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HIKE	&	SHADOWS

HIKE	(High	Intensity	Kaon	Experiments):	
▶ Successor	of	existing	NA62	experiment	to	measure	the																																																												

ultra-rare	decay	K+	➞	π+νν̄	to	~ 5%		(Br(K+	➞	π+νν̄)	≈	10-10!).	
➜ 4	×	increase	in	intensity	
➜ Upgraded	NA62	detector	and	beam-line.	

SHADOWS	(Search	for	Hidden	And	Dark	Objects	With	the	SPS):	
▶ New	experiment	in	the	NA62/HIKE	beamline	to	search	for																																																		

long-lived,	weakly-interacting,	neutral,	and	massive	particles																																														
(ALPs,	HNLs,	Dark	photons,	…).	

▶ Runs	alternately	with	HIKE	Kaon	Physics	in	„Beamdump	Mode“.	
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HIKE, High Intensity Kaon Experiments
at the CERN SPS

Letter of Intent

The HIKE Collaboration

HighIntensityKaonExperiments
HIKE

Abstract

A timely and long-term programme of kaon decay measurements at a new level of precision
is presented, leveraging the capabilities of the CERN Super Proton Synchrotron (SPS). The
proposed programme is firmly anchored on the experience built up studying kaon decays at
the SPS over the past four decades, and includes rare processes, CP violation, dark sectors,
symmetry tests and other tests of the Standard Model. The experimental programme is based
on a staged approach involving experiments with charged and neutral kaon beams, as well as
operation in beam-dump mode. The various phases will rely on a common infrastructure and
set of detectors.

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

Search for Hidden And Dark Objects With the SPS

Technical Proposal

M. Alviggi(1), S. Bachmann(2), W. Baldini(3), A. Balla(4), M. Barth(2),
M. Biglietti(1), V. Büscher(6), A. Calcaterra(4), V. Cafaro(7), M. Cavallina(3),
A. Ceccucci(8), D. Chouhan(6), V. Cicero(7), P. Ciambrone(4), H. Danielsson(8),
M. Della Pietra(1), C. Delogu(6), A. De Roeck(8), L. Dittmann(2), F. Duval(8),

G. Felici(4), T. Ferber(9), L. Foggetta(4), E. Gamberini(8), M. Gatta(4),
A. Gerbershagen(10), V. Giordano(7), T. Gross(2), S. Hansmann-Menzemer(2),

P. Iengo(5), M. Iodice(5), K. Jakobs(11), J. Kieseler(9), M. Klute(9), K. Köneke(11),
M. Koval(13), C. Langenbruch(2), G. Lanfranchi(4), A. Laudrain(6), I. Lax(8),
T. M. Leeflang(2), G. Lehmann Miotto(8), B. Leverington(2), P. Lichard(8),
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Abstract

We propose a new proton beam-dump experiment, SHADOWS, to search for a large

variety of feebly-interacting particles possibly produced in the interactions of a 400 GeV

proton beam with a copper-iron based dump. SHADOWS will use the 400 GeV primary

proton beam extracted from the CERN SPS currently serving the NA62 experiment in the

CERN North area. SHADOWS will take data o↵-axis concurrently to the HIKE experiment

when the P42 beamline is operated in beam-dump mode and aims to accumulate up to

5⇥ 1019 protons on target in about 4 integrated years of operation.
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Hall	ECN3	in	the	CERN	North	Area

CERN	North	Area	receives	a																									
high-intensity	400	GeV/c	proton	beam					
from	the	SPS	and	hosts	several																				
fixed-target	experiments.
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Hall	ECN3	in	the	CERN	North	Area

CERN	North	Area	receives	a																									
high-intensity	400	GeV/c	proton	beam					
from	the	SPS	and	hosts	several																				
fixed-target	experiments.

Hall	ECN3	(Experimental	Cavern	North	3):	
▶ Home	of	the	NA62	experiment	until						

Long	Shutdown	3	in	2026.	

▶ Two	proposals	for	Run	4	after	LS3:	
▶ NA62	Successor	HIKE	+																																				

Beamdump	experiment	SHADOWS	

▶ Large	beamdump	experiment	SHiP.
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Particles	come	in	Bursts

▶ „Slow	extraction“	of	400	GeV	SPS	proton	beam.	
➜ Spill/burst	with	„flat	top“	of	typically	4.8	sec	every	14.4	sec	(or	less	often).	
➜ 2	×	1013	particles	per	pulse	(ppp)		(4	×	NA62	intensity).	

▶ Flat	top	everything	else	than	„flat“:	
▶ Usually	strong	intensity	fluctuations,	e.g.	with	50	or	100	Hz,																																		

depending	on	SPS	performance.	
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Very	different	triggering	and	data-taking	scheme	
compared	to	colliders:	

Events	may	come	at	any	time,	not	only	during	
bunch-crossings.		

➜		Detector	dead-time	as	small	as	possible.		
➜		Very	precise	timing	to	avoid	overlapping	events.
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HIKE	Target
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HIKE	Target
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Total	number	of	protons	on	target	(p.o.t.)	
in	HIKE:	
▶ 5	×	1019	p.o.t.	in	5	years	of	running.
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HIKE	Target
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Blue	wall

Target	station

Absorber

Protons

Kaon	beam	line

Total	number	of	protons	on	target	(p.o.t.)	
in	HIKE:	
▶ 5	×	1019	p.o.t.	in	5	years	of	running.

H2	
(1	bar)

Sounds	a	lot?	
It	is	a	lot!
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Hall	ECN3
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A	Look	into	ECN3	with	NA62
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How	to	measure	K+	➞	π+νν̄?	
▶ Charge	particles	with	high	momentum			➜			Kaon	decay	in	flight.	
▶ Signal	signature:		K+	track		+		π+	track		+		nothing	else.	
▶ Trigger:		1	track	+	µ/γ	veto	

▶ Signal	reconstruction	by																																																																																																					
measurement	of	(missing	mass)2	=	(pµK	–	p

µ
π)2:

11

Akzeptanzbereich
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Zwei Bereiche für Messung von K+ → π+νν̄:

Region 1: 0 < m2
miss < 0.01 GeV2/c4 =⇒ Acc ≈ 4.5 %

Region 2: 0.026 < m2
miss < 0.068 GeV2/c4 =⇒ Acc ≈ 14.5 %

(Beide mit 15 < pπ < 35 GeV/c, keine Analyseselektion.)

Rainer Wanke, Montagsmeeting, Mainz, 4. Mai 2009 – p.11
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▶ K+	momentum	
▶ π+	momentum	
▶ K+	identification	
▶ π+	identification	
▶ Bkg	suppression
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The	HIKE	Detector
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High-intensity kaon experiments at the CERN SPS – M. Moulson – Physics at high intensity – Frascati, 11 November 2022

Phase 1: K+→ π+νν at high-statistics

14

Goal: Measure BR(K+→ π+νν) to within ~5%
Requires 4x increase in intensity → requires major beam upgrades!

Basic design of NA62 will work at high intensity

Key challenges: 
• Require 4x better time resolution to keep random veto rate under control
• Must maintain other key performance specifications at high-rate:

Space-time reconstruction, material budget, single photon efficiencies, etc.

These characteristics are necessary for rare KL decays as well
• Calorimeter, photon vetoes, and readout reused for KL experiments

z	[m]
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• Require 4x better time resolution to keep random veto rate under control
• Must maintain other key performance specifications at high-rate:

Space-time reconstruction, material budget, single photon efficiencies, etc.

These characteristics are necessary for rare KL decays as well
• Calorimeter, photon vetoes, and readout reused for KL experiments

Detectors	for	Secondary	Beam	
• Cedar	for	Kaon	ID	
• Beam	Tracker	
• Beam	guard	veto	counter

Detectors	for	Decay	Products	
• Charged	Particle	Tracking	&	Timing	
• Photon	Detection	
• Particle	ID

K+	decay	
75	m	long	
~ 10	MHz

π+

νν̄

SPS	protons	
400	GeV/c	
2	×	1013	ppp

K+

Secondary	beam	
75	GeV/c,	3	GHz	

K+	(6%),	π+	(70%),	p	(23%)

z	[m]
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CEDAR	Counter:	
▶ K+	have	lower	velocity	than	π+																																																																																																																																															
➜		Idenfficafon	with	a	Threshold	Cherenkov	counter.	

▶ Cherenkov	light	is	reflected	to	8	PMT	arrays																																																																																														
with	48	PMTs	each.

  2.2   CEDAR 
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Figure 17 Schematic layout of the Standard West-Area CEDAR. 

 

Two versions of the CEDAR counter have been built for use at the SPS (1). The North CEDAR, filled 

with Helium gas, is optimized for high energies and the West CEDAR, Nitrogen filled, for lower beam 

momenta. The difference is related to the Cerenkov angle, determined by the beam momentum and 

the refractive index of the gas, and the optical correction, which relates to the dispersion of the gas 

used. It has been verified by a ray tracing program that the West version of this instrument would 

function well for our application using Hydrogen at room temperature instead of Nitrogen, thus 

reducing significantly the scattering of the beam in the gas. The optical design minimises the 

dispersion of Cerenkov light and enables   the aperture of the diaphragm to be reduced. Thus, 

photons produced by charged kaons pass through while light from pions and protons is blocked.  

During 2006, a test run was performed on one of the CEDAR-West Cerenkov counters (filled with N2) 

and validated its ability to distinguish kaons from pions and protons in the NA62 experiment, as well 

as the light spot shape predicted by a simulation program.  It was also found from the simulation 

that the upstream 1.2 metre section of beam pipe containing hydrogen contributes only marginally 

to the efficiency and can thus be replaced by an extension of the beam vacuum pipe. In addition to a 

small reduction in multiple Coulomb scattering, such a modification is helpful in the redesign of the 

optical system necessary to handle the increased photon flux. The main parameters of the proposed 

Hydrogen-filled CEDAR-W counter are listed in Table 10. 

