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Seeking new physics through Flavour
Why look for new interactions with rare decays?

Standard Model New interaction

• Precise predictions in the SM

• Rare! New interactions can be major contribution

• New interactions can have di↵erent symmetries from the SM

Example
Scalar interaction Higgs-like boson CS , CP

Vector interaction Z0 CV , CA

Over-constraining new interaction couplings is crucial to understand their origin

F. Dettori CKM 2021 2/23
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Loops are sensitive to the presence of new physics
Rare processes: new interactions can give major contribution
New interactions can have different symmetries than the SM

Over-constraining new interactions and couplings in
the entire quark sector – strange, charm, beauty - is crucial to 
understand their origin



Seeking new physics through Flavour
Two strategies:
1) Search for deviations with respect to SM predictions

Look for observables:
- (highly) sensitive to contributions of beyond-the-SM physics
- ideally mildly sensitive to hadronic corrections
- accessible experimentally

LFU B-anomalies and specific FCNC processes are examples

2) Search for processes forbidden by (accidental) symmetries 
of the SM
Very clean probes of new physics

LFV and LNV are examples

Both exp. and th. must be precise
for an effective investigation

This talk,
Kaon physics



Decay ΓSD/Γ Theory err. 
(on SD)

SM BR ´ 1011 Exp. BR ´ 1011
(Sep 2019)

KL → μ+μ− 10% 30% 79 ±12 (SD) 684 ± 11
KL → π0e+e− 40% 10% 3.2 ± 1.0 < 28†

KL → π0μ+μ− 30% 15% 1.5 ± 0.3 < 38†

K+ → π+νν 90% 4% 8.4 ± 1.0 10.6±5.4
KL → π0νν >99% 2% 3.4 ± 0.6 < 300†

Rare Kaon Decays
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Measuring all charged and neutral rare K decay modes can 
give clear insight about the new physics flavour structure

FCNC dominated by short-distance amplitudes

Rates related to CKM 
matrix elements with minimal 
non-parametric uncertainty



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 ratios
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 golden channel

Unreducible theory error: O(5-3%)



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
• Sensitivity complementary to B

decays
• To constrain NP, correlations are 

crucial



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

123

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

Specific models for effects of NP on   
K→ πνν BRs are constrained by other 
kaon measurements, esp. Re ε′/ε, ΔMK



K®pnn status	and	immediate	
prospects



NA62	beam	and	detector

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	fiducial	region

~	5	MHz	K+	decay	rate

Vacuum	~	O(10-6)	mbar

Detector and Performances: 
JINST 12 (2017) P05025

Novel decay in-flight technique

400 GeV/c
SPS protons

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



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 rejection:
O(100 ps) timing between 
sub-detectors
O(104) background 
suppression from kinematic
conditions 
>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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Combine 2016,17,18 data
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20 Events 
in signal 
regions

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 divided into six categories corresponding to 5 GeV/c bins of 
pion momentum in 15–45 GeV/c range. 
S1 is separate category integrated over mom due to its small size. 
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



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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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

13



Background	evaluation
For π π e ν, validate using samples obtained inverting at least 
one selection criteria)
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Figure 4: Validation of the K+
! ⇡+⇡�e+⌫ and upstream backgrounds. Left: Comparison

between expected and observed number of events for the K+
! ⇡+⇡�e+⌫ validation samples in

the S1 (1–4) and S2 (5–8) subsets. Right: Comparison between expected and observed number
of events for the upstream background validation samples in the S1 (1–5) and S2 (6–8) subsets.

Upstream background: The background from upstream events receives contributions from
two types of processes: a ⇡+ from K+ decays occurring between GTK stations 2 and 3, matched
to an accidental beam particle; a ⇡+ from interactions of a K+ with the material in the beam
line, produced either promptly or as a decay product of a neutral kaon and matched to the
in-time K+. Studies on data and MC simulations validate the above classification of upstream
events.

The evaluation of the background from upstream events follows a data-driven approach. A
sample of PNN data is selected with all K+

! ⇡+⌫⌫̄ criteria applied, but requiring: CDA >
4 mm; no K/⇡ association; m2

miss
value inside Regions 1 or 2. The events selected define the

upstream sample: the distribution of the ⇡+ tracks at the (XCOL, YCOL) plane (Section 4) is
shown in Figure 5, left. Contamination from K+ decays in the FV is at the per cent level
and therefore negligible. The upstream background is computed as the product of the number
of events in the upstream sample, Nups, and the probability, Pmistag, that an upstream event
has CDA < 4 mm and satisfies the K/⇡ association criteria. The probability Pmistag depends
on the shapes of the distributions of CDA and of �T. The model of the CDA distribution is
extracted from the upstream sample by further removing the veto condition on CHANTI signals
and the criteria suppressing pileup events in the GTK, which increase the number of events
in the upstream sample without biasing the CDA (Figure 5, right). The probability Pmistag is
evaluated as a function of �T by generating upstream-like events in the (CDA,�T) plane and
applying the K/⇡ association with the CDA < 4 mm condition. The expected background is
computed as

N exp

upstream
=

12X

i=1

Nups(|�Ti|) · Pmistag(|�Ti|) · fscale. (3)

The sum runs over the twelve 100 ps wide bins covering the (�600,+600) ps region used to
reconstruct the tracks in the GTK; Nups(|�Ti|) is the number of events in the upstream sample
in the �T bin i; Pmistag(|�Ti|) is the mistagging probability; fscale = 1.15 is a scaling factor
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Background Studies: !! decays in the FV (2)
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Study background with simulations
e.g. $9 → &9&Y'9(; : Validate using samples 
obtained inverting at least one selection criteria.



Change in Final Collimator

Joel Swallow

Upstream background [New Collimator: Sample S2]
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NEW Collimator

Can relax ‘box cut’ and gain signal acceptance (L. #% → n. L%) keeping S/B to same level.

[~70% of 2018 data taken with new collimator]
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Dipole Magnet Yoke
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Upstream background [Old Collimator: Sample S1] 

12/4/2021NA62 : PNN 28

OLD
Collimator

CHANTI 
Acceptance

Dipole Magnet Yoke

‘Box cut’

Joel Swallow

Upstream background [Old Collimator: Sample S1] 
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Final Collimator
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Upstream background [New Collimator: Sample S2]
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NEW Collimator

Can relax ‘box cut’ and gain signal acceptance (L. #% → n. L%) keeping S/B to same level.

