation and validation

Background contributions to the K+
! ⇡+⌫⌫̄ final state can be identified from two processes:

K+ decays inside the FV to a final state di↵erent from the signal; upstream events where a ⇡+

originates either from a K+ decay or from an interaction between a beam K+ and the material
upstream of the FV.

The four main K+ decay backgrounds are K+
! ⇡+⇡0, K+

! µ+⌫, K+
! ⇡+⇡+⇡� and

K+
! ⇡+⇡�e+⌫. The first three enter the signal regions if m2

miss
is mis-reconstructed. The

estimation of these backgrounds relies on the assumption that ⇡0 rejection for K+
! ⇡+⇡0, par-

ticle identification for K+
! µ+⌫, and multi-charged particle rejection for K+

! ⇡+⇡+⇡� are
independent of the m2

miss
variable defining the signal regions. After the K+

! ⇡+⌫⌫̄ selection
is applied, the expected number of events in the signal or control regions is computed for each
category as:

N exp

decay
= Nbkg · fkin(region). (2)

Here Nbkg is the number of PNN-triggered events in the ⇡+⇡0, µ⌫ or 3⇡ background region and
fkin(region) is the fraction of events reconstructed in the signal or control region for each decay
mode. The values of the kinematic factor fkin(region) are obtained: for K+

! ⇡+⇡0 and K+
!

µ+⌫ by using minimum-bias data samples with dedicated selections; for K+
! ⇡+⇡+⇡� by

using simulated events. Backgrounds from K+
! ⇡+⇡�e+⌫, K+

! ⇡+�� and semileptonic
decays K+

! ⇡0l+⌫ (l = e, µ) are evaluated only with simulations.

K+ ! ⇡+⇡0: After the K+
! ⇡+⌫⌫̄ selection, 471 events are observed in the ⇡+⇡0 region

(Figure 3, left). The kinematic factor is measured using a minimum-bias data sample with
a PNN-like selection applied. The ⇡0

! �� decay is tagged by requiring exactly two photon
clusters reconstructed in the LKr, consistent with m⇡0 assuming that the photons originate from
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Control data used to study
tails of distribution

Data driven background evaluation for all kaon decays
(except π π e ν)
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13



Upstream events rejec.on

BDT use possible only after installation of new collimator in 2018
K-pion matching conditions + geometrical variables
Signal training sample: MC simulation
Background training sample: out-of-time data

Data driven procedure: control sample without time and K-pi matching requirements
Validated using inverted data samples enriched with upstream events

Early decays in upstream region, interaction with material
plus beam pileup and scattering in STRAW1

Joel Swallow

Upstream Background

12/4/2021NA62 : PNN 30

• Data-driven procedure:
• Use a control sample without time and K-pi matching requirements: Hop
• H]_ = Hop-PQRqr_ , where -PQRqr_ depends on ΔU and CDA distributions.

• Validate using inverted data samples enriched with upstream events.

Joel Swallow

Upstream Background

12/4/2021NA62 : PNN 30

• Data-driven procedure:
• Use a control sample without time and K-pi matching requirements: Hop
• H]_ = Hop-PQRqr_ , where -PQRqr_ depends on ΔU and CDA distributions.

• Validate using inverted data samples enriched with upstream events.

Increase signal acceptance
keeping same B/S



Normalization and Single Event Sensitivity

Single Event Sensitivity
and number of expected events (preliminary)

Single Event Sensitivity

SES = (0.111± 0.007syst) · 10�10

SES error budget:
Source Relative uncertainty

trigger e�ciency 5%
MC acceptance 3.5%
random veto e�ciency 2%
normalization background 0.7%
instantaneous intensity 0.7%

Total 6.5%

Number of expected SM events

Nexp
⇡⌫⌫(SM) =

Br⇡⌫⌫(SM)

SES
= 7.58± 0.40syst ± 0.75ext

External error: theoretical uncertainty of the SM prediction:

Br⇡⌫⌫(SM) = (0.84± 0.10) · 10�10 [Buras et al., JHEP11(2015)033]

