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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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𝐾𝐿 → 𝜋0𝜈 ҧ𝜈

05/08/2020 Giuseppe Ruggiero - ICHEP2020

HIKE Phase 1
benchmark

HIKE Phase 2
benchmark

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

Presently, main limitaDon to the invesDgaDon 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. (Correla'ons with εk depends only on β and
are well predicted, allowing experimental tests).

SM predictions accuracy may improve over the next decade
due to lattice QCD progress on the charm contribution
[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
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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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JHEP 1511
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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
BSM affects K+ and KL differently
Measurements of both discriminate NP

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 Dming 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 reconstrucYon efficiency: photon yield and photodetector 
Yme resoluYon to resolve rings overlapping in space. 
RICH granularity increased, x2 QE, 100ps Yme resoluYon. 
Also muon plane with high granularity, x4 be^er Yming.

HIKE: pion ID with at least 10% higher efficiency than NA62 when keeping same muon–pion misidentification probability.
K-pion misidentification probability ~2%, similar to NA62. Kaon–pion efficiency  ×1.1 higher than NA62.

KTAG x4 be^er Yming.
Kaon-pion matching depend on Yme resoluYon and 
pixel size of GTK, and resoluYon on slope of pion track.
x4 Yme resoluYon, x3 smaller pixel size, 40% lower
material budget in STRAW.
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HIKE Phase 1 𝑲+ → 𝝅+𝝂𝝂 ̄ Physics sensi4vity : random veto

Critical performance indicator: “random veto efficiency” versus beam intensity, measured on data: 𝐾+ → 𝜇+ 𝜈 
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Figure 7: Expected HIKE Phase 1 random veto efficiency YRV for the  + ! c
+
aā analysis as a

function of instantaneous beam intensity: the total effect (grey band) and contributions from the
individual photon/multiplicity veto conditions. The NA62 graph is also shown for comparison: the
lower values of YRV with respect to HIKE Phase 1 are due to worse time resolution. The maximum
intensity for NA62 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.

smaller pixel size in the beam tracker, and the 40% lower material budget in the straw spectrometer.
All these improvements compensate for the deterioration of the performance with intensity. Fig. 6
shows the HIKE kaon–pion matching efficiency. The corresponding misidentification probability
is about 2%, similar to in NA62. Overall, the HIKE kaon–pion efficiency is expected to be a factor
of ⇥1.1 higher than that for NA62, which runs at ⇥4 lower intensity. Complex matching algorithms
based on supervised neural networks are under study to improve the matching performance further.

3.2.2.3 Photon and multiplicity rejection
The suppression of kaon decays with photons or multiple charged particles in the final state relies on
vetoing events with signals in the calorimeters and fast timing detectors. These signals must be not
spatially associated to, but must be in time with, the pion. The algorithm developed by NA62 leads
to a 108 suppression factor of the  + ! c

+
c

0 decays, which is a benchmark channel to evaluate
the photon rejection performance. The NA62 algorithm also suppresses the  + ! c

+
c
+
c
�

and  + ! c
+
c
�
4
+
a decays to a level sufficient to make these backgrounds sub-leading. This

performance is possible due to the 45 GeV/2 maximum c
+ momentum, which guarantees that at

least 30 GeV/2 of energy is available to other particles produced, in addition to the daughter pion,
in the  + decay.

HIKE envisages using the same selection criteria as NA62 to suppress decays with photons
and multiple charged particles in the final state. The photon rejection algorithm is sensitive to
the presence of accidental events in time with  

+ ! c
+
aā decays, because it employs sharp

cuts on the time of the signals recorded by the various subdetectors. The consequence is a loss of
 

+ ! c
+
aā events due to random activity, leading to a signal selection efficiency at NA62 of about

26

NA62: Signal selecYon efficiency ~65% at max beam intensity in Run2

Quasi-linear dependence on the instantaneous beam intensity.
LimiYng factor is the Yming precision of the detectors 
(and double pulse resoluYon).

HIKE: maintain or improve the random-veto efficiency.
Requires an improvement in the Yme resoluYon for the veto systems 
at least by the same factor as the intensity increase.

Criteria to veto photons and extra acKvity in-Kme in detectors induce intensity-dependence signal loss: 
“random veto” due to sharp cuts on the Kme of the signals recorded by the various subdetectors. 
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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

 
+ ! c

+
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.

28

NA62 MC extensively validated with data.
The main kaon decay modes enter the signal regions via 
resoluYon tails in the reconstructed value of missing mass. 
Choice of signal regions is determined by resoluYon. 
Slightly be^er missing mass resoluYon at HIKE vrt NA62 
(40% less material budget in Straw).
Missing mass with RICH much improved.

HIKE can optimise the signal regions to increase the signal acceptance by 10% compared to NA62, 
while maintaining the resolution tails at the same level. 

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%

0 10 20 30 40 50 60 70 80
 [GeV/c] 
π

 p

0

0.02

0.04

0.06

0.08

0.1

0.12

2 m
is

s
 m

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

3−10×
 

0 10 20 30 40 50 60 70 80
 [GeV/c] 
π

 p

0

0.02

0.04

0.06

0.08

0.1

0.12

2 m
is

s
 m

0

0.05

0.1

0.15

0.2

0.25

3−10×
 

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 fracYon of signal.

Upstream background reduced to same level as K background.
Improved coverage and design of upstream background veto.
Improved Yme resoluYon allows corresponding reducYon 
of Yme windows.

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 LocalTriggerUnit dead-time, 
kaon-pion association, improved RICH, 
better kinematic resolution.

Improved @ming, soAware trigger
and new DAQ

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

8



HIKE Phase 1: physics reach
Precision test of the Standard Model:
Measurement of branching raKo offers model-independent standard candle that can constrain any BSM scenarios, 
present or future

NA62 HIKE

Blue = measurements Red = projecKons

[SM: arXiv:2105.02868v1]
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HIKE Phase 1: examples of specific BSM models
[CERN Physics Beyond Colliders Document,
 in preparaYon]

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)

Preliminary

ATLAS

NA62

B physics

HIKE

ν-trident
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MS1 [TeV]

λtτ

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)

Preliminary
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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)] 

Lepton universitality (LU) predicts same 𝑎, 𝑏 for 𝑙 = 𝑒, 𝜇

Long-distance contribuDon to the difference cancels
out and is sensiDve only to short-distance effects
Difference correlated to possible anomalies in B physics

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
SensiDvity also to many radiaDve 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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[arXiv:2206.14748]
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 sensiDve to forward processes, complementary to off-axis experiment SHADOWS.
An ad-hoc senng of the dipoles allows a substanYal reducYon of the rate of muons emi^ed by pion decays in the proton-induced 
hadronic showers in the TAX. 

HIKE Fixed-target configuraDon, long decay volume: suitable to search for FIPs, in kaon and beam-dump. 
Exploring regions below 1 GeV, with unprecedented sensiKvity. 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 parYcular 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.

60
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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
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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.

61

Search for FIP producDon in kaon mode: 𝐾! → 𝑙!𝑁, 𝐾! → 𝜋!𝑋, ...
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For 5 x 1019 POT:
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Figure 30: HIKE exclusion region in the BC1 scenario (dark photon) in the dump mode. HIKE
projection in the kaon mode, which will improve on the NA48/2 limit shown, is yet to be evaluated.
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Figure 31: HIKE exclusion region in the BC2 scenario (invisible dark photon) in the kaon mode.
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Figure 32: HIKE (filled blue contours) and SHADOWS (empty contours) exclusion regions in the
BC4 scenario: dark scalar. Existing experimental limits are also shown.
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65

BC2

BC9

BC11

5 x 1019 POT in dump mode are assumed, taken in 4 years concurrently with SHADOWS operaYon, with 2 × 1013 POT over 4.8 s.
HIKE has unique complementarity between kaon and dump modes. HIKE sensiYve to all BC benchmarks except BC3,BC5. 