[~70% of 2018 data taken with new collimator]
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Upstream background [Old Collimator: Sample S1] 
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Upstream events rejection

K+ � ⇡+ matching conditions +
geometrical variables:
(X ,Y )Collimator , (X ,Y ,Z)vtx , track
slope

BDT or cut-based approach applied
on geometrical variables

BDT approach possible only after
the installation of a new final
collimator in June 2018

BDT signal training sample:
MC simulation

BDT background training sample:
out of time data (|�T | > 0.5 ns)

Both samples normalized to 1

✏(sig) ⇠ 83% @ ✏(bkg) ⇠ 0.5%

Francesco Brizioli Br(K+ ! ⇡+⌫⌫̄) at NA62 CERN EP seminar 27.10.2020 14 / 49

BDT against upstream events:
improvement in signal e�ciency

MC K+ ! ⇡+⌫⌫̄ after cut on BDT discriminant

BDT variables.
Red lines: cut-based selection (2018-OLDCOL sample).

Fiducial decay region extended from Z 2 [105� 165] m to Z 2 [105� 170] m.
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Upstream events rejection
BDT approach 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



Upstream events rejection

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
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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
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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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⇡+⌫⌫̄ selection criteria. The intensity of the grey shaded area reflects the variation of the SM
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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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[2018 data: arXiv:2103.15389] Ha]R = 20

$. L% significance

[JHEP 06 (2021) 093]
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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  



K+®p+nn Run1 result
NA62 Run1(2016 + 2017 + 2018) result:

New preliminary Br(K+ ! ⇡+⌫⌫̄) measurement
from NA62 and BSM scenarios

Br
NA62
16+17+18(K

+ ! ⇡+⌫⌫̄) = (1.10+0.40
�0.35stat ± 0.03syst) · 10�10

(preliminary)

Large values with respect to SM expectation start to be excluded:

high precision measurement needed!

Francesco Brizioli Br(K+ ! ⇡+⌫⌫̄) at NA62 CERN EP seminar 27.10.2020 50 / 53

Large values with 
respect to SM 
expectation start to
be excluded

High precision 
measurement 
needed



Run2 allows NA62 to perform a measurement of the branching ratio of 
the ultra-rare kaon decay                         with significantly improved 
accuracy, to substantially increase its sensitivity on several rare and 
forbidden kaon decays, and to reach unprecedented sensitivity in the 
investigation of several Standard Model (SM) extensions involving 
feebly interacting long-lived particles.

Reach O(10%) precision on the K! p n n measurement

KLEVER 

KLEVER: An experiment to measure BR(KL → π0νν) at the CERN SPS – M. Moulson – KAON 2019 – Perugia, 13 Sep 2019  

New physics affects BRs differently for K+ and KL channels
Measurements of both can discriminate among NP scenarios

BR(K+ → π+νν) × 1011

B
R

(K
L 
→

 π
0 ν
ν)

 ×
 1

01
1

Buras, Buttazzo, Knegjens
JHEP 1511

−

−

K → πνν and new physics 
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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

−

O(10%) precision

Constrain New Physics
models

NA62@LS3

K+®p+nn Run2



Detector	additions
Optimized achromat for background reduction in K+®p+nn analysis, 
with addition of  4th GTK station (GKT0, next to GTK1), VETO counter 
before/after last collimator, 2nd HASC module 
For muon background reduction in dump mode and trigger use, new 
ANTI0 hodoscope 

Figure 1: Layout of the NA62 experiment. KTAG: di↵erential Cherenkov counter; GTK: Si pixel
beam tracker; CHANTI: ring stations of scintillator bars; LAV: lead glass ring calorimeters;
STRAW: straw magnetic spectrometer; RICH: ring imaging Cherenkov counter; MUV0: o↵-
acceptance plane of scintillator pads; CHOD: planes of scintillator pads and slabs; IRC: inner
ring shashlik calorimeter; LKr: electromagnetic calorimeter filled with liquid Krypton; MUV1,2:
hadron calorimeter; MUV3: plane of scintillator pads for muon veto; HASC: near beam lead–
scintillator calorimeter; SAC: small angle shashlik calorimeter. In the layout, the final fixed
collimator installed in 2018 is visible, between GTK and CHANTI.

Figure 2: Schematic layout of the new achromat and beam line.
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HASC1+new HASC2

VetoCounter

Anti0

One major goal reached
New	detector	installed	and	commissioned	

GTK1+new GTK0

10
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100% intensity

Data	taking	at	nominal	intensity
Another major goal reached

Trigger and
Data acquisition
improvements



Background reduction: VetoCounter
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Background reduction: HASC2
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The KOTO experiment



The KOTO experiment



KOTO: 

9

[PRL.122.021802]

[PRL.126.121801]

2015 data: 
0.42 predicted background
S.E.S. = 1.30 x 10-9

No events observed

(current best limit)

2016-2018 data: 
A better S.E.S. = 7.20 x 10-10

3 events appeared,
with 1.22 background events
(1.22 includes newly-found backgrounds)

[PRL.122.021802]

[PRL.126.121801]



KOTO: Prospects

10

2021-2022 shutdown:
J-PARC main ring power supply upgrade:
Beam power 64kW ! 80-100 kW

KOTO DAQ upgrade: event throughput x4
Will be able to collect 

2022-2025:
KOTO will collect  x 11 more data
Projected S.E.S. ~ O(10-11) by 2026

[J.Phys.Conf.Ser 1526.012026]



Highlights	of	other	K+ analyses	



Table 1: Definitions of the ratios Ri = B(Ki
e3�)/B(Ke3) in terms of E� and ✓e� , ChPT O(p6)

expectations for these ratios [25], and preliminary NA62 measurements of these ratios [22].

E
i
� ✓

i
e� ChPT O(p6) NA62 (preliminary)

R1 ⇥ 102 E� > 10 MeV ✓e� > 10� 1.804± 0.021 1.684± 0.005± 0.010

R2 ⇥ 102 E� > 30 MeV ✓e� > 20� 0.640± 0.008 0.599± 0.003± 0.005

R3 ⇥ 102 E� > 10 MeV 0.6 < cos ✓e� < 0.9 0.559± 0.006 0.523± 0.003± 0.003

Figure 8: Reconstructed squared missing mass spectrum obtained within the analysis of the
radiative Ke3� decay based on the 2017–2018 data [22].
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Figure 9: Reconstructed mass spectra, and data/MC ratios, obtained in the searches for the
forbidden K

+ ! ⇡
�
µ
+
e
+ (left) and K

+ ! ⇡
+
µ
�
e
+ (right) decays based on the 2016–2018

data [27].
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Table 1: Definitions of the ratios Ri = B(Ki
e3�)/B(Ke3) in terms of E� and ✓e� , ChPT O(p6)

expectations for these ratios [25], and preliminary NA62 measurements of these ratios [22].