Francesco Brizioli Br(K+ ! ⇡+⌫⌫̄) at NA62 CERN EP seminar 27.10.2020 28 / 49

6

Background control and signal eGciency
2018 data

Expected SM signal 7.58(40)syst(75)ext

Background processes
K+ . :+:0(R) 0.75(4)
K+ . µ+0(R) 0.49(5)
K+ . :+:-e+0 0.50(11)
K+ . :+:+:- 0.24(8)
K+ . :+RR < 0.01
K+ . :0l+0 < 0.001
Upstream events 3.30+0.98

-0.73

Total background 5.28+0.99
-0.74

Joel Swallow 12/4/2021NA62 : PNN 32

S1 S2

S1 S2

Summary : 2018 Analysis



Result: 2016+2017+2018 data
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Figure 7: The K+
! ⇡+⌫⌫̄ candidate events in the 2018 (left) and 2016–2018 (right) data

sets. Left: Reconstructed m2

miss
as a function of ⇡+ momentum for events satisfying the K+

!

⇡+⌫⌫̄ selection criteria. The intensity of the grey shaded area reflects the variation of the SM
signal acceptance in the plane. The two boxes represent the signal regions. The events observed
in Regions 1 and 2 are shown together with the events found in the background and control
regions. Right: Expected numbers of background events and numbers of observed events in
the nine categories used in the maximum likelihood fit to extract the K+

! ⇡+⌫⌫̄ branching
ratio. Categories 0,1 and 2 correspond to 2016, 2017 and S1 subsets, respectively. Categories 3
to 8 correspond to the six 5 GeV/c wide momentum bins of the S2 subset. The observed data
for each category are indicated by black markers with Poissonian statistical errors. The shaded
boxes show the numbers of expected background events and the corresponding uncertainties.

compatible with the SM value within one standard deviation. The first uncertainty is statistical,
related to the Poissonian fluctuation of the numbers of observed events and expected background,
while the second is systematic, resulting from the uncertainty in the signal and background
estimates.

This result is the most precise measurement of the K+
! ⇡+⌫⌫̄ decay rate to date and

provides the strongest evidence so far for the existence of this extremely rare process.

8 Search for K+ ! ⇡+X decays

The existence of a new feebly interacting scalar or pseudo-scalar particle, X, is foreseen in
several BSM scenarios. If X decays to invisible particles or lives long enough to decay outside
the detector, the signature of a K+

! ⇡+X decay is the same as that of the K+
! ⇡+⌫⌫̄

decay. The two-body decay K+
! ⇡+X would result in a peak in the reconstructed m2

miss

distribution, centred at the squared value of the X mass, m2

X
. Using the event sample selected

in the K+
! ⇡+⌫⌫̄ measurement, a search for a peaking signal in the 2016–2018 data set is

performed following the procedure detailed in [35]. The width of a signal peak is determined by
the resolution of the m2

miss
observable, which decreases monotonically from 0.0012 GeV2/c4 at

mX = 0 to 0.0007 GeV2/c4 at mX = 260 MeV/c2.
The SES is determined, for each mX, according to equation 1, by replacing A⇡⌫⌫̄ with the

acceptance for K+
! ⇡+X decays, which is obtained from simulation. Acceptance values for X

with finite lifetime, ⌧X, decaying to visible SM particles are estimated by weighting simulated
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sets. Left: Reconstructed m2

miss
as a function of ⇡+ momentum for events satisfying the K+
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⇡+⌫⌫̄ selection criteria. The intensity of the grey shaded area reflects the variation of the SM
signal acceptance in the plane. The two boxes represent the signal regions. The events observed
in Regions 1 and 2 are shown together with the events found in the background and control
regions. Right: Expected numbers of background events and numbers of observed events in
the nine categories used in the maximum likelihood fit to extract the K+

! ⇡+⌫⌫̄ branching
ratio. Categories 0,1 and 2 correspond to 2016, 2017 and S1 subsets, respectively. Categories 3
to 8 correspond to the six 5 GeV/c wide momentum bins of the S2 subset. The observed data
for each category are indicated by black markers with Poissonian statistical errors. The shaded
boxes show the numbers of expected background events and the corresponding uncertainties.

compatible with the SM value within one standard deviation. The first uncertainty is statistical,
related to the Poissonian fluctuation of the numbers of observed events and expected background,
while the second is systematic, resulting from the uncertainty in the signal and background
estimates.