In kaon mode, sensitivity 
also to non minimal scenarios.
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Figure 31: HIKE exclusion region in the BC2 scenario (invisible dark photon) in the kaon mode.
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Figure 32: HIKE (filled blue contours) and SHADOWS (empty contours) exclusion regions in the
BC4 scenario: dark scalar. Existing experimental limits are also shown.
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BC1 Selection of benchmarks
shown here. 
For the others, see HIKE
Proposal. 
Complementary phase space 
to SHADOWS.
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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
• measured NA48/1 with limited statistics
• planned by LHCb Upgrade

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

KL → π0ℓ+ℓ− CPV amplitude 
constrains UT 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]
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HIKE design: Phase 2

• 120 m long neutral beamline, secondary beam opening angle = 0.4 mrad
• 2.4 mrad producYon 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 

StaDsDcal 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) 

15



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 resolu=on 
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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Figure 15: Reconstructed masses<WW44 and<WW for ! ! c
0
4
+
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� signal (left) and ! ! WW4
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background (right), with the elliptic selection condition shown.
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Figure 16: Reconstructed masses <WW`` and <WW for  ! ! c
0
`
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� signal (left),  ! ! WW`

+
`
�

(right) and  ! ! c
+
c
�
c

0 (bottom) backgrounds, with the elliptic selection condition shown.
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HIKE Phase 2: background es4mate

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.

Mode Phase space region Branching ratio
 ! ! WW4

+
4
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> 0.05, (1.55 ± 0.05) ⇥ 10�7
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> 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.

Mode Phase space region Branching ratio
 ! ! WW4
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G = (<44/< )2
> 0.05, (1.55 ± 0.05) ⇥ 10�7
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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
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
✓
+
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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 =
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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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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variables. First, the photon energy asymmetry is defined as
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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
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4
+
4
� case, which allows for a significant

background reduction. The discrimination of signal and background provided by the \min
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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 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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to 5% relative 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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Global fits to set of kaon measurements, in the framework of lepton universality.
DeviaKon of Wilson coefficients from SM, for NP scenarios with only le`-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
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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)

�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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Bounds from individual observables. 
Coloured regions are 68%CL measurements
Dashed lines are 90%CL upper limits

With projecYons: central value for exisYng 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 exisYng data 

Figure 30: Global fits in the {dCe
L,dCµ

L (= dCt
L)} plane with current data (purple contours) and the pro-

jected scenarios (green regions). For further details see Ref. [195].

correct sign of Aµ
Lgg .

8.2.3 FURTHER SCIENCE GOALS

LEPTON FLAVOUR VIOLATION

Individual lepton flavours – electron, muon, and tau number – are conserved in the SM but known
to be violated in nature, evident from neutrino oscillations. No LFV has yet been observed in the
charged-lepton sector, but is generically expected in many extensions of the SM, notably those
that aim to generate neutrino masses [210, 211]. An observation would provide groundbreak-
ing indirect evidence for new elementary particles, e.g. heavy neutrinos [212], additional Higgs
bosons, or leptoquarks [213, 214]. In absence of model-independent predictions it behooves us
to explore a wide variety of LFV signatures [211]. HIKE will be able to search for LFV in
kaon and p0 decays, reaching the sensitivity to branching fractions down to O(10�13). Recent
results from NA62 include limits on the decays K+ ! p+e+µ� [215], p0 ! e+µ� [215], and
K+ ! µ�e+e+n [216], with analogous charge-flipped final states currently only constrained by
older experiments [217]. Phase 1 of HIKE will improve on the processes listed above, as well as
other modes including K+ ! e�µ+µ+n , K+ ! p+p0e+µ�, K+ ! p+(p0)e�µ+, p0 ! e+µ�.
Phase 2 of HIKE will study KL decays and is likely to improve limits on LFV decays such as
KL ! e±µ⌥(p0)(p0) [218, 219] and KL ! e±e±µ⌥µ⌥ [220] that still stem from the BNL-E871
and KTeV experiments. The LFV signatures above implicitly assume heavy new physics, but
HIKE will also be sensitive to several LFV channels mediated by FIPs, involving displaced ver-
tices. More details will be presented in the HIKE proposal.

LEPTON NUMBER VIOLATION

While the individual lepton flavours are without a doubt broken in nature, the same is not known
for total lepton number: no lepton-number-violating process has ever been observed, in agreement
with the SM prediction [221]. An observation would again provide evidence for additional par-
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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.
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19

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
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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.
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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.

18

Constraints from CKM unitarity on the contributions to 
the leptonic and semileptonic kaon decay amplitudes 
from right-handed quark currents 

Vus from kaon and tau decays, 
Vud from super-allowed beta decays 

Disagreement leads to (apparent?) violation of CKM unitarity:

HIKE can clarify the origin of the Cabibbo anomaly.
In scenario illustrated, HIKE resolves tension between 
kµ2 and kl3 but confirms anomaly due to Vud

Other physics opportuni/es: 2 examples

Test of Lepton Universality and Flavour/Number Viola=on: sensi=vity O(10-12 - 10-13 ) 
in K+ and KL decays 

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
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HIKE: detector

Detector esKmated 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
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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  

+ ! c
0
4
+
a decay for the

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 
pressure

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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HIKE: Tracking TimeSPOT

for 4x intensity

Hybrid 3D-trenched technology

STRAW in vacuum

for 4x intensity



Electromagne.c Calorimeter
Main electromagnetic calorimeter requirements:
excellent efficiency and -me resolu-on (~100ps), good two-cluster separa-on, good energy resolu-on

Main Electromagnetic Calorimeter:

PANDA prototypes:
• σE/√E ~ 3% /√E (GeV)
• σt ~ 72 ps /√E (GeV)
• σx ~ 13 mm /√E (GeV)

charged 
particles

em shower 
max

mip
discriminatio

n

deep hadronic 
& punch-
through

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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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 operaTon in beam-dump mode, relying on a common infrastructure 
and set of detectors. Complementary to SHADOWS sensiTvity in dump mode.
SynergeTc detector challenges with LHC 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 and Tmely opportunity to address a strongly moTvated physics case at CERN NA facility
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HIKE Phase 1: FIPs sensi4vity
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Figure 30: HIKE exclusion region in the BC1 scenario (dark photon) in the dump mode. HIKE
projection in the kaon mode, which will improve on the NA48/2 limit shown, is yet to be evaluated.
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Figure 31: HIKE exclusion region in the BC2 scenario (invisible dark photon) in the kaon mode.
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Figure 32: HIKE (filled blue contours) and SHADOWS (empty contours) exclusion regions in the
BC4 scenario: dark scalar. Existing experimental limits are also shown.
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Figure 30: HIKE exclusion region in the BC1 scenario (dark photon) in the dump mode. HIKE
projection in the kaon mode, which will improve on the NA48/2 limit shown, is yet to be evaluated.
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Figure 32: HIKE (filled blue contours) and SHADOWS (empty contours) exclusion regions in the
BC4 scenario: dark scalar. Existing experimental limits are also shown.
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Figure 30: HIKE exclusion region in the BC1 scenario (dark photon) in the dump mode. HIKE
projection in the kaon mode, which will improve on the NA48/2 limit shown, is yet to be evaluated.
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Figure 32: HIKE (filled blue contours) and SHADOWS (empty contours) exclusion regions in the
BC4 scenario: dark scalar. Existing experimental limits are also shown.