E
i
� ✓

i
e� ChPT O(p6) NA62 (preliminary)

R1 ⇥ 102 E� > 10 MeV ✓e� > 10� 1.804± 0.021 1.684± 0.005± 0.010

R2 ⇥ 102 E� > 30 MeV ✓e� > 20� 0.640± 0.008 0.599± 0.003± 0.005

R3 ⇥ 102 E� > 10 MeV 0.6 < cos ✓e� < 0.9 0.559± 0.006 0.523± 0.003± 0.003

Figure 8: Reconstructed squared missing mass spectrum obtained within the analysis of the
radiative Ke3� decay based on the 2017–2018 data [22].

300 350 400 450 500 550 600
]2 [MeV/c+e+µ−πM

2−10

1−10

1

10

210

310

410

510) 2
 E

ve
nt

s 
/ (

4 
M

eV
/c

Data
  −π+π+π→+K

  ν+e−π+π→+K
  ν+µ−π+π→+K

  −e+e+π→+K
  −e+eν+µ→+K

  −µ+µ+π→+K
  −µ+µν+e→+K

  Total uncertainty

 

300 350 400 450 500 550 600
]2 [MeV/c+e+µ−πm

0.4
0.6
0.8

1
1.2
1.4
1.6

D
at

a/
M

C
 

 

300 350 400 450 500 550 600
]2 [MeV/c+e−µ+πM

2−10

1−10

1

10

210

310

410

510) 2
 E

ve
nt

s 
/ (

4 
M

eV
/c

Data
  −π+π+π→+K

  ν+e−π+π→+K
  −µ+µ+π→+K

  
0π

]γ−e+[e+π→+K
  ν+µ−π+π→+K
  −µ+µν+e→+K

  Total uncertainty

 

300 350 400 450 500 550 600
]2 [MeV/c+e−µ+πm

0.4
0.6
0.8

1
1.2
1.4
1.6

D
at

a/
M

C
 

 

Figure 9: Reconstructed mass spectra, and data/MC ratios, obtained in the searches for the
forbidden K

+ ! ⇡
�
µ
+
e
+ (left) and K

+ ! ⇡
+
µ
�
e
+ (right) decays based on the 2016–2018

data [27].

14

K+ ! ⇡0e+⌫� decay: state of the art

DE (a) + IB (b) + INT

Divergent amplitude for

E� ! 0 and ✓e,� ! 0

due to IB component.

[Kubis et al., EPJ C 50, 557]

Rj =
B(Ke3� j )
B(Ke3) =

B(K+!⇡0
e
+⌫� | Ej

� , ✓
j

e,�)

B(K+!⇡0e+⌫(�))

E� cut (K frame) ✓e,� cut (K frame) O(p6) ChPT ISTRA+ OKA
[EPJ C 50, 557]

R1 (⇥102) E� > 10 MeV ✓e,� > 10� 1.804 ± 0.021 1.81 ± 0.03 ± 0.07 1.990 ± 0.017 ± 0.021
R2 (⇥102) E� > 30 MeV ✓e,� > 20� 0.640 ± 0.008 0.63 ± 0.02 ± 0.03 0.587 ± 0.010 ± 0.015
R3 (⇥102) E� > 10 MeV 0.6 < cos ✓e,� < 0.9 0.559 ± 0.006 0.47 ± 0.02 ± 0.03 0.532 ± 0.010 ± 0.012

Most recent theoretical calculation [Khriplovich et al., PAN 74, 1214]: R2 = (0.56± 0.02)%

Dmitry Madigozhin Radiative decays at NA62 January 11, 2022 2 / 16

K+ ! ⇡0e+⌫� decay: state of the art

DE (a) + IB (b) + INT

Divergent amplitude for

E� ! 0 and ✓e,� ! 0

due to IB component.

[Kubis et al., EPJ C 50, 557]

Rj =
B(Ke3� j )
B(Ke3) =

B(K+!⇡0
e
+⌫� | Ej

� , ✓
j

e,�)

B(K+!⇡0e+⌫(�))

E� cut (K frame) ✓e,� cut (K frame) O(p6) ChPT ISTRA+ OKA
[EPJ C 50, 557]

R1 (⇥102) E� > 10 MeV ✓e,� > 10� 1.804 ± 0.021 1.81 ± 0.03 ± 0.07 1.990 ± 0.017 ± 0.021
R2 (⇥102) E� > 30 MeV ✓e,� > 20� 0.640 ± 0.008 0.63 ± 0.02 ± 0.03 0.587 ± 0.010 ± 0.015
R3 (⇥102) E� > 10 MeV 0.6 < cos ✓e,� < 0.9 0.559 ± 0.006 0.47 ± 0.02 ± 0.03 0.532 ± 0.010 ± 0.012

Most recent theoretical calculation [Khriplovich et al., PAN 74, 1214]: R2 = (0.56± 0.02)%

Dmitry Madigozhin Radiative decays at NA62 January 11, 2022 2 / 16

2017 and 2018 data

[PoS EPS-HEP2021 553]



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 particles, with 
lifetime inversely proportional to the mixing parameter 

[arXiv:2103.15389]

Also published: p0	to	invisibles	[JEHP	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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Figure 6: Left: reconstructed mass m(⇡+µ+µ�). Right: comparison of the NA62 measurement
of B(K+

! ⇡+µ+µ�) with the earlier results.

which are in most cases based on the world’s largest samples of these decays. Significant e↵orts547

go into the validation and improvement of the simulation of the detector response, aiming to548

understand and reduce the systematic uncertainties on these measurements.549

The collaboration presented preliminary results from the study of the flavour-changing neu-550

tral current decay K+
! ⇡+µ+µ� at the ICHEP 2020 conference [27]. The analysis is based551

on a sample of 2.8⇥ 104 decay candidates selected from the complete 2016–18 dataset collected552

with the di-muon trigger. The obtained values of form factor parameters and the branching553

fraction are554

a+ = �0.592± 0.015, b+ = �0.669± 0.058, B(K+
! ⇡+µ+µ�) = (9.27± 0.11)⇥ 10�8.

