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Exploring flavour physics through Kaon decays
Over-constraining unitary triangle via kaon decays is a crucial test of the SM.
Sensitive to unprecedented mass scales (well beyond those reachable at LHC). [arXiv:1408.0728]Rare Kaon Decays and CKM
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HIKE Phase 1
benchmark

HIKE Phase 2
benchmark

HIKE will address many of these channels
Only experiment worldwide able to do so
The HIKE broad physics programme consists of phases using shared detectors and infrastructure

Presently, main limitation to the investigation of several modes comes from the experimental precision.
The primary goal of HIKE is to improve the accuracy.
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Measuring all charged and neutral 
rare K decay modes gives clear 
insight about the new physics 
flavour structure



K→ πνν−

Extremely rare decays, rates very precisely predicted in SM
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Ultra-rare Kaon Decays

Non-parametric uncertainty:
1.5% for KL , 3.5% for K+

Rare kaon decays: KRare kaon decays: K→πνν→πνν
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Theoretically clean,
almost unexplored,

sensitive to new physics.

Mode BRSM×1011

K+→π+νν(γ) 8.4±1.0
KL→π0νν 3.00±0.31

 Hadronic matrix element related
    to a measured quantity (K+→π0e+ν).

 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| ~ λ5*

SM: box and penguin diagrams

A high-order process with highest 
CKM suppression:

“Free” from hadronic uncertainties
 Exceptional SM precision

[JHEP 1511 
(2015) 033]

[arXiv:2203.11960, arXiv:2109.11032] [arXiv:2105.02868, arXiv2203.09524] [JHEP 1511 (2015) 033]

Present error budget presently 
dominated by CKM inputs

Combination of parameters that are less / not sensitive to New Physics: 
approach proposed recently to eliminate dependence on Vcb and gamma 
leads to 5% precision. (Correlations with εk depends only on β and
are well predicted, allowing experimental tests).

[arXiv:1806.11520, arXiv:1910.10644] 
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https://arxiv.org/abs/2203.11960
https://arxiv.org/abs/2109.11032
https://arxiv.org/abs/2105.02868
arxiv:2203.09524
https://arxiv.org/abs/1806.11520
https://arxiv.org/abs/1910.10644


After LS3, HIKE approaches theory error and show possible evidence of deviation from SM 

Precision measurements of K→ πνν BRs 
provide model-independent tests for NP 
with sensitivity to
O(100) TeV scale

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
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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

−High sensitivity to NP (non-MFV): 
significant variations wrt SM

Clear opportunity in the kaon sector
NA62 will measure K+→ π+νν  to O(15%) precision with Run1&2 data

Buras, Buttazzo, Knegjens
JHEP 1511
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BR(K+ → π+νν) × 1011

[JHEP 1511 (2015) 166, EPJ C76 (2016) 182, JHEP 0903 (2009) 108, PEPT 2016 123802, 
JHEP 0608 (2006) 064, EPJ C77 (2017) 618, arXiv:1705.10729,  arXiv:2207.00018, arXiv:2203.09524]

[arXiv:1408.0728]

[Table from arXiv:2203.09524]
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K+ : 1.2 1013 protons on T10 per spill (4.8 sec) 
HIKE design: Phase 1

NA62-like design will work @high intensity.
Improved timing is the crucial element
to be able to increase intensity 4 x NA62.

Technological solutions exist for all detectors

Statistical power: 
2 1013 Kaon decays in decay volume
per year (7.2 1018 POT / year)

Detector keystones:
1) High-efficiency and high-precision tracking 
2) High-precision time measurements
3) High-performance particle identification system
4) Comprehensive and hermetic veto systems
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HIKE Phase 1 𝑲+ → 𝝅+𝝂𝝂 ̄ Physics sensi4vity: K/π ID 
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Figure 5: Expected HIKE Phase 1 RICH performance (filled histograms) compared to NA62 RICH
performance (histogram outlines), for the reconstructed particle mass, for c+ from  

+ ! c
+
c

0

decays and `+ from  
+ ! `

+
a decays.

improvement for HIKE compared to NA62 of the particle mass reconstructed by the RICH, or
RICH mass, <RICH, with the particle momentum provided by the spectrometer. The ring time
provides the most precise pion time measurement, when associated to a candidate track. The
ring-time resolution expected for the HIKE RICH is about 20 ps, compared to 80 ps for NA62.

The NA62 muon detector (MUV3) provides a muon rejection factor of 103 with a loss of 10%
of pions due to accidental activity. In order to veto muons, NA62 relies only on the timing of
the MUV3 signals because the size of the MUV3 tiles does not allow efficient spatial matching
with the spectrometer track. The HIKE muon veto plane profits from a ⇥4 better time resolution
than the NA62 MUV3 and a finer granularity. The smaller tile size will allow HIKE to use spatial
information to provide a more efficient muon veto. As a consequence, the muon veto performance
for HIKE is expected to match that of NA62, despite the significantly higher intensity.

Given the performance of the RICH and muon detectors, the HIKE calorimeters must suppress
muons by an additional factor of 50 with respect to pions to maintain the  + ! `

+
a background

at the NA62 level. NA62 reaches a muon suppression factor of 100 using a boosted decision tree
(BDT) algorithm trained on data to exploit information from the electromagnetic and hadronic
calorimeters. The transverse slab size of the NA62 hadronic calorimeters is the main limitation
for the calorimetric PID performance at higher intensity. The design of the HIKE hadronic
calorimeters therefore specifically aims to overcome this issue and to keep calorimeteric PID
performance similar to that measured in NA62. A new PID algorithm based on a convolutional
neural network, under study at NA62, could be ported to HIKE to further improve the PID.

Based on the performance described above, simulations indicate that HIKE identifies pions with
at least 10% higher efficiency than NA62 when keeping the same muon–pion misidentification
probability. The improvement mostly comes from the improved RICH performance, while the
muon veto and calorimetric performance are comparable to those of NA62.
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Figure 6: Expected HIKE Phase 1 kaon–pion matching efficiency (blue) compared to NA62 (red)
as a function of the instantaneous beam intensity. The lines and shaded areas represent the central
value and uncertainties, respectively. The maximum NA62 intensity is indicated by the arrow and
the expected range of intensities for HIKE, which depends on beam settings and quality, is shown
as the region between vertical dashed lines.

3.2.2.2 Parent kaon reconstruction
Parent kaon reconstruction involves combination of the reconstructed pion with the signals detected
in the differential Cherenkov counter (KTAG) and in the beam tracker.

HIKE envisages the same parent kaon identification procedure in the KTAG detector (Sec-
tion 9.1.1) as NA62: a five-fold coincidence of the eight octants defines a kaon with 99% efficiency.
The parent kaon is the KTAG kaon closest in time to the pion1. The identification performance
depends on the kaon rate, and on the time resolution of the RICH and KTAG. As a consequence,
HIKE is expected to maintain the same performance as NA62, because the fraction of kaons in the
secondary beam for HIKE is the same as for NA62 and the time resolutions are four times better.

Following the NA62 analysis procedure, the parent kaon track is defined as the GTK track best
matching the KTAG parent kaon in time, and the pion in time and space. The matching variables
are the differences between the KTAG, RICH and GTK times, and the minimum distance (closest
distance of approach, CDA) between the GTK and pion tracks extrapolated to the decay region.
NA62 combines these inputs into a likelihood that defines the matching quality. NA62 reconstructs
the parent kaon with the intensity-dependent efficiency shown in Fig. 6. The corresponding
misidentification probability is around 2%, with a weak intensity dependence. The time resolution
and pixel size of the NA62 GTK and the resolution on the measurement of the slope of the pion
track are the main limiting factors. The first factor is responsible for the intensity dependence
of kaon–pion matching performance: pixel size limits the GTK pattern recognition leading to
reconstruction of fake tracks, with a probability increasing with intensity. The resolution on
the slope of the pion track is the primary limiting factor for the CDA resolution. The kaon–pion
matching for HIKE benefits from the⇥4 improvement in time resolution compared to NA62, the⇥3

1Here, and in the following, the RICH time used to define the candidate pion time
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RICH PID for π with 15 < p < 45 GeV/𝑐.
RICH granularity increased, better photodetectors 
(x2 QE, 100ps time resolution).
Improved photon yield and time resolution

HIKE: 
π ID efficiency: > 10% higher than NA62, keeping same μ/π misID probability.
K–π efficiency: ~ 10% higher than NA62. K-π misID probability ~2%, similar to NA62. 

Kaon-pion matching: x4 better timing.
x3 smaller pixel size in beam tracker.
40% lower material budget in STRAW.
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HIKE Phase 1 𝑲+ → 𝝅+𝝂𝝂 ̄ Physics sensi4vity : Kinema4cs
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Figure 9: Simulated kinematic distributions (before reconstruction) of the squared missing mass
<

2
miss vs. + daughter particle momentum, for signal + ! c

+
aā (top left) and backgrounds decays
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+
c
+
c
� (top right),  + ! `

+
a(W) (bottom left) and  + ! c

+
c

0(W) (bottom right), after
requiring that the  + daughter particle remains inside the geometric region covered by detectors
downstream of the fiducial volume. The signal regions are indicated by the black outlines. The
colour scale indicates the number of simulated events in each 2-dimensional bin (with arbitrary
scales).
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Figure 10: HIKE Phase 1 (filled histograms) and NA62 (histogram outlines) performance for the
kinematic resolution and tails in <2

miss (left) and <2
miss(RICH) (right) variables for  + ! c

+
c

0

decays in the full 15–45 GeV/2 momentum range.
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Figure 9: Simulated kinematic distributions (before reconstruction) of the squared missing mass
<

2
miss vs. + daughter particle momentum, for signal + ! c

+
aā (top left) and backgrounds decays
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requiring that the  + daughter particle remains inside the geometric region covered by detectors
downstream of the fiducial volume. The signal regions are indicated by the black outlines. The
colour scale indicates the number of simulated events in each 2-dimensional bin (with arbitrary
scales).
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Figure 10: HIKE Phase 1 (filled histograms) and NA62 (histogram outlines) performance for the
kinematic resolution and tails in <2

miss (left) and <2
miss(RICH) (right) variables for  + ! c

+
c

0

decays in the full 15–45 GeV/2 momentum range.
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NA62 MC extensively validated with data.
Main kaon decay modes enter the signal regions via 
resolution tails in the reconstructed value of m2

miss 

Signal regions is determined by resolution. 
Better m2

miss  resolution at HIKE vrt NA62 
(40% less material budget in Straw).
Missing mass with RICH much improved.

HIKE signal regions can be optimised: 
signal acceptance 10% higher than NA62, maintaining same level of kinematic rejection 

Missing mass tails for 𝐾+ → 𝜋+ 𝜋0 Simulated kinematic distribution of missing mass
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HIKE Phase 1: 𝑲+ → 𝝅+𝝂𝝂 ̄ Physics sensi4vity

Table 1: Summary of expectations for the  + ! c
+
aā analysis in four years (FYE) of HIKE

Phase 1 operation. The values quoted have a 10% relative uncertainty.

Number of spills 2.4 ⇥ 106

Protons on target 3.2 ⇥ 1019

 
+ decays in FV 8.0 ⇥ 1013

Expected SM  
+ ! c

+
aā 480

Background from  
+ decays 115

Upstream/accidental background 85–240
Expected statistical precision f(B)/B 5.4%–6.1%
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Figure 12: Simulated distributions of the squared missing mass <2
miss = (% + � %c+)2 vs pion

momentum in the laboratory frame for the SM  
+ ! c

+
aā decay with a vector nature (left) and

the LNV  
+ ! c

+
aa decay with a scalar nature (right). Black boxes indicate the signal regions

for which the experimental sensitivity is highest.