This result is the most precise measurement of the K+
! ⇡+⌫⌫̄ decay rate to date and

provides the strongest evidence so far for the existence of this extremely rare process.

8 Search for K+ ! ⇡+X decays

The existence of a new feebly interacting scalar or pseudo-scalar particle, X, is foreseen in
several BSM scenarios. If X decays to invisible particles or lives long enough to decay outside
the detector, the signature of a K+

! ⇡+X decay is the same as that of the K+
! ⇡+⌫⌫̄

decay. The two-body decay K+
! ⇡+X would result in a peak in the reconstructed m2

miss

distribution, centred at the squared value of the X mass, m2

X
. Using the event sample selected

in the K+
! ⇡+⌫⌫̄ measurement, a search for a peaking signal in the 2016–2018 data set is

performed following the procedure detailed in [35]. The width of a signal peak is determined by
the resolution of the m2

miss
observable, which decreases monotonically from 0.0012 GeV2/c4 at

mX = 0 to 0.0007 GeV2/c4 at mX = 260 MeV/c2.
The SES is determined, for each mX, according to equation 1, by replacing A⇡⌫⌫̄ with the

acceptance for K+
! ⇡+X decays, which is obtained from simulation. Acceptance values for X

with finite lifetime, ⌧X, decaying to visible SM particles are estimated by weighting simulated
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Result : 2016+17+18 data
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Result : 2016+17+18 data
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[2018 data: arXiv:2103.15389] Ha]R = 20

$. L% significance

[JHEP 06 (2021) 093
arXiv:2103.15389]



Implications of K+ → π+νν

Status of Br(K ! ⇡⌫⌫̄) measurement

BrSM (K+ ! ⇡+⌫⌫̄) = (0.84 ± 0.10) · 10�10 , BrSM (KL ! ⇡0⌫⌫̄) = (0.34 ± 0.06) · 10�10

[Buras et al., JHEP11(2015)033]

Grossman-Nir limit: Br(KL ! ⇡0⌫⌫̄) < 4.3 · Br(K+ ! ⇡+⌫⌫̄) [Phys. Lett. B 398, 163 (1997)]

Francesco Brizioli Br(K+ ! ⇡+⌫⌫̄) at NA62 CERN EP seminar 27.10.2020 46 / 49

Part of parameter space 
already ruled out

Next target: at least x3 
improved precision to match 
theoretical uncertainty 
by LS3

Most precise determination 
of the decay rate to date 
Provides strongest evidence 
so far (3.4 σ) for its existence  



NA62 through LS3
Plans for NA62 Run 2 (from LS2 to LS3):
Approved by CERN Research Board

NA62 has resumed data taking in July 2021 
Key modifications to reduce background from upstream 
decays and interactions:

• Rearrangement of beamline elements 
• Add 4th station to GTK beam tracker
• New veto hodoscope upstream of decay volume 

and additional veto counters around downstream 
beam pipe

Run at ~nominal beam intensity 

Expect to measure BR(K+ → π+νν) to O(10%) by LS3



Search	for	K+®p+X
Perform peak search considering K+®p+nn as	SM	background

Search for X scalar or pseudo-scalar 
Improvement on previous limit by factor ~4

Joel Swallow

Interpretation of Result (2) Search for !! → #!$

12/4/2021NA62 : PNN 15

• Search for e.g. Dark Scalar (2 = 3), production & decay driven by mixing with 
Higgs boson (mixing parameter 45617).

• Perform a peak search considering SM !, → $,""̅ as a background.
• Improve on recent NA62 limits from 2017 analysis [JHEP 03 (2021) 058] by factor ~4.

[arXiv:2103.15389]

Joel Swallow

Interpretation of Result (2) Search for !! → #!$

12/4/2021NA62 : PNN 15

• Search for e.g. Dark Scalar (2 = 3), production & decay driven by mixing with 
Higgs boson (mixing parameter 45617).