63

2−10 1−10 1 10 210
 (GeV)Nm

12−10

11−10

10−10

9−10

8−10

7−10

6−10

5−10

4−10

3−10

2−102 | e
|U

 = 1:0:0τ
2: Uµ

2: U
e
2Electron coupling dominance: U

SHADOWS 
 - baseline (solid)
 - baloon (dashed) 

HIKE-dump 

PS191

PIENU

PIENU, low mass

T2K

+HIKE-K

HIKE-dump

NA62

CHARM

BBN 

seesaw

Belle DELPHI

CMS

ATLASATLAS

2−10 1−10 1 10 210
[GeV]Nm

11−10

10−10

9−10

8−10

7−10

6−10

5−10

4−10

3−10

2−102 |
µ

|U

 = 0:1:0τ
2:Uµ

2: Ue
2Muon coupling dominance: U

SHADOWS 
 - baseline (solid)
 - balloon (dashed) 

low mass bounds

PIENU

M
ic

ro
B

oo
N

E 
(2

01
9)

M
ic

ro
B

oo
N

E 
(2

02
2)

, KEK
2µ

KPIENU

T2K

HIKE-dump E9
49

N
A

62
 (f

ill
ed

 a
re

a)

+ HIKE-K

PS
19

1

CMS

DELPHI

NuTeV

Belle

ATLAS 
ATLAS 

BBN

seesaw

1−10 1 10
 [GeV]Nm

9−10

8−10

7−10

6−10

5−10

4−10

3−10

| τ2
|U

 = 0:0:1τ
2:Uµ

2:U
e
2Tau coupling dominance: U

HIKE-dump 

ArgoNeuT 

BaBar

SHADOWS 
 - baseline (solid) 
 - balloon (dashed) 

CHARM, recasted

BEBC, recasted

BBN

seesaw 

DELPHI

Figure 33: HIKE (filled blue contours) and SHADOWS (empty contours) exclusion regions in the
scenarios BC6,7,8: HNL with 4, ` and g coupling. Existing experimental limits are also shown.
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Figure 33: HIKE (filled blue contours) and SHADOWS (empty contours) exclusion regions in the
scenarios BC6,7,8: HNL with 4, ` and g coupling. Existing experimental limits are also shown.
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Figure 33: HIKE (filled blue contours) and SHADOWS (empty contours) exclusion regions in the
scenarios BC6,7,8: HNL with 4, ` and g coupling. Existing experimental limits are also shown.
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HIKE Phase 1: FIPs sensi4vity
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HIKE Phase 1: Beyond the branching ra4o

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.
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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
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to detect a BSM (scalar) component would be to observe an excess [108] of candidate events with
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v for the complete HIKE
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Vector Scalar

Scalar component fraction at the level of 10-11 is observable at HIKE
Shape analysis in progress



𝑲𝟎 → 𝝁!𝝁"

ℬ 𝐾* → 𝜇+𝜇, -. ∝ 𝐴**/ + 𝐴*-/
&

, 𝐴*-/
&
∝ 1 − 𝜌̅ &

PredicKon depends on the sign of the 𝐾# → 𝛾𝛾 amplitude that
determines the effect of the SD – LD interference contribuKon

Long distance (LD) Short distance (SD) [example]
𝛾

𝛾

[PRL 84, 1389 (2000) [B871]  

FCNC: SD + important contributions from LD.   SD: CPV for KS, CPC for KL

[Buras, and Fleisher, 
Adv. Ser. Direct. High Energy Phys. 15, 65 (1998)] 

[arXiv:1707.06999, arXiv:2104.06427]

Theory work ongoing

Figure 2: The impact of reducing theory error for the two signs of the LD contribution to the
 ! ! `

+
`
� decay.

LD uncertainty by at least a factor of two. This is expected to be resolved well before the start of
HIKE [32], and could allow the uncertainty on the SM prediction to be reduced sizeably, opening
up the possibility to exploit the high sensitivity of this decay to BSM physics models. Once the
LD sign is established, even considering the most adverse new physics scenario—minimal flavor
violation, in which new operators have SM structures and the SD relation between  ( ! `

+
`
� and

 ! ! `
+
`
� is dictated by the CKM electroweak phase +C3+⇤

CB
—a B( ! ! `

+
`
�) measurement

to 1% precision will have better sensitivity to BSM than the expected boundary on B( ( ! `
+
`
�)

from LHCb by the end of Run 6 [33, 34]. Due to the unprecedented  ! flux, HIKE will measure
the  ! ! `

+
`
� decay rate to 1% precision.

The study of the  ( ! `
+
`
� decay is the main goal of the kaon physics programme of

the LHCb experiment. The high production rate of kaons in proton-proton collisions at 13 TeV
partly compensates the small LHCb acceptance for kaon decays due to the long lifetime. LHCb has
recently reported an upper limit on the ( ! `

+
`
� branching fraction using the combined Run 1+2

dataset, B( ( ! `
+
`
�) < 2.1 ⇥ 10�10 at 90% CL [35], to be compared to the SM prediction,

BSM( ( ! `
+
`
�) = (5.18 ± 1.50) ⇥ 10�12 [36, 37]. The ultimate expected LHCb sensitivity

for this decay is close to the SM branching ratio, and is expected to be limited by the statistical
uncertainties on background subtraction and signal yield [38]. However, even considering the most-
favourable BSM model, in which the ( ! `

+
`
� branching ratio is enhanced up to 35⇥10�12 [39],

a 5f observation of the  ( ! `
+
`
� decay by LHCb before the end of Run 6 (i.e. mid-2040s) is

unlikely [40].

2.3 Lepton flavour universality tests

Lepton flavour universality (LFU) is a cornerstone of the SM postulating that the lepton coupling
to gauge bosons is independent of lepton type (“flavour”), in contrast with the flavour-dependence
of quark interactions. The origin of the observed LFU, which is not associated with any known

14

ℬ 𝐾$ → 𝜇%𝜇& '()* = 6.84 ± 0.11 ×10&+~ 𝐴$$,
-

HIKE Phase 2: sensiTvity to 𝐾* → 𝜇+𝜇,  to 1% (stat+syst)
Sensitivities of O(10−12) for branching ratios of a broad range of rare and forbidden 𝐾𝐿 decay modes 



Scenarios

Table 17: Scenarios of sharing between kaon and beam dump physics, with the time fraction in
kaon mode, and years needed to complete HIKE phases.

Scenario Fraction of time Integrated POT Years to Years to
in kaon mode in dump mode Phase 1 goals Phase 1+2 goals

over HIKE lifetime
A 100% – 5 11

(for comparison)
B 92% 1019 6 12
C 50% in first 8 years, 5 ⇥ 1019 9 15

100% afterwards

For Phase 2 (Section 4), the neutral beam is produced at 2.4 mrad with a solid-angle bite of
c(0.4 mrad)2 = 0.503 `sr, leading to 5.4⇥ 10�5

 ! at the final collimator plane per POT. With an
acceptance of 5.9%, this corresponds to 3.2 ⇥ 10�6

 ! decays in the fiducial volume per POT, or
3.8 ⇥ 1013

 ! decays per year at a primary intensity of 2 ⇥ 1013 ppp (six times NA62).
The sharing between kaon and beam-dump modes is a matter of scientific scheduling, that

by 2031 will take into account the physics priorities at that time and the results from current
experiments (NA62, LHCb, Belle II and FIPs experiments). At HIKE, kaon physics is the highest
priority while the sensitivity to FIPs is an extension to the flavour programme that adds value and
scheduling flexibility. Three beam sharing scenarios summarised in Table 17 are considered. In
all scenarios, we assume a beam intensity of 2 ⇥ 1013 ppp in the dump mode. Scenario A is the
kaon-only scenario, presented for comparison. Scenario B reaches 1019 POT in dump-mode by
the end of Phase 1. This would allow HIKE to reach the deliverables of Phase 1 ( +, 4+1 standard
years) and Phase 2 ( ! , 5+1 standard years), including 1019 POT in dump-mode (about 1 standard
year), in 12 standard years. We note that one year is added to the minimum time for each phase
to account for contingency. Scenario (C) involves a 50%–50% yearly share between kaon and
dump modes in the first 8 standard years only, reaching an integrated 5 ⇥ 1019 POT in dump mode
in 4 integrated standard years. In this scenario, HIKE would reach the deliverables of Phase 1
( +, 4+1 standard years) and Phase 2 ( ! , 5+1 standard years), including 5 ⇥ 1019 POT in dump
mode (4 standard years) by the end of Phase 2, in about 15 standard years. HIKE would welcome
an increase of about 25% in intensity in dump-mode as this would allows us to collect the same
integrated 5⇥ 1019 POT in dump mode with a time sharing of 60–40% in the first 8 standard years.