The results improve the precision of the previous leading measurement [28] by more than a555

factor 2 (Fig. 6), and are consistent with lepton flavour universality [29] when compared to the556

results of the K+
! ⇡+e+e� measurements [30, 31]. A paper is in preparation.557

A new measurement of the helicity-suppressed ratio �(K+
! e+⌫)/�(K+

! µ+⌫) [32]558

aims to improve on the sub-percent precision of the current best measurement [33] which would559

provide an important test of lepton flavour universality. The main trigger stream is used in560

the analysis, and the collected sample of K+
! e+⌫ decays is several times larger than in the561

best measurement. Several measurements of radiative K+ decays are in progress, providing562

precision tests of the predictions of Chiral Perturbation Theory describing low energy weak563

processes. These include the rare K+
! ⇡+�� decay [34] and the radiative decays K+

! e+⌫�564

and K+
! ⇡0e+⌫� [35, 36] recorded by the pre-scaled control and non-muon triggers, as well565

as the K+
! ⇡+⇡+⇡�� [37], K+

! ⇡+�e+e� [38] and K+
! `+1 ⌫`

+
2 `

�
2 (with `1,2 = e, µ) [35]566

decays recorded with the multi-track trigger and lepton pair triggers. NA62 has collected world’s567

largest samples of all these decays.568

Studies of neutral pion decays ⇡0
! e+e� and ⇡0

! e+e�� are also in progress. Both569

decays proceed via the ⇡0
! �⇤�⇤ vertex, described by the transition form factor which enters570

the computations of the hadronic light-by-light scattering contributing to the muon anomalous571

magnetic moment [39]. The measurement of B(⇡0
! e+e�) also aims to resolve the existing572

2� tension between the SM theoretical prediction [40] and the latest experimental result [41].573
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on a sample of 2.8⇥ 104 decay candidates selected from the complete 2016–18 dataset collected552

with the di-muon trigger. The obtained values of form factor parameters and the branching553

fraction are554

a+ = �0.592± 0.015, b+ = �0.669± 0.058, B(K+
! ⇡+µ+µ�) = (9.27± 0.11)⇥ 10�8.

The results improve the precision of the previous leading measurement [28] by more than a555

factor 2 (Fig. 6), and are consistent with lepton flavour universality [29] when compared to the556

results of the K+
! ⇡+e+e� measurements [30, 31]. A paper is in preparation.557

A new measurement of the helicity-suppressed ratio �(K+
! e+⌫)/�(K+

! µ+⌫) [32]558

aims to improve on the sub-percent precision of the current best measurement [33] which would559

provide an important test of lepton flavour universality. The main trigger stream is used in560

the analysis, and the collected sample of K+
! e+⌫ decays is several times larger than in the561

best measurement. Several measurements of radiative K+ decays are in progress, providing562

precision tests of the predictions of Chiral Perturbation Theory describing low energy weak563

processes. These include the rare K+
! ⇡+�� decay [34] and the radiative decays K+

! e+⌫�564

and K+
! ⇡0e+⌫� [35, 36] recorded by the pre-scaled control and non-muon triggers, as well565
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2 (with `1,2 = e, µ) [35]566

decays recorded with the multi-track trigger and lepton pair triggers. NA62 has collected world’s567

largest samples of all these decays.568

Studies of neutral pion decays ⇡0
! e+e� and ⇡0

! e+e�� are also in progress. Both569

decays proceed via the ⇡0
! �⇤�⇤ vertex, described by the transition form factor which enters570

the computations of the hadronic light-by-light scattering contributing to the muon anomalous571

magnetic moment [39]. The measurement of B(⇡0
! e+e�) also aims to resolve the existing572

2� tension between the SM theoretical prediction [40] and the latest experimental result [41].573
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Lepton Number and Lepton Flavour Violation

LNV/LFV:

Joel Swallow

LFV & LNV in Kaon Decays
• Conservation of & and &4 , &5 , &6 is an ‘emergent’ property of SM – not 

required during construction. 
• Violation of these conservation laws is a clear indication of BSM physics:

29/7/2020NA62 : LNV/LFV 4

E.g. $! → &%ℓ"!ℓ$!: ∆9 = 2 via Majorana neutrinos 
< (analogue to 0'== decays) [JHEP 0905 (2009) 030], 
[PLB 491 (2000) 285]

E.g. $! → &±2∓>! decays (∆9 = 2 if &% + Δ9( = 1
and  Δ9) = 1 ) mediated by a leptoquark 
[JHEP 12 (2019) 089], [NPB 176 (1980) 135]

1

2

Experimental signature : 3 charged tracks with /±ℓ*∓ℓ+! identities, consistent with closed kinematics @! decay.

This talk : '! → )±*∓+!

Background sources:
Mid-ID

pion decays in flight

Joel Swallow
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Background Studies
Background Mechanisms:
1. Misidentification (misID)

• Measure &± ⟹ >± and >± ⟹ &± misID
probability when using LKr:
• &± : H/J < 0.9
• >± : 0.95 < H/J < 1.05

• Construct model from data and apply to 
simulations.

• Also consider &± ⟹ 2± and >± ⟹ 2± misID
with accidental activity in MUV3.

2. Decays in flight (DIF)
• /± → D±0, OR &± → >±'( with "# =
99.9%[1.2×10%-].

• Dalitz decays: &. → >!>%R

29/7/2020NA62 : LNV/LFV 8
Dedicated cut to reject in <) Channel – reduces acceptance wrt. =) Channel.  
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Figure 7: Summary of upper limits at 90% CL of |Ue4|
2 (red solid lines) and |Uµ4|

2 (blue
solid lined) obtained from HNL production searches in K+ decays with the full NA62 2016–18
dataset [45, 46] and earlier production searches in K+

! `+N and ⇡+
! e+N decays. The

lower boundaries of |Ue4|
2 and |Uµ4|

2 imposed by the BBN constraint [48] are shown by the
lower and upper dashed lines, respectively.

The ⇡0
! e+e�� analysis aims to improve of the measurements of the decay rate and transition574

form factor [42].575

A comprehensive programme of searches for lepton number and lepton flavour violating K+
576

decays is advancing. Following a publication of world-leading upper limits of the K+
! ⇡�`+`+577

decay rates [43], new upper limits (at 90% CL) of the K+
! ⇡±µ⌥e+ decay rates based on the578

full 2016–18 dataset have been announced at the ICHEP 2020 conference [44]:579

B(K+
! ⇡�µ+e+) < 4.2⇥ 10�11,

B(K+
! ⇡+µ�e+) < 6.6⇥ 10�11,

improving by an order of magnitude over the previous limits obtained by BNL experiments. A580

paper in preparation will also report a search for the lepton flavour violating ⇡0
! µ�e+ decay.581

The programme of searches for heavy neutral lepton (N) production in K+
! e+N and582

K+
! µ+N decays with the full 2016–18 dataset has been completed. The final results have583

been published [45, 46], along with the new O(10�6) upper limits of the branching ratios of584

the K+
! µ+⌫⌫⌫̄ and K+

! µ+⌫X decays, where X is an invisible scalar or vector hidden-585

sector mediator. The model-independent upper limits obtained on the lepton mixing parameters586

|Ue4|
2 and |Uµ4|

2, shown in Fig. 7, improve on the previous limits from both production decay587

searches [47], and partially saturate the range allowed by the Big Bang Nucleosynthesis (BBN)588

constraint [48].589

A detailed evaluation of rare decay trigger purity and e�ciency has been carried out with590

the 2016–18 data and a full trigger simulation. This has led to the optimisation of the rare591

decay trigger chains for post-LS2 data collection, including reduction of the number of trigger592

chains and adjustment of L0 multiplicity requirements. Further improvements to the trigger593

purity are expected due to the inclusion of the Anti0 detector, installed during LS2, into the L0594

18

[Phys Rev Lett 127 (2021) 131802]

Table 1: Definitions of the ratios Ri = B(Ki
e3�)/B(Ke3) in terms of E� and ✓e� , ChPT O(p6)

expectations for these ratios [25], and preliminary NA62 measurements of these ratios [22].