 

The main effects that broaden the light spot at the diaphragm are: 

1. optical aberrations, limited to about 6 microns and therefore negligible; 

2. chromatic dispersion, largely corrected for by the chromatic corrector; 

3. multiple scattering of the beam during its traversal of the gas, minimised by the choice of 

Hydrogen gas; 

K+	Identification
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Beam	Tracker:	
▶ Four	Si-Pixel	stafons	in	3	GHz	beam.	
▶ Similar	requirements	as	NA62	GigaTracker	

▶ On-sensor	TDC	with	micro	channel	cooling	
▶ X/X0	<	0.5%	/	stafon	
▶ Momentum	resoluoon	~	0.2%		(±	0.15	GeV/c)	

but:	
» 4	×	ome	resoluoon	(200	ps	➞	50	ps).	
» 4	×	radiaoon	hardness.	

K+	Momentum	Measurement

14

Table 10: Comparison between the NA62 Gigatracker main characteristics and the requirements
for the HIKE beam tracker. One year corresponds to 200 days of beam.

NA62 GigaTracker New beam tracker
Single hit time resolution < 200 ps < 50 ps
Track time resolution < 100 ps < 25 ps
Peak hit rate 2 MHz/mm2 8 MHz/mm2

Pixel efficiency > 99% > 99%
Peak fluence / 1 year [1014 1 MeV neq/cm2] 4 16

Figure 47: Elementary cell of a 3D-trench silicon detector, as designed by the TIMESPOT
project [198]. Doping profiles are shown (n++ in red, p– in green, p++ in blue). A) 3D rendering;
B) pixel section; C) pixel layout.

LHC experiments for the high luminosity phase of the collider. Following the 2020 Update to the
European Strategy for Particle Physics, 4D tracking at high fluences was identified as one of the
most urgently needed technologies for future detectors (2021 European Collaboration for Future
Accelerators; Detector Research and Development Roadmap DRDT 3.2 and DRDT 3.3). Therefore
several promising R&D projects are ongoing and their outcome could be adopted for HIKE.

A strong option is the TimeSPOT project [199, 200] which develops a technology called hybrid
3D-trenched pixels in which the pixel electrode geometry is optimised for timing performance.
A representation of one cell of a 3D-trench sensor is reported in Fig. 47. As for standard 3D-
pixels, the sensors are able to withstand very large irradiation. The project has experimentally
demonstrated that sensors with a pitch of 55 µm provide a time resolution of 10 ps up to fluence
of 2.5 ◊ 1016 MeV neq/cm2 [201]. The TimeSPOT collaboration is planning to extend these tests
up to fluences of 1 ◊ 1017 MeV neq/cm2, that has never been achieved so far. Excellent detection
efficiencies were also measured [201] by operating the sensor inclined by an angle of 20° with
respect to the beam incidence. As the electrode itself is not sensitive, the inclination ensures that
particle always cross some active pixel region. Sensor with a size of 2 ⇥ 2 cm2 can be produced
and technical solutions such as die stitching or module tiling can be used to obtain a detector plane
with the dimensions required. These two solutions are sketched in Figure 48. Die stitching has
been already implemented at FBK on 3D devices; although dedicated development for HIKE will
be necessary, the feasibility of this technique has been demonstrated [202]. Module tiling requires

80

Table 10: Comparison between the NA62 Gigatracker main characteristics and the requirements
for the HIKE beam tracker. One year corresponds to 200 days of beam.

NA62 GigaTracker New beam tracker
Single hit time resolution < 200 ps < 50 ps
Track time resolution < 100 ps < 25 ps
Peak hit rate 2 MHz/mm2 8 MHz/mm2

Pixel efficiency > 99% > 99%
Peak fluence / 1 year [1014 1 MeV neq/cm2] 4 16

Figure 47: Elementary cell of a 3D-trench silicon detector, as designed by the TIMESPOT
project [198]. Doping profiles are shown (n++ in red, p– in green, p++ in blue). A) 3D rendering;
B) pixel section; C) pixel layout.

LHC experiments for the high luminosity phase of the collider. Following the 2020 Update to the
European Strategy for Particle Physics, 4D tracking at high fluences was identified as one of the
most urgently needed technologies for future detectors (2021 European Collaboration for Future
Accelerators; Detector Research and Development Roadmap DRDT 3.2 and DRDT 3.3). Therefore
several promising R&D projects are ongoing and their outcome could be adopted for HIKE.

A strong option is the TimeSPOT project [199, 200] which develops a technology called hybrid
3D-trenched pixels in which the pixel electrode geometry is optimised for timing performance.
A representation of one cell of a 3D-trench sensor is reported in Fig. 47. As for standard 3D-
pixels, the sensors are able to withstand very large irradiation. The project has experimentally
demonstrated that sensors with a pitch of 55 µm provide a time resolution of 10 ps up to fluence
of 2.5 ◊ 1016 MeV neq/cm2 [201]. The TimeSPOT collaboration is planning to extend these tests
up to fluences of 1 ◊ 1017 MeV neq/cm2, that has never been achieved so far. Excellent detection
efficiencies were also measured [201] by operating the sensor inclined by an angle of 20° with
respect to the beam incidence. As the electrode itself is not sensitive, the inclination ensures that
particle always cross some active pixel region. Sensor with a size of 2 ⇥ 2 cm2 can be produced
and technical solutions such as die stitching or module tiling can be used to obtain a detector plane
with the dimensions required. These two solutions are sketched in Figure 48. Die stitching has
been already implemented at FBK on 3D devices; although dedicated development for HIKE will
be necessary, the feasibility of this technique has been demonstrated [202]. Module tiling requires

80

NA62	GigaTracker

Single	station



Rainer	Wanke												PRISMA+	Inauguration												May	9th,	2019	Rainer	Wanke													Terascale	Detector	Workshop	Mainz															Feb	22nd,	2024	

Figure 55: Geant4 visualisation of the new straw spectrometer.

Figure 56: Geant4 visualisation of a new straw chamber: (left) front view; (right) tilted back view.
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Figure 57: Preliminary comparison of resolutions of track momentum (left) and track \- angle
(right) between the existing NA62 spectrometer (blue) and the new spectrometer with 12 `m mylar
thickness (red). A similar improvement is observed in the reconstructed \. angle.

92

4	Straw	stations

Dipole	
magnet

Straw	Spectrometer	
▶ Main	requirements:	

» Low	material	budget	
» Very	good	oming	

➜ Similar	as	NA62	Straw	Chambers																																																																																																		
(straw	tubes	in	vacuum),	but	thinner.

π+	Momentum	Measurement

15

NA62	Straw	Station

Figure 54: Optimised layout of straw tubes with a diameter of 4.82 mm in a view.

Table 13: Comparison of the NA62 and HIKE straw spectrometers.
Current NA62 spectrometer HIKE spectrometer

Straw diameter 9.82 mm 4.82 mm
Straw length 2100 mm 2100 mm
Planes per view 4 8
Straws per plane 112 ⇠160
Straws per chamber 1792 ⇠5200
Mylar thickness 36 `m (12 or 19) `m
Anode wire diameter 30 `m (20 or 30) `m
Total material budget 1.7% -0 (1.0 – 1.5)% -0
Maximum drift time ⇠150 ns ⇠80 ns
Hit leading time resolution (3 – 4) ns (1 – 4) ns
Hit trailing time resolution ⇠30 ns ⇠6 ns
Average number of hits hits per view 2.2 3.1

Straws with reduced mylar thickness (either 19 `m or 12 `m) and the same metallisation
thickness as in NA62 will be compatible with use in vacuum. The gas permeation is mainly
determined by the thickness of the metal layer and the width of the welded seam in the straw, which
will not change with respect to NA62. The gas tightness of the welded seam depends on the stress
concentration, which scales linearly with the wall thickness and straw diameter, and which for the
19 `m option is the same for NA62, while for the 12 `m option will increase by 50%, remaining
well below the theoretical limit. The total straw surface seen by the vacuum system (and hence the
gas load), will increase by 50% due to the increased number of straws, but there is already spare
capacity in the NA62 vacuum system to keep the vacuum for a HIKE-type straw detector at the
same level as in NA62 (⇠ 10�6 mbar). More R&D is needed in order to guarantee straws with
sufficient quality for a large-scale detector with ⇠20k straws. The development of small-diameter
thin-walled straws has synergies with R&D work for COMET phase II at J-PARC [221], and is
included in the ECFA detector R&D roadmap [222].
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π+	Identification	(1)
RICH	Detector:	
▶ NA62	RICH	will	be	kept,																																				

but	PMTs	➞	SiPMs.

16
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π+	Identification	(2)
Hadron	Calorimeter	(HCAL):	

▶ Iron-scinollator	sandwich	calorimeter,	
but	granularity	needs	to	be	small	
because	of	high	parocle	rate																								
(➞		precise	9ming	&	small	dead-9me).	

▶ Tile-design	as	for	ILC	calorimeters.

17

NA62	Hadron	Calorimeter

60�60 mm2 tiles at latter half of the layers without significant performance degradation. However,
the performance of tiles larger than 30�30 mm2 has not been well tested.

2. Performance of 60�60 mm2 tile

We measured the light yield and uniformity of the response in the tile using a prototype tile of
60�60 mm2. The measurements were also done with 30�30 mm2 tile for comparison. The tile was
irradiated by �–rays from 90Sr. The light yield was measured to be 18.2 p.e. on average as shown in
Fig. 1. It is about 50% of that of 30�30 mm2 tile (43 p.e.), but this light yield degradation can easily
be recovered by using MPPCs with larger sensitive area. On the other hand, it was found that the
60�60 mm2 tile has an excellent uniformity in tile response.

/18

Naoki TsujiLCWS2018, 22-26 Oct. 2018, University of Texas, “The AHCAL Tokyo module: alternative geometry and scintillator”

Single Tile Performance
Larger tile is technically more difficult in terms of lower 
light collection efficiency. 
Light yield measurement with single tile 
Light yield : (60×60mm2) 18.2 p.e.   (30×30mm2) 43.1 
p.e. 
Excellent uniformity in tile response at 60×60mm2 tile 

➡We decided to construct detection layer with special 
HBUs with 60mm tiles instead of default 30mm tiles.
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RMS : 3.6%
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Fig. 1. Measured light yields of 30�30 mm2 (left) and 60�60 mm2 (right) tiles

3. Construction of detection layer with 60�60 mm2 tiles

After the successful demonstration of the good performance of the 60�60 mm2 tile, a prototype
detection layer with 60�60 mm2 tiles was constructed. MPPCs with an active area of 2�2 mm2

are used instead of the 1.3�1.3 mm2 MPPCs as used in the standard detection layer. Hamamatsu
Photonics produced a custom MPPC with an active area of 2�2 mm2, which is a discrete array of
four pieces of TSV MPPC (S13615-1025, 1�1 mm2). Scintillator tiles were produced by injection
moulding, which is suitable for large scale production. Four HBUs with 144 pieces of 60�60 mm2

tiles were assembled as shown in Fig. 2.