3.2.3 Test for scalar amplitudes in Q
+ ! 0

+
..̄ decay

In BSM scenarios, the measurable  + ! c
+
aā branching ratio may receive contributions from

both the SM process  + ! c
+
aā, with a purely vector nature, and a possible BSM process

 
+ ! c

+
aa, with a scalar nature [18, 19]. Therefore the experimentally measured branching ratio

is given by [18, 20, 108]

B( + ! c
+
aā) = BSM( + ! c

+
aā) +

3’
8 9

BLNV( + ! c
+
a8a 9) = BSM

v + BLNV
s ,

with the two terms being due to the SM (vector) and BSM (scalar) processes, respectively. The
SM and BSM contributions are expected to have different kinematic distributions (Fig. 12). To
identify the nature of the decay, an investigation of the shape of the distribution of selected signal
candidates as a function of kinematic variables will be performed. In absolute terms, within the
 

+ ! c
+
aā signal regions, the ratio of acceptances for the two contributions is �LNV/�SM = 0.76.

The main background to a search for a scalar (LNV)  + ! c
+
aa decay is the SM (vector)

 
+ ! c

+
aā decay itself, which, however, has a different kinematic distribution. The simplest way

to detect a BSM (scalar) component would be to observe an excess [108] of candidate events with
respect to the SM expectation. The expected upper limit of BLNV

s /BSM
v for the complete HIKE

dataset using this approach is 0.11 at 90% CL. Exploitation of the kinematic variables will allow a
higher sensitivity and a measurement independent of the absolute SM branching ratio prediction.

34

Background from K decays to remain the same fraction of signal.
Improved coverage and design of upstream background veto
→ Upstream background reduced to same level as K background 

Figure 11: Numbers of selected  + ! c
+
aā events per spill as a functions of the instantaneous

beam intensity. The blue shaded area shows the number of events from a data-driven model of
the NA62 signal yield. The black shaded area represents the same model but with detector time
resolutions improved by a factor of 4 with respect to NA62, assuming also a software trigger. The
red shaded area represents the final HIKE signal yield model with all improvements included. The
width of the shaded areas illustrates the uncertainty in the intensity dependence model.

Using data taken at different intensities, NA62 describes the intensity dependence of the signal
yield by the model shown in blue in Fig. 11, which has two main components. The first component
is a dead-time-equivalent paralyzable model that accounts for the intensity dependence of the
trigger, DAQ, and all selection criteria except for the photon and multiplicity rejection. The second
component is a polynomial description of the random veto efficiency dependence on the intensity,
due to the photon and multiplicity rejection. The model shows that NA62 has a maximal signal
yield at a beam intensity of (400 ± 25) MHz, corresponding to 65–70% of the maximum NA62
intensity. Nevertheless, the yield has a broad maximum and differs by only a few percent between
the peak and the maximum intensity. The saturation of the  + ! c

+
aā event yield occurs both

online and offline, and the two contributions are comparable. The online part depends on the
trigger, limited memory size and bandwidth of the L0 trigger processor, and the local trigger
unit (LTU) system used to dispatch the triggers to the subdetectors. The online time resolution
and limited flexibility of the hardware-based L0 trigger to veto muons and photons are the main
contributing factors from the trigger. The LTU alone introduces an irreducible 75 ns dead time,
which accounts for a loss of more than 10% of signal events at the maximum intensity. The offline
contribution to signal yield saturation is the result of the intensity-dependent effects described in
the previous sections, dominated by the kaon–pion association and random veto efficiency.

HIKE is designed to overcome the intensity limitations of NA62: the time resolution of most
detectors is ⇥4 better than in NA62; a software trigger and a new DAQ system are envisaged.
The software trigger has two main advantages: it allows recovery of the 15–20% signal loss
measured by NA62 due to the hardware trigger veto conditions, which do not fully overlap with
the software veto criteria, and it weakens the intensity dependence of the trigger efficiency. With

30

NA62

HIKE
Recovery of LTU dead-time, 
K-π association, improved RICH, 
better kinematic resolution.

Improved Aming, soCware trigger
and new DAQ

Signal intensity dependence:
Dead-time-equivalent paralyzable model 
that accounts for intensity
dependence of the trigger, DAQ, and all 
selection criteria (except Random Veto).
                     x
Polynomial description of the random 
veto efficiency 

7

Maintain or improve the same random-veto efficiency.
Requires an improvement in the gme resolugon for the vetos
at least by the same factor as the intensity increase.

HIKE: x 2 for acceptance, x 4 for beam intensity
Measurement of BR(K+ →π+νν) at O(5%) precision in 4 years of data-taking 



HIKE Phase 1: physics reach
Precision test of the Standard Model:
Measurement of branching ratio offers model-independent standard candle that can constrain any BSM scenarios, 
present or future Blue = measurements Red = projecLons[SM: arXiv:2105.02868v1]

8

NA62
HIKE

From NA62 to HIKE: precision improved by factor x 3
The first comprehensive analysis of the 𝐾+ → 𝜋+𝜈𝜈 ̄ decay spectrum will probe its nature  



HIKE Phase 1: examples of specific BSM models
[CERN Physics Beyond Colliders Document,
 arXiv:2310.17726]

Constraints on a top-philic Z’, on mass vs gauge coupling, 
see Refs. [JHEP 03 (2018) 074, Phys. Rev. D 97 (2018) 
035002]. Assumed vector couplings to muons and tau 
leptons, and couplings to top quarks induced via mixing with 
a vector-like quark with mass 2 TeV and mixing angle 0.5. 
Lepton couplings are chosen such that various anomalies in 
b → s transiXons can be fiZed (green shaded region). Blue 
shaded regions (blue lines) indicate the current exclusion 
with 139 \−1 (projecXon for 3 ab−1) for ATLAS.

Top-philic Z’:
(revisited by
 F. Kahlhoefer)

Constraints on coupling of S1 leptoquark  from 
flavour and electroweak observables  vs leptoquark 
mass. Region above each line is excluded at 95%CL. 
Constraints are derived  using the complete one-
loop matching of this leptoquark to the SMEFT 
derived in Ref.  [JHEP 07 (2020) 225]  following the 
pheno  analysis of Refs. [JHEP 01 (2021) 138, 
Eur. Phys. J. C 82 (2022) 320 ]. 

Leptoquark model:
(revisited by 
D.Marzocca)
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Figure 33: Constraints on the ltt coupling of the S1 leptoquark from flavour and electroweak observables,
as function of the leptoquark mass MS1 . Constraints are shown from NA62 (red), Belle [258] (black), lepton-
flavour universality in t decays [259] (blue), Z boson couplings to tau leptons [260] (green), and from Bs �B̄s
mixing [261] (orange) (other DF = 2 transitions provide similar but slightly weaker constraints). The shaded
gray region is excluded by ATLAS from pair-production searches [262]. Also shown are the projected
sensitivity for NA62 (dotted red) and HIKE (dashed red), and for B ! K⇤nn̄ from Belle-II with 50ab�1 of
luminosity [161] (dashed black). The constraints are derived using the complete one-loop matching of this
leptoquark to the SMEFT derived in [263], following the phenomenological analysis of Refs. [264, 265].

considers a vector leptoquark SU(2) singlet with hypercharge -4/3 and dominant couplings to
third-generation leptons:

L � (kL
f iQ f gµLi +kR

f id f gµei)V
µ†

1 +h.c. . (7)

Finally, the third model is based on the top-philic Z0 proposed in Refs. [269, 270]. In contrast to
the model set-up considered there, vector couplings to both muons and tau leptons are considered,
giving rise to an interesting interplay between the LHC (which gives the dominant constraints for
small Z0 masses) and flavour physics (which achieves leading sensitivity for large Z0 masses).

Exclusion regions, interesting parameter regions and sensitivity projections for the three mod-
els are shown in Figures 33–35. In all plots, the NA62 exclusion limit corresponds to BR(K+ !
p+nn̄) < 0.42 ⇥ SM and BR(K+ ! p+nn̄) > 2.04 ⇥ SM [144], while the NA62 (HIKE) sensi-
tivity projections assume that the SM value for BR(K+ ! p+nn̄) will be confirmed with 20 %
(5 %) uncertainty. We emphasize that in these models there is non-trivial interference between the
SM and the new physics contribution to BR(K+ ! p+nn̄). As a result, the deviation from the
SM does not simply scale proportionally to the coupling strength squared, and it is possible for
the branching ratio to become smaller than in the SM. In such a case the sensitivity improvement
in terms of the underlying couplings achievable by HIKE may differ from the naive expectation
based on the improvement in precision.
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Figure 34: Constraints on a vector leptoquark SU(2) singlet with mass M = 2TeV and dominant coupling
to the third generation (kL

33 = 2) as a function of the (real) flavour-changing couplings kL
13 and kL

23, see [266]
for details. The grey shaded region is excluded by NA62, the blue (green) shaded regions are preferred by
b ! c(u)tn data [267,268]. The NA62 (HIKE) sensitivity is indicated by yellow (red) shading. Black lines
represent the branching ratios for Bs ! t+t� and Bd ! t+t�, which can be constrained by LHCb and Belle
II.
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Figure 35: Constraints on a top-philic Z0 with mass mZ0 and gauge coupling gX , see [269, 270] for details.
Couplings to top quarks are assumed to be induced via mixing with a vector-like quark with mass mT =
2TeV and mixing angle sinqR = 0.5, and vector couplings to muons and tau leptons are assumed to be gV

µ =

gV
t = �gX , such that various anomalies in b ! s transitions can be fitted (green shaded region), see [210].

The purple shaded region is excluded by neutrino trident production [271]. Blue shaded regions (blue
lines) indicate the current exclusion with 139 fb�1 (projection for 3 ab�1) for ATLAS [272], while orange
shaded regions (orange lines) indicate the current NA62 exclusion limit (projected sensitivity). The red line
corresponds to the HIKE projected sensitivity.
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𝑲! → 𝝅!𝒍!𝒍"
LD dominated, mediated by 𝐾! → 𝜋!𝛾∗

⁄𝑑Γ 𝑑𝑧 ∝ 𝐺$𝑀%
& 𝑎 + 𝑏𝑧 +𝑊''(𝑧)

𝑧 = ⁄𝑚(𝑙!𝑙")# 𝑀$
# Form factors (FF) 

(non pert. QCD)
𝐾!" loop term

[JHEP 02 049 (2019), 
PRD 93 074038 (2016)] 

Long-distance contribution to the difference cancels
out and is sensitive only to short-distance effects
Lepton universitality (LU) predicts same 𝑎, 𝑏 for 𝑙 = 𝑒, 𝜇

Historical progression

Channel a+ b+ Reference

ee �0.587± 0.010 �0.655± 0.044 E865 [32]

ee �0.578± 0.016 �0.779± 0.066 NA48/2 [33]

µµ �0.575± 0.039 �0.813± 0.145 NA48/2 [34]

Current situation

Channel a+ b+ Reference

ee �0.561± 0.009 �0.694± 0.040 comb. [42]

µµ �0.592± 0.015 �0.699± 0.058 NA62 [16]

Table 1: Summary of the estimation of vector form factors for K+ ! ⇡+`¯̀. The left panel gives the

historical progression and the right panel gives the current status.

2.2 LFUV in K+ ! ⇡+`¯̀

In an attempt to look for observables which may aid in making conclusive observations regarding
NP as well as the possibility of lepton flavour universality violation e↵ects, it is natural to look
for motivation from B physics. The RK ratios for testing universality are constructed [37] using
the B ! H`¯̀ processes for H = (K(⇤),�, ...). An analogous mode in kaons is the K+ ! ⇡+`¯̀.
Thus it is natural to explore these modes to construct similar observables in kaon systems.