The scenario C is equivalent to the scenario presented by the SHADOWS collaboration, and
is considered to produce the HIKE and SHADOWS combined sensitivity curves for FIPs searches
shown in Section 7. The possibility of switching rapidly between kaon and beam-dump modes
adds flexibility to the programme and opportunities for optimisation and best exploitation of the
available beam time, also when fitting into the overall SPS schedule.

In summary, assuming scenario C, HIKE Phases 1 and 2 will cover a total of 15 standard years,
including 4 standard years in dump mode and 11 standard years in kaon mode. The timeline from
present to first beam is presented in Fig. 78.

120

At HIKE, kaon physics is the highest priority while the sensitivity to FIPs is an extension to the flavour programme that adds 
value and scheduling flexibility. 
The sharing between kaon and beam-dump modes is a matter of scientific scheduling, that by 2031 will take into account 
the physics priorities at that time and the results from current experiments.
The possibility of switching rapidly between kaon and beam-dump modes adds flexibility to the programme and opportunities 
for optimisation and best exploitation of the available beam time, also when fitting into the overall SPS schedule. 



Kaon ID with Cherenkov
Differential Cherenkov detector, refurbished readout

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 

Microchannel plate (MCP) PMTs
• Excellent time resolution (~20 ps)
• Low dark noise, Single-photon sensitivity
• High gain, good QE
• Good filling factor
• Input rate capability ~MHz/cm2 Susceptible to aging (QE drops)

Atomic layer deposiYon (ALD) coaYng increases the lifeYme dramaYcally 

Simulation results obtained with geometrical filling factor of 75% and collection efficiency of 60% show that  
15–20 ps kaon time resolution is achievable

MCP-PMT array and matrix of four MCP-PMT 



Beam TracKer

Hybrid 3D-trenched technology can sa=sfy all 
requirements.
Pixel electrode geometry opDmised
for Dming performance. Able to withstand very large
irradiaDon. Excellent detecYon efficiencies by operaYng the sensor inclined by angle 20◦ wrt beam incidence 
Associated 28nm ASIC: first prototype 

TimeSPOT

for 4x intensity

Interest for silicon detectors with fast Yming informaYon 
capable to operate in a high- radiaYon environment is shared 
among different experiments, including the LHC experiments 
for the high luminosity phase of the collider. 



STRAW detector NA62 has developed techniques for making 
state-of-the-art straws by ultrasonic welding 

The dream has become a reality  

30/08/2019NA62 Future

2

Present straws with 
diameter 
10 mm and 36 mm wall 
thickness

First straws with a diameter of ~4.8 mm and 12 
mm wall thickness:
Î higher rates, shorter drift time, capable of 

giving timing information ~1 ns (with 4 
chambers) AND less material

NA62 straw chamberfor 4x intensity

opYmised
layout for
new STRAW
detectors



Pion ID with Cherenkov: RICH detector
NA62 RICH detector, using neon at atmospheric 
pressure as the radiator, is well suited for HIKE
Major changes only concern the Cherenkov light 
sensors and flanges hosYng them. Opportunity
to increase acceptance.

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  

+ ! c
0
4
+
a decay for the

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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0.5*(T1-T2), iterative single ring fit

Figure 59: Time resolution of the new proposed layout based on 9x9 mm2 SiPM for the ring
produced by the positron in the  + ! c

0
4
+
a decay. The resolution is calculated from the time

difference between two equally populated sub-samples obtained splitting, for each event, the sample
of hits belonging to the positron ring.

9.3.1.2 New mechanics The NA62 RICH vessel, end-caps and the mirror support panel will
not be changed in the HIKE configuration, apart for minor modifications. Concerning the mirrors,
a replacement or a re-aluminisation should be considered to recover from the deterioration of the
coating layer already observed in 2014 during their installation. The new reflecting surface must
match, in terms of reflectivity as a function of light wavelength, the quantum efficiency of the
photodetectors, so both the reflective and coating layers will be chosen accordingly.

The change of sensors will request modification of the two flanges hosting them. This represents
an opportunity to increase the RICH acceptance for negatively-charged particles (note that the NA62
RICH is optimised for the  + ! c

+
aā decay). Simulations show that increasing the instrumented

area from 5700 cm2 to 7600 cm2 would lead to a good acceptance for negative tracks. The end-cap
region that can be instrumented without compromising the vacuum-proof mechanics is shown in
Fig. 61. In the redesign of the new flanges, a photosensor cooling system will be introduced,
which must avoid inducing a temperature gradient in the RICH radiator gas. An adequate system
to guarantee thermal insulation between the sensor flanges and the vessel will be implemented.

9.3.2 Timing detector

The timing detector will allow to have a redundant and complementary measurement of the
transit time of charged particles in the downstream detector region with respect to the RICH. The
information of the timing plane can be used for efficiency studies, trigger purposes and to veto
accidental activity. The timing detector can also be used to have more than one time measurement
for pions and muons with momentum below the Cherenkov thresholds in the RICH of 12 and
8 GeV/2, respectively. In the  + ! c

+
aa analysis of HIKE, the timing detector is used mainly for

the multiplicity veto, i.e., the veto on extra tracks and shower fragments, while the RICH provides
the downstream track time used for matching the upstream track, as in NA62. As the principal role
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Large-angle photon vetoes

12 new large-angle photon veto stations (LAV)
• Sensitive radius 0.85 to 1.5 m
• Time resolution <250 ps
• Hermetic coverage out to 100 mrad
• Need good detection efficiency at low energy 
(1 − ε < few 10-4 at at least 100 MeV)
• Full digitization, segmentation in depth

Time resolution for current NA62 LAVs ~ 1 ns
• Cerenkov light is directional
• Complicated paths to PMT with multiple reflections

• Pb/scintillating tile
• 1 mm Pb + 5 mm scint

fem ~ 36%
• WLS fiber readout

Light read out with SiPM
arrays

Baseline technology: 
Lead/scintillator tile with WLS readout



Hadron Calorimeter

High-Granularity Analogue Calo

HCAL) is the main detector for 𝜋/𝜇 idenKficaKon and separaKon
(including catastrophically interacKng muons, which deposit all or 
large fracKon of their energy in the calorimeter)

Average muon misidenKficaKon probability of O(10−6) over momentum 
range 10 - 50 GeV is necessary 

At 4 – 6 x NA62 intensity, sub-nanosecond Kme resoluKon required to 
avoid dead-Kme from random veto. Cellular layout to reduce rate on each 
channel and Kme resoluKon. Iron-scinKllator sandwich design, acKve layers
built from scinKllaKng Kles readout by SiPMs

GEANT4 SIMULATION: TILE RESPONSE
Ø Standalone simulation to study single tile uniformity and 

energy deposit

Ø Different configuration of tile thickness and cavity 
dimension tested in the simulation 

Ø Studies done

q Uniformity in the number of optical photons collected by 
SiPM wrt impact point of track in the tile

q Energy deposit wrt impact point

Muon beam @ 3 GeV 
Scan of one quarter of the tile in step of 1 mm in x and y 

H = 1.5 mm 

D = 6.0 mm 

30 mm 

3 
m

m
 

Fig. 1. Schematics of a scintillator tile with an optimized dome-shaped
cavity (H and D are the height and diameter of the dome respectively) and
an SMD-SiPM (red) completely inside the cavity
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Fig. 2. Simulated uniformity using the optimized cavity design with 2.28
MeV electrons perpendicularly penetrating the tile

reflectivity of two types of 3M reflective foil (ESR and
DF2000MA) wrapped around the tile is also taken into ac-
count, based on two independent measurements [6], [7].