Fig. 2. Completed prototype detection layer with 60�60 mm2 tiles. Readout electronics side (left) and scin-
tillator tile side (right).

2■■■

012015-2JPS Conf. Proc. , 012015 (2019)27

Proceedings of the 5th International Workshop on New Photon-Detectors (PD18)
Downloaded from journals.jps.jp by Deutsches Elek Synchrotron on 12/12/19

Figure 72: Left: 3 ◊ 3 cm2 scintillator tiles of the CALICE AHCAL, wrapped and unwrapped,
mounted on a common readout board with SiPMs [233]. Centre and right: back and front sides of
a readout board with 6 ◊ 6 cm2 scintillator tiles [234].

providing a more efficient rejection of catastrophically-interacting muons (those releasing most to
all of the energy in the calorimeter by bremsstrahlung or nuclear interactions) with respect to the
NA62 setup.

9.3.5.1 HCAL baseline design The HCAL design is oriented on the highly granular analogue
hadron calorimeter (AHCAL), developed by the CALICE collaboration for a detector at a future
4
+
4
� collider [233]. The CALICE AHCAL is an iron-scintillator sandwich calorimeter with the

active layers being built from scintillating tiles, which are read out via SiPMs, surface-mounted
on an underlying PCB (Fig. 72). At a future collider, high granularity is needed to improve jet
energy resolution with particle-flow methods. While jet reconstruction is not necessary in HIKE,
a similar tile design is nevertheless required for optimum c/` separation in the HIKE high-rate
environment.

Using an iron absorber with Molière radius of 1.72 cm, a cell size of 6 ◊ 6 cm2, corresponding
to the 6 cm strip width in the NA62 MUV1 detector, allows a sufficient distinction between
hadronic pion showers and electromagnetic showers from catastrophically-interacting muons. A
corresponding HCAL layout with octagonal shape, of 126 cm inner radius, is shown in Fig. 73.
It consists of a grid of 42 ◊ 42 cells which, after the subtraction of the beam pipe region and the
corners to obtain the octagon shape, results in 1 440 cells in each layer. We plan for in total 40
iron absorber layers of 3 cm thickness, interleaved with layers of scintillating tiles. With a tile
thickness of 6 mm and sufficient space for a PCB with surface-mounted components, the HCAL
has a longitudinal length of about 1.80 m and comprises 7.2 nuclear interaction lengths.

The scintillating tiles are made of a polystyrene-based plastic scintillator, which is available
from several companies and institutes. The layout of one tile is shown in Fig. 74 (left). The cavity,
housing a SiPM with 6 ◊ 6 mm2 sensitive area, has the shape of a spherical cap with a width of
12 mm and a depth of 3.5 mm. The tile thickness of 6 mm has been optimised for both light yield
and uniformity. Fig. 74 (right) shows the result of a simulation of through-going muons at different
positions of the tile. The simulation takes into account all known effects as attenuation length,
wrapping with reflective foil, SiPM quantum efficiency, etc. The mean number of detected photo
electrons is about 36 with a uniformity of better than ±10 % over practically the whole tile surface.
Such a uniformity is fully sufficient for the separation of hadronic and electromagnetic showers.

The SiPMs need a relatively large dynamic range, i.e. a large number of pixels, for a linear
energy measurement for both minimum-ionising particles and electromagnetic and hadronic show-
ers. Candidates for such SiPMs are e.g. the existing Hamamatsu types S13360 or S14160 with
more than 14 000 pixels and a sensitive area of 6 ◊ 6 mm2.
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active layers being built from scintillating tiles, which are read out via SiPMs, surface-mounted
on an underlying PCB (Fig. 72). At a future collider, high granularity is needed to improve jet
energy resolution with particle-flow methods. While jet reconstruction is not necessary in HIKE,
a similar tile design is nevertheless required for optimum c/` separation in the HIKE high-rate
environment.

Using an iron absorber with Molière radius of 1.72 cm, a cell size of 6 ◊ 6 cm2, corresponding
to the 6 cm strip width in the NA62 MUV1 detector, allows a sufficient distinction between
hadronic pion showers and electromagnetic showers from catastrophically-interacting muons. A
corresponding HCAL layout with octagonal shape, of 126 cm inner radius, is shown in Fig. 73.
It consists of a grid of 42 ◊ 42 cells which, after the subtraction of the beam pipe region and the
corners to obtain the octagon shape, results in 1 440 cells in each layer. We plan for in total 40
iron absorber layers of 3 cm thickness, interleaved with layers of scintillating tiles. With a tile
thickness of 6 mm and sufficient space for a PCB with surface-mounted components, the HCAL
has a longitudinal length of about 1.80 m and comprises 7.2 nuclear interaction lengths.

The scintillating tiles are made of a polystyrene-based plastic scintillator, which is available
from several companies and institutes. The layout of one tile is shown in Fig. 74 (left). The cavity,
housing a SiPM with 6 ◊ 6 mm2 sensitive area, has the shape of a spherical cap with a width of
12 mm and a depth of 3.5 mm. The tile thickness of 6 mm has been optimised for both light yield
and uniformity. Fig. 74 (right) shows the result of a simulation of through-going muons at different
positions of the tile. The simulation takes into account all known effects as attenuation length,
wrapping with reflective foil, SiPM quantum efficiency, etc. The mean number of detected photo
electrons is about 36 with a uniformity of better than ±10 % over practically the whole tile surface.
Such a uniformity is fully sufficient for the separation of hadronic and electromagnetic showers.

The SiPMs need a relatively large dynamic range, i.e. a large number of pixels, for a linear
energy measurement for both minimum-ionising particles and electromagnetic and hadronic show-
ers. Candidates for such SiPMs are e.g. the existing Hamamatsu types S13360 or S14160 with
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µ+	rejection	of	O(10-8),	with	π+	efficiency	~	70%.
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Photon	Vetoes

Surrounding	Large	Angle	Vetoes:	

▶ Exisong	NA62	vetoes,	but	a	handful	of	
new	stafons	with	faster	read-out.

18DRAFT
Figure 29. Design studies (left) and completed prototypes (right) of LAV stations A1 (top) and
A12 (bottom).

in Table 7. The 11 stations installed in the vacuum tank were manufactured in three748

different sizes, with the larger-diameter stations for installation further down the beamline.749

Apart from the different sizes and block configurations, the designs are conceptually similar.750

Station A12 is operated in air; its design is slightly different from that of the other stations.751

Since the spaces between the blocks are significantly smaller in the larger-diameter752

vessels, fewer layers are necessary. As a result of the staggering scheme, particles incident753

on any station are intercepted by blocks in at least three rings, for a total minimum effective754

depth of 21 X0. Most incident particles are intercepted by four or more blocks (27 X0).755

All of the LAV detectors were constructed at the INFN laboratories in Frascati, Italy. In756

2009, station A1 was constructed as a prototype, installed in the NA62 beamline at CERN757

and tested with electrons and muons. The design study and completed station are shown758

in Figure 29 (top). After the beam test, various improvements were made, and station759

A2 was constructed and tested with an unseparated, low-energy positive beam in the T9760

beamline at the CERN PS in 2010. The results from the 2010 beam test confirmed that761

– 37 –

DRAFT
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37 cm PMT & 
light guide

Figure 28. A module from the OPAL calorimeter, without wrapping and with reinforcement plates
at the interface between the glass and the steel flange.

Table 7. Parameters of LAV Stations

Stations Diameter [mm] Block radius [mm] Layers Blocks
Outer wall Inner Outer

A1–A5 2168 537 907 5 160
A6–A8 2662 767 1137 5 240
A9–A11 3060 980 1350 4 240

A12 3320 1070 1440 4 256

per MeV of deposited energy. The front and rear faces of the blocks measure about 10⇥ 10734

cm2 and 11 ⇥ 11 cm2, respectively; the blocks are 37 cm in length (the precise geometry735

depends slightly on the ring of the OPAL calorimeter from which each block is extracted).736

Each block is read out at the back side by a Hamamatsu R2238 76-mm PM, which is737

optically coupled via a 4-cm long cylindrical light guide of SF57 of the same diameter as738

the PM. The rear face of the glass block is glued to a 1-cm thick stainless-steel mounting739

flange featuring a circular cutout for the light guide. A complete module is the monolithic740

assembly of a block, PM, and light guide, as shown in Figure 28.741

A LAV station is made by arranging these blocks around the perimeter of the sensitive742

volume of the experiment, with the blocks aligned radially to form an inward-facing ring.743

Multiple rings are used in each station in order to provide the depth required for the efficient744

detection of incident particles. The blocks in successive rings are staggered in azimuth; the745

rings are spaced out longitudinally by about 1 cm.746

The LAV system consists of a total of 12 stations, the geometry of which is summarized747
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Photon	Vetoes

Electromagneoc	Calorimeter	

▶ Liquid-Krypton	(LKr)	calorimeter	(NA62)	
fine,	but	ome	resoluoon	not	excellent.	

▶ Feasibility	being	invesfgated.
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9.3.3 Main electromagnetic calorimeter

A main electromagnetic calorimeter (MEC) at forward angles is crucial for any kaon programme. In
particular, for HIKE Phase 1, this detector serves as the principal photon veto for the measurement
of  + ! c

+
aā and is essential for the reconstruction of the final states for decays like  + ! ✓

+
a,

 
+ ! c

+
✓
+
✓
�, and  + ! c

+
WW. For Phase 2, the electromagnetic calorimeter reconstructs the c0

in the  ! ! c
0
✓
+
✓
� decays, serves for particle identification, and helps to reject events with extra

photons. Many of the same issues arise in the design of the electromagnetic calorimeter for the  +

and  ! phases. We therefore seek a design for a fast calorimeter with excellent photon detection
efficiency and energy resolution to be used in all phases of the HIKE programme, including the
possible future  ! ! c

0
aā measurement.

Performance requirements The principal performance requirements for the electromagnetic
calorimeter are excellent energy resolution and intrinsic detection efficiency for high-energy pho-
tons, good two-cluster separation for photons, and excellent time and double-pulse resolution.