• Perform a peak search considering SM !, → $,""̅ as a background.
• Improve on recent NA62 limits from 2017 analysis [JHEP 03 (2021) 058] by factor ~4.

[arXiv:2103.15389]

Dark Scalar, production and decay 
driven by mixing with Higgs boson

Assuming X decays only to visible SM par8cles, with 
life8me inversely propor8onal to the mixing parameter 

[JHEP 06 (2021) 093
arXiv:2103.15389]

Also published: p0	to	invisibles	[JHEP	02	(2021)	201]
and	p+X	2017	data	[JHEP	03	(2021)	058]



Search	for	K+®p+X
Perform peak search considering K+®p+nn as	SM	background

Improvement on previous limit by factor ~4
Sensitivity to X with shorter lifetimes substantially improved by
extension of FV in S2 sample
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Figure 8: Left: Expected and observed number of events as a function of the reconstructed
m2

miss
for the 2018 data set. Right: Upper limits on BR(K+

! ⇡+X) for each tested mX

hypothesis, as obtained for the full 2016–2018 data set.

events by the probability that X does not decay upstream of MUV3.
The background contributions in searches for K+

! ⇡+X decays are the same as for the
K+

! ⇡+⌫⌫̄ studies with the addition of the K+
! ⇡+⌫⌫̄ decay itself, which becomes the

dominant background. The expected distributions of background processes as functions ofm2

miss
,

evaluated as described in Section 6 and assuming the SM description for K+
! ⇡+⌫⌫̄ decay, are

shown in Figure 8, left. The largest uncertainty in the estimated background comes from the
SM K+

! ⇡+⌫⌫̄ decay rate. The second largest uncertainty comes from the modelling of the
upstream background distribution, which is statistically limited, and a systematic uncertainty
of up to 20% is assigned to each m2

miss
bin. The total background is modelled, as a function of

the reconstructed m2

miss
, by polynomial functions fitted to the expectations in Regions 1 and 2.

The search for K+
! ⇡+X decays is performed with a fully frequentist hypothesis test using

a shape analysis with observable m2

miss
and an unbinned profile likelihood ratio test statistic.

Each X-mass hypothesis is treated independently according to the CLs method [36] to exclude
the presence of a signal with 90% CL for the observed data. The statistical analysis is performed
using four categories corresponding to the 2016, 2017, S1 and S2 2018 subsets.

Under the assumption that the events observed in the signal regions correspond to the known
expected backgrounds, upper limits are established on BR(K+

! ⇡+X) at 90% CL for each X-
mass hypothesis. Results are displayed in Figure 8, right for a stable or invisibly decaying particle
X. For X decaying to visible SM particles, observed upper limits are shown in Figure 9, left as
a function of mX and for di↵erent values of ⌧X. These limits improve by a factor of four on those
obtained from the 2017 data and improve over previous limits from the E949 experiment [17]
for most mass hypotheses. The extension of the FV for the S2 subset (Section 4) with respect
to the analysis of the 2017 data set has improved substantially the sensitivity to X with shorter
lifetimes.

An interpretation of these limits is presented for a scenario where X is a dark-sector scalar,
which mixes with the Higgs boson according to the mixing parameter sin2 ✓ [20,37]. Constraints
in the parameter space of this scenario are shown in Figure 9, right, under the assumption that
X decays only to visible SM particles, with ⌧X inversely proportional to the mixing parameter.
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Figure 9: Left: Model-independent observed upper limits as functions of the X mass and
lifetime hypotheses. Right: Excluded regions of the parameter space (mS, sin

2 ✓) for a dark
scalar, S, of the BC4 model [20] decaying only to visible SM particles. Exclusion bounds from
the present search for the decay K+

! ⇡+X are labelled as “K+
! ⇡+ + inv.” and are shaded

in red. The constraints from the independent NA62 search for ⇡0
! invisible decays [34] are

shown in purple. Other bounds, shown in grey, are derived from the experiments E949 [17],
CHARM [37], NA48/2 [38], LHCb [39,40] and Belle [41].