The branching fractions for K+ ! ⇡+`¯̀ decay is dominated by the long-distance contribu-
tion K+ ! ⇡+�⇤ which can be approximated by the following amplitude:

AK+!⇡+�⇤

V = �Gf↵

4⇡
V+(z)ūl(p�)(�µk

µ + �µp
µ)vl(p+) , (2.7)

where V+ is the vector form factor approximated as

V+(z) = a+ + b+z + V ⇡⇡
+ (z) , (2.8)

with z = (p`+p¯̀)2

M2
K

and V ⇡⇡
+ (z) describing the contribution from the two-pion intermediate

state [38] with input from the external parameter fit toK ! ⇡⇡⇡ data [39,40], while the param-
eters a+ and b+ are determined by experiments via a fit to experimental data on K+ ! ⇡+`¯̀.
This can then be used for the SM computations of the corresponding branching fractions [38,41].
The assumption of a SM-like pattern while estimating the coe�cients a+ and b+ is reasonable
on account of dominant long-distance e↵ects. Thus, any information regarding New Physics
contributions due to short-distance physics is hidden and not immediately apparent by noting
the individual values of the branching for each channel. Nonetheless, a key point here is that
the long-distance e↵ects are purely universal and the same for all lepton flavours. Thus any de-
viation from this paradigm is necessarily due to NP contributions. A convenient representation
is to take the di↵erence of the coe�cients as [27]

aµµ+ � aee+ = �
p
2Re [VtdV

⇤
ts(C

µ
9 � Ce

9)] , (2.9)

where the long-distance part cancels out and one is only sensitive to the short-distance e↵ects
if any. This is also a measure of non-universality between the leptons.

In the past, the extraction of a+ for the electron and the muon has been done from experi-
mental data in Refs. [32–34] as shown in the left panel of Table 1. The central values and the
corresponding uncertainties lead to the conclusion of the measurements being consistent with
lepton flavour universality conservation.

6

Long-distance effects are purely universal

HIKE Phase 1:  Collect > 5x105 background-free  𝐾+ → 𝜋+l+l− 

Measure Δa and Δb to ±0.007 and ±0.015 precision
Sensitivity also to many radiative decays of interest, 
i.e 𝐾! → 𝜋!𝛾𝛾 precision of few per mille

[ JHEP09 (2022) 148 ]

Figure 2: Region consistent with the estimation of the LFUV variable in K+ ! ⇡+`¯̀ decays.

The most recent determination of the vector form factor for muons is from the NA62 ex-
periment [16] as given in the right panel in Table 1. Comparing with the number due to
NA48/2 [34], we find that while the central value remains largely unchanged, the uncertainties
have been reduced by more than a factor of 2. With the ongoing program, further improve-
ments are expected in the future. For the electron sector, there are two measurements by the
E865 [32] and NA48/2 [33] experiments. The parameters of the form factor V+(z) are individ-
ually fitted to the two available data sets. The data sets are in agreement for most values of
z except for those around z = 0.3 [42]. However, a rescaling of the errors in that region by a
factor of about 2.5 leads to an agreement between the two. Thus the combination, using the
rescaling at z = 0.3 lead to the numbers in the right column of Table 1. Similar to Fig. 1, we
represent the results in (�Ce, �Cµ) plane in Fig. 2. Using the updated values in Table 1 and
Eq. 2.9, we obtain the region consistent with the measurements. The SM point (0, 0) is about
1.5� away from the region consistent with the measured values. As illustrated by the green
band (within 1� for one degree of freedom), the non-universality can be explained by a broad
range of values. However, a key point to note is the requirement of a zero electron contribution
suggests an unreasonably large contribution from the Wilson coe�cient for the muon.

2.3 BR(KS,L ! µµ̄), their interference and theoretical errors

The branching ratio of the KS,L ! µµ̄ decays are interesting in di↵erent aspects. The precise
determination of KL ! µµ̄ [43] in addition to the ongoing e↵orts in KS ! µµ̄ by LHCb [44]
prompt the inclusion of these decay modes in the observables of interest. The analytic form
of the branching fractions, in the absence of right-handed and (pseudo)scalar operators, and
suited to our notation is given by [45,46]

BR(KS ! µµ̄) = ⌧S
f 2
Km

3
K�µ

16⇡

(
�2
µ

��NLD
S

��2 +
✓
2mµ

mK

GF↵ep
2⇡

◆2

Im2


��c

Yc

s2W
+ �tC

`
10

�)
, (2.10)
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contribution parameterised as1

C`
k = C`

k,SM + �C`
k . (2.3)

In recent years, there has been much progress in the measurements of rare kaon decays.
However, still several of the rare kaon decays have not been observed and there are only up-
per bounds available for them. In general, di↵erent New Physics contributions with various
combinations of the operator structures of Eq. 2.2 can contribute to kaon decays. Nonetheless,
given the rather limited experimental data currently available for rare kaon decays and the
fact that New Physics is more conveniently explored in the chiral basis, we limit our analysis
to the class of NP scenarios where the charged and neutral leptons are related to each other
by the SU(2)L gauge symmetry. As we consider only left-handed quark currents, the di↵erent
Wilson coe�cients that we consider are related to each other as �C`

L ⌘ �C`
9 = ��C`

10. With this
background, we set up the theoretical description of the di↵erent decay modes in the following
subsections.

2.1 K+ ! ⇡+⌫⌫̄ and KL ! ⇡0⌫⌫̄

These rare decay modes receive dominant short-distance (SD) contributions. Their high sensi-
tivity to any NP e↵ect while having very small theoretical uncertainties justify their status as
being among the eagerly awaited measurements from the corresponding experiments [15, 17].
In the notation discussed above, the branching fractions for these modes are given as [35]

BR(KL ! ⇡0⌫⌫̄) =
L

�10

1

3
s4W

X

`

Im2
⇥
�tC

`
L

⇤
, (2.4)

BR(K+ ! ⇡+⌫⌫̄) =
+(1 +�EM)

�10

1

3
s4W

X

`


Im2

⇣
�tC

`
L

⌘
+ Re2

⇣
� �cXc

s2W
+ �sd

t C`
L

⌘�
, (2.5)

where the sum is over the three neutrino flavours. The short-distance SM contribution is given
by Xc and C`

L,SM = CL,SM = �X(xt)/s2W (see Appendix E) with the relevant input parameters
collected in Appendix A. The values of the branching fraction for the SM, corresponding to
these inputs are given in Table 2 where the theory uncertainties are estimated using a Monte
Carlo method, assuming Gaussian errors for the input parameters.

An interesting feature of these decay modes is that an experimental result consistent with
the SM prediction does not necessarily imply the absence of NP. This is due to the fact that
summation over the three species of neutrinos can result in a relative cancellation between
the corresponding NP Wilson coe�cients. This is illustrated in Fig. 1 for K+ ! ⇡+⌫⌫̄ (left)
and KL ! ⇡0⌫⌫̄ (right). For simplicity, we have set �C⌧

L = �Cµ
L. This facilitates a visual

comparison on the departures from the lepton flavour universality given by the dotted grey
line2. The figure shows concentric circles, centered at (�Cµ

L, �C
e
L) = (8.5, 9.0) on the left, and at

(�Cµ
L, �C

e
L) = (6.5, 6.5) on the right. The steady darkening of the annuli on moving away from

1
Within the considered basis, a real �Ci results in both real and imaginary short-distance contributions in

the e↵ective Hamiltonian.
2
An alternative situation with �C⌧

L = �Ce
L is illustrated in Appendix B.
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Feebly interacting particles (FIPs)

Dump mode is most sensiRve to forward processes, complementary to off-axis experiment SHADOWS.
An ad-hoc seing of the dipoles allows a substangal reducgon of the rate of muons emijed by pion decays in the proton-induced 
hadronic showers in the TAX. 

HIKE Fixed-target configuration, long decay volume: suitable to search for FIPs, in kaon and beam-dump. 
Exploring regions below 1 GeV, with unprecedented sensitivity. Detector low rate allows for high beam intensity.

1.4 × 1017 protons collected by NA62 in 2021 in beam-dump mode: data analysis shows that residual background is negligible,
in pargcular when searching for two-body decays of new-physics mediators. Collected 4 1017 POT so far in 2021-2023. 

Table 7: Summary of the expected number of 4` vertices from the simulation (#exp) before and
after requiring the ANTI-0, LAV, and LAV+ANTI-0 veto conditions, the related total uncertainty
(X#exp), the observed events in data (#obs) and the ?-values representing the probability to obtain a
likelihood ! for data-MC compatibility equal or worse than that corresponding to #obs. The entry
with an asterisk is obtained from a Fisher test on proportions assuming integer counts.

Condition #exp ± X#exp #obs ?(! < !obs)
4` PID 2905 ± 1455 2896 0.97
4` PID, ANTI-0 8.6 ± 6.1 12 0.61
4` PID, LAV 728 ± 365 645 0.94
4` PID, LAV+ANTI-0 0 2 0.25⇤
4` PID, CR 50 ± 26 49 0.98
4` PID, SR 2.5 ± 1.8 3 0.83
4` PID, LAV+ANTI-0, CR 0 0 –
4` PID, LAV+ANTI-0, SR 0 0 –

Figure 29: Distributions of CDATAX vs ZTAX. Data (black dots) and expected background (colour-
scale plot).

• `
+
`
� final state: random pairing of two unrelated beam-halo muons in a 10 ns time window

produces a background below 0.02 events in a sample of 1.4 ⇥ 1017 POT. Statistical scaling
yields less than 7 background events. This figure can be reduced by a factor of 300 by the full
application of the ANTI-0 veto, with negligible efficiency losses. Thus, overall we expect a
background level of less than 0.02 events also for the full HIKE sample.

• 4
+
4
� final state: in-time background due to interactions of beam-halo muons produces a

background below 0.04 events at 90% confidence level in a sample of 1.4 ⇥ 1017 POT.
Statistical scaling yields an upper limit below 14 background events. This figure is reduced
to below 0.9 events when invariant masses above 40 MeV/22 are considered.

• c
+
c
� (W) final state: analysis of 1.4⇥1017 POT is in progress. Control data samples indicate

that the background (if any) is dominated by interactions of beam-halo muons in the material
traversed. Moreover, the identification of pion tracks from a preliminary analysis has shown
that pion production is a factor of 10 less abundant than electron/positron production. The
overall background level is expected to be below 0.09 events at 5 ⇥ 1019 POT.
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Table 8: Background estimates for the expected HIKE beam-dump dataset of 5 ⇥ 1019 POT,
obtained from projections of the analyses of 1.4 ⇥ 1017 POT collected in beam-dump mode by
NA62 in 2021. The upper limits are quoted at 90% CL.

Final state Expected background
`
+
`
�

< 0.02
4
+
4
�

< 0.9
c
+
c
� (W) < 0.09

`
±
c
⌥, 4±c⌥ < 0.1
WW work in progress

• c±4⌥ final states: analysis of 1.4⇥1017 POT is in progress. Control data samples indicate that
the background is dominated by interactions of beam-halo muons in the material traversed.
Considerations similar to those done for the pion-pion final states apply in this case. The
overall background level is expected to be below 0.1 events at 5 ⇥ 1019 POT.

• WW final state: analysis is in progress. The loss of rejection power due to the lack of
extrapolation to the production point (a factor of 100) can be recovered by raising the
minimum energy threshold for photons in the final state: as seen for the 4+4� final state,
the spectrum of secondaries produced by interactions of halo muons is dominantly soft.
It has been shown that a threshold of 30 GeV on the total energy reduces the background
component by a factor of 100. Background due to production and decay of  ( and ⇤ has
been studied (as reported to the SPSC in 2022) and has been reduced by a factor of 200
increasing the sweeping power of the beam line. A reliable scaling to 5⇥ 1019 POT requires
the completion of the WW search with the 2021 dataset of 1.4 ⇥ 1017 POT.

6.5 Summary of physics sensitivity

With a combination of data taken in kaon and beam-dump modes, HIKE will be able to reach
unprecedented sensitivities for all PBC benchmarks [122], with the exception of BC3 and BC5 for
which the sensitivities are yet to be evaluated. The analysis methods and background estimates
for HIKE rely solidly on the data collected and analysed by NA62; simulation techniques and FIP
production models are well established. The sensitivity curves presented in Section 7 show marked
improvements with respect to present experimental status for FIP masses below 2 GeV/22, reaching
O(10�5) to O(10�10) in the FIP coupling depending on the scenario.
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Search for FIP production in kaon mode: 𝐾! → 𝑙!𝑁, 𝐾! → 𝜋!𝑋, ...

11

For 5 x 1019 POT:
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HIKE Phase 1: FIPs sensi4vity
5 x 1019 POT in dump mode are assumed, taken in 4 years concurrently with SHADOWS operation, with 2 × 1013 POT over 4.8 s.
HIKE has unique complementarity between kaon and dump modes. HIKE sensitive to all BC benchmarks except BC3. 