E
i
� ✓

i
e� ChPT O(p6) NA62 (preliminary)

R1 ⇥ 102 E� > 10 MeV ✓e� > 10� 1.804± 0.021 1.684± 0.005± 0.010

R2 ⇥ 102 E� > 30 MeV ✓e� > 20� 0.640± 0.008 0.599± 0.003± 0.005

R3 ⇥ 102 E� > 10 MeV 0.6 < cos ✓e� < 0.9 0.559± 0.006 0.523± 0.003± 0.003

Figure 8: Reconstructed squared missing mass spectrum obtained within the analysis of the
radiative Ke3� decay based on the 2017–2018 data [22].
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Figure 9: Reconstructed mass spectra, and data/MC ratios, obtained in the searches for the
forbidden K

+ ! ⇡
�
µ
+
e
+ (left) and K

+ ! ⇡
+
µ
�
e
+ (right) decays based on the 2016–2018

data [27].
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7 Rare and forbidden decays

The rare decay physics programme is enabled by the auxiliary prescaled multi-track trigger
chains operating along with the main K

+ ! ⇡
+
⌫⌫̄ trigger. The L0 triggers for collection of

K
+ decays to lepton pairs are based on RICH and CHOD multiplicity requirements, as well as

the total LKr energy deposit and MUV3 signal multiplicity conditions. The L1 trigger involves
beam kaon identification by the KTAG and fast reconstruction of a negatively charged track
in the STRAW spectrometer. The dataset collected in 2016–18 is equivalent to 3 ⇥ 1012 kaon
decays in the vacuum tank to di-muons, 1012 decays to di-electrons, and 1012 decays to electron-
muon pairs. Datasets collected with generic multi-track and minimum bias trigger conditions
are equivalent to about 1011 kaon decays in total.

Following a detailed trigger purity and e�ciency analysis with the 2016–18 data and simu-
lations, the multi-track trigger chains have been optimised for data collection at higher beam
intensity in 2021. Improvements to the L0 CHOD and the RICH multiplicity conditions have
led to a reduction of the multi-track trigger rates by about a factor of two, with trigger e�ciency
reduction by 3% with respect to the 2016–18 conditions (to about 95% for the K

+ ! ⇡
+
⇡
+
⇡
�

decay). A planned update of the L0 calorimeter trigger based on cluster topology informa-
tion is expected to bring further improvement (by an estimated 20%) in the di-electron trigger
purity. Optimisation of the fast STRAW track reconstruction algorithm has improved the L1
multi-track e�ciency by 3% with respect to the 2016–18 data taking (to about 97% for the
K

+ ! ⇡
+
e
+
e
� decay). A new L1 di-electron trigger algorithm using both the STRAW and

RICH information has been developed for deployment in 2022, and is expected to reduce the
di-electron trigger rate by a further 70%, with an estimated 2% reduction in e�ciency for the
K

+ ! ⇡
+
e
+
e
� decay. These improvements are expected to allow a significant reduction of the

trigger downscaling factors, despite operation at higher beam intensity than in 2016–18.
The problematic SPS beam spill intensity profile in 2021 has inhibited the full exploitation

of the improved trigger chains. As a result, the 2021 rare decay dataset is significantly smaller
than the 2016–18 one. This dataset is nevertheless important for the further development of the
trigger and physics analysis techniques.

The collaboration has presented a new preliminary measurement of the radiative K
+ !

⇡
0
e
+
⌫� (Ke3�) decay with the 2017–18 dataset at the EPS-HEP conference in 2021 [22]. The

ratio of the branching fractions for K+ ! ⇡
0
e
+
⌫� and K

+ ! ⇡
0
e
+
⌫ (Ke3) is measured using the

minimum bias dataset in three Ke3� kinematic regions defined by the photon energy, E� , and the
angle between the positron and the photon, ✓e� , in the kaon rest frame. The results summarised
in Table 1 improve on the previous measurements [23, 24] by factors between 2.0 and 3.6, and
are in 6–7% disagreement with the chiral perturbation theory (ChPT) O(p6) expectation [25].
A signal missing mass spectrum obtained in one of the kinematic regions (R1) is displayed in
Fig. 8.

A comprehensive programme of searches for lepton number and lepton flavour violating K
+

decays with the 2016–18 dataset has been mostly completed. The following upper limits at
90% CL of the decay branching fractions have been reported in three papers, two of which were
published in the last year [26, 27, 28]:

B(K+ ! ⇡
�
e
+
e
+) < 5.3⇥ 10�11

,

B(K+ ! ⇡
�
⇡
0
e
+
e
+) < 8.5⇥ 10�10

,

B(K+ ! ⇡
�
µ
+
µ
+) < 4.2⇥ 10�11

,

B(K+ ! ⇡
�
µ
+
e
+) < 4.2⇥ 10�11

,

B(K+ ! ⇡
+
µ
�
e
+) < 6.6⇥ 10�11

,

B(⇡0 ! µ
�
e
+) < 3.2⇥ 10�10

.
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Lepton-number-violating decays
• Can be mediated by a Majorana neutrino that mixes with SM neutrino [1]: 

• 2nd-order, yet somewhat enhanced if ! is on-shell, "! < ""#$%&'
– ! can’t be a SM neutrino (even if Majorana), since "! too small

[1] e.g., Dong, Feng, Li, Chin. Phys. C 39 (2015) 013101 

Mixing-matrix element
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Signal: excess of data events over estimated background
G(P+®ℓ+N) = G(P+®ℓ+n) × rℓ(mN) × |Uℓ4|2

Heavy	Neutral	Leptons,	LNV/LFV	searches
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Figure 7: Summary of upper limits at 90% CL of |Ue4|
2 (red solid lines) and |Uµ4|

2 (blue
solid lined) obtained from HNL production searches in K+ decays with the full NA62 2016–18
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! e+N decays. The

lower boundaries of |Ue4|
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2 imposed by the BBN constraint [48] are shown by the
lower and upper dashed lines, respectively.
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K+
! µ+N decays with the full 2016–18 dataset has been completed. The final results have583

been published [45, 46], along with the new O(10�6) upper limits of the branching ratios of584

the K+
! µ+⌫⌫⌫̄ and K+

! µ+⌫X decays, where X is an invisible scalar or vector hidden-585

sector mediator. The model-independent upper limits obtained on the lepton mixing parameters586

|Ue4|
2 and |Uµ4|

2, shown in Fig. 7, improve on the previous limits from both production decay587

searches [47], and partially saturate the range allowed by the Big Bang Nucleosynthesis (BBN)588

constraint [48].589

A detailed evaluation of rare decay trigger purity and e�ciency has been carried out with590

the 2016–18 data and a full trigger simulation. This has led to the optimisation of the rare591

decay trigger chains for post-LS2 data collection, including reduction of the number of trigger592

chains and adjustment of L0 multiplicity requirements. Further improvements to the trigger593

purity are expected due to the inclusion of the Anti0 detector, installed during LS2, into the L0594