It is natural to inquire as to whether the liquid-krypton calorimeter (LKr) [225] currently used
in NA62 can be reused for HIKE. The energy, position, and time resolution of the LKr calorimeter
were measured in NA48 to be

f⇢

⇢

= 0.0042 � 0.032p
⇢ (GeV)

� 0.09
⇢ (GeV) , (14)

fG,H = 0.06 cm � 0.42 cmp
⇢ (GeV)

, (15)

fC =
2.5 nsp
⇢ (GeV)

. (16)

The efficiency and energy resolution of the LKr calorimeter appear to be satisfactory for all phases
of HIKE. Studies of  + ! c

+
c

0 decays with NA48 data and tests conducted in 2006 with tagged
photons from an electron beam confirmed that the LKr has an inefficiency of less than 10�5 for
photons with energies above 10 GeV, providing the needed rejection for forward photons [226].
This result was fully confirmed by NA62. Notwithstanding the presence of a much larger amount
of material upstream of the LKr calorimeter in NA62 than in NA48, a study of single-photon
efficiency underpinning the NA62 measurement of B( + ! c

+
aā) and used to obtain a limit

on B(c0 ! -inv) found an inefficiency of about 10�5 at 20 GeV, slightly decreasing at higher
energies [153]. The LKr time resolution, however, is a significant issue. For both HIKE phases,
a faster calorimeter will be necessary in order to avoid unacceptable losses to random veto; in
addition, the signals must be limited to 20 ns duration FWHM to resolve overlapping clusters. For
the  ! phase, the calorimeter must also provide the neutral event time measurement, and must
have a time resolution of 100 ps or better for the reconstruction of c0 mesons with energies of
a few GeV, in order to tolerate a coincidence rate of up to 100 MHz while holding random-veto
losses to at most 25% with an adequate safety margin. Additionally, the size of the LKr calorimeter
inner bore would limit the beam solid angle and hence the kaon flux during the  ! phase.

A new calorimeter that would meet these requirements is described below. However, the
existing LKr calorimeter is a versatile instrument with a track record of nearly 30 years of success.
Before it is decommissioned, it is essential to thoroughly validate the solution that will replace
it. Indeed, there is an ongoing effort in HIKE to evaluate possible upgrades which would allow
the continued use of the LKr calorimeter during the commissioning and early phases of the  +

programme if needed.

99

▶ Other	opoon:	Development	of	a	
shashlyk	calorimeter	in	KOPIO/PANDA	
design.	

Figure 69: Detection efficiency as a function of incident particle energy, for various thresholds on
visible energy, from the Geant4 simulation.

Figure 70: Top: Geant4 model of small prototype for romashka calorimeter, featuring spy tiles
placed at key points in the shashlyk stack, together with a photograph of the module constructed
at Protvino. Bottom: Fiber routing scheme for independent readout of spy tiles, giving rise to the
name romashka (chamomile).

102
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SHADOWS	in	HIKE	Beam	Line
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SHADOWS

SHADOWS	main	ideas:	

▶ Stay	close	to	the	dump:	
➜ maximize	acceptance	for	signals									

with	a	relatively	small		detector.		

▶ Stay	off-axis	with	respect	to																										
the	beam	line:		
➜ minimize	acceptance	for	

background	(mostly	peaked	forward).	

▶ Main	feature	(w.r.t.	other	beamdump	exp’s):	
➜ 1	m	off-axis	w.r.t.	main	beam-line.

22
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Why	„off-axis“	works

▶ FIPs	from	charm	and	beauty	decays	
(HNLs,	dark	scalars,	ALPs,…)	are																					
produced	with	a	significant	polar	angle							
at	the	SPS	energy.	

▶ Most	of	the	residual	background							
from	the	target	are	muons	&	neutrinos	
that	are	produced	in	forward	direction																	
(and	miss	SHADOWS	acceptance!).
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Figure 57. Left: Simulated momentum distribution of particles emerging from TAXes scored
immediately upstream of the beginning of the decay vessel of the SHADOWS detector out of a
sample of 1.3⇥109 pot. Right: Same as left plot but requiring that the particles are in SHADOWS
acceptance (1.0 < x < 3.5 m and �1.25 < y < 1.25 m). The e↵ect of the MIB is not included.
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Figure 58. Left: Illumination at the plane z = 34.4 m of all the non-muon components (except
neutrinos). The red box indicates the position of the SHADOWS decay volume. Right: momentum
distribution of the non-muon component (except neutrinos). This is a zoom of the right plot of
Figure 57. The e↵ect of the MIB is not included.
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Figure 57. Left: Simulated momentum distribution of particles emerging from TAXes scored
immediately upstream of the beginning of the decay vessel of the SHADOWS detector out of a
sample of 1.3⇥109 pot. Right: Same as left plot but requiring that the particles are in SHADOWS
acceptance (1.0 < x < 3.5 m and �1.25 < y < 1.25 m). The e↵ect of the MIB is not included.
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Figure 58. Left: Illumination at the plane z = 34.4 m of all the non-muon components (except
neutrinos). The red box indicates the position of the SHADOWS decay volume. Right: momentum
distribution of the non-muon component (except neutrinos). This is a zoom of the right plot of
Figure 57. The e↵ect of the MIB is not included.
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Figure 57. Left: Simulated momentum distribution of particles emerging from TAXes scored
immediately upstream of the beginning of the decay vessel of the SHADOWS detector out of a
sample of 1.3⇥109 pot. Right: Same as left plot but requiring that the particles are in SHADOWS
acceptance (1.0 < x < 3.5 m and �1.25 < y < 1.25 m). The e↵ect of the MIB is not included.

5000− 4000− 3000− 2000− 1000− 0 1000 2000 3000 4000 5000
x (mm)

5000−

4000−

3000−

2000−

1000−

0
1000

2000
3000

4000

5000

y 
(m

m
)  Non-muon component 

p (GeV)
0 1 2 3 4 5 6 7 8 9 10

en
tri

es
/ 0

.1
 G

eV

0

0.5

1

1.5

2

2.5

3
 p
 n
 +π
 +K
 +e

 γ
 Λ

 p
 n
 -π
 -K
 -e
 LK

 Λ
 0π

Figure 58. Left: Illumination at the plane z = 34.4 m of all the non-muon components (except
neutrinos). The red box indicates the position of the SHADOWS decay volume. Right: momentum
distribution of the non-muon component (except neutrinos). This is a zoom of the right plot of
Figure 57. The e↵ect of the MIB is not included.
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Why “off-axis” works: Signal

FIPs emerging from charm and beauty decays (HNLs, dark scalars, ALPs,…)
at the SPS energy are produced with a large polar angle
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Muon	illumination:

Main	Issue	is	Background	Reduction
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Muon	Sweeping	by	two	Magnetized	Iron	Blocks	(MIBs)
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▶ Muon	combinatorial	background	from																																																																																																						
in-time	µ+µ–	pairs.	
▶ MHz	rate		➞		1013	µ±	in	SHADOWS	lifetime!	
▶ But:	Rate	of	coincidences	small.	
➜ Nμμ	=	0.7	events	for	5×1019	pot	

▶ Muon	inelastic	interactions																																																																																																																																										
in	dump,	MIB,	and	beamline	elements.	
➜ Nμ(inelast.	int.)	=	0		for	109	pot	

▶ Neutrino	inelastic	interactions	in	decay	volume.	
➜ Nν/ν̄	(inelast.	int.)	≤	1	event		for	5×1019	pot	

Backgrounds

26
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Inelastic	ν,ν̄	interactionBackground	estimation:		~	1	event	for	whole	SHADOWS	lifetime	(5	years).
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The	SHADOWS	Detector
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4 Detector Concept and Physics Requirements

4.1 Detector concept

The detector requirements are defined by the characteristics of FIPs produced in the in-

teractions of 400 GeV/c proton beam with a dump. At these energies, FIPs with masses

above the kaon mass are mostly produced in the decays of charmed and beauty hadrons

and in proton bremsstrahlung and/or Primako↵ e↵ect occurring in the dump. At the SPS

centre-of-mass energy (
p

s ⇠ 28 GeV) the heavy hadrons are produced with a relatively

small boost and therefore FIPs emerging from their decays have a large polar angle, which

is the reason of having an o↵-axis detector. The distance of the detector with respect to

the impinging point of the proton beam onto the dump is a compromise between the max-

imisation of FIP flux in acceptance (that requires short distances) and the maximisation

of the probability that the FIP decays before reaching the detector (that requires long

distances). The optimal distance varies as a function of the FIP model and benchmark.

An o↵-axis detector is also much less a↵ected by the muon and neutrino backgrounds

resulting from the interactions of a proton beam with the dump. The transverse distance

with respect to the beam axis is a compromise between the loss of signal acceptance and

the background reduction.

The current dimensions of the detector are still those considered in the EoI with the

decay volume but the detector has been shifted downstream by about 4 m to allow the

current MIB system to be included between the TAX and the beginning of the decay

volume. The decay volume is 20 m long with transverse dimensions of 2.5⇥2.5 m2, placed

⇠ 1.0 m o↵-axis with respect to the beam direction, and starting 14 m downstream of

the dump. The spectrometer of about the same transverse dimensions and a length of

about 12-14 m follows the decay volume. A conceptual layout of the decay volume and the

spectrometer is shown in Figure 14.

Figure 14. SHADOWS conceptual layout. The beam comes from right to left. The dimensions of
the detector and the decay volume are not to scale.
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the detector and the decay volume are not to scale.
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▶ To	be	operated	in	vacuum	
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Muon	system:	
▶ Efficiency:	99%	
▶ Time	resolution:	O(150	ps)	
▶ Position	resolution:	O(few	cm)	

Proposal:	Scintillating	tiles
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▶ Several	options	investigated:		Shashlik,	PbWO4	(from	CMS),	CALICE	TileCal,	SplitCal,	…	
▶ Now:	Pointing	calorimeter	with	1	cm	wide	scintillator	strips	and	WLS	fibres.	

➜ Possibility	to	reconstruct	ALP	➞	γγ	decays	without	a	track	vertex.