In kaon mode, sensigvity 
also to non minimal scenarios.

Selection of benchmarks
shown here. 
For the others, see HIKE
Proposal. 
Complementary phase space 
to SHADOWS.
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Figure 32: HIKE exclusion region in the BC1 scenario (dark photon) in the dump mode. In
the kaon mode, HIKE will improve the NA48/2 upper limits of Y to the 10�4 level in the region
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shown.

]2Dark photon mass [MeV/c
10 210 310 410

ε
C

ou
pl

in
g 

co
ns

ta
nt

 

6−10

5−10

4−10

3−10

2−10

E787 (2002), E949 (2009)

BaBar (2017)

NA62 (2019)

NA64 (2017, 2021)

BES-III (2022)

HIKE

BC2

Figure 33: HIKE exclusion region in the BC2 scenario (invisible dark photon) in the kaon mode.
Existing experimental limits are also shown.

65

BC1

2−10 1−10 1
 (GeV)am

8−10

7−10

6−10

5−10

4−10

3−10

2−10)
-1

 | 
(G

eV
γ

a 
| g

HIKE-dump 

Pr
im

EX
 (1

 b
in

)

E141

NA64, visible

NuCal
CHARM

SLAC 137

SN 1987

LEP
-1 - 445 pbγBelle II - 3 

BC9

2−10 1−10 1 10
]2 [GeV/cALPm

7−10

6−10

5−10

4−10

3−10

2−10

1−10

1

 =
 2

v/
f

Yg

CHARMNA62 - Run1+Run2

+HIKE - K

SHADOWS 
 - baseline (solid) 
 - balloon (dashed) 

HIKE-dump 

-µ +µ + K→ +B

-µ +µ *,0 K→ 0B

 K + invisible→B 

 + X+π → +K -µ +µ → SB
-  l+  l0 π 

→ 
L

K

+ inv (based on E949 data)+π → +K

BBN constraints

BaBar

BC10

BC11

Figure 37: HIKE (filled blue contours) and SHADOWS (empty contour, scenario BC10 only)
exclusion regions in the scenarios BC9,10,11: ALP with photon, fermion and gluon coupling.
Existing experimental limits are also shown.

68

BC9

1−10 1 10
 (GeV)Sm

12−10

11−10

10−10

9−10

8−10

7−10

6−10

5−10

4−10

3−10θ2
si

n

 > 1 sec)τBBN (

 + invisibleπ →K 
NA62 

NA62 Run1+Run2 

 +HIKE-K
HIKE-dump 

LHCb

M
ic

ro
B

oo
N

E

 in
vi

si
bl

e
→ 0 π

SHADOWS
- baseline (solid )
- balloon (dashed)

BC4

Figure 34: HIKE (filled blue contours) and SHADOWS (empty contours) exclusion regions in the
BC4 scenario: dark scalar. Existing experimental limits are also shown.

BC5
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scenarios BC6,7,8: HNL with 4, ` and g coupling. Existing experimental limits are also shown.
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KL → π0ℓ+ℓ−
Contributions 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, measure |aS|
• measured NA48/1 with limited statistics
• planned by LHCb Upgrade

• KL → π0ℓ+ℓ− can be used to explore helicity suppression in FCNC 
decays, give unique access to SD BSM effects in the photon 
coupling via the tau loop 

KL → π0ℓ+ℓ− CPV amplitude 
constrains UT η

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 bounds
from KTeV:

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

(2 sets of values corresponding to constructive (destructive)
interference btw direct and indirect CP-violating contributions)[arXiv:hep-ph/0404127,arXiv:hpe-ph/0404136, arXiv:hep-ph/0606081]

[arXiv:0705.2025, arXiv:1812.00735, arXiv:1906.03046, https://indico.cern.ch/event/1196830/]
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HIKE design: Phase 2

• 120 m long neutral beamline, secondary beam opening angle = 0.4 mrad
• 2.4 mrad production angle 
• using detectors of previous phase, with some modifications
• minor modifications to make left/right symmetric and optimize geometrical 
acceptance. Reduction of dipole-magnet field by about 20%. 

Mean momentum of decaying 𝐾𝐿 mesons = 46 GeV/𝑐 

StaRsRcal power:
3.8 1013 Kaon decays in decay 
volume per year (1.2 1019 POT/year)

KL + tracking: 2 1013 protons on T10 per spill (4.8 sec) 
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HIKE Phase 2: signal and background

Table 2: SM branching ratios of the Greenlee decays in the phase space regions used for simulations.

Mode Phase space region Branching ratio
 ! ! WW4

+
4
�

G = (<44/< )2
> 0.05, (1.55 ± 0.05) ⇥ 10�7

GW = (<WW/< )2
> 0.01

 ! ! WW`
+
`
�

GW = (<WW/< )2
> 0.01 (1.49 ± 0.28) ⇥ 10�9

the <WW projection, taking into account the correlation between the reconstructed <WW✓✓ and <WW
variables. The background suppression is determined by the photon energy resolution provided
by the EM calorimeter. The energy resolution used in the present study is identical to that of the
present NA62 LKr calorimeter [121], which leads a 2.2 MeV resolution on the diphoton mass <WW
for  ! ! c

0
✓
+
✓
� decays for the experimental setup considered.

The kinematic selection exploited in the present study is similar to that used for the search
for  ! ! c

0
✓
+
✓
� decays at the KTeV experiment [28, 29], and is based on two reconstructed

variables. First, the photon energy asymmetry is defined as

HW =
2% · (:1 � :2)

<
2
 
· _1/2(1, G, GW)

,

where % is the kaon four-momentum, :1,2 are the photon four-momenta, G = (<44/< )2, GW =
(<WW/< )2, and _(0, 1, 2) = 0

2 + 12 + 22 � 2(01 + 12 + 02). The Greenlee background peaks
at |HW | = 1 (especially strongly at low values of G = (<✓✓/< )2), while the signal distribution is
flat as a consequence of the isotropic nature of the c0 ! WW decay. Second, the smallest angle
between any of the photons and any of the leptons in the kaon frame, \min

✓W
, is considered. The

Greenlee background peaks at \min
4W

= 0 in the  ! ! c
0
4
+
4
� case, which allows for a significant

background reduction. The discrimination of signal and background provided by the \min
`W

variable
in the  ! ! c

0
`
+
`
� case is marginal, however. The selection conditions applied in the (\min

✓W
,

|HW |) plane are optimised to maximise the quantity #(/
p
#( + #⌫, where #( and #⌫ are the

expected numbers of signal and background events. The optimisation does not depend on the
assumptions regarding the total integrated kaon flux, and leads to optimal statistical precision for
the measurement of the signal branching ratio.

The distributions of the true values of the kinematic variables |HW | and \min
4W

for the  ! !
c

0
4
+
4
� and  ! ! WW4

+
4
� decays are shown in Fig. 17. The reconstructed  ! ! c

0
4
+
4
� and

 ! ! WW4
+
4
� distributions in the (\min

4W
, |HW |) plane and the selection condition applied in that

plane are shown in Fig. 18. The corresponding distributions for the  ! ! c
0
`
+
`
� case are shown

in Figs. 19, 20.
The  ! ! c

+
c
�
c

0 decay, with a branching ratio of 12.5%, followed by c± ! `
±
a decays in

flight, represents another background source to the  ! ! c
0
`
+
`
� decay. Pion decays upstream of

the spectrometer typically lead to reconstructed<WW`` values significantly below the kaon mass. In
case of misreconstruction of the  ! decay vertex position due to the c± decays in flight, the <WW``
value may become compatible with the kaon mass; however in this case <WW becomes higher than
the c0 mass. In all cases with c± decays upstream of the spectrometer, the reconstructed (<WW``,
<WW) values are incompatible with the signal definition (Fig. 16, bottom). However c± ! `

±
a

decays in the vicinity of the spectrometer magnet lead to incorrect momentum reconstruction.
This, often coupled with photon conversions in the STRAW chambers, results in reconstructed
events scattered in the (<WW``, <WW) plane, as seen in Fig. 16 (bottom).
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Suppression of the 𝐾𝐿 → 𝛾𝛾l+l− background:
rely on excellent photon energy resolution 
provided by the HIKE EM calorimeter. 
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Figure 15: Reconstructed masses<WW44 and<WW for ! ! c
0
4
+
4
� signal (left) and ! ! WW4

+
4
�

background (right), with the elliptic selection condition shown.
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Figure 16: Reconstructed masses <WW`` and <WW for  ! ! c
0
`
+
`
� signal (left),  ! ! WW`

+
`
�

(right) and  ! ! c
+
c
�
c

0 (bottom) backgrounds, with the elliptic selection condition shown.
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+
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0 (bottom) backgrounds, with the elliptic selection condition shown.
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HIKE Phase 2: background estimate

Table 2: SM branching ratios of the Greenlee decays in the phase space regions used for simulations.

Mode Phase space region Branching ratio
 ! ! WW4

+
4
�

G = (<44/< )2
> 0.05, (1.55 ± 0.05) ⇥ 10�7

GW = (<WW/< )2
> 0.01

 ! ! WW`
+
`
�

GW = (<WW/< )2
> 0.01 (1.49 ± 0.28) ⇥ 10�9

the <WW projection, taking into account the correlation between the reconstructed <WW✓✓ and <WW
variables. The background suppression is determined by the photon energy resolution provided
by the EM calorimeter. The energy resolution used in the present study is identical to that of the
present NA62 LKr calorimeter [121], which leads a 2.2 MeV resolution on the diphoton mass <WW
for  ! ! c

0
✓
+
✓
� decays for the experimental setup considered.

The kinematic selection exploited in the present study is similar to that used for the search
for  ! ! c

0
✓
+
✓
� decays at the KTeV experiment [28, 29], and is based on two reconstructed

variables. First, the photon energy asymmetry is defined as

HW =
2% · (:1 � :2)

<
2
 
· _1/2(1, G, GW)

,

where % is the kaon four-momentum, :1,2 are the photon four-momenta, G = (<44/< )2, GW =
(<WW/< )2, and _(0, 1, 2) = 0

2 + 12 + 22 � 2(01 + 12 + 02). The Greenlee background peaks
at |HW | = 1 (especially strongly at low values of G = (<✓✓/< )2), while the signal distribution is
flat as a consequence of the isotropic nature of the c0 ! WW decay. Second, the smallest angle
between any of the photons and any of the leptons in the kaon frame, \min

✓W
, is considered. The

Greenlee background peaks at \min
4W

= 0 in the  ! ! c
0
4
+
4
� case, which allows for a significant

background reduction. The discrimination of signal and background provided by the \min
`W

variable
in the  ! ! c

0
`
+
`
� case is marginal, however. The selection conditions applied in the (\min

✓W
,

|HW |) plane are optimised to maximise the quantity #(/
p
#( + #⌫, where #( and #⌫ are the

expected numbers of signal and background events. The optimisation does not depend on the
assumptions regarding the total integrated kaon flux, and leads to optimal statistical precision for
the measurement of the signal branching ratio.