18

Full 2016-2018 data set

0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12 0.13 0.14
]4/c2 cut [GeV2

missLower m

310

410

Nu
m

be
rs

 o
f e

ve
nt

s Observed number of events

expNδ±
exp

Expected background: N
Observed UL (90% CL)

 bands)σ1,2±Expected UL (

50 100 150 200 250 300 350
]2Assumed X mass [MeV/c

7−10

6−10

5−10

X)
 a

t 9
0%

 C
L

ν+
µ

→+
U

pp
er

 li
m

it 
of

 B
R

(K

Scalar X model

Vector X model

Figure 7: Left: expected background, its uncertainty, and expected ±1� and ±2� bands of
the upper limit on the number at 90% CL of signal events NS in the null hypothesis, for each
lower squared missing mass cut (m2

0) considered to optimize the definition of the K+
! µ+⌫X

and K+
! µ+⌫⌫⌫̄ signal regions. Observed numbers of events and upper limits of NS are

shown for m2
0 values found to be optimal for certain mX hypotheses. Right: upper limits of

B(K+
! µ+⌫X) obtained at 90% CL for each mX hypothesis for the scalar and vector mediator

models.

For the K+
! µ+⌫X decay in mX hypotheses of 320–370 MeV/c2, the signal region is

defined m2
0 = m2

X (rounded up to the nearest multiple of 0.02 GeV2/c4), avoiding a significant
loss of signal acceptance. For the K+

! µ+⌫X decay in mX hypotheses of 10–310 MeV/c2, and
for the K+

! µ+⌫⌫⌫̄ decay, the signal region is defined as m2
0 = 0.1 GeV2/c4. The background

composition for this m2
0 value is reported in Table 1. Optimal sensitivity is obtained in this case

with a reduced signal acceptance. In particular, the acceptance for the K+
! µ+⌫⌫⌫̄ decay

decreases from A0
µ⌫⌫⌫ = 0.277 to Aµ⌫⌫⌫ = 0.103.

The observed numbers of events and upper limits of NS for the above set of m2
0 values are

displayed in Fig. 7 (left). Upper limits of B(K+
! µ+⌫X) in the scalar and vector X models as

functions of the assumed mX , obtained from those of NS similarly to the HNL case, are shown
in Fig. 7 (right). The limits obtained in the scalar model are stronger than those in the vector
model due to the larger mean mmiss value.

In the search for the K+
! µ+⌫⌫⌫̄ decay, Nobs = 6894 events are observed in the signal

region m2
miss > 0.1 GeV2/c4, with an expected background of Nexp = 7549 ± 928 events. This

leads to an observed (expected) upper limit at 90% CL of 1184 (1526) events for the number
of signal events NS . An upper limit is established on the decay rate using the relation NS =
NK · B(K+

! µ+⌫⌫⌫̄) ·Aµ⌫⌫⌫ :

B(K+
! µ+⌫⌫⌫̄) < 1.0⇥ 10�6 at 90% CL,

improving by a factor of 2.4 on the most stringent previous limit obtained by the BNL-E949
experiment [8]. Both this and BNL-E949 K+

! µ+⌫⌫⌫̄ results are obtained assuming the SM
di↵erential rate. However the reconstructed missing mass intervals analysed are complementary:
mmiss > 316 MeV/c2 in this study, and 230 < mmiss < 300 MeV/c2 at BNL-E949.
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functions of the assumed mX , obtained from those of NS similarly to the HNL case, are shown
in Fig. 7 (right). The limits obtained in the scalar model are stronger than those in the vector
model due to the larger mean mmiss value.

In the search for the K+
! µ+⌫⌫⌫̄ decay, Nobs = 6894 events are observed in the signal

region m2
miss > 0.1 GeV2/c4, with an expected background of Nexp = 7549 ± 928 events. This

leads to an observed (expected) upper limit at 90% CL of 1184 (1526) events for the number
of signal events NS . An upper limit is established on the decay rate using the relation NS =
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! µ+⌫⌫⌫̄) ·Aµ⌫⌫⌫ :

B(K+
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improving by a factor of 2.4 on the most stringent previous limit obtained by the BNL-E949
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! µ+⌫X decay in mX hypotheses of 10–310 MeV/c2, and
for the K+

! µ+⌫⌫⌫̄ decay, the signal region is defined as m2
0 = 0.1 GeV2/c4. The background

composition for this m2
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with a reduced signal acceptance. In particular, the acceptance for the K+
! µ+⌫⌫⌫̄ decay

decreases from A0
µ⌫⌫⌫ = 0.277 to Aµ⌫⌫⌫ = 0.103.

The observed numbers of events and upper limits of NS for the above set of m2
0 values are

displayed in Fig. 7 (left). Upper limits of B(K+
! µ+⌫X) in the scalar and vector X models as

functions of the assumed mX , obtained from those of NS similarly to the HNL case, are shown
in Fig. 7 (right). The limits obtained in the scalar model are stronger than those in the vector
model due to the larger mean mmiss value.

In the search for the K+
! µ+⌫⌫⌫̄ decay, Nobs = 6894 events are observed in the signal

region m2
miss > 0.1 GeV2/c4, with an expected background of Nexp = 7549 ± 928 events. This

leads to an observed (expected) upper limit at 90% CL of 1184 (1526) events for the number
of signal events NS . An upper limit is established on the decay rate using the relation NS =
NK · B(K+

! µ+⌫⌫⌫̄) ·Aµ⌫⌫⌫ :

B(K+
! µ+⌫⌫⌫̄) < 1.0⇥ 10�6 at 90% CL,

improving by a factor of 2.4 on the most stringent previous limit obtained by the BNL-E949
experiment [8]. Both this and BNL-E949 K+

! µ+⌫⌫⌫̄ results are obtained assuming the SM
di↵erential rate. However the reconstructed missing mass intervals analysed are complementary:
mmiss > 316 MeV/c2 in this study, and 230 < mmiss < 300 MeV/c2 at BNL-E949.
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Lepton	Universality۹ା ՜ ାૅǣ܍ Lepton Universality
25% 2017 Data: � ൌ ͵ ൈ ͳͲଵଵ,  world largest sample of �ା ՜ �ାɋ Ͷ ൈ ͳͲହ