The size of each tile is 30 � 30 � 3 mm3, as required by
the aforementioned high granularity. In the simulation, placing
a cavity in the center of the tile surface shows better response
uniformity than along a side or in a corner. Among several
different shapes, a dome-shaped cavity is chosen, which
shows promising response uniformity and simplifies shaping
of the cavity via mechanical drilling and polishing. Different
geometry parameters of the dome (i.e. dome height and dome
diameter on the bottom surface) and surface properties for
both the tile and the cavity (i.e. polished or ground) have been
varied in the simulation, which turns out that polished surfaces
of the tile and the cavity can improve response uniformity.
Geometry parameters of the dome have been chosen as shown
in Fig. 1, which ensures enough space for the SiPM package
without degrading response uniformity.

In order to be comparable with later uniformity mea-
surements using a beta source, low-energy electrons (2.28
MeV) have been used in the simulation to scan the tile
area (30 � 30 mm2) in a 0.5 � 0.5 mm2 step size. A two-
dimensional histogram of simulated response uniformity is
shown in Fig. 2, where a single colorful point represents the
mean response for electrons passing through this area. The
global mean response across the tile area is around 22.0 p.e.
(photon equivalents) and 97.1% (80.8%) of the tile area is
within 10% (5%) deviation from the mean value.

TABLE I
COSMIC-RAY MEASUREMENTS FOR SCINTILLATOR TILES

Design SiPM Type Sensitive Area Mean Np.e.

SMD design MPPC S12571-025P 1.0 � 1.0 mm2 23.2
Side-surface design KETEK PM1125NT 1.2 � 1.2 mm2 23.5
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Fig. 3. Cosmic-ray measurement: single-MIP responses of a scintillator tile
with a Hamamatsu SMD-SiPM coupled inside the optimized cavity

III. COSMIC-RAY MEASUREMENTS

We have constructed in Mainz a customized cosmic-ray test
setup for measuring responses of scintillator tiles to muons,
which are ideal candidates of MIPs. One of tiles under test is
placed between two trigger scintillators coupled to two PMTs
by light guides. The coincidence of two trigger signals ensures
a muon track passing though the tile and also constrains the
incident angle of each muon.

The SMD-SiPM module MPPC S12571-025P has a sensi-
tive area of 1 � 1 mm2 with 25 µm pixel pitch. One such
SMD-SiPM is soldered onto a readout PCB and a scintillator
tile is fixed on top of the PCB. With the optimized cavity
design, this SiPM detected 23.2 p.e. on average to a muon, as
shown in Fig. 3. As a reference, a tile using the side-surface
design [8] is also measured in this setup using a SiPM KETEK
PM1125NT, which shows a mean single-MIP response of 23.5
p.e., as shown in Fig. 4.

Tab. I lists mean single-MIP responses to muons of dif-
ferent configurations, where the mean Np.e. is obtained by
fitting a SiPM charge spectrum using a Landau convoluted
with Gaussian distribution. The gain used in the fitting was
extracted from SiPM dark count spectra. Two SiPMs were both
operated in the same environment (temperature controlled to
be 21.2 ± 0.5�C) and at suggested overvoltages (around 3.0 V
above the breakdown voltage respectively).

The optimized cavity design using a relatively smaller
sensitive area can reach a similar single-MIP response as the
side surface design. This single-MIP response is high enough
to suppress the SiPM dark counts with negligible efficiency
loss. With all 1600 pixels in the SMD-SiPM, it can also detect
many tens of MIPs which ensures a large dynamic range.
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Figure 70: Left: dimensions of an HCAL scintillator tile. Both the size of the cavity and the tile
thickness have been optimised by simulations. Right: average yield of photo electrons as a function
of the position of a through-going minimum-ionising particle, as determined by simulation. Shown
is one quadrant of an HCAL tile.

9.3.5.3 Expected performance and further R&D The intrinsic time resolution of a single
scintillating tile is expected to be of O(750 ps) for a single MIP, derived from measurements for
the CALICE AHCAL [227]8. Together with the readout electronics, the time resolution of a MIP
should be of O(900 ps) or better, following the same CALICE AHCAL measurement. Given that a
minimum-ionizing muon of sufficient energy hits 40 tiles, the time resolution of a MIP is expected
to be at most ± 200 ps. In the short-term future, the time resolution will be verified and optimized
with single-tile prototypes.

The planned HCAL tile size of 6 cm is the same as the NA62 MUV1 strip width (and half of
the MUV2 strip width). Furthermore, the expected light yield per MIP is larger than in the NA62
strip-like layout and, in addition, the HIKE HCAL is fully segmented in longitudinal direction.
Therefore, the c/` separation cannot be worse than in NA62, which already would be sufficient
for the HIKE purposes. Ongoing and future simulations of the full HCAL detector, including
clustering and employment of classification methods as Boosted Decision Trees and neural nets,
will yield the real separation power of the HIKE HCAL. Following those studies, we aim to find
an optimum between the separation power and the cost of the detector, which is mainly driven by
the number of readout channels. Possible options for optimization are e.g. larger tile sizes or less
active layers. However, since these studies are still on-going, the cost estimate refers to the baseline
design above. Further R&D has still to go into the readout electronics. In particular, a decision on
the digitizing ASIC will be taken in the near-term future.

9.3.6 Muon veto detector (MUV)

The muon veto detector (MUV) vetoes muons and contributes to the muon identification and
suppression at a event-building-farm or the analysis level. It is placed following the HCAL behind
a 80 cm thick iron wall (corresponding to about 5 additional nuclear interaction lengths). The
MUV needs a time resolution of the order of 100 – 150 ps to keep the loss of signal due to random
activity at the level of a few percent, as it is presently achieved by NA62 with a time resolution of
about 500 ps.

8Within CALICE a time resolution of ± 466 ps was measured for 3 ◊ 3 ◊ 0.3 cm3 tiles with about half the light yield.
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GEANT4 SIMULATION: TILE RESPONSE
Ø Standalone simulation to study single tile uniformity and 

energy deposit

Ø Different configuration of tile thickness and cavity 
dimension tested in the simulation 

Ø Studies done

q Uniformity in the number of optical photons collected by 
SiPM wrt impact point of track in the tile

q Energy deposit wrt impact point

Muon beam @ 3 GeV 
Scan of one quarter of the tile in step of 1 mm in x and y 

Fig. 1. Schematics of a scintillator tile with an optimized dome-shaped
cavity (H and D are the height and diameter of the dome respectively) and
an SMD-SiPM (red) completely inside the cavity
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Fig. 2. Simulated uniformity using the optimized cavity design with 2.28
MeV electrons perpendicularly penetrating the tile

reflectivity of two types of 3M reflective foil (ESR and
DF2000MA) wrapped around the tile is also taken into ac-
count, based on two independent measurements [6], [7].