The distributions of the true values of the kinematic variables |HW | and \min
4W

for the  ! !
c

0
4
+
4
� and  ! ! WW4

+
4
� decays are shown in Fig. 17. The reconstructed  ! ! c

0
4
+
4
� and

 ! ! WW4
+
4
� distributions in the (\min

4W
, |HW |) plane and the selection condition applied in that

plane are shown in Fig. 18. The corresponding distributions for the  ! ! c
0
`
+
`
� case are shown

in Figs. 19, 20.
The  ! ! c

+
c
�
c

0 decay, with a branching ratio of 12.5%, followed by c± ! `
±
a decays in

flight, represents another background source to the  ! ! c
0
`
+
`
� decay. Pion decays upstream of

the spectrometer typically lead to reconstructed<WW`` values significantly below the kaon mass. In
case of misreconstruction of the  ! decay vertex position due to the c± decays in flight, the <WW``
value may become compatible with the kaon mass; however in this case <WW becomes higher than
the c0 mass. In all cases with c± decays upstream of the spectrometer, the reconstructed (<WW``,
<WW) values are incompatible with the signal definition (Fig. 16, bottom). However c± ! `

±
a

decays in the vicinity of the spectrometer magnet lead to incorrect momentum reconstruction.
This, often coupled with photon conversions in the STRAW chambers, results in reconstructed
events scattered in the (<WW``, <WW) plane, as seen in Fig. 16 (bottom).
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𝑃 = kaon four-momentum 
𝑘 = photon four-momenta

𝐾𝐿 → 𝜋+ 𝜋−𝜋0 decay,  with pion decaying in flight
is sub-dominant

Figure 17: Distributions of the true values of the kinematic variables |HW | (left) and \min
4W

(right) for
simulated samples of  ! ! c

0
4
+
4
� and  ! ! WW4

+
4
� decays.
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Figure 18: Distributions of reconstructed kinematic variables |HW | and \min
4W

for simulated samples
of  ! ! c

0
4
+
4
� (left) and  ! ! WW4

+
4
� (right) decays. The selection condition applied in the

(\min
4W

, |HW |) plane is shown with solid lines. The signal region is below the line.
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Figure 19: Distributions of the true values of the kinematic variables |HW | (left) and \min
`W

(right) for
simulated samples of  ! ! c

0
`
+
`
� and  ! ! WW`

+
`
� decays.
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Figure 20: Distributions of reconstructed kinematic variables |HW | and \min
`W

for simulated samples
of  ! ! c

0
`
+
`
� (left) and  ! ! WW`

+
`
� (right) decays. The selection condition applied in the

(\min
`W

, |HW |) plane is shown with solid lines. The signal region is below the line.
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Table 2: SM branching ratios of the Greenlee decays in the phase space regions used for simulations.

Mode Phase space region Branching ratio
 ! ! WW4

+
4
�

G = (<44/< )2
> 0.05, (1.55 ± 0.05) ⇥ 10�7

GW = (<WW/< )2
> 0.01

 ! ! WW`
+
`
�

GW = (<WW/< )2
> 0.01 (1.49 ± 0.28) ⇥ 10�9

the <WW projection, taking into account the correlation between the reconstructed <WW✓✓ and <WW
variables. The background suppression is determined by the photon energy resolution provided
by the EM calorimeter. The energy resolution used in the present study is identical to that of the
present NA62 LKr calorimeter [122], which leads a 2.2 MeV resolution on the diphoton mass <WW
for  ! ! c

0
✓
+
✓
� decays for the experimental setup considered.

The kinematic selection exploited in the present study is similar to that used for the search
for  ! ! c

0
✓
+
✓
� decays at the KTeV experiment [28, 29], and is based on two reconstructed

variables. First, the photon energy asymmetry is defined as

HW =
2% · (:1 � :2)

<
2
 
· _1/2(1, G, GW)

,

where % is the kaon four-momentum, :1,2 are the photon four-momenta, G = (<44/< )2, GW =
(<WW/< )2, and _(0, 1, 2) = 0

2 + 12 + 22 � 2(01 + 12 + 02). The Greenlee background peaks
at |HW | = 1 (especially strongly at low values of G = (<✓✓/< )2), while the signal distribution is
flat as a consequence of the isotropic nature of the c0 ! WW decay. Second, the smallest angle
between any of the photons and any of the leptons in the kaon frame, \min

✓W
, is considered. The

Greenlee background peaks at \min
4W

= 0 in the  ! ! c
0
4
+
4
� case, which allows for a significant

background reduction. The discrimination of signal and background provided by the \min
`W

variable
in the  ! ! c

0
`
+
`
� case is marginal, however. The selection conditions applied in the (\min

✓W
,

|HW |) plane are optimised to maximise the quantity #(/
p
#( + #⌫, where #( and #⌫ are the

expected numbers of signal and background events. The optimisation does not depend on the
assumptions regarding the total integrated kaon flux, and leads to optimal statistical precision for
the measurement of the signal branching ratio.

The distributions of the true values of the kinematic variables |HW | and \min
4W

for the  ! !
c

0
4
+
4
� and  ! ! WW4

+
4
� decays are shown in Fig. 17. The reconstructed  ! ! c

0
4
+
4
� and

 ! ! WW4
+
4
� distributions in the (\min

4W
, |HW |) plane and the selection condition applied in that

plane are shown in Fig. 18. The corresponding distributions for the  ! ! c
0
`
+
`
� case are shown

in Figs. 19, 20.
The  ! ! c

+
c
�
c

0 decay, with a branching ratio of 12.5%, followed by c± ! `
±
a decays in

flight, represents another background source to the  ! ! c
0
`
+
`
� decay. Pion decays upstream of

the spectrometer typically lead to reconstructed<WW`` values significantly below the kaon mass. In
case of misreconstruction of the  ! decay vertex position due to the c± decays in flight, the <WW``
value may become compatible with the kaon mass; however in this case <WW becomes higher than
the c0 mass. In all cases with c± decays upstream of the spectrometer, the reconstructed (<WW``,
<WW) values are incompatible with the signal definition (Fig. 16, bottom). However c± ! `

±
a

decays in the vicinity of the spectrometer magnet lead to incorrect momentum reconstruction.
This, often coupled with photon conversions in the STRAW chambers, results in reconstructed
events scattered in the (<WW``, <WW) plane, as seen in Fig. 16 (bottom).
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Table 2: SM branching ratios of the Greenlee decays in the phase space regions used for simulations.
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the <WW projection, taking into account the correlation between the reconstructed <WW✓✓ and <WW
variables. The background suppression is determined by the photon energy resolution provided
by the EM calorimeter. The energy resolution used in the present study is identical to that of the
present NA62 LKr calorimeter [122], which leads a 2.2 MeV resolution on the diphoton mass <WW
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0
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� decays for the experimental setup considered.

The kinematic selection exploited in the present study is similar to that used for the search
for  ! ! c

0
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� decays at the KTeV experiment [28, 29], and is based on two reconstructed

variables. First, the photon energy asymmetry is defined as

HW =
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· _1/2(1, G, GW)

,

where % is the kaon four-momentum, :1,2 are the photon four-momenta, G = (<44/< )2, GW =
(<WW/< )2, and _(0, 1, 2) = 0

2 + 12 + 22 � 2(01 + 12 + 02). The Greenlee background peaks
at |HW | = 1 (especially strongly at low values of G = (<✓✓/< )2), while the signal distribution is
flat as a consequence of the isotropic nature of the c0 ! WW decay. Second, the smallest angle
between any of the photons and any of the leptons in the kaon frame, \min

✓W
, is considered. The

Greenlee background peaks at \min
4W

= 0 in the  ! ! c
0
4
+
4
� case, which allows for a significant

background reduction. The discrimination of signal and background provided by the \min
`W

variable
in the  ! ! c

0
`
+
`
� case is marginal, however. The selection conditions applied in the (\min

✓W
,

|HW |) plane are optimised to maximise the quantity #(/
p
#( + #⌫, where #( and #⌫ are the

expected numbers of signal and background events. The optimisation does not depend on the
assumptions regarding the total integrated kaon flux, and leads to optimal statistical precision for
the measurement of the signal branching ratio.

The distributions of the true values of the kinematic variables |HW | and \min
4W

for the  ! !
c

0
4
+
4
� and  ! ! WW4

+
4
� decays are shown in Fig. 17. The reconstructed  ! ! c

0
4
+
4
� and

 ! ! WW4
+
4
� distributions in the (\min

4W
, |HW |) plane and the selection condition applied in that

plane are shown in Fig. 18. The corresponding distributions for the  ! ! c
0
`
+
`
� case are shown

in Figs. 19, 20.
The  ! ! c

+
c
�
c

0 decay, with a branching ratio of 12.5%, followed by c± ! `
±
a decays in

flight, represents another background source to the  ! ! c
0
`
+
`
� decay. Pion decays upstream of

the spectrometer typically lead to reconstructed<WW`` values significantly below the kaon mass. In
case of misreconstruction of the  ! decay vertex position due to the c± decays in flight, the <WW``
value may become compatible with the kaon mass; however in this case <WW becomes higher than
the c0 mass. In all cases with c± decays upstream of the spectrometer, the reconstructed (<WW``,
<WW) values are incompatible with the signal definition (Fig. 16, bottom). However c± ! `

±
a

decays in the vicinity of the spectrometer magnet lead to incorrect momentum reconstruction.
This, often coupled with photon conversions in the STRAW chambers, results in reconstructed
events scattered in the (<WW``, <WW) plane, as seen in Fig. 16 (bottom).
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expected numbers of signal and background events. The optimisation does not depend on the
assumptions regarding the total integrated kaon flux, and leads to optimal statistical precision for
the measurement of the signal branching ratio.

The distributions of the true values of the kinematic variables |HW | and \min
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for the  ! !
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� distributions in the (\min
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case of misreconstruction of the  ! decay vertex position due to the c± decays in flight, the <WW``
value may become compatible with the kaon mass; however in this case <WW becomes higher than
the c0 mass. In all cases with c± decays upstream of the spectrometer, the reconstructed (<WW``,
<WW) values are incompatible with the signal definition (Fig. 16, bottom). However c± ! `
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decays in the vicinity of the spectrometer magnet lead to incorrect momentum reconstruction.
This, often coupled with photon conversions in the STRAW chambers, results in reconstructed
events scattered in the (<WW``, <WW) plane, as seen in Fig. 16 (bottom).
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✓W
,

|HW |) plane are optimised to maximise the quantity #(/
p
#( + #⌫, where #( and #⌫ are the

expected numbers of signal and background events. The optimisation does not depend on the
assumptions regarding the total integrated kaon flux, and leads to optimal statistical precision for
the measurement of the signal branching ratio.

The distributions of the true values of the kinematic variables |HW | and \min
4W

for the  ! !
c

0
4
+
4
� and  ! ! WW4

+
4
� decays are shown in Fig. 17. The reconstructed  ! ! c

0
4
+
4
� and

 ! ! WW4
+
4
� distributions in the (\min

4W
, |HW |) plane and the selection condition applied in that

plane are shown in Fig. 18. The corresponding distributions for the  ! ! c
0
`
+
`
� case are shown

in Figs. 19, 20.
The  ! ! c

+
c
�
c

0 decay, with a branching ratio of 12.5%, followed by c± ! `
±
a decays in

flight, represents another background source to the  ! ! c
0
`
+
`
� decay. Pion decays upstream of

the spectrometer typically lead to reconstructed<WW`` values significantly below the kaon mass. In
case of misreconstruction of the  ! decay vertex position due to the c± decays in flight, the <WW``
value may become compatible with the kaon mass; however in this case <WW becomes higher than
the c0 mass. In all cases with c± decays upstream of the spectrometer, the reconstructed (<WW``,
<WW) values are incompatible with the signal definition (Fig. 16, bottom). However c± ! `

±
a

decays in the vicinity of the spectrometer magnet lead to incorrect momentum reconstruction.
This, often coupled with photon conversions in the STRAW chambers, results in reconstructed
events scattered in the (<WW``, <WW) plane, as seen in Fig. 16 (bottom).
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Table 3: Expected integrated beam flux, numbers of SM  ! ! c

0
✓
+
✓
� events (#() and Greenlee

background events (#⌫) to be collected in five years of HIKE Phase 2 operation. The signal
significance and the precision on the signal branching ratio measurement are also shown.

Number of spills 3 ⇥ 106

Protons on target 6 ⇥ 1019

 ! decays in FV 1.9 ⇥ 1014

Mode #( #⌫ #(/
p
#( + #⌫ XB/B

 ! ! c
0
4
+
4
� 70 83 5.7 18%

 ! ! c
0
`
+
`
� 100 53 8.1 12%

It has been established with dedicated simulations that the background from  ! ! c
+
c
�
c

0

decays followed by two c± decays in flight does not exceed 20% of the number of reconstructed SM
 

+ ! c
0
`
+
`
� events at 90% CL. The estimate is limited by the size of the simulated background

sample. The background is therefore subdominant; moreover it can be suppressed further by
improving the spectrometer reconstruction algorithm in order to identify tracks with a kink in the
vertical plane, by rejecting events with photon conversions, and by applying dedicated kinematic
conditions similar to those exploited in the KTeV analysis [29]. Background  ! ! c

+
c
�
c

0 decays
with c± misidentification (due to punch-through or accidental activity) is expected to be smaller
than that due to c± decays in flight according to the NA62 experience [109].