Giuseppe Ruggiero - SPSC Open Session 40

� No systematics uncertainties that limited 

the 2007 NA62 measurement 

� Theory (SM) : 

� ൌ ʹǤͶ േ ͲǤͲͲͳ ൈ ͳͲିହ
[Phys. Rev. Lett. 99 (2007) 231801] 

� Experimental Status (2007 NA62): 

� ൌ ʹǤͶͺͺ േ ͲǤͲͲୱ୲ୟ୲ േ ͲǤͲͲୱ୷ୱ୲ ൈ ͳͲିହ

[Phys. Lett. B 719 (2013) 326] 

� NA62 Present: novel method to measure �
using Ɋା ՜ �ାɋതɋ for normalization

� Study of lepton universality in K:

� ؠ ΤȞ �ା ՜ �ାɋ Ȟ �ା ՜ Ɋାɋ

� Search for HNL production in �ା ՜ �ାɋ in progress [result from 2015 data: Phys. Lett. B778 (2018) 137 ] 
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the 2007 NA62 measurement 

� Theory (SM) : 

� ൌ ʹǤͶ േ ͲǤͲͲͳ ൈ ͳͲିହ
[Phys. Rev. Lett. 99 (2007) 231801] 

� Experimental Status (2007 NA62): 
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� NA62 Present: novel method to measure �
using Ɋା ՜ �ାɋതɋ for normalization

� Study of lepton universality in K:

� ؠ ΤȞ �ା ՜ �ାɋ Ȟ �ା ՜ Ɋାɋ
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NA62 present: novel method 
using muon decays for normalization.
Collected sample several times larger than 2007 sample.
No systematic uncertainties that limited 2007 measurement.



Long decay volume and detector characteristics/performances: 
suitable to search for feebly-interacting long-lived particles

Extend Dark Particle mass range > M(K) (D, B associated production)
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NA62 as a beam dump experiment

� NA62 (as NA62++) included in the Physics Beyond Colliders programme

� NA62 collaboration intends to collect ૡ protons on target before LS3
� Ongoing discussion concerning how exactly this should be achieved

� New ANTI0 detector under construction to veto muons produced in the TAX

� Studies to increase beam intensity by 20-50% above nominal
� Detector safety/survivability currently being studied 

TAX

ANTI0

NA62	in	dump	mode

Dump mode is most sensitive to forward processes, complimentary to 
off-axis experiments



NA62 in dump mode
Anti0 Hodoscope with scintillator tiles instruments the entrance of 
decay volume. Trigger improved. Aim for 1018 POT by LS3.
Beam line magnet tuning for increased muon sweeping,
~x4 reduction of single muon rate
About 10 days of dump mode taken in 2021, at 150-180% nominal.
Collected about 1.3 x1017  POT.  Data analysis started.
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O(200) background rejectionFigure 10: Selected events with candidate µ
+
µ
� vertices. Closest distance of approach of the

total di-muon momentum to the proton beam impact point as a function of the longitudinal
position of the minimum approach along the beam axis. The region close to the tax is blinded
as this is the region of expected origin of signal events. Left-hand side: data from the 2017/2018
period corresponding to about 2.6⇥1016 protons on tax (POT). Right-hand side: data from the
2021 data-taking corresponding to about 1.3⇥ 1017 POT. Despite the larger statistics in 2021,
the di-muon background is reduced by more than 2 orders of magnitude.

As an illustration, reconstructed missing mass spectra obtained within the searches for the
K

+ ! ⇡
±
µ
⌥
e
+ decays are shown in Fig. 9.

Searches for heavy neutral lepton (N) production inK
+ ! e

+
N andK

+ ! µ
+
N decays and

for the K+ ! µ
+
⌫Xinv decays with the full 2016–18 dataset have been completed [29, 30]. These

results, along with the recently published K
+ ! ⇡

+
Xinv searches with the full dataset [3, 31],

represent the first steps in a comprehensive programme of searches for hidden sectors in K
+

decays at NA62. The roadmap for hidden-sector searches in kaon decays has been established
in a recent review paper with strong engagement from the NA62 collaboration [32].

8 Exotic processes

In October 2021, approximately one week of data was taken in the so-called beam-dump mode.
During this period, the intensity of the proton beam dumped on the TAX was above 150% of the
NA62 nominal intensity. Thanks to a careful optimisation of the T4-to-T10 beam transmission
e�ciency by the beam division personnel, no problems in terms of radio-protection limited the
data taking. The total accumulated statistics exceeds 1017 POT.

The 2021 data taking was carried out with optimized settings for muon sweeping as pro-
posed in studies carried out in the context of the Physics Beyond Colliders (PBC) initiative at
CERN [33]. The magnets of the upstream achromat were re-cabled to allow an independent
current setting for the two dipoles just downstream of the TAX. While during the ‘standard’
NA62 data-taking, these dipoles are set to have opposite currents and maximum strength, sim-
ulations [33] suggested an optimal sweeping if same-sign currents were set, with the first magnet
downstream of the TAX at the maximum strength and the other at approximately one third of
the maximum. In these conditions, a factor of 4 overall muon flux reduction was expected (cf.
Fig. 11). The data taking fully confirmed the simulation estimates: during the commissioning
of the beam for the dump mode, a wide scan on the second dipole after the TAX was performed
observing the muon rates, which confirmed the simulation. In addition to the reduction of the
flux of single muons, the beam line setup used allows an e↵ective sweeping of particles from the
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Beyond	LS3	(>2025)



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

26
05/08/2020 Giuseppe Ruggiero - ICHEP2020

Future (< 2025)

Flavour & NP 

LHCb (Upgrade phase I)
� new trigger

NA62 (Run2)
� hwd improvements

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

ࡸࡷ ՜ SM Sensitivity (KOTO) :ࣇതࣇ࣊

ାࡷ ՜ ङ :ࣇതࣇା࣊ Ψ measurement (NA62)

ࡿࡷ ՜ Sensitivity ङ :ିࣆାࣆ ି (LHCb)

ࡿࡷ ՜ :ିା࣊ 20% meas. (LHCb, NA48/1)
ܭ ՜  meas. (NA48, KTeV) 40% :ߛߛߨ

ܭ ՜  precise meas. (NA48, KLOE) :ߛߛ

ܭ ՜ ǡିߤାߤ ݈ା݈ିߛ: precise meas. (B871,KTeV,NA48,E799) 

ܭ ՜  (KTeV) (ߤ) ା݈ି: 10% meas./SM sensitivity݈ߛߛ

ܭ ՜ ݈ା݈ି݈ା݈ି: precise meas. (KTeV, NA48) 