Electromagnetic	Calorimeter
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TEST BEAM
▪ March 18.-25. at DESY
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▪ 20x20cm² active area
▪ 220 channels
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▪ Goal to validate simulated

angular resolution

▪ FERS readout
▪ Simple coax connection for each SiPM
▪ Great scalability + modularity
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Figure 38. SplitCal prototype without (left) and with (right) absorber layers.

8.2. Rekonstruktion der ALP-Zerfälle
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Abbildung 8.22.: Energieauflösung der Rekonstruktion aller Ereignisse (errechnet aus
den kinematischen Parametern).

8.2.4.1. Rekonstruktion der Ergebnisse mit zwei HP-Lagen

Wie in Kapitel 8.2.3 beschrieben, nutzt die selected-vtx3-Methode auch Informatio-
nen, die nur auf zwei der drei Hochpräzisionslagen (jeweils HP1&2 und HP1&3) ba-
sieren. Betrachtet man die Ergebnisse der Rekonstruktion, in welcher nur zwei HP-
Lagen genutzt werden (Abb. 8.23), ist ersichtlich, dass sich die Massenbestimmung
nur wenig von der mit drei HP-Lagen unterscheidet. Wahrscheinlich wären nur zwei
Lagen notwendig. Die E�zienz der HP1&2 und HP1&3-Rekonstruktionen, welche in-
nerhalb von ±40% der simulierten Masse liegen, ist dabei fast identisch im Vergleich
zur selected-vtx3-Methode. Die Unterschiede liegen dabei für die Datensätze zwischen
0.25 1.5 GeV durchgehend bei < 1%.
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(a) Darstellung der rekonstruierten gegen
die simulierten Massen für HP1&2-
Rekonstruktion.
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Abbildung 8.23.: Massenrekonstruktion unter Nutzung von zwei Hochpräzisionslagen.
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8. Simulation und Rekonstruktion von ALP-Zerfällen im SHiP-Experiment

8.2.4.2. Rekonstruktion ohne Hochpräzisionslagen

Um abzuschätzen, ob Hochpräzisionslagen für eine gute Rekonstruktion notwendig
sind, wurde eine Analyse erstellt, welche nur die Szintillatorinformation nutzt. Hierzu
wird auf das implementierte Clustering der Szintillatoren von FairSHiP [192] zurück-
gegri↵en. Dabei werden einzelne Szintillatorstreifen zu Clustern zusammengefasst, ein
Mittelpunkt dieser Menge bestimmt und deren Energien aufsummiert und ausgege-
ben. Zunächst wurde die Cluster-Photon-Zuordnung des X ! -Prozesses mit Hilfe
der theoretischen Durchstoßposition der Photonen durchgeführt. Hier ließ sich jedoch
schon frühzeitig feststellen, dass die Rekonstruktionse�zienz sehr gering ist. Für die
Rekonstruktion werden mindestens zwei Cluster im vorderen und zwei im hinteren
Teil des Kalorimeters benötigt, was häufig nicht der Fall war. Je nach Masse des zer-
fallenen ALPs liegt die Rekonstruktionse�zienz bei unter fünf bis zu ⇠ 20% (Abb.
8.17) und ist somit um ein Vielfaches ine↵ektiver als die Rekonstruktion mit den HP-
Lagen. Die Schwierigkeit liegt darin, dass die Tre↵er zu nahe beieinander liegen. Dieser
Aspekt wirkt bei einem nicht-hochauflösenden Detektor mit Szintillatorstreifenlängen
von 300 cm noch schwerwiegender und eine Cluster-Separierung ist viel schwieriger als
eine Rekonstruktion mit HP-Lagen.
Durch eine Festlegung, die rekonstruierten Ereignisse innerhalb ±40% simulierten der
Masse als gut zu klassifizieren, würde die E�zienz noch weiter absinken.

8.2.4.3. Näherung der Micromegasauflösung in der Simulation
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(a) Darstellung der rekonstruierten ge-
gen die simulierten Massen (2mm-
Verschmierung).
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Abbildung 8.24.: Massenrekonstruktion der um 2mm verschmierten Datensätze mit
der selected-vtx3-Methode.

Um realistischere Bedingungen bei einem Einsatz von Micromegas-Modulen an-
zunähern, wurde eine Verschmierung aller Tre↵erpositionen um 2 mm in den HP-
Lagen durchgeführt, was der kalkulierten Auflösung der Micromegas-Prototypen für
SHiP entspricht[191]. Dazu wurde die gesamte Analyse mit diesen variierten Tre↵ern
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Figure 39. Simulations for the SHiP ECAL with similar dimensions as proposed for SHAD-
OWS [47]. Left: Energy resolution. The fit shown in red yields �E/E = 15.5%/

p
E [GeV] � 4.4%.

Right: Mass resolution for di↵erent X ! �� masses.

calorimeter together with the high-precision layers may be split into two longitudinal seg-

ments which are about 0.5 m apart (thus the name ”SplitCal”). A preliminary prototype

with four scintillating and two high-precision layers has successfully been operated in test

beams at CERN and DESY (Fig. 38).

As a baseline for the high precision layers we consider MicroMegas detectors with

two-dimensional readout as they are in use for the ATLAS muon system [26], but with

a larger strip pitch of 500 µm which is su�cient for high precision measurements of the

shower positions. Each layer would consist of 3 ⇥ 3 double-sided MicroMegas detectors

with 85 ⇥ 85 cm2 active area (larger sized chambers are di�cult to manufacture), which

results in about 30000 channels per HP layer. The signal readout could be based on the

VMM-2 chipset [49], which sparsifies and digitises the signals directly at the detectors.

The mass resolution of X ! �� decays has been simulated for a detector with similar

dimensions as teh SHADOWS ECAL using the resolutions as measured with the prototype

(see Fig. 39 (right)). For X masses above 500 MeV the mass resolution is 20% or less or

about 100-150 MeV in absolute terms.
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NaNu?!
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Fig. 1. Schematic drawing of the top-view on the location of the NaNu
Experiment in the CERN North Area together with the future SHADOWS
Experiment and the beam-line.
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Fig. 2. Side-view of the NaNu experiment
with its major components: emulsion de-
tector, magnet and tracking stations.

structure of absorber plates in which the actual charged
current neutrino interactions occur. Emulsion detectors
have a spatial resolution between 50 to 100 nm and can
be interpreted as detectors with a huge density of ac-
tive channels, i.e. 1014 per cm3. They are therefore per-
fectly suited for the study of short-lived particles with
unique decay vertex structures. We propose to adopt
the emulsion detector design of the successfully run-
ning FASER‹ experiment, i.e. use emulsion films com-
posed of two layers with a 70 µm thickness which are
separated by a 200 µm thick plastic base. The emul-
sion films are interleaved by 1 mm tungsten plates due
to their short radiation length. In total 560 tungsten
plates with a total weight of the ¥ 2.2 t are foreseen.
Given the significant multiple scattering e�ects within
the tungsten plates, we foresee to place 40 emulsion
tracking layers in the remaining 20 cm within the mag-
netic field, allowing for momentum measurements with
higher precision. Those layers will be stabilized by thin
aluminium plates, that are separated by 4 mm air gaps.

Since emulsion detectors cannot record timing in-
formation, all charged particles leave tracks and lead to
significant pile-up. The emulsion detector is therefore
complemented by six micromegas based tracking de-
tectors with two-dimensional readout as well as a two-
gap design, originally proposed in [13]. The thickness
of these active detectors is about 15 mm and yields a
spatial resolution of ¥ 100 ≠ 150 µm in two spatial di-
mensions with 3200 readout channels for each detector.
The two-gap design allows in addition the reconstruc-
tion of complete tracklets with angular resolution of
0.02 rad.

The emulsion detector and magnet system is fol-
lowed by a muon spectrometer consisting of three lay-
ers of the same micromegas-based technology as pre-
viously described but with larger dimensions of 120 ◊
70 cm2 with 6080 readout channels per detector layer.
The three layers are separated by 50 cm each, while the
first layer is shielded in addition with a 20 cm iron layer
to suppress hadronic particles. The active trigger sys-
tem of NaNu makes use of plastic scintillators, which
are located in the front as well as in the back of the
emulsion layers, where they can be also used to veto
muon signatures. In addition, the self-triggering capa-
bilities of micromegas detectors can be used to record

events which only leave signatures within the emulsion
target.

The location of the NaNu Experiment is foreseen
50 m after the beam dump, i.e. behind the SHAD-
OWS experiment. The distance to the beam axis is
chosen to minimize the expected muon background.
Muons for the SHADOWS experiment are shielded by
dedicated magnetized iron blocks. The expected muon
background for 4 ◊ 1019 proton on target in the trans-
verse plane to the beam line is shown in Figure 3. The
neutrino flux and the neutrino energies increase when
moving towards the beam-line, however, also the muon-
flux increases significantly. It is typically assumed that
the reconstruction algorithms of emulsion detectors can
handle ¥ 106 tracks per cm2. The position of NaNu in
the transverse plane was therefore optimized to be clos-
est as possible to the beam-line, but the number of 106

muons per cm2 per year operation is not exceeded. This
implies an optimal location of NaNu in the transverse
plane with the coordinates x1 = 1m to x2 = 1.5m and
y1 = 1.0m and y2 = 1.4m.

3 Neutrino Fluxes
Tau-neutrinos passing through the NaNu detector stem
primarily from mesonic decays of Ds æ ·‹· , together
with a high rate of ‹µ and ‹e neutrinos, which appear
as decay products of charmed hadrons and soft pions
and kaons. Our estimate of neutrino fluxes is based in
studies of Pythia8 [14] and the Genie program [15]
and then cross-checked with the published studies of the
Scattering and Neutrino Detector (SND) of the SHIP
experiment [7, 8, 16]. The SND detector is assumed to
be placed about 35 m after the interaction point, di-
rectly following the beamline. Its neutrino interaction
target has a transverse size of 0.8 ◊ 0.8 m2, a depth of
¥ 1 m and consists of passive absorber material inter-
leaved with 19 emulsion and 19 tracking planes.

Since the production processes of neutrinos is the
same for SND as for NaNu, the kinematic distributions
of the produced neutrinos is equivalent for both experi-
mental setups. However, the di�erences of the expected
number of neutrino interactions are due to the di�er-
ent location, the di�erent size as well as the di�erent
assumed number of protons on target.
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NaNu:	Option	for	Tau	and	Anti-Tau	Neutrino	Detection

▶ Charm	production	at	the	beamdump					
➜		Lot’s	of		Ds	➞	τ ντ		decays.	