The expected numbers of SM signal events and Greenlee background events (which are the
dominant background) to be collected in five years of HIKE Phase-2 operation for each of the
 ! ! c

0
✓
+
✓
� decay modes, and the corresponding signal significance and precision on the signal

branching ratio measurement, are summarised in the Table 3. We conclude that the experiment
will make the first observation, with a significance above 5f, and measurement of both ultra-
rare decay modes. Considering the sensitivities to the CKM parameters given in Section 2.2.2
and that the LHCb Phase-I upgrade is expected to measure the form-factor parameter |0( | to 5%
relative precision from the  ( ! c

0
`
+
`
� decay [38], making the corresponding uncertainties

in B( ! ! c
0
✓
+
✓
�) negligible, the HIKE measurements of B( ! ! c

0
✓
+
✓
�) will lead to the

following accuracy in the determination of the CKM parameter _C = +⇤
CB
+C3:

X(Im _C )
Im _C

����
 !!c

0
4
+
4
�
= 0.33,

X(Im _C )
Im _C

����
 !!c

0
`
+
`
�
= 0.28.

In combination, these two measurements will determine the parameter Im _C to 20% relative
precision. In terms of the determination of Im _C , this is equivalent to a B( ! ! c

0
aā)

measurement to 40% precision (Section 2.2.1).
Beyond the SM paradigm, the unique ! ! c

0
✓
+
✓
� measurements will be exploited to discover

or constrain new physics at the O(100 TeV) scale inducing corrections to the SM rate via loop
diagrams in a correlated way with other observables in the kaon sector [20], in the framework of
a global LFU test (Section 5.1), and to search for production of feebly-interacting particles at the
O(100 MeV) scale [122, 123].
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First observation, with a significance 
above 5𝜎, and measurement of both 
ultra-rare decay modes 

LHCb Phase-I upgrade: form-factor parameter 𝑎𝑆 
to 5% relaLve precision.

ratios from the SM, as well as correlations between the branching ratios for the charged and neutral
modes, depending on the model (see for example [9–16]).

The NA62 experiment at CERN has so far observed 20 candidate events for the decay  + !
c
+
aā with 7 expected background events and 10 expected SM signal events [17], leading to the

measurement B( + ! c
+
aā) = (10.6+4.0

�3.4 |stat ± 0.9syst) ⇥ 10�11 at 68% confidence level. This
represents the most precise measurement to date of this process, providing first evidence for its
existence and falsifying the background-only hypothesis with 3.4f significance. The experiment
is currently taking data in Run 2 (2021–LS3) with the aim of reaching an accuracy between 15%
and 20% on the branching ratio measurement, and has demonstrated the ability to sustain nominal
beam intensity. The NA62 experiment has therefore shown that the decay-in-flight technique works
well and is scalable to larger data samples.

The principal goal of HIKE Phase 1 is an O(5%) measurement of the  + ! c
+
aā decay rate.

Beyond the rate measurement, it is important to establish if the decay has a purely vector nature as
expected within the SM, considering that an additional scalar contribution to the decay is predicted
in certain BSM scenarios [18–20]. The HIKE sensitivity to the  + ! c

+
aā decay is discussed is

detail in Section 3.2.
The current upper limit on the branching ratio of the  ! ! c

0
aā decay is 3⇥10�9 at 90% CL,

set by the KOTO experiment at J-PARC [21]. The KOTO experiment is currently taking data with
the goal of reaching O(10�11) sensitivity in the next five years. In the longer term, an ambitious
upgrade, KOTO Step-2, is planned to begin construction after 2025 in a proposed extension of the
Hadron Experimental Facility, with the goal of measuring the branching ratio to a 20% precision
in about three years of data taking [22]. A possible third HIKE phase focusing on the measurement
of  ! ! c

0
aā, outside the scope of this document but under discussion for several years within

the collaboration and the kaon community at large, is summarised in the HIKE Letter of Intent [1].

2.2.2 QR ! 0
0
◆
+
◆
� decays

The ultra-rare  ! ! c
0
✓
+
✓
� decays (✓ = 4, `) represent a set of theoretically clean golden modes

in kaon physics, allowing for the direct exploration of new physics contributions in B ! 3✓✓

transitions (to be compared to 1 ! B✓✓ transitions).
The SM description of the  ! ! c

0
✓
+
✓
� decays is provided in Refs. [23–25]. The branching

ratios depend on the CKM parameter _C = +⇤
CB
+C3 , and can be written [24]

BSM( ! ! c
0
4
+
4
�) =

 
15.7|0( |2 ± 6.2|0( |

✓
Im _C

10�4

◆
+ 2.4

✓
Im _C

10�4

◆2
!
⇥ 10�12

,

BSM( ! ! c
0
`
+
`
�) =

 
3.7|0( |2 ± 1.6|0( |

✓
Im _C

10�4

◆
+ 1.0

✓
Im _C

10�4

◆2
+ 5.2

!
⇥ 10�12

.

In the above expressions, the first three terms represent the indirect CPV contribution due to
 (– ! mixing, the interference of the indirect and direct CPV contributions (of unknown sign),
and the direct CPV contribution determined by short-distance dynamics, respectively. The fourth
term in the  ! ! c

0
`
+
`
� case accounts for the long-distance CP-conserving component due

to two-photon intermediate states, which is helicity-suppressed in the  ! ! c
0
4
+
4
� case. The

parameter |0( | describes the decay form-factor, and has been measured with  ( ! c
0
✓
+
✓
� decays

to be |0( | = 1.2 ± 0.2 by the NA48/1 experiment at CERN [26, 27].
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Assuming constructive interference, determine the CKM parameter 𝜆t :

20% precision on CKM parameter 𝜆t
Also constrain SD BSM effects in 𝛾 coupling 
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Global fits to set of kaon measurements, in the framework of lepton universality.
Deviation of Wilson coefficients from SM, for NP scenarios with only left-handed 
quark currents. 

these decays in SuperIso [28–31], the relevant parameter space of the New Physics Wilson
coe�cients is identified. Guided by a well-defined strategy for the measurement of many of
these decays, the experimental uncertainties are used appropriately. Furthermore, for decays
for which no such well-defined strategy exists, we also present projections on the progress on
the experimental side. Demonstrating a rich yield of interesting physics could motivate modi-
fied strategies for such decays in the future. This is particularly true for the measurement of
vector form factors in K+ ! ⇡+`¯̀. While measurements of these form factors exist for both the
electron [32–34] and the muon [16], a strong case for higher precision measurements of these
quantities is presented in this work. Similarly, our results present the need for a reduction in
the error on the theoretical computation of KL ! µµ̄.

The paper is organised as follows: In Section 2 we analyse the decay modes of interest in
considerable detail. The considered processes are K+(KL) ! ⇡+(⇡0)⌫⌫̄ in Section 2.1, lepton
flavour universality violation (LFUV) in K+ ! ⇡+`` decays in Section 2.2, KS,L ! µµ̄ in
Section 2.3 and KL ! ⇡0`¯̀ in Section 2.4. The analyses in each of these subsections (along
with the appendices) are self-contained and o↵er an up-to-date evaluation of the SM values as
well as the corresponding uncertainties. In Section 3 we present a global picture involving all
the decays, which illustrates the existing bounds from the di↵erent observables. Section 3.1 is
devoted to the description of the methodology of our fit. In Section 3.2 we perform a global
fit to current experimental data. Section 3.3 o↵ers possible improvements in the fits at the
end of the run for most of the experiments. This includes using the o�cial projections for
some observables as well as choosing optimistic reaches for the others. Finally, we conclude in
Section 4.

2 Theoretical framework

In this section, we set up the convention to be followed for the rest of the paper. The s ! d
transitions can be parameterised by the following e↵ective Hamiltonian:

He↵ = �4GFp
2
�sd
t

↵e

4⇡

X

k

C`
kO

`
k , (2.1)

where �sd
t ⌘ V ⇤

tsVtd and the relevant e↵ective operators are

O`
9 = (s̄�µPLd) (¯̀�

µ`) , O`
10 = (s̄�µPLd) (¯̀�

µ�5`) ,

O`
L = (s̄�µPLd) (⌫̄` �

µ(1� �5) ⌫`) , (2.2)

with PL = (1 � �5)/2. The most general Hamiltonian also includes scalar and pseudoscalar
operators, as well as the chirality-flipped counterpart of the above operators where the quark
currents are right-handed. In this instance, we focus on this small subset of operators which
have the same structure as the most relevant operators for explaining the neutral current B-
anomalies [3–7]. TheWilson coe�cients C`

k include any potential (flavour violating) New Physics

3

these decays in SuperIso [28–31], the relevant parameter space of the New Physics Wilson
coe�cients is identified. Guided by a well-defined strategy for the measurement of many of
these decays, the experimental uncertainties are used appropriately. Furthermore, for decays
for which no such well-defined strategy exists, we also present projections on the progress on
the experimental side. Demonstrating a rich yield of interesting physics could motivate modi-
fied strategies for such decays in the future. This is particularly true for the measurement of
vector form factors in K+ ! ⇡+`¯̀. While measurements of these form factors exist for both the
electron [32–34] and the muon [16], a strong case for higher precision measurements of these
quantities is presented in this work. Similarly, our results present the need for a reduction in
the error on the theoretical computation of KL ! µµ̄.

The paper is organised as follows: In Section 2 we analyse the decay modes of interest in
considerable detail. The considered processes are K+(KL) ! ⇡+(⇡0)⌫⌫̄ in Section 2.1, lepton
flavour universality violation (LFUV) in K+ ! ⇡+`` decays in Section 2.2, KS,L ! µµ̄ in
Section 2.3 and KL ! ⇡0`¯̀ in Section 2.4. The analyses in each of these subsections (along
with the appendices) are self-contained and o↵er an up-to-date evaluation of the SM values as
well as the corresponding uncertainties. In Section 3 we present a global picture involving all
the decays, which illustrates the existing bounds from the di↵erent observables. Section 3.1 is
devoted to the description of the methodology of our fit. In Section 3.2 we perform a global
fit to current experimental data. Section 3.3 o↵ers possible improvements in the fits at the
end of the run for most of the experiments. This includes using the o�cial projections for
some observables as well as choosing optimistic reaches for the others. Finally, we conclude in
Section 4.

2 Theoretical framework

In this section, we set up the convention to be followed for the rest of the paper. The s ! d
transitions can be parameterised by the following e↵ective Hamiltonian:

He↵ = �4GFp
2
�sd
t

↵e

4⇡

X

k

C`
kO

`
k , (2.1)

where �sd
t ⌘ V ⇤

tsVtd and the relevant e↵ective operators are

O`
9 = (s̄�µPLd) (¯̀�

µ`) , O`
10 = (s̄�µPLd) (¯̀�

µ�5`) ,

O`
L = (s̄�µPLd) (⌫̄` �

µ(1� �5) ⌫`) , (2.2)

with PL = (1 � �5)/2. The most general Hamiltonian also includes scalar and pseudoscalar
operators, as well as the chirality-flipped counterpart of the above operators where the quark
currents are right-handed. In this instance, we focus on this small subset of operators which
have the same structure as the most relevant operators for explaining the neutral current B-
anomalies [3–7]. TheWilson coe�cients C`

k include any potential (flavour violating) New Physics

3

contribution parameterised as1

C`
k = C`

k,SM + �C`
k . (2.3)

In recent years, there has been much progress in the measurements of rare kaon decays.
However, still several of the rare kaon decays have not been observed and there are only up-
per bounds available for them. In general, di↵erent New Physics contributions with various
combinations of the operator structures of Eq. 2.2 can contribute to kaon decays. Nonetheless,
given the rather limited experimental data currently available for rare kaon decays and the
fact that New Physics is more conveniently explored in the chiral basis, we limit our analysis
to the class of NP scenarios where the charged and neutral leptons are related to each other
by the SU(2)L gauge symmetry. As we consider only left-handed quark currents, the di↵erent
Wilson coe�cients that we consider are related to each other as �C`

L ⌘ �C`
9 = ��C`

10. With this
background, we set up the theoretical description of the di↵erent decay modes in the following
subsections.