The size of each tile is 30 � 30 � 3 mm3, as required by
the aforementioned high granularity. In the simulation, placing
a cavity in the center of the tile surface shows better response
uniformity than along a side or in a corner. Among several
different shapes, a dome-shaped cavity is chosen, which
shows promising response uniformity and simplifies shaping
of the cavity via mechanical drilling and polishing. Different
geometry parameters of the dome (i.e. dome height and dome
diameter on the bottom surface) and surface properties for
both the tile and the cavity (i.e. polished or ground) have been
varied in the simulation, which turns out that polished surfaces
of the tile and the cavity can improve response uniformity.
Geometry parameters of the dome have been chosen as shown
in Fig. 1, which ensures enough space for the SiPM package
without degrading response uniformity.

In order to be comparable with later uniformity mea-
surements using a beta source, low-energy electrons (2.28
MeV) have been used in the simulation to scan the tile
area (30 � 30 mm2) in a 0.5 � 0.5 mm2 step size. A two-
dimensional histogram of simulated response uniformity is
shown in Fig. 2, where a single colorful point represents the
mean response for electrons passing through this area. The
global mean response across the tile area is around 22.0 p.e.
(photon equivalents) and 97.1% (80.8%) of the tile area is
within 10% (5%) deviation from the mean value.

TABLE I
COSMIC-RAY MEASUREMENTS FOR SCINTILLATOR TILES

Design SiPM Type Sensitive Area Mean Np.e.

SMD design MPPC S12571-025P 1.0 � 1.0 mm2 23.2
Side-surface design KETEK PM1125NT 1.2 � 1.2 mm2 23.5
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Fig. 3. Cosmic-ray measurement: single-MIP responses of a scintillator tile
with a Hamamatsu SMD-SiPM coupled inside the optimized cavity

III. COSMIC-RAY MEASUREMENTS

We have constructed in Mainz a customized cosmic-ray test
setup for measuring responses of scintillator tiles to muons,
which are ideal candidates of MIPs. One of tiles under test is
placed between two trigger scintillators coupled to two PMTs
by light guides. The coincidence of two trigger signals ensures
a muon track passing though the tile and also constrains the
incident angle of each muon.

The SMD-SiPM module MPPC S12571-025P has a sensi-
tive area of 1 � 1 mm2 with 25 µm pixel pitch. One such
SMD-SiPM is soldered onto a readout PCB and a scintillator
tile is fixed on top of the PCB. With the optimized cavity
design, this SiPM detected 23.2 p.e. on average to a muon, as
shown in Fig. 3. As a reference, a tile using the side-surface
design [8] is also measured in this setup using a SiPM KETEK
PM1125NT, which shows a mean single-MIP response of 23.5
p.e., as shown in Fig. 4.

Tab. I lists mean single-MIP responses to muons of dif-
ferent configurations, where the mean Np.e. is obtained by
fitting a SiPM charge spectrum using a Landau convoluted
with Gaussian distribution. The gain used in the fitting was
extracted from SiPM dark count spectra. Two SiPMs were both
operated in the same environment (temperature controlled to
be 21.2 ± 0.5�C) and at suggested overvoltages (around 3.0 V
above the breakdown voltage respectively).

The optimized cavity design using a relatively smaller
sensitive area can reach a similar single-MIP response as the
side surface design. This single-MIP response is high enough
to suppress the SiPM dark counts with negligible efficiency
loss. With all 1600 pixels in the SMD-SiPM, it can also detect
many tens of MIPs which ensures a large dynamic range.
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Figure 70: Left: dimensions of an HCAL scintillator tile. Both the size of the cavity and the tile
thickness have been optimised by simulations. Right: average yield of photo electrons as a function
of the position of a through-going minimum-ionising particle, as determined by simulation. Shown
is one quadrant of an HCAL tile.

9.3.5.3 Expected performance and further R&D The intrinsic time resolution of a single
scintillating tile is expected to be of O(750 ps) for a single MIP, derived from measurements for
the CALICE AHCAL [227]8. Together with the readout electronics, the time resolution of a MIP
should be of O(900 ps) or better, following the same CALICE AHCAL measurement. Given that a
minimum-ionizing muon of sufficient energy hits 40 tiles, the time resolution of a MIP is expected
to be at most ± 200 ps. In the short-term future, the time resolution will be verified and optimized
with single-tile prototypes.

The planned HCAL tile size of 6 cm is the same as the NA62 MUV1 strip width (and half of
the MUV2 strip width). Furthermore, the expected light yield per MIP is larger than in the NA62
strip-like layout and, in addition, the HIKE HCAL is fully segmented in longitudinal direction.
Therefore, the c/` separation cannot be worse than in NA62, which already would be sufficient
for the HIKE purposes. Ongoing and future simulations of the full HCAL detector, including
clustering and employment of classification methods as Boosted Decision Trees and neural nets,
will yield the real separation power of the HIKE HCAL. Following those studies, we aim to find
an optimum between the separation power and the cost of the detector, which is mainly driven by
the number of readout channels. Possible options for optimization are e.g. larger tile sizes or less
active layers. However, since these studies are still on-going, the cost estimate refers to the baseline
design above. Further R&D has still to go into the readout electronics. In particular, a decision on
the digitizing ASIC will be taken in the near-term future.

9.3.6 Muon veto detector (MUV)

The muon veto detector (MUV) vetoes muons and contributes to the muon identification and
suppression at a event-building-farm or the analysis level. It is placed following the HCAL behind
a 80 cm thick iron wall (corresponding to about 5 additional nuclear interaction lengths). The
MUV needs a time resolution of the order of 100 – 150 ps to keep the loss of signal due to random
activity at the level of a few percent, as it is presently achieved by NA62 with a time resolution of
about 500 ps.

8Within CALICE a time resolution of ± 466 ps was measured for 3 ◊ 3 ◊ 0.3 cm3 tiles with about half the light yield.
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Transverse HCAL layout, 1440 cells



Small-angle photon veto
• Rejects high-energy γs from KL → π0π0

escaping through beam hole
• Must be insensitive as possible to 

extremely high rate 430 MHz of 
beam neutrons in KL mode

Beam comp. Rate (MHz) Req. 1 – ε
γ, E > 5 GeV 50 10−2

γ, E > 30 GeV 2.5 10−4

n 430 −

Possible solution:
Compact Cherenkov calorimeter with oriented high-Z crystals  

PbF2 Cherenkov calorimeter

• σt < 100 ps
• 2 pulse separation at ~ 1 ns
• Radiation-hardness: 1014 n/cm2 and 105-106 Gy
• Longitudinal and transverse segmentation for PID

• Optimize choice of photodetectors
• Excellent time resolution
• Radiation hardness

• Study response to neutral hadrons
• Possibilities for γ/n discrimination

SAC necessary from Phase 1 but the most stringent 
requirements for the SAC are for KL beam

For HIKE Phase 1, the requirements are slightly less stringent, 
remnants of the charged beam can be magnetically swept out of 
acceptance. Still expect rates of up to 10 MHz or more.