9 Conclusions

The NA62 experiment at CERN has analysed the data set collected in 2018, searching for the
very rare K+

! ⇡+⌫⌫̄ decay, taking advantage of new shielding against decays upstream of
the kaon decay volume, and of improved reconstruction algorithms and particle identification
performance with respect to earlier data sets. Combining the results obtained from the whole
2016–2018 data set, a single event sensitivity of (0.839 ± 0.053syst) ⇥ 10�11 has been reached.
The number of expected K+

! ⇡+⌫⌫̄ events in the signal regions is (10.01± 0.42syst ± 1.19ext),
assuming the Standard Model BR of (8.4± 1.0)⇥ 10�11, while 7.03+1.05

�0.82 background events are
expected in the same signal regions, mainly due to upstream background. After unmasking the
signal regions, twenty candidate events are observed, consistent with expectation. This leads to
the branching ratio BR(K+

! ⇡+⌫⌫̄) = (10.6+4.0
�3.4|stat± 0.9syst)⇥ 10�11 at 68% CL, which is the

most precise measurement to date. In a background-only hypothesis, a p-value of 3.4⇥ 10�4 is
obtained, which corresponds to a 3.4 standard-deviation evidence for this very rare decay.

This result is also interpreted in the framework of a search for a feebly interacting scalar
or pseudo-scalar particle X, produced in the decay K+

! ⇡+X with the same experimental
signature as the dominant background process K+

! ⇡+⌫⌫̄. Upper limits on the branching
ratio at 90% CL of 3–6 ⇥10�11 are obtained for mX masses in the range 0–110 MeV/c2 and
1⇥ 10�11 for mX masses in the range 160–260 MeV/c2. A particular model where X is a dark-
sector scalar mixing with the Higgs boson has been explored, setting more stringent constraints
on the allowed region in the plane (mX, sin

2 ✓), where ✓ is the mixing angle.
NA62 will continue taking data in 2021 with an upgraded detector including beam line

modifications, with the aim of further reducing the upstream background, thus allowing for an
improved signal sensitivity.
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Stable or invisibly decaying Decaying to visible SM particle



Clear opportunity in the Kaon sector
Going beyond 10% measurement on K+ → π+νν
Precision measurements of K→ πνν BRs can provide model-
independent tests for new physics at mass scales of up to O(100 TeV)

26
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Future (< 2025)

Flavour & NP 

LHCb (Upgrade phase I)
• new trigger

NA62 (Run2)
• hwd improvements

KOTO (Step - 1)
• Main ring power increase
• hwd improvements

𝑲𝑳 → 𝝅𝟎𝝂ത𝝂: SM Sensitivity (KOTO)

𝑲+ → 𝝅+𝝂ത𝝂: 𝓞 𝟏𝟎% measurement (NA62)

𝑲𝑺 → 𝝁+𝝁−: Sensitivity 𝓞 𝟏𝟎−𝟏𝟏 (LHCb)

𝑲𝑺 → 𝝅𝟎𝒍+𝒍−: 20% meas. (LHCb, NA48/1)
𝐾𝐿 → 𝜋0𝛾𝛾: 40% meas. (NA48, KTeV) 

𝐾𝐿 → 𝛾𝛾: precise meas. (NA48, KLOE) 

𝐾𝐿 → 𝜇+𝜇−, 𝑙+𝑙−𝛾: precise meas. (B871,KTeV,NA48,E799) 

𝐾𝐿 → 𝛾𝛾𝑙+𝑙−: 10% meas./SM sensitivity (𝜇) (KTeV) 

𝐾𝐿 → 𝑙+𝑙−𝑙+𝑙−: precise meas. (KTeV, NA48) 

𝑲+ → 𝝅+𝝂ത𝝂 Τ𝝈 𝓑 𝓑 = 𝟏𝟎%
(𝓑 = 𝟏𝟏 × 𝟏𝟎−𝟏𝟏)

LU Test and Explicit violation of SM 

𝑲 → 𝑳𝑵𝑽/𝑳𝑭𝑽: Single event sensitivity 𝓞 𝟏𝟎−𝟏𝟐
𝑲+ → 𝝅+𝒍+𝒍−: LU conservation test 𝓞 < %