2.1 K+ ! ⇡+⌫⌫̄ and KL ! ⇡0⌫⌫̄

These rare decay modes receive dominant short-distance (SD) contributions. Their high sensi-
tivity to any NP e↵ect while having very small theoretical uncertainties justify their status as
being among the eagerly awaited measurements from the corresponding experiments [15, 17].
In the notation discussed above, the branching fractions for these modes are given as [35]

BR(KL ! ⇡0⌫⌫̄) =
L

�10

1

3
s4W

X

`

Im2
⇥
�tC

`
L

⇤
, (2.4)

BR(K+ ! ⇡+⌫⌫̄) =
+(1 +�EM)
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1
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Im2
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�tC

`
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⌘
+ Re2

⇣
� �cXc

s2W
+ �sd

t C`
L

⌘�
, (2.5)

where the sum is over the three neutrino flavours. The short-distance SM contribution is given
by Xc and C`

L,SM = CL,SM = �X(xt)/s2W (see Appendix E) with the relevant input parameters
collected in Appendix A. The values of the branching fraction for the SM, corresponding to
these inputs are given in Table 2 where the theory uncertainties are estimated using a Monte
Carlo method, assuming Gaussian errors for the input parameters.

An interesting feature of these decay modes is that an experimental result consistent with
the SM prediction does not necessarily imply the absence of NP. This is due to the fact that
summation over the three species of neutrinos can result in a relative cancellation between
the corresponding NP Wilson coe�cients. This is illustrated in Fig. 1 for K+ ! ⇡+⌫⌫̄ (left)
and KL ! ⇡0⌫⌫̄ (right). For simplicity, we have set �C⌧

L = �Cµ
L. This facilitates a visual

comparison on the departures from the lepton flavour universality given by the dotted grey
line2. The figure shows concentric circles, centered at (�Cµ

L, �C
e
L) = (8.5, 9.0) on the left, and at

(�Cµ
L, �C

e
L) = (6.5, 6.5) on the right. The steady darkening of the annuli on moving away from

1
Within the considered basis, a real �Ci results in both real and imaginary short-distance contributions in

the e↵ective Hamiltonian.
2
An alternative situation with �C⌧

L = �Ce
L is illustrated in Appendix B.
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Bounds from individual observables. 
Coloured regions are 68%CL measurements
Dashed lines are 90%CL upper limits

With projections: central value for existing measurements kept 
the same, A upper bounds extrapolated to central value consistent 
with SM, B central value of all observables is projected to the best-fit
points obtained from fits to existing data 

Figure 28: Current bounds on the BSM contributions dC to the Wilson coefficients Ce
L and Cµ

L = Ct
L from

individual observables. The right panel is a zoomed version of the left panel. See Fig. 7 in Ref. [195] for
further information.

where GF denotes Fermi’s constant, ae the fine-structure constant and the Wilson coefficients C`
k

multiply the effective operators O`
k. For the purpose of this discussion, we will limit ourselves to

the following sub-set of effective operators motivated by various anomalies in B physics [194]:

O`
9 = (s̄gµPLd)( ¯̀gµ`) , O`

10 = (s̄gµPLd)( ¯̀gµg5`) , O`
L = (s̄gµPLd)(n̄` gµ(1� g5)n`) . (5)

For the study of New Physics contributions dC`
k it is possible to reduce the set of operators further

by considering only scenarios where the neutral and charged leptons are related by SU(2)L gauge
symmetry, such that dC`

L ⌘ dC`
9 = �dC`

10.
For theories with LFU New Physics effects, such that dCe

L = dCµ
L = dCt

L, the NA62 measure-
ment of K+ ! p+nn̄ already puts rather strong constraints on possible lepton-flavour universal
(LFU) NP effects. However, these constraints are relaxed considerably, if we allow LFU violat-
ing NP effects. In the following, we will focus on the case where the NP effects in electrons are
different from the ones in muons and taus. The individual constraints on dCe

L and dCµ
L = dCt

L
are shown in Fig. 28 (taken from Ref. [195]), where it is readily seen that the main constraining
observables are BR(K+ ! p+nn̄) and BR(KL ! µµ̄), where for the latter the unknown LD sign
plays an important role.

8.2.2 HIKE SENSITIVITY

We now turn to the impact that HIKE can have on the physics landscape described above. In
Table 9 we summarise the SM predictions from Ref. [195], the current experimental status of the
(semi)leptonic and rare kaon decays and the HIKE sensitivities.

The HIKE Phase 1 sensitivity is estimated thanks to the extensive experience of the NA62
experiment, corresponding to a factor four increase in PoT and kaon decays. HIKE, with new or
upgraded detectors and readouts to profit the most from the increased beam intensity, will improve
the acceptance of kaon decays and keep the random veto under control at much higher intensity.

61
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Figure 7: The bounds from individual observables. The right panel is the zoomed version of the left

panel. The coloured regions correspond to 68% CL when there is a measurement and the dashed ones

to upper limits at 90% CL. KL ! µµ̄ has been shown for both signs of the long-distance contribution.

For KL ! ⇡0eē and KL ! ⇡0µµ̄, constructive interference between direct and indirect CP-violating

contributions has been assumed.

in principle not fixed in a two-dimensional fit to �Ce,µ
L . Henceforth, unless otherwise stated we

stick to the convention �C⌧
L = �Cµ

L. While this choice is motivated by the convention followed
in the paper thus far, the future phase of data accumulation for each of these experiments
would enable us to make a more adequate choice. To ensure clarity, we divide the discussion
that follows into two parts: fits with current data and projected fits.

3.2 Fits with current data

We first perform a New Physics fit of �Ce
L and �Cµ

L = �C⌧
L to the current experimental data on

rare kaon decays (collected in the second column of Table 2). The results of the fit are given in
Fig. 8 where the 68 and 95% CL regions are given in light and dark purple, respectively. Due
to the ambiguity in the sign of the long-distance contribution from AL�� to KL ! µµ̄, the fit
results are given for both signs with AL�� < 0 (> 0) on the left (right). The purple cross in
each plot represents the corresponding best-fit point. While the fits are qualitatively similar,
we note the appearance of a wall-shaped feature on the left side of the fit for AL�� > 0 (right),
which is better defined than the one corresponding to AL�� < 0 (left). Its origin can be traced
back to the blue band in Fig. 7. But in general, the di↵erence in shapes for the fits between
positive and negative values of AL�� show that a future improvement in the sensitivity can lead
to a resolution of the sign ambiguity.

One of the defining features of kaon decays is that it allows a “relatively clean” possibility for
identifying the extent of contributions due to e↵ective operators involving tau leptons. Note
that the “relatively clean” refers to both the status of the SM computation as well as the
future projections for the measurement of observables where operators involving the tau play

14

Figure 21: Bounds on LFU violating new physics contributions to Wilson coefficients from
individual observables in the kaon sector. The right panel is the zoomed version of the left panel.
See Fig. 7 in Ref. [35] for further information.

Figure 22: Global fits in the {X⇠4

!
, X⇠

`

!
(= X⇠

g

!
)} plane with current data (purple contours) and

the projected scenarios. as described in the text (green regions). For further details and the list of
inputs considered, see Ref. [35]. The curves reflect the status expected at the end of HIKE Phase 1.

Figure 23: Global fits in the {X⇠4

!
, X⇠

`

!
(= X⇠

g

!
)} plane with current data (purple contours) and

the full projected scenarios (green regions) at the end of HIKE Phases 1 and 2. The list of inputs is
summarised in Table 5. The blue dotted curve represents the NA62 projection at the end of 2025.
For further details of the theory approach, see Ref. [35].
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Table 5: SM predictions, current experimental status and the expected sensitivities for key observ-
ables in the kaon sector. The “(+)” and “(�)” signs in the first column denote constructive and
destructive interference of the amplitudes. These inputs are used to produce Fig. 23.

Observable SM prediction Experimental status Projections

B( + ! c
+
aā) (7.86 ± 0.61) ⇥ 10�11 (10.6+4.0

�3.5 ± 0.9) ⇥ 10�11 [17] 5%, HIKE Phase 1

B( ! ! c
0
aā) (2.68 ± 0.30) ⇥ 10�11

< 300 ⇥ 10�11 @ 90% CL [21] 20%, KOTO-II

LFUV(0``+ � 044+ ) 0 �0.031 ± 0.017 [48, 49] ±0.007 HIKE Phase 1

B( ! ! ``) (+) (6.82+0.77
�0.29) ⇥ 10�9

(6.84 ± 0.11) ⇥ 10�9 [PDG] 1%, HIKE Phase 2
B( ! ! ``) (�) (8.04+1.47

�0.98) ⇥ 10�9

B( ( ! ``) (5.15 ± 1.50) ⇥ 10�12
< 2.1 ⇥ 10�10 @90% CL [37] Upper bound at its current value

B( ! ! c
0
44) (+) (3.46+0.92

�0.80) ⇥ 10�11
< 28 ⇥ 10�11 @90% CL [30] 20%, HIKE Phase 2

B( ! ! c
0
44) (�) (1.55+0.60

�0.48) ⇥ 10�11

B( ! ! c
0
``) (+) (1.38+0.27

�0.25) ⇥ 10�11
< 38 ⇥ 10�11 @90% CL [31] 20%, HIKE Phase 2

B( ! ! c
0
``) (�) (0.94+0.21

�0.20) ⇥ 10�11

Figure 24: Global fits as in Fig. 23 but removing the measurement from KOTO-II.

Figure 25: Global fits as in Fig. 23 (right), highlighting the contributions of single constraints in
projection B (with KOTO-II on left, without KOTO-II on the right).
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Cabibbo Angle Anomaly
Figure 27: Status of first-row CKM unitarity in future scenario with measurements from HIKE Phase 1
confirming +DB = 0.22417. Left: measurements of +DB , +DB/+D3 , and +D3 and relation to CKM unitarity.
Right: constraints on right-handed currents from observed unitarity deficits.

Figure 28: Status of first-row CKM unitarity in future scenario with measurements from HIKE Phases
1 and 2 confirming +DB = 0.22417. Left: measurements of +DB , +DB/+D3 , and +D3 and relation to CKM
unitarity. Right: constraints on right-handed currents from observed unitarity deficits.

54

Figure 3: Status of first-row CKM unitarity in 2023. Left: measurements of +DB, +DB/+D3 , and
+D3 and relation to CKM unitarity. Right: constraints on right-handed currents from observed
unitarity deficits.

•  ! 2c and  ! 3c: Measurements of the branching ratios of these principal decay
modes provide overall information on all isospin amplitudes, cc phase shifts, the �� = 1/2
rule, and a test of the weak chiral Lagrangian [86, 87], as well as inputs for theoretical
and experimental studies of the form factors of the  + ! c

+
WW,  + ! c

+
✓
+
✓
� and

 
+ ! c

+
W✓

+
✓
� decays whose amplitudes receive substantial loop contributions that depend

on the  ! 3c amplitude. Moreover, accurate new measurements of  ! 2c/3c decays
(and kaon lifetimes) are needed since large-scale factors appear in the PDG for the  ±

lifetime and the  ! ! 3c0 branching ratio. These measurements will also allow for a
constrained fit leading to a stringent limit on the  ! decaying into a fully invisible final state.

2.6 Tests of first-row CKM unitarity

Measurements of semileptonic kaon decays  ! c✓a provide the principal input for the extraction
of the CKM parameter +DB, while the ratios of (semi)leptonic  + and c+ decay rates are used to
extract the ratio +DB/+D3 , with inputs provided from lattice QCD [96]. Determination of +DB from
kaon, pion, and g decays, combined with that of +D3 from super-allowed beta decays [97] and
neutron decays [98, 99], gives rise to a 3f deficit in first-row CKM unitarity relation, known as
the Cabibbo angle anomaly. A tension of similar significance is observed between  ! ✓a and
 ! c✓a rates [44, 100].