▶ τ	neutrinos	can	be	detected	with	a	
massive	detector	with	τ	reconstruction.	

➜ NaNu:	Special	detector	behind	
SHADOWS	for	τ	neutrino	detection.
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NaNu: Proposal for a Neutrino Experiment at the SPS Collider located at
the North Area of CERN
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Abstract. Several experiments have been proposed in the recent years to study the nature of tau
neutrinos, in particular aiming for a first observation of tau anti-neutrinos, more stringent upper
limit on its anomalous magnetic moment as well as new constrains on the strange-quark content of
the nucleon. We propose here a new low-cost neutrino experiment at the CERN North area, named
NaNu (North Area NeUtrino), compatible with the realization of the future SHADOWS and HIKE
experiments at the same experimental area.
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1 Introduction

Within the SM, the neutrino sector is still the least un-
derstood and key questions, e.g. on the origin of the
neutrino masses, are still not answered. Several new
neutrino experiments are currently in preparation or
just have started to take data [1]. A particular interest-
ing development are new experiments at colliders, e.g.
FASER [2] and SND@LHC [3], which aim for neutrino
cross-section measurements in a new energy regime. Of
particular interest are tau neutrinos, since the study
of their properties are limited to nine ‹· events ob-
served at DONUT [4] and ten ‹· candidate events at
Opera [5]. The existence of anti-tau neutrinos has so far
never been experimentally confirmed, making this the
last missing particle within the SM. In fact, a huge num-
ber of tau- and anti-tau neutrinos could be produced
in beam-dump experiments, where energies are high
enough to produce D±

s mesons, which subsequently de-
cay via Ds æ ·‹· with a branching fraction of about
5% [6]. Originally, the SHiP collaboration suggested a
dedicated neutrino detector to study such tau-neutrino
events, with a convincing physics case [7–9]. In this
work, we propose a cost-e�cient alternative neutrino
detector, NaNu (North Area NeUtrino detector), which
can be realized in-between the future SHADOWS and
the HIKE experiments, as schematically shown in Fig-
ure 1. The planned SHADOWS experiment [10] at CERN

is one possible realization of a beam dump experiment,
located at the CERN North Area next to the SPS col-
lider aiming for the search of dark matter and hidden
particles. The SHADOWS detector is about 35 m long
and 2.5 m wide, placed about 1 m o�-axis and 14 m
after the beam dump itself, where a 400 GeV proton
beam provides 5 ◊ 1019 protons on target during a 4-
year data-taking period between 2028 and 2032. The
concept of SHADOWS foresees also the realization of
the HIKE Experiment [11], which will be located about
50 m downstream of SHADOWS and will study ex-
tremely rare kaon decays.

In this work, we first discuss a preliminary NaNu
detector concept, followed by an estimate on the neu-
trino fluxes, the identification of neutrino signatures as
well as the physics reach and a cost estimate.

2 Detector Concept

The NaNu detector concept aims for a cost-e�cient
design using existing components and well established
technologies. A schematic drawing of the NaNu detec-
tor is shown in Figure 2, showing its four major compo-
nents, namely the magnetic system, the emulsion tar-
get, the active trigger system as well as the muon spec-
trometer. We suggest reusing an existing dipole magnet
at CERN with gap dimensions of 50 ◊ 100 ◊ 100 cm3

and a magnetic field strength of 1.4 T generated by a
current of 2500 A. The transverse plane of the NaNu de-
tector, facing the interaction point has therefore a size
of 50 ◊ 100 cm2. The emulsion target is designed with
transverse size of 40 ◊ 50 cm2 and a depth of 80 cm,
hence leaving 20 cm space downstream of the magnetic
field.

The emulsion detector concept follows largely the
current design of the FASER‹ Experiment [12]. It con-
sists of silver bromide crystals with diameters of 200 nm
dispersed in gelatin media interleaved with a repeated
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NaNu:	Option	for	Tau	and	Anti-Tau	Neutrino	Detection

NaNu:	(Anti-)Tau	Neutrino	Detection	
▶ Separate,	self-sustained	detector.	
▶ Emulsion-based	with	track	spectrometer	

(magnet	available	at	CERN).	
▶ Further	tracking	with	MicroMegas	

planes,
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Fig. 1. Schematic drawing of the top-view on the location of the NaNu
Experiment in the CERN North Area together with the future SHADOWS
Experiment and the beam-line.

Magnet-System Tungsten/Emulsion Detector Air/Emulsion Tracker

MM Tracking Layers Support Structures Scintillator

1m

0.5m

Beam

Fig. 2. Side-view of the NaNu experiment
with its major components: emulsion de-
tector, magnet and tracking stations.

structure of absorber plates in which the actual charged
current neutrino interactions occur. Emulsion detectors
have a spatial resolution between 50 to 100 nm and can
be interpreted as detectors with a huge density of ac-
tive channels, i.e. 1014 per cm3. They are therefore per-
fectly suited for the study of short-lived particles with
unique decay vertex structures. We propose to adopt
the emulsion detector design of the successfully run-
ning FASER‹ experiment, i.e. use emulsion films com-
posed of two layers with a 70 µm thickness which are
separated by a 200 µm thick plastic base. The emul-
sion films are interleaved by 1 mm tungsten plates due
to their short radiation length. In total 560 tungsten
plates with a total weight of the ¥ 2.2 t are foreseen.
Given the significant multiple scattering e�ects within
the tungsten plates, we foresee to place 40 emulsion
tracking layers in the remaining 20 cm within the mag-
netic field, allowing for momentum measurements with
higher precision. Those layers will be stabilized by thin
aluminium plates, that are separated by 4 mm air gaps.

Since emulsion detectors cannot record timing in-
formation, all charged particles leave tracks and lead to
significant pile-up. The emulsion detector is therefore
complemented by six micromegas based tracking de-
tectors with two-dimensional readout as well as a two-
gap design, originally proposed in [13]. The thickness
of these active detectors is about 15 mm and yields a
spatial resolution of ¥ 100 ≠ 150 µm in two spatial di-
mensions with 3200 readout channels for each detector.
The two-gap design allows in addition the reconstruc-
tion of complete tracklets with angular resolution of
0.02 rad.

The emulsion detector and magnet system is fol-
lowed by a muon spectrometer consisting of three lay-
ers of the same micromegas-based technology as pre-
viously described but with larger dimensions of 120 ◊
70 cm2 with 6080 readout channels per detector layer.
The three layers are separated by 50 cm each, while the
first layer is shielded in addition with a 20 cm iron layer
to suppress hadronic particles. The active trigger sys-
tem of NaNu makes use of plastic scintillators, which
are located in the front as well as in the back of the
emulsion layers, where they can be also used to veto
muon signatures. In addition, the self-triggering capa-
bilities of micromegas detectors can be used to record

events which only leave signatures within the emulsion
target.

The location of the NaNu Experiment is foreseen
50 m after the beam dump, i.e. behind the SHAD-
OWS experiment. The distance to the beam axis is
chosen to minimize the expected muon background.
Muons for the SHADOWS experiment are shielded by
dedicated magnetized iron blocks. The expected muon
background for 4 ◊ 1019 proton on target in the trans-
verse plane to the beam line is shown in Figure 3. The
neutrino flux and the neutrino energies increase when
moving towards the beam-line, however, also the muon-
flux increases significantly. It is typically assumed that
the reconstruction algorithms of emulsion detectors can
handle ¥ 106 tracks per cm2. The position of NaNu in
the transverse plane was therefore optimized to be clos-
est as possible to the beam-line, but the number of 106

muons per cm2 per year operation is not exceeded. This
implies an optimal location of NaNu in the transverse
plane with the coordinates x1 = 1m to x2 = 1.5m and
y1 = 1.0m and y2 = 1.4m.

3 Neutrino Fluxes
Tau-neutrinos passing through the NaNu detector stem
primarily from mesonic decays of Ds æ ·‹· , together
with a high rate of ‹µ and ‹e neutrinos, which appear
as decay products of charmed hadrons and soft pions
and kaons. Our estimate of neutrino fluxes is based in
studies of Pythia8 [14] and the Genie program [15]
and then cross-checked with the published studies of the
Scattering and Neutrino Detector (SND) of the SHIP
experiment [7, 8, 16]. The SND detector is assumed to
be placed about 35 m after the interaction point, di-
rectly following the beamline. Its neutrino interaction
target has a transverse size of 0.8 ◊ 0.8 m2, a depth of
¥ 1 m and consists of passive absorber material inter-
leaved with 19 emulsion and 19 tracking planes.

Since the production processes of neutrinos is the
same for SND as for NaNu, the kinematic distributions
of the produced neutrinos is equivalent for both experi-
mental setups. However, the di�erences of the expected
number of neutrino interactions are due to the di�er-
ent location, the di�erent size as well as the di�erent
assumed number of protons on target.
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▶ North	Area	Consolidation	planned	for	Long	Shutdown	3	(2026-30	for	ECN3):																																																																																																														
Construction/Installation	of	experiment(s).	

▶ 2031	➞	LS	5	(2040?):		Data	taking.

HIKE	&	SHADOWS	Schedule
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ECN3 Beam Delivery Task Force CERN-PBC-Report-2023-001 (Feb 2023)

A high-intensity upgrade of the North Area appears feasible and could be implemented on a timeline 
consistent with NA-CONS Phase 1 during LS3, for exploitation by new physics experiments housed 
in TCC8/ECN3 during Run4.
…
[This TF suggests several wider recommendations to prepare the CERN accelerator complex to 
deliver a HI upgrade to the NA.] 
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Many	thanks
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NA62:	Beamdump	Mode

Running	in	„Beamdump	Mode“	by	closing	defining	
collimator		➞		acts	as	beamdump.																																		
	 	 	 					(➞	Presentation	of	Heiko	Lacker)	

▶ Search	for	long-lived,	neutral	particles																
(as	also	proposed	for	SHiP	or	SHADOWS).	

▶ Long	distance	to	detector,	narrow	detector										
➜		Sensitivity	in	different	phase	space	region.	