𝐾 → 𝐸𝑥𝑜𝑡𝑖𝑐𝑠: Single event sensitivity 𝒪 10−8 ÷ 10−11

𝑹𝑲: 𝓞 𝟎. 𝟏% measurement

Giuseppe Ruggiero - ICHEP202005/08/2020

Future (≥ 2025)

27

Flavour & NP 

LHCb (Upgrade phase II)

• hwd upgrade

K Facility at CERN

• 𝐾+/𝐾0

• NA62-like, Klever

KOTO (Step - 2)

• hwd upgrade

𝑲𝑳 → 𝝅𝟎𝝂ത𝝂: 𝓞 𝟐𝟎% measurement (KOTO / Klever)
𝑲+ → 𝝅+𝝂ത𝝂: 𝓞 𝟓% measurement (NA62-like)
𝑲𝑺 → 𝝁+𝝁−: SM Sensitivity (LHCb)

𝑲𝑺 → 𝝅𝟎𝒍+𝒍−: precision meas. (LHCb, NA48/1)

𝐾𝐿 → 𝜋0𝛾𝛾: 40% meas. (NA48, KTeV) 

𝐾𝐿 → 𝛾𝛾: precise meas. (NA48, KLOE) 

𝐾𝐿 → 𝜇+𝜇−, 𝑙+𝑙−𝛾: precise meas. (B871,KTeV,NA48,E799) 

𝐾𝐿 → 𝛾𝛾𝑙+𝑙−: 10% meas./SM sensitivity (𝜇) (KTeV) 

𝐾𝐿 → 𝑙+𝑙−𝑙+𝑙−: precise meas. (KTeV, NA48) 

𝑲+ → 𝝅+𝝂ത𝝂 Τ𝝈 𝓑 𝓑 = 𝟓%
(𝓑 = 𝟏𝟏 × 𝟏𝟎−𝟏𝟏)

𝑲𝑳 → 𝝅𝟎𝝂ത𝝂 Τ𝝈 𝓑 𝓑 = 𝟐𝟎%
(𝓑 = 𝟐 × 𝓑𝑺𝑴)

𝑲𝑳 → 𝝅𝟎𝒍+𝒍−: (K Facility at CERN)
LU Test and Explicit violation of SM 

𝐾 → 𝐿𝑁𝑉/𝐿𝐹𝑉: Single event sensitivity 𝒪 10−12
𝐾+ → 𝜋+𝑙+𝑙−: LU conservation test 𝒪 < %

𝐾 → 𝐸𝑥𝑜𝑡𝑖𝑐𝑠: Single event sensitivity 𝒪 10−8 ÷ 10−11

𝑅𝐾: 𝒪 0.1% measurementApproach theory error, possibility to find clear evidence 
of deviation from SM 



Longer term

22

HL-LHC

NA-CONS

RUN 3

“Accelerator and Technology Introduction” webinar, Mike Lamont, January 2021 

Integrated high-intensity Kaon programme at the SPS

Integrated programme with multiple phases, synergies with LHC
K+ and KL beams for precision measurement of K→ πνν
Study of other rare kaon decays, including KL beam with tracking detector 
Data taking in dump mode to reach 1019 POT to search for FIPs

Advantage of integrated approach: common upgrades for intensity and
detectors between projects, more flexibility on schedule.

• K+ → π+νν
~7×1018 pot/year
4x increase

• KL → π0νν
1×1019 pot/year
6x increase

Long-term Physics Programme 
in NA-ECN3 to extend to FCC-ee

EU Strategy deliberation document: CERN-ESU-014
“rare kaon decays at CERN” mentioned in Sec4 
“Other essential activities for particle physics”



Summary
Kaon Physics is a portal to explore physics beyond the SM.

K+®p+nn analysis on Run1 data is completed with a 
World-leading measurement.
Excellent sensitivity to searches to pion and invisible particles

NA62 will take data until LS3, to approach theory precision

Plans for longer term high-intensity kaon beam experiments 
beyond LS3
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