Fig. 3 (left) shows the current experimental constraints in the +DB–+D3 plane from  ✓3 decays
(+DB, green band),  `2 decays (+DB/+D3 , light blue band), and nuclear and neutron beta decays
(+D3 , magenta band). The tension between the values of +DB from  `2 and  ✓3 decays is seen in
the fact that these bands do not intersect at a common point. The yellow ellipse represents the
68.27% CL confidence interval from a fit for the best values of +DB and +D3 . The unitarity curve
is illustrated by the dashed line. The significance of the unitarity deficit from  ✓3 and beta decays
is �3.1f, that from  `2 and beta decays is �1.7f, and that from the fit result is �2.7f.
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HIKE Physics Program

5 Impact of the HIKE kaon physics programme

Measurements of quantities well predicted by the SM, like B( ! caā), offer model-independent
standard candles that can constrain any BSM scenario, present or future. The status of BSM
models in the future is hard to predict, but measurements made by the unrivaled HIKE experimental
programme will be durable standards against which many of those models will be judged.

The HIKE project will bring the rare  + and  ! decay programme to an unprecedented
level of precision. HIKE will collect 2.0 ⇥ 1013 kaon decays in the decay volume per year
(8 ⇥ 1018 POT/year) in Phase 1 with a  + beam, and 3.8 ⇥ 1013 kaon decays in the decay volume
per year (1.2 ⇥ 1019 POT/year) in Phase 2 with a  ! beam. Table 4 lists a selection of the many
unique measurements that HIKE can perform.

In the following, we present examples of how HIKE can probe BSM physics, and how the
physics potential of HIKE compares with other ongoing or planned experimental efforts. From the
global fits performed using individual measurement projections as input, it is evident that HIKE’s
measurements of rare kaon decays are a very powerful tool to expose clear deviations from SM
expectations or constrain BSM scenarios, greatly reducing the unexplored parameter space. We
note that, beyond the measurements of the branching ratios used as inputs in these global fits, HIKE
will also be able to establish the nature (scalar or vector) of BSM contributions to the  + ! c

+
aa

decay and perform an independent determination of the CKM parameter Im _C to 20% precision.
In each of the benchmark scenarios considered below, it is clear that HIKE will provide a

significant step forward. HIKE sensitivity is better than or competitive with, and complementary
to, projected bounds on these models from other experiments. In the case of a top-philic / 0, HIKE
sensitivity is better than that projected for ATLAS, and provides the strongest expected constraints
at higher / 0 masses. For the scalar leptoquark model, HIKE is able to provide the best constraints
across the entire parameter space considered, with only Belle II (at full target luminosity) projected
to give comparable, if weaker, constraints. For the vector leptoquark model, HIKE is able to cover
almost all of the unexplored parameter space.

Finally, both HIKE Phases 1 and 2 will have a considerable impact in elucidating the nature of
the first-row CKM unitarity deficit.

Table 4: Summary of HIKE sensitivity for flavour observables. The  + decay measurements will
be made in Phase 1, and the  ! decay measurements in Phase 2. The symbol B denotes the decay
branching ratios.
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Search for FIPs in kaon and dump mode BC1,2,4,5,6,7,8,9,10,11Sensitivity O(10−5) - O(10−10) 

20



HIKE: detector

Detector estimated cost: 27.5 M CHF

1) Detector studies
2024 2025

2) Technical Design Report
3) Detector prototyping
4) Detector production
5) Installation and commissioning
6) Start physics data-taking

2026 2027 2028 2029 2030

Figure 78: HIKE tentative timeline from present to the first beam.

12.3 Cost estimate

The human, technical and financial resources needed for HIKE are being evaluated. The cost
of the main HIKE detectors (see Section 9 for details) is presented in Table 18. The numbers
are only intended to give an idea of the financial extent of the project. A refined estimate will
be prepared for the Technical Design Report. Operation costs will be similar to today (indexed
by inflation). The present host lab services are free of charge, and we assume they will remain
so. Collaboration institutes will be charged a fair share of the Maintenance-and-Operation Costs
(according to common practice for CERN experiments).

Table 18: Preliminary group interests and detector costs for HIKE.
Detector Group Cost (MCHF)
Kaon ID (KTAG) UK 0.5
Beam tracker Italy, CERN, UK, 3

Belgium, Canada, France
Charged particle veto (CHANTI) Switzerland 0.4
Veto counter (VC) Switzerland 0.3
ANTI-0 Germany 0.4
Large Angle Vetos (LAV) UK 8
STRAW CERN, Kazakhstan, 3.5

Slovakia, Czech Republic
Main calorimeter Italy 5
Small Angle Calorimeter (SAC) Italy 2
Pion ID (RICH) Italy, Mexico 0.8
Timing detector Belgium 0.4
HCAL Germany 1.5
Muon plane Germany 0.2
HASC Romania 0.2
DAQ, computing CERN, Italy, Spain, Mexico, US 1.3
Total 27.5

121

Detector  Phase 1  Phase 2  Comment  Preliminary group interests
Cherenkov tagger  upgraded  removed  faster photo-detectors UK
Beam tracker  replaced  removed  3D-trenched or monolithic silicon sensor Italy,CERN,UK,Belgium,Canada,France
Upstream veto detectors  replaced  kept  SciFi Switzerland
Large-angle vetos  replaced  kept  lead/scintillator tiles UK
Downstream spectrometer  replaced  kept  STRAW (ultra-thin straws) CERN,Kazakhstan,Slovakia,Czech Republic
Pion identification (RICH)  upgraded  removed  faster photo-detectors Italy,Mexico
Main EM calorimeter  replaced  kept  fine-sampling shashlyk Italy
Timing detector  upgraded  kept  higher granularity Belgium
Hadronic calorimeter  replaced  kept  high-granularity sampling Germany
Muon detector  upgraded  kept  higher granularity Germany
Small-angle calorimeters  replaced  kept  oriented high-Z crystals Italy
HASC  upgraded  kept  larger coverage Romania
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HIKE: Kaon and Pion iden.fica.on

Differential Cherenkov detector

K ID for 4x intensity
• Max detected photon rate: >8 MHz/cm2

• High granularity
• Single-photon capability with σt (Kaon) = 15-20 ps
• K+ tagging efficiency with 4 sectors: > 95% 
• Good radiation resistance 

MCP-PMT array and matrix of four MCP-PMT 
rP rW

Figure 57: The NA62 RICH elementary cell derived from the positions of the photomultipliers in
the two flanges.

Table 14: Comparison of the time resolutions of the NA62-RICH and the HIKE-RICH.
NA62 RICH HIKE RICH

Sensor type PMT SiPM
Sensor time resolution 240 ps 100 ps
Sensor quantum efficiency 20% 40%
Number of hit for c+ at 15 GeV/2 7 14
Number of hit for c+ at 45 GeV/2 12 24
Time resolution for c+ at 15 GeV/2 90 ps 27 ps
Time resolution for c+ at 45 GeV/2 70 ps 20 ps

Considering a similar average yield of Cherenkov photons at HIKE with respect to the NA62
RICH (radiator and vessel length will not be changed), the only parameter that can increase
the number of collected photons is the QE of the new sensors. Taking into account a factor 2
improvement in the QE (40% for SiPMs against 20% of the NA62-RICH PMs), the number of hits
per ring and the track time resolution with the new configuration have been evaluated. The time
resolution for pion momentum of 15 and 45 GeV/2 (the limits of the RICH working region) for the
NA62 RICH, and those expected for the future HIKE-RICH instrumented with SiPMs, are listed
in Table 14. The latter meets the HIKE requirements.

The above considerations are confirmed by a Monte-Carlo study of the RICH, where in the
NA62 simulation, well describing the NA62-RICH performance, the NA62 PMs are replaced
by 9⇥9 mm2 SiPMs with a 100 ps time resolution and 40% QE. Fig. 58 shows the number of
reconstructed hits for the ring produced by the positron coming from  
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standard NA62-RICH (left) and for the new simulation (right): the number of signals more than
doubles in the new proposed configuration. The smaller sensor size reduces the probability of two
Cherenkov photons hitting the same sensor, further increasing the number of reconstructed signals.
The higher number of signals and the improved sensor time resolution result in a much improved
time measurement of the positron ring at the level of 20 ps (Fig. 59).
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RICH detector using neon at atmospheric 
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Figure 60: Layout of the present RICH NA62 sensors compared to SiPM candidates (in scale) and
the corresponding performance in terms of the ring radius resolution.

Figure 61: The upstream RICH end-cap after its construction in 2013. The circular hole hosts the
sensor flange in the NA62 RICH. The red contour delimits the region that can be instrumented
with new photo-sensors.

of the timing detector for the most demanding analysis is as a veto, the principal timing concern is
to minimise the random veto rate, and the required time resolution is determined by the expected
hit rate. Like the other veto detectors for HIKE, the resolution required is of the order of 100 ps.

For the construction of this detector HIKE will profit from the expertise gained by NA62 with
the NA48-CHOD and NA62-CHOD detectors. The NA48-CHOD, consisting of two planes of
scintillator slabs of approximately 100 ⇥ 6 cm2 size, cannot be used in the HIKE environment;
the high particle rate (and the high probability of more than one track hitting the same counter)
will not allow to correct the measured time for the light propagation time in the scintillator to
the photo-sensors depending on the track impact point. On the contrary, the NA62-CHOD layout
(Fig. 62), consisting of tiles of approximately 10 ⇥ 13 cm2 (in the central region) will be suitable
for HIKE. The expected maximum rate per tile of 2.8 MHz (inferred from experience with NA62
data taking) is affordable and can be lowered further by reducing the dimension of the tiles near
the beam pipe, where the particle rate is higher.
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for 4x intensity
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(DRD4: photodetectors)



HIKE: Tracking TimeSPOT

for 4x intensity

Hybrid 3D-trenched technology

STRAW in vacuum

for 4x intensity(DRD1: gaseous detectors)

(DRD3: solid state detectors)



Electromagne.c Calorimeter
Main electromagnetic calorimeter requirements:
excellent efficiency and time resolution (~100ps), good two-cluster separation, good energy resolution

Main Electromagnetic Calorimeter:

PANDA prototypes:
• σE/√E ~ 3% /√E (GeV)
• σt ~ 72 ps /√E (GeV)
• σx ~ 13 mm /√E (GeV)
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Information from spy tiles provides
5-10x improvement in neutron rejection 
Overall neutron rejection at level of 103

Quasi-homogeneous ionization calorimeter, 27X0 of LKr @ 
1 – ε < 10−5 for Eγ > 10 GeV

σt ~ 500 ps for π0 with Eγγ > 20 GeV

Fine-sampling shashlyk based on PANDA 
forward EM calorimeter

Efficiency/energy resoluNon suitable for Phase 1
Time resoluNon needs 4x improvement for HIKE

In synergy with AIDAinnova, exploring the potential use of 
nanocomposite scintillators for faster time response and
increased radiation robustness.
Also for LAV and SAC.
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(DRD6: calorimetry,
DRD7: electronics)



Summary

HIKE provides a powerful tool to perform comprehensive measurements at an 
unprecedented level of precision, and to search for physics beyond the Standard Model in 
flavour physics and beyond.

Only place worldwide where this programme is addressed experimentally.

The experimental programme is based on a phase approach involving charged and neutral 
kaon beams, as well as opera]on in beam-dump mode, relying on a common infrastructure 
and set of detectors. Complementary to SHADOWS sensi]vity in dump mode.
Synerge]c detector challenges with accelerator experimental programme.

HIKE offers excellent sensitivity for new physics at higher mass scales than those accessible
at colliders – in certain channels, higher than B physics.
A unique system in which BSM and flavour dynamics can be explored, complementary to B.

Unique opportunity to address a strongly motivated physics case at CERN NA facility
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Thank you for listening !