𝑲! → 𝝅!𝒍!𝒍" Precision measurement

𝑁./* = 27679
𝒂% = −𝟎. 𝟓𝟕𝟓 ± 𝟎. 𝟎𝟏𝟑
𝒃% = −𝟎. 𝟕𝟐𝟐 ± 𝟎. 𝟎𝟒𝟑
𝑩𝑹 𝑲% → 𝝅%𝝁%𝝁& = 𝟗. 𝟏𝟓 ± 𝟎. 𝟎𝟖 ×𝟏𝟎&𝟖
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𝑲! → 𝝅!𝜸𝜸 Precision measurement

Measurement of 𝐵𝑅 𝐾! → 𝜋!𝛾𝛾 and .𝒄

NA62 recent:  Data RUN 1, ~10% background

LD dominated, test of Chiral Perturbation Theory,     kin. variables
⁄𝑑Γ (𝑑𝑦𝑑𝑧) depends on the chiral parameter .𝒄 + external parameters

external parameters from 𝐾 → 3𝜋 fit

D’Ambrosio, Portoles PLB 386 403 (1996)

𝑁./* = 4039

U𝒄 = 𝟏. 𝟕𝟏𝟑 ± 𝟎. 𝟎𝟕𝟓𝒔𝒕𝒂𝒕 ± 𝟎. 𝟎𝟑𝟕𝒔𝒚𝒔𝒕
𝑩𝑹 𝑲% → 𝝅%𝜸𝜸 = 𝟗. 𝟕𝟑 ± 𝟎. 𝟏𝟕𝒔𝒕𝒂𝒕 ± 𝟎. 𝟎𝟖𝒔𝒚𝒔𝒕 ×𝟏𝟎&𝟕

norm 𝐾! → 𝜋!𝜋$, .𝒄 from ⁄𝑑Γ (𝑑𝑦𝑑𝑧)

𝑁/67 = 393 ± 20

HIKE Phase 1: sensiTvity to many radiaTve decays of interest
 𝑲+ → 𝝅+𝜸𝜸 precision of few per mille



LNV and LFV tests
Direct search of NP: Majorana neutrino (LNV), Leptonquark (LFV)

NA62 recent: Several channels studied with RUN1 data

Karim Massri – HIKE UK meeting – Birmingham, UK19/06/2023 10

`

Lepton Number/Flavor Violation: many decay modes, forbidden in SM
LFV possibly mediated by leptoquark: LNV possibly mediated by a Majorana neutrino:

K+→ πμe [PRL127(2021)131802] K+→π–e+e+ [PLB830(2022)137172] K+→π–μ+μ+ [PLB797(2019)134794]

NA62: O(10-11) limits on BR of LNV/LFV K+ decays
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HIKE-Phase1: O(10-12) sensitivity on BR of LNV/LFV K+ decays

HIKE-Phase1 – broader physics programme

Phase1: Broader physics programme
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HIKE-Phase1: O(10-12) sensitivity on BR of LNV/LFV K+ decays

HIKE-Phase1 – broader physics programme

Phase1: Broader physics programme

NA62: O(10-11) on Br of LNV
and LFV K+ decays

Many channels:

HIKE Phase 1: sensiTvity O(10-12) or below to LNV and LFV K+ decays



Dark Photon Search 𝑨! → 𝝁"𝝁# in NA62 RUN2
Theory: SM extension in the framework of feebly interacQng parQcle models (FIPs) 

NA62: Data taken in dump mode in 2021 (RUN2), exploitaQon of beam opQmizaQon and ANTI0

Analysis: blind analysis, reconstructed 𝐴′ compaQble with producQon in dump

Parameters: mass 𝑀%", coupling to SM fields 𝜀, If 𝑀%" < 0.7 GeV decay to 𝑙!𝑙& dominate 

Background from random time superposition of two uncorrelated muons (data-driven estimation)

1 event observed in signal regionData-driven expected background

Signal MC



HIKE will build on the experience of studying kaon physics at CERN over past four decades
Kaon Experiments at CERN

Because of the relaTvely small number of kaon decay modes and the relaTvely simple final states, 
combined with the relaTve ease of producing intense kaon beams, kaon decay experiments are 
in many ways the quintessenTal intensity-fronTer experiments. 1

Importance of kaon physics highlighted in the last European Strategy: findings of the last European Particle Physics Strategy Group
in the deliberation document CERN-ESU-014 “Rare kaon decays at CERN and KEK” mentioned in Section 4 as 
“Other essential activities for particle physics”.

A.J. Buras KAON2016 η−

ρ−

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

−



Kaon Global Fit

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
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For example, recent paper with global fits to set of kaon measurements
DeviaKon of Wilson coefficients from SM, for NP scenarios with only le`-
handed quark currents. 

as indicated by the purple solid contours (coinciding with the 68 and 95% contours of the purple
regions in Fig. 8) reveals a significant reduction in the parameter space for both projections.
Projection A leads to an overall consistency with the SM, represented by (0, 0), up to 3�.
This can be expected with the choice of the predicted central values being the same as the
SM for those observables not currently measured. Projection B on the other hand predicts an
overwhelming departure from the SM. This is also in line with our expectation as the best-fit
points of the fit to the current data (purple crosses in Fig. 8) presented a significant departure
from their corresponding SM prediction with the assumption of the projected sensitivities.

The entire discussion of Section 3 can be conveniently encapsulated by presenting a summary
plot in Fig. 10. The left (right) plot corresponds to AL�� < 0 (> 0). Either plot gives
the results with the current fit along with the two approaches for the projected global fits:
projection A (lighter shade of red) and B (darker shade of red). They are overlaid on the
results of Fig. 7. This gives us an illustrative understanding of the observables that are the
driving force behind the fits. As expected, K+ ! ⇡+⌫⌫̄, shown by the “maroon-doughnut”
shape plays the most significant role in determining the shape of the regions. This is true for
both the current as well as the projected fits. In an ideal case, one would expect the regions
to be concentrated towards the top left for the projected fit due to the impact of the LFUV
observables. However, the dominance of the theoretical errors due to KL ! µµ̄ makes its e↵ect
to be less pronounced.

Figure 10: Global fit with current data (in purple) and projection A (lighter shades of red) and

projection B (darker shades of red) together with 68% CL for individual observables with current

data. The purple cross indicates the best-fit point with the current data.

4 Conclusions

This work, motivated by B-anomalies, presents a possible new way to analyse rare kaon decays
looking for LFUV: we have performed global fits to the Wilson coe�cients of the operators
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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
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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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Bounds from individual observables. 
Coloured regions are 68%CL measurements
Dashed lines are 90%CL upper limits

With projecYons: central value for exisYng 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 exisYng data 12
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Figure 32: Global fits in the {dCe
L,dCµ

L (= dCt
L)} plane with current data (purple contours) and the pro-

jected scenarios (green regions) with the sensitivities for HIKE as in table 8. The two panels correspond to
the different signs for the LD contribution to KL ! µµ̄ (left: negative, right: positive), which affects the SM
prediction and hence the interpretation of the experimental result (see table 7 and figure 30). Figure updated
from [203].

7.2.3 FURTHER SCIENCE GOALS2064

LEPTON FLAVOUR VIOLATION2065

Individual lepton flavours – electron, muon, and tau number – are conserved in the SM but known2066

to be violated in nature, as evidenced from neutrino oscillations. No LFV has yet been observed2067

in the charged-lepton sector, but is generically expected in many extensions of the SM, notably2068

those that aim to generate neutrino masses [216, 217]. An observation would provide ground-2069

breaking indirect evidence for new elementary particles, e.g. heavy neutrinos [218], additional2070

Higgs bosons, or leptoquarks [219, 220]. The absence of model-independent predictions leads2071

to explore a wide variety of LFV signatures [217]. HIKE will be able to search for LFV in2072

kaon and p0 decays, reaching the sensitivity to branching fractions down to O(10�13). Recent2073

results from NA62 include limits on the decays K+ ! p+e+µ� [221], p0 ! e+µ� [221], and2074

K+ ! µ�e+e+n [222], with analogous charge-flipped final states currently only constrained by2075

older experiments [223]. Phase 1 of HIKE will improve on the processes listed above, as well as2076

other modes including K+ ! e�µ+µ+n , K+ ! p+p0e+µ�, K+ ! p+(p0)e�µ+, p0 ! e+µ�.2077

Phase 2 of HIKE will study KL decays and is likely to improve limits on LFV decays such as2078

KL ! e±µ⌥(p0)(p0) [224, 225] and KL ! e±e±µ⌥µ⌥ [226] that still stem from the BNL-E8712079

and KTeV experiments. The LFV signatures above implicitly assume heavy new physics, but2080