▶ 2021:				10-day	beamdump	run	 1.4 × 1017		pot		
–2025:		≥	10	×	more	planned		 ~ 2 × 1018		pot	

								 								(background-free	in	e.g.	µ+µ–	up	to	at	least	1018	pot)	
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Final result

E.Minucci - ICHEP 2022 First result for searches of exotic decays at NA62 

The region enclosed by the contour shown is excluded

≤	10%	of	expected	
NA62	data

Search	for	
A’	➞	µ+µ–

6

NA62 expected sensitivity: geometrical acceptance 

E.Minucci - ICHEP 2022 First result for searches of exotic decays at NA62 

Sensitivity plot separated per production 
mechanism assuming 0 observed events 

The grey underlying exclusion is the one adapted by the PBC and originally based on: Phys. Rev. Lett. 126, no.18, 181801 (2021)
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Expectation	for	
full	NA62	data	set

Search	for	Dark	Photon	A’	➞	µ+µ–



Rainer	Wanke													Terascale	Detector	Workshop	Mainz															Feb	22nd,	2024	

Rare	Kaon	Decays	beyond	2026

Interest	in	many	ultra-rare	Kaon	decays:	

▶ Flavor-changing	processes	with	varying	
contributions	from	short-distance	
amplitudes.	

▶ Highly	suppressed	in	the	SM.	
➜ Sensitivity	to	New	Physics	at	energy	

scales	beyond	collider	energies.	

▶ Rates	related	to	CKM	matrix	elements	
with	minimal	parametric	uncertainty

36

High-intensity kaon experiments at the CERN SPS – M. Moulson – Physics at high intensity – Frascati, 11 November 2022

Decay ΓSD/Γ Theory err.* SM BR ´ 1011 Exp. BR ´ 1011

(Sep 2019)

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

KL → π0µ+µ− 30% 15% 1.5 ± 0.3 < 38†

K+ → π+νν 90% 4% 8.6 ± 0.4 < 18.5†

KL → π0νν >99% 2% 2.9 ± 0.2 < 300†

Rare kaon decays

2

†90% CL*Approx. error on LD-subtracted rate excluding parametric contributions
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HIKE	Phase	1		➞		HIKE	Phase	2

Phase	1:		
▶ Br(K+	➞	π+νν̄)	to	~ 5%.		
▶ K	➞	eν/K	➞	µν,	K+	➞	π+ll,																																											

K+	➞	π–l+l+,	radiative	decays,																								
precision	measurements,	…		

Phase	2:	Same	intensity,	KL	beam.	
▶ Rare	KL	decays:																																																				

KL	➞	π0l+l–,	KL	➞	µ+µ–,	…		

During	phase	1&2:	
▶ Beamdump	mode																																												

with	5×1019	pot.	
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Phase 1: K+→ π+νν at high-statistics

14

Goal: Measure BR(K+→ π+νν) to within ~5%
Requires 4x increase in intensity → requires major beam upgrades!

Basic design of NA62 will work at high intensity

Key challenges: 
• Require 4x better time resolution to keep random veto rate under control
• Must maintain other key performance specifications at high-rate:

Space-time reconstruction, material budget, single photon efficiencies, etc.

These characteristics are necessary for rare KL decays as well
• Calorimeter, photon vetoes, and readout reused for KL experiments

4 Phase 2: a multi-purpose QR decay experiment

4.1 Experimental layout
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Figure 13: HIKE Phase 2 layout, with an aspect ratio of 1:10.

The layout of the proposed multi-purpose  ! decay experiment is shown schematically in
Fig. 13. The 120 m long beamline studied extensively with simulations [120] involves four
stages of collimation with an active final collimator. This provides a secondary neutral beam
with a 0.4 mrad opening angle, and allows for adequate suppression of the short-lived  ( and ⇤
components (Section 8.3). The beamline is followed by a 90 m long fiducial decay volume (FV)
located in the vacuum tank. The detector located downstream of the FV is similar to the HIKE
Phase 1 downstream setup, with minimal adjustments introduced. Specifically, the beam tracker,
KTAG and RICH detectors are removed, the STRAW spectrometer is shortened to a total length
of 25 m and the central holes of the STRAW chambers are realigned on the neutral beam axis;
the SAC is moved; and the LAV detectors will be moved and possibly reduced in number. The
magnetic field strength in the spectrometer dipole magnet is reduced by about 20% with respect to
Phase 1, providing a momentum kick of 210 MeV/2. This does not lead to a significant degradation
of the mass resolution.

A production angle of 2.4 mrad, used earlier by the NA48 experiment, is considered for the
HIKE neutral beam. The  ! flux per proton on target increases and the  ! spectrum hardens
towards small production angles (Fig. 14). A harder  ! spectrum increases the signal acceptances
(which peak at a  ! momentum of 100 GeV/2 for the  ! ! c

0
4
+
4
� decay and 70 GeV/2 for the

 ! ! c
0
`
+
`
� decay), and improves the suppression of backgrounds with extra photons, which

tend to be intercepted by the main EM calorimeter and have larger energies in the laboratory frame.
Though the  ! decay probability in the FV decreases for a harder  ! spectrum, the number of
 ! decays in the FV per proton on target still increases towards small production angles due to the
increased  ! flux (Fig. 14, left). However the neutron and photon fluxes in the beam also increase.
The simulations used in this section include the neutral beam line as described in Section 8.3 and
the detector description seen in Fig. 13.

Assuming 0.6⇥106 useful SPS spills per year of operation at an intensity of 2⇥1013 POT/spill,
we expect an exposure of 1.2 ⇥ 1019 POT/year. For a production angle of 2.4 mrad and a beam
opening angle of 0.4 mrad, the expected  ! yield in the beam evaluated with simulations is
5.4 ⇥ 10�5 per proton on target (which accounts for losses due to the beamline and collimation).
The total integrated  ! flux in the beam is 6.5 ⇥ 1014/year, which corresponds to 3.8 ⇥ 1013

decays/year in the FV. The mean momentum of  ! mesons entering the decay volume is 80 GeV/2,
while the mean momentum of  ! mesons decaying in the FV is 45 GeV/2 (Fig. 14, right).
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Phase	2:		Rare	KL decays

Similar	proton-on-target	intensity	(pot)	as	Phase	1		
▶ New	neutral	beamline																																																																																																													

(similar	to	original	NA48	experiment).	
▶ Some	new	or	modified	detectors,																																																																																																	

but	most	to	be	used	from	Phase	1.
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7 Phase 2: a multi-purpose QR decay experiment

7.1 Experimental layout

The baseline design of the multi-purpose  ! decay experiment includes a 120 m long neutral
beamline with the secondary beam opening angle of 0.4 mrad, proposed and studied extensively
for the KLEVER phase of the HIKE programme. The beamline involves four stages of collimation,
and provides adequate suppression of the short-lived  ( and ⇤ components. A detailed description
of the beamline, including the expected ! yields and momentum spectra, is provided in Section 5.3
Unlike the KLEVER phase, HIKE Phase 2 detector will be equipped with a tracker, which offers
the opportunity to perform characterisation of the KLEVER beam. For the forthcoming proposal,
alternative beamline configurations can be studied.

The proposed  ! production angle is 2.4 mrad (to be compared to 8 mrad for the KLEVER
phase), which improves the  ! yield and increases the mean  ! momentum (Figs. 8, 10) therefore
improving the acceptances for  ! ! (c

0
)✓

+
✓
� decays. Thanks to the relatively compact detector,

HIKE Phase 2 allows for a 90 m long fiducial decay volume to be accommodated in the present
ECN3 experimental hall, and no major civil engineering work is required in preparation for this
phase of the programme.

It is proposed to use the HIKE Phase 1 experimental setup with minimal modifications (Fig. 18).
The GTK, KTAG, RICH and SAC detectors will be removed, the STRAW spectrometer will be
shortened to a total length of 25 m, and central holes of the STRAW chambers will be realigned on
the neutral beam axis (Section 10.2.3). Reduction of the magnetic field of the spectrometer dipole
magnet by about 20%, leading to a momentum kick of 210 MeV/2, is possible without significant
degradation of the mass resolution.
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Figure 18: HIKE Phase 2 layout, with an aspect ratio of 1:10.

7.2 Physics sensitivity

The expected  ! yield in the beam is 5.4 ⇥ 10�5 per proton on target, and the assumed integrated
proton flux of 1.2 ⇥ 1019 pot/year leads to the number of  ! decays in the decay volume of
3.8 ⇥ 1013/year. The mean momentum of  ! mesons entering the decay volume is 79 GeV/2,
while the mean momentum of decaying  ! mesons is 46 GeV/2 (Table 3, Fig. 8). The expected
signal yields for several principal rare and forbidden  ! decays have been evaluated using a
full Geant4-based simulation, reconstruction and analysis chain within the flexible HIKE offline
software platform being developed on the basis of the NA62 software (Section 12). The results are
summarised in Table 6, and acceptances in bins of the longitudinal coordinate of the decay vertex
and  ! momentum are shown in Fig. 19.
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Phase 2 physics sensitivity
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• Nearly 2×1014 kaon decays in FV 
in 5 years!