ାࡷ ՜ ࣇതࣇା࣊ Τ࣌ ऌ ऌ ൌ Ψ
ሺऌ ൌ  ൈ ିሻ

LU Test and Explicit violation of SM 

ࡷ ՜ Single event sensitivity ङ :ࢂࡲࡸȀࢂࡺࡸ ି
ାࡷ ՜ LU conservation test ङ :ିାା࣊ ൏ Ψ

ܭ ՜ ࣩ Single event sensitivity :ݏܿ݅ݐݔܧ ͳͲି଼ ൊ ͳͲିଵଵ

ङ :ࡷࡾ Ǥ Ψ measurementApproach ultimate theory error, possibility to find clear evidence 
of deviation from SM 

Possible picture



High-Intensity Kaon Experiments (HIKE) at the SPS

Broad programme with multiple phases, K+ + KL beams and dump mode. 
Exceptional sensitivity to discovery new physics: 
Rare K decays, precision measurements , exotic particles in K/dump

FCNC in K are complementary to B in testing LFUV with comparable sensitivity

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

HIKE Timeline:
Modification of Target and TAX to stand 6 x NA62 nominal intensity by 2028
Step 1 after LS3: K+

Reach ultimate theory error K+ → π+ νν decays, +other K+ physics,  + dump.
Step 2: switch to KL mode

Transition: KL rare decays with tracking & PID. Periodic dump mode.
KL → π0 νν decays

Integrated programme with multiple phases: common upgrades for intensity 
and detectors between projects, more flexibility on schedule, synergies 
with HL-LHC



K+→ π+νν at high intensity
An experiment at the SPS NA-ECN3 to measure BR(K+ → π+νν) to 
within ~5% 

Requires at least 4-6 x increase in intensity
Basic design of experiment will work at high intensity
Key points: 
• Require much improved time resolution to keep random veto rate 

under control
• Must maintain other key performance specifications at high-rate:

• Space-time reconstruction, low material budget, single photon 
efficiencies, control of non-gaussian tails, etc.

Synergies for detectors with collider projects and other rare 
processes experiments:
• Challenges often broadly aligned with High Luminosity LHC projects 

and next generation rare processes/ flavor/ dark matter experiments



K+ and KLbeams
Availability of high-intensity K+ and KL beams at the SPS NA-ECN3:
Unique facility, clear physics case
Important physics measurements also at boundary btw the two
Example: Experiment for rare KL decays with charged particles
• KL beamline, as in KLEVER
• Tracking and PID for secondary particles, as in NA62
• 1013 KL decays in fiducial volume /year @ 1019 POT/year 
Physics objectives:
• KL → π0ℓ+ℓ−

Excellent π0 mass resolution – look for signal peak over Greenlee bckg
• Lepton-flavor violation in KL decays
• Radiative KL decays and precision measurements
• KL decays to exotic particles

Will provide valuable information to characterize neutral beam
• Example: Measurement of KL, n, and Λ fluxes and halo
• Experience from KOTO and studies for KLEVER show this to be critical 



KL → π0ℓ+ℓ−

KL → π0ℓ+ℓ− vs K → πνν:
• Somewhat larger theoretical uncertainties from 
long-distance physics

• SD CPV amplitude: γ/Z exchange
• LD CPC amplitude from 2γ exchange
• LD indirect CPV amplitude: KL→ KS

• KS→ π0ℓ+ℓ− will help reducing theoretical 
uncertainties

• measured NA48/1 with limited statistics
• planned by LHCb Upgrade

• KL → π0ℓ+ℓ− can be used to explore helicity 
suppression in FCNC decays

KL → π0ℓ+ℓ− CPV 
amplitude constrains 
UT in same way as 
BR(KL → π0νν)

Main background: KL → ℓ+ℓ−γγ
• Like KL → ℓ+ℓ−γ with hard bremsstrahlung

BR(KL → e+e−γγ) = (6.0 ± 0.3) × 10−7 Eγ* > 5 MeV
BR(KL → μ+μ−γγ) = 10+8-6× 10−9 mγγ > 1 MeV

Greenlee
PRD42 (1990)

BR(KL → π0e+e−) < 28 × 10−11

BR(KL → π0μ+μ−) < 38 × 10−11 

Experimental status:

Phys. Rev. Lett. 93 (2004) 021805 
Phys. Rev. Lett. 84 (2000) 5279–5282 



400 GeV/c protons on Be target

75 GeV/c positive 
secondary beam

• Essential K+ ID, momentum, space
and time – 200 MHz of K+

• High-rate, precision tracking of pion
• Minimize material
• Highly efficient PID and muon vetoes
• Highly efficient and hermetic photon vetoes
• High-performance EM calorimeter (energy 

resolution, linearity, time, granularity)

130 m 170 m 241.5 m
FV

3 
m

MEC

SAC

LAV 1-15
LAV 16-21 LAV 22-25

80 m  from target

UV/AFC

CPV
PSD

KL
γ

γ

〈pK〉 = 40 GeV

ν

ν

400-GeV SPS proton beam on Be target at z = 0 m

K+ phase

KL phase

Extending ECN3 by 150 m would eliminate Λ background

KLEVER

• 2γ with unbalanced pT + nothing else
• KL momentum generally not known
• Background rejection from Λ
and neutrons, and dominant K decays
• Background rejection mainly by vetoes

Efficient, large-coverage vetoes
Determination of angle of incident photons 
PID for neutron rejection

High-rate beam 1.3--2 1013 protons on target over ~3 sec effective spill
Unseparated secondary hadron beam
<50ps time resolution (similar to HL-LHC)

1013 KL decays in FV /year @ 1019 POT/year

LoI in preparation.



Feebly interacting particles (dump phase) 
Physics goals for operation in dump mode after 2025:

Search for visible decays feebly-interacting new-physics particles
x10 statistics improvement expected with respect to 2021-2023 data taking
If no signal and negligible background ! x10 sensitivity improvement

Distribution of photons from neutral pion decays in TAX 
(Primakov production). ALPs go approximately in the same direction

Can capture distribution up to 
5 mrad

Sensitivity to lifetime depends 
on production-detector 
distance and length of 
detector (few ns)

Complimentary to other 
experiments

Dump mode is most sensitive to forward processes, complimentary to off-axis 
experiments
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The KOTO-II experiment



The KOTO-II experiment



Summary
Rare kaon processes are an excellent portal to explore physics beyond 
the Standard Model.
Specific channels benefit from high suppression, precise SM theoretical 
prediction, excellent sensitivity to new physics and particular 
experimental handles.
A global picture is needed to pin down new physics:
many precision measurements and precise theory, and study patterns
and correlations of new physics models.

Kaon Physics is a portal to explore physics beyond the SM.
Excellent sensitivity to rare kaon decays, LF/LN violation processes and 
Lepton Universality tests. Program to search for feebly interacting 
particles.

Many present results. 
Plans for longer term high-intensity kaon beam experiments.