HIKE will also be sensitive to several LFV channels mediated by FIPs, involving displaced ver-2081

tices.2082

LEPTON NUMBER VIOLATION2083

While the individual lepton flavours are without a doubt broken in nature, the same is not known2084

for total lepton number: no lepton-number-violating process has ever been observed, in agreement2085

with the SM prediction [227]. An observation would again provide evidence for additional par-2086

ticles beyond the SM and have wide-ranging consequences for our understanding of fundamental2087

70

Observable SM prediction Experimental results Ref. HIKE projections

BR(K+ ! p+nn̄) (7.86±0.61)⇥10�11 (10.6+4.0
�3.5 ±0.9)⇥10�11 [144] 5% (Phase 1)

LFUV(aµµ
+ �aee

+ ) 0 �0.031±0.017 [207, 208] ±0.007 (Phase 1)

BR(KL ! µµ) (+) (6.82+0.77
�0.29)⇥10�9

(6.84±0.11)⇥10�9 [209] 1% (Phase 2)
BR(KL ! µµ) (�) (8.04+1.47

�0.98)⇥10�9

BR(KS ! µµ) (5.15±1.50)⇥10�12 < 2.1(2.4)⇥10�10 @90(95)% CL [210] Upper bound kept to current value

BR(KL ! p0ee)(+) (3.46+0.92
�0.80)⇥10�11

< 28⇥10�11 @90% CL [211] 20% (Phase 2)
BR(KL ! p0ee)(�) (1.55+0.60

�0.48)⇥10�11

BR(KL ! p0µµ)(+) (1.38+0.27
�0.25)⇥10�11

< 38⇥10�11 @90% CL [212] 20% (Phase 2)
BR(KL ! p0µµ)(�) (0.94+0.21

�0.20)⇥10�11

Table 7: The SM predictions, current experimental status and the expected HIKE sensitivity for the different
observables, that are the inputs for the global fit theory plots. The “(+)” and “(�)” signs in the first column
correspond to constructive and destructive interference of the amplitudes.

Mode NS NB NS/
p

NS +NB
KL ! p0e+e� 70 83 5.7
KL ! p0µ+µ� 100 53 8.1

Table 8: Expected number of signal (NS) and background (NB) events at HIKE Phase 2, as well as the
resulting signal-to-background ratio for different KL decay modes.

• projection A: the predicted central values for those observables with only an upper bound is 2048

projected to be the same as the SM prediction while for the measured ones the current central 2049

values are taken; 2050

• projection B: the central values for all of the observables are projected with the best-fit points 2051

obtained from the fits with the existing data. 2052

Both projections do not assume any improvement in the theoretical precision. The projected fits of 2053

the two scenarios are shown in Figure 32 where the 68 and 95 % CL regions are shown with the 2054

two shades of light-green for projection A and the two shades of dark-green for projection B. The 2055

two panels correspond to the two possible signs of the LD contributions to KL ! µµ̄ . 2056

The two scenarios give quite different results with projection A indicating overall consistency 2057

with SM at the level of 3s while projection B clearly departs from the SM at more than 3s , 2058

especially for positive LD. The sign of the LD contributions to KL ! µµ̄ has a clear impact on 2059

how precisely BSM can be probed and although currently the theory uncertainty overshadows the 2060

experimental error, in case of future improvement of theory prediction, decrease in experimental 2061

uncertainty will be relevant for extracting information on BSM physics as well as identifying the 2062

correct sign of Aµ
Lgg . 2063
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Es4mated cost for detectors

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
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Selected normalization (𝐾+ → 𝜋+𝜋0) events / burst vs intensity extracted from data

selected 𝐾+ → 𝜋+𝜋0 / burst Argonion counts* (𝒜) ∝ PoT
Instantaneous intensity** (ℐ) ∝ PoT & beam quality
𝒜 and ℐ partially correlated 
Simultaneous fit to 𝑁𝜋𝜋,𝒜 and ℐ

2023 June data (L0TP) 100%70%

Step 1: Normalization intensity dependence

29/08/2023 10Giuseppe Ruggiero

** Measured on data evt-by-evt and mediated per burst

1 entry = 1 burst

* Integrated value in one burst

Output: dead-time-like paralyzable dependence 
of 𝑵𝝅𝝅 on 𝓘

Random veto efficiency
2023 data

100%70%
“good” beam 

quality

Criteria to veto photons induce intensity-dependence 
𝜋𝜈𝜈 loss (“random veto”)

Output: efficiency that a signal event passes the photon 
veto criteria vs intensity [“Random veto efficiency”]

Step 2: Random Veto

29/08/2023 11

Effect of random veto vs intensity measured on data (𝐾+ → 𝜇+𝜈)

Giuseppe Ruggiero

Step 3: Selected 𝝅𝝂𝝂 intensity dependence model

Saturation of signal yield with intensity100%70%

Uncertainty 
of the 
model

Slope depends on 
signal acceptance 

at 0 intensity

Main sources of intensity saturation:
TDAQ dead time and trigger veto windows
Offline selection due to veto conditions

Preliminary results indicate some 
improvement with L0TP+ with 
saturation moving closer to 100%

Online & offline efficiencies  included

29/08/2023 Giuseppe Ruggiero 12

Product of the outputs of step 1 and step 2

Dead-Yme-like
paralyzable 
dependence
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K+ →π+νν signature:
Kaon track +
Pion track +

NOTHING ELSE

K+ →π+νν: decay-in-flight technique

 NA62/HIKE-Phase1 

keystones:
– Precise tracking
– PID (in particular π/μ)
– Photon rejection
– Precise timing

Background 
rejection

at ~ 1011 level

Main backgrounds:
BR(K+→μ+ν) = 63.5%
BR(K+→π+π0) = 20.7%

K+→π+νν – state of the art

The NA62 decay-in-flight technique is now well established!
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The NA62 experiment

Primary beam:
●  400 GeV CERN SPS protons

Secondary hadron beam:
●  K+ (6%) / π+ (70%) / p (24%)
●  p = 75 GeV,  Δp/p ~ 1%
●  60 × 30 mm2 transverse size

Decay region:
●  60 m long fiducial volume
●  Vacuum ~ O(10–6 mbar)
●  ~ 5 MHz K+ decay rate

CERN SPS
protons

Nominal intensity:  ~ 3 × 1012 POT/spill → 750 MHz hadron beam

1.5×1012 K+ decays
~ 50-60% nominal

2.6×1012 K+ decays
~ 60-70% nominal

0.12×1012 K+ decays
~ 40% nominal

Data taking periods & intensity

K+→π+νν – state of the art
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NA62 Run1 (2016-2018) result

Combined NA62 2016-2018 data

SES = (8.39 ± 0.53
syst

) × 10–12 

Expected signal: 10.01 ± 0.42
syst

 ± 1.19
ext

Expected bkg:       7.03+1.05
–0.82

Observed:      20 (1+2+17) events

BR(K+→π+νν) = (10.6+4.0 
stat

 ±0.9
syst

)× 10–11 −3.4

3.4σ significance, most precise measurement to date!

K+→π+νν – state of the art

JHEP 06 (2021) 0932018 data:

Expected: 7.6 signal + 5.4 background events
Observed:  17 K+ →π+νν candidates!
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NA62 recommended by SPSC and approved by Research Board until LS3

Improvements in NA62 Run2:
● DAQ stability improved: run at higher beam intensity (70% → 100%)
● Rearrangement of beamline elements around GTK achromat
● Added 4th station to GTK beam tracker
● Additional veto counters around beam pipe

(both upstream/downstream the FV)
● New veto hodoscope upstream of decay volume (ANTI0)
● New hydrogen-filled Kaon identification detector (CEDAR-H)

to reduce material along the beam line (since 2023)

NA62 Run2 (2021-2025)
K+→π+νν – state of the art

New upstream veto

New downstream veto New CEDAR-H

New ANTI0