• Single-event sensitivities for KL→ 
π0ℓ+ℓ− improved by more than two 
orders of magnitude 

• Suppression of the KL→ γγℓ+ℓ−
background relies on excellent 
photon energy resolution of the 
HIKE EM calorimeter 

• Likely first observation of KL→ π0ℓ+ℓ− or sensitivity to BRs O(10−11)
• KL→ µ+µ− signal yield: BR with 0.2% statistical precision
• Sensitivities of O(10−12) for BR of a broad range of rare and forbidden KL decays 

(e.g. 60x better than BNL-E871) 

Greenlee
PRD42 (1990)

BR(KL→ π0e+e−) < 28 × 10−11

BR(KL→ π0µ+µ−) < 38 × 10−11

Experimental status (KTeV):

KL → γγℓ+ℓ−
BR(γγe+e−) ~ 6×10−7

BR(γγµ+µ−) ~ 10 −8

Physics	reach	HIKE	Phase	2:
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HIKE, High Intensity Kaon Experiments
at the CERN SPS

Letter of Intent

The HIKE Collaboration

HighIntensityKaonExperiments
HIKE

Abstract

A timely and long-term programme of kaon decay measurements at a new level of precision
is presented, leveraging the capabilities of the CERN Super Proton Synchrotron (SPS). The
proposed programme is firmly anchored on the experience built up studying kaon decays at
the SPS over the past four decades, and includes rare processes, CP violation, dark sectors,
symmetry tests and other tests of the Standard Model. The experimental programme is based
on a staged approach involving experiments with charged and neutral kaon beams, as well as
operation in beam-dump mode. The various phases will rely on a common infrastructure and
set of detectors.
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Reach	of	SHADOWS/HIKE

▶ Multi-purpose	experiments:	Searches	for	HNLs,	ALPs,	Dark	Photons,	Scalars,	…													
Just	two	examples:
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neutrino flavour, b) dark scalars mixing with the Higgs boson and with Br(H ! SS) = 0
(BC4), c) dark photons, and axion-like particles coupled to d) photons, e) fermions, and f)
gluons. All plots are based on 6⇥1020 PoT, and limits correspond to 90% CL, translating to
2.3 events in the absence of background. Regions shaded in grey are excluded by past and
current experiments. See text and Refs. [158, 1] for the description of the phenomenology of
the FIPs and details of the sensitivity calculations. The dark scalar production is computed
by considering exclusive decays B ! S+Xs/d from [23], where Xs/d are resonances including
an s/d quark.
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SHADOWS covers  about 4 orders of magnitude 
in coupling in the mass range 2 Mμ -Mb

SHADOWS (5x1019 pot) better than FASER2 (3 ab-1), 
and comparable to CODEX-b (300 fb-1).
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NaNu:	Option	for	Tau	and	Anti-Tau	Neutrino	Detection

GEANT4	Simulation:	

Reconstructed	ντ/ν̄τ	events	in	NaNu:	

42

6

· æ e · æ µ · æ h(fi±) · æ 3h(3fi±) ·̄ æ e ·̄ æ µ ·̄ æ h(fi±) ·̄ æ 3h(3fi±)
BR 0.17 0.18 0.46 0.12 0.17 0.18 0.46 0.12
Geometrical 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Decay search 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
PID 1.0 0.8 0.9 0.9 1.0 0.8 0.9 0.9
Total Events 50 50 150 40 30 30 100 30

Table 2. Overview of various tau decay channels including their branching ratio (BR) together with the e�ciencies of
various selection and identification criteria. The last row indicated the expected number of reconstructed ‹· events within
NaNu.

Support Structure 30 kAC
Magnet Refurbishment 100 kAC
Emulsion Detector (Gel + Film) 600 kAC
Emulsion Film Production Costs 100 kAC
Infrastructure (chemicals, tools, racks) 50 kAC
Tungsten Plates (2400 kg) 600 kAC
Small Micromegas Tracking Stations (6x) 60 kAC
Large Micromegas Tracking Stations (3x) 40 kAC
Micromegas Readout System (VMM chip) 280 kAC
Veto Plastic Scintillators 20 kAC
Gas-System 30 kAC
High-Voltage Supply 20 kAC
Computing 30 kAC
Total 1,960 kAC

Table 3. Overview of the expected costs for the NaNu Ex-
periment. The costs for the emulsion detector as well as the
production costs cover one year of running, allowing for a
first observation of anti-tau neutrino events.

increase the expected signal yields by a factor of 2-5.
It should be noted that the envisioned energy range
is complementary to the neutrino program of FASER-2
and even a common development of baseline technology
could be envisioned.
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Fig. 5. Event Displays of the primary and secondary particle trajectories of electron neutrino (upper left) and muon
neutrino (upper right) interactions with the NaNu Detector. Two example of tau neutrino interactions are shown in the
lower row in the muonic decay channel (left) and the · æ fi+fi≠fi≠ decay channel (right). The charged (neutral) particles
are indicated by red (blue) lines. Only particles with momenta larger than 1 GeV are shown.

measurement, using a combination of tracklets in the
emulsion layers, the tracking layers as well as the muon
spectrometer. The main sensitivity on the momentum
comes from the measurements in the emulsion tracking
layers in the last 20 cm of the magnetic field as well as
from the muon spectrometer, since muons are subject to
significant multiple scattering in the upstream passive
detector layers. The expected momentum resolution for
muon tracks in the NaNu detector has been estimated
using a full Geant4 simulation and is shown for 5 and
10 GeV muons in Figure 6. The resulting charge iden-
tification is correct in more than 98% of all recorded
muon neutrino events. Assuming an 80% identification
e�ciency of the muons in the active tracking layers,
we expect 40 000 and 10 000 reconstructed muon neu-
trino and anti-muon neutrino events, respectively. In
fact, muon neutrino interactions could – in principle
– be reconstructed using the active micromegas-based
tracking detectors in standalone mode, if the primary
muon neutrino interaction happens close the tracking
layer and thus leaving a distinct signature of the recoil
tracks of the nucleus. Detailed studies on this aspect
are still ongoing.

The event topology of tau neutrino interactions de-
pends on the subsequent decay of the tau lepton and,
hence, the presence of a secondary vertex. The sec-
ondary vertex is expected to be reconstructed with an
e�ciency of ¥ 60%. Tau decays to electrons or muons
yield a kink between the original tau track and the sub-
sequent electron or muon tracks. The decay leptons can

0.6− 0.4− 0.2− 0 0.2 0.4 0.6
Rel. Momentum Resolution

0.01

0.02

0.03

0.04

0.05

0.06

Ar
bi

tra
ry

 U
ni

ts

 (5 GeV)µ

 (10 GeV)µ

Muon Momentum Resolution

Fig. 6. Relative momentum resolution for muons with an
energy of 5 and 10 GeV.

be identified as described above. The hadronic tau de-
cays are identified by their short-lived decays and dis-
tinguished by the number of charged hadrons in the fi-
nal state, i.e. into one or three charged pions. The three-
pion decay has a unique topology, while the one-pion de-
cay has a similar vertex structure as the muonic decay,
however with a shorter track-length of 12.5 cm. This
allows also for a momentum measurement using the
tracking information within the magnetic field, where
a significant better momentum resolution is achieved
for tau-decays that happen close to end of the passive
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Fig. 5. Event Displays of the primary and secondary particle trajectories of electron neutrino (upper left) and muon
neutrino (upper right) interactions with the NaNu Detector. Two example of tau neutrino interactions are shown in the
lower row in the muonic decay channel (left) and the · æ fi+fi≠fi≠ decay channel (right). The charged (neutral) particles
are indicated by red (blue) lines. Only particles with momenta larger than 1 GeV are shown.

measurement, using a combination of tracklets in the
emulsion layers, the tracking layers as well as the muon
spectrometer. The main sensitivity on the momentum
comes from the measurements in the emulsion tracking
layers in the last 20 cm of the magnetic field as well as
from the muon spectrometer, since muons are subject to
significant multiple scattering in the upstream passive
detector layers. The expected momentum resolution for
muon tracks in the NaNu detector has been estimated
using a full Geant4 simulation and is shown for 5 and
10 GeV muons in Figure 6. The resulting charge iden-
tification is correct in more than 98% of all recorded
muon neutrino events. Assuming an 80% identification
e�ciency of the muons in the active tracking layers,
we expect 40 000 and 10 000 reconstructed muon neu-
trino and anti-muon neutrino events, respectively. In
fact, muon neutrino interactions could – in principle
– be reconstructed using the active micromegas-based
tracking detectors in standalone mode, if the primary
muon neutrino interaction happens close the tracking
layer and thus leaving a distinct signature of the recoil
tracks of the nucleus. Detailed studies on this aspect
are still ongoing.

The event topology of tau neutrino interactions de-
pends on the subsequent decay of the tau lepton and,
hence, the presence of a secondary vertex. The sec-
ondary vertex is expected to be reconstructed with an
e�ciency of ¥ 60%. Tau decays to electrons or muons
yield a kink between the original tau track and the sub-
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be identified as described above. The hadronic tau de-
cays are identified by their short-lived decays and dis-
tinguished by the number of charged hadrons in the fi-
nal state, i.e. into one or three charged pions. The three-
pion decay has a unique topology, while the one-pion de-
cay has a similar vertex structure as the muonic decay,
however with a shorter track-length of 12.5 cm. This
allows also for a momentum measurement using the
tracking information within the magnetic field, where
a significant better momentum resolution is achieved
for tau-decays that happen close to end of the passive
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lower row in the muonic decay channel (left) and the · æ fi+fi≠fi≠ decay channel (right). The charged (neutral) particles
are indicated by red (blue) lines. Only particles with momenta larger than 1 GeV are shown.

measurement, using a combination of tracklets in the
emulsion layers, the tracking layers as well as the muon
spectrometer. The main sensitivity on the momentum
comes from the measurements in the emulsion tracking
layers in the last 20 cm of the magnetic field as well as
from the muon spectrometer, since muons are subject to
significant multiple scattering in the upstream passive
detector layers. The expected momentum resolution for
muon tracks in the NaNu detector has been estimated
using a full Geant4 simulation and is shown for 5 and
10 GeV muons in Figure 6. The resulting charge iden-
tification is correct in more than 98% of all recorded
muon neutrino events. Assuming an 80% identification
e�ciency of the muons in the active tracking layers,
we expect 40 000 and 10 000 reconstructed muon neu-
trino and anti-muon neutrino events, respectively. In
fact, muon neutrino interactions could – in principle
– be reconstructed using the active micromegas-based
tracking detectors in standalone mode, if the primary
muon neutrino interaction happens close the tracking
layer and thus leaving a distinct signature of the recoil
tracks of the nucleus. Detailed studies on this aspect
are still ongoing.

The event topology of tau neutrino interactions de-
pends on the subsequent decay of the tau lepton and,
hence, the presence of a secondary vertex. The sec-
ondary vertex is expected to be reconstructed with an
e�ciency of ¥ 60%. Tau decays to electrons or muons
yield a kink between the original tau track and the sub-
sequent electron or muon tracks. The decay leptons can
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be identified as described above. The hadronic tau de-
cays are identified by their short-lived decays and dis-
tinguished by the number of charged hadrons in the fi-
nal state, i.e. into one or three charged pions. The three-
pion decay has a unique topology, while the one-pion de-
cay has a similar vertex structure as the muonic decay,
however with a shorter track-length of 12.5 cm. This
allows also for a momentum measurement using the
tracking information within the magnetic field, where
a significant better momentum resolution is achieved
for tau-decays that happen close to end of the passive

νe	interaction	 νµ	interaction	 ντ	interaction	

290	reconstructed	ντ	interactions 190	reconstructed	ν̄τ	interactions


