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Abstract

The Search for HIdden Particles (SHiP) experiment, proposed to be located at

Super Proton Synchrotron (SPS) at European Organization for Nuclear Research

(CERN), is a new fixed target experiment designed to search for light, long living

particles non-present in the Standard Model (SM). One of the main goal of the

SHiP experiment is to look for Heavy Neutral Leptons (HNL) particles in the GeV

region, as for instance those predicted by the ν Minimal Standard Model (νMSM)

[1]. The experiment consists of a large, elliptical decay volume (50 m length

and a minor axis of 5 m and a 10 m major axis) and a spectrometer. Inside the

decay volume the pressure is set to 10−6 bar to suppress interactions. The signal

signature of the signal are two charged particles originating from an isolated

vertex, located in the decay volume with momenta pointing back to the target.

This thesis studies one of the main backgrounds consisting of neutrinos interacting

in the vicinity of the decay volume. In addition, the possibility to operate at

atmospheric pressure is studied. The pressure inside the decay volume sets

demanding and costly requirements to the Hidden Sector (HS) spectrometer. We

found that this background can be rejected by placing kinematic, geometrical and

veto requirements. This would allow to relax the vacuum requirements, allowing

to significantly reduce the cost of the experiment.
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1 Introduction and SHiP overview

Since the discovery of the Higgs Boson in 2012 [2, 3] all particles predicted by the
SM have been experimentally observed. The SM provides a consistent description of
Nature’s elementary particles with three of the four 1 fundamental interactions: the
electromagnetic, strong and weak interaction [4]. Nevertheless there are some open
questions, which the SM fails to explain. In particular the SM does not explain:

• How the large asymmetry between baryon and anti-baryon in the present Uni-
verse arises from a symmetric initial state (BAU)

• What is Dark Matter (DM)

• How neutrinos acquire mass and why are neutrino masses so small

Those questions can be answered by extending the SM, adding undiscovered particles.
These extensions of the SM are often referred to as New Physics (NP) or physics
Beyond the Standard model (BSM). The search for NP is divided in two frontiers.
The first looks for new particles with large masses (energy frontier). This approach is
mostly exploited at general purpose experiments at Large Hadron Collider (LHC) and
other Future Hadron Colliders (FHC). The others look for new particles in the same
mass range as SM particles but with much weaker coupling. To detect these ‘Hidden
Sector’ particles, experiments reaching new limits in intensity are needed, exploring
the ‘intensity frontier’ regions. This concept is schematically illustrated in Figure 1.1.

Figure 1.1: Schematic representation of the search for NP at the energy and intensity
frontier. Physics BSM could be at low couplings or at high energies. [5]

Since the Higgs boson has a mass that makes the SM a self consistent, weakly coupled
theory up to very high energy scales, close to the Planck scales, we can not infer what

1 Gravity couples very weakly compared to the other fundamental interactions, which makes it
negligible (the ratio gravity/electromagnetism = 10−39). In addition there is no existing, coherent theory of
quantum gravity.
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the energy scale of NP is. An interesting approach to extend the SM is the ‘Minimality
principle’, which adds the smallest possible set of new fields to the SM particles2.
The νMSM [1, 7] (discussed in section 2.1) is one of these theories. It adds three,
right-handed neutrinos, also called HNLs or sterile neutrinos, to the SM. The HNLs
can explain the Baryon-Antibaryon asymmetry (BAU), neutrino masses and DM.

SHiP is a newly proposed fixed target experiment to search for particles of the secluded
sector and will be located at SPS of CERN. The SHiP Physics Proposal [5] describes the
full physics case for the SHiP experiment. One of the main goal of the SHiP experiment
is to search for sterile neutrinos in the GeV region, like those predicted by the νMSM.
Another goal is to perform precise measurements of ντ physics, which is achieved
equipping the facility with an OPERA-like ντ -detector. The high intensity beam from
the SPS allows to probe many different models with long-lived exotic particles with
masses below O(10) GeV/c2. With the possibility of an upgrade, also direct dark
matter searches and Lepton Flavor Violation decays of τ could be studied later at the
same facility.

Hidden Sector decay volume 

Spectrometer 

Particle ID 

ντ detector 

Muon sweeping magnets 

Target / Hadron absorber 

Figure 1.2: Overview of the SHiP experiment [8]

In Figure 1.2 an overview of the SHiP experiment is shown. It consists of a proton
target (discussed in section 3.1) of about 1.3 m length in z-direction, which is the
direction of the beam axis. The other two axis are looking horizontally (x-direction)

2 At time of writing ATLAS and CMS presented the result of RUN I. There is a hint of a possible new
resonant in the di-photon spectrum at 750 GeV. Since the statistical significance is too low to claim
the existence of a new particle this possible new fundamental particle is not considered here. [6]
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and vertically (y-direction). To reduce the muon flux in the detector, an active muon
shield (discussed in section 3.2) is placed after the target. The muon shield is followed
by a ντ -detector (discussed in section 3.3) consisting of a ντ -target in a magnet and
tracking stations also equipped with a magnet (discussed in section 3.3). Following
the ντ -detector is the HS decay vessel and the HS spectrometer (discussed in section
3.4.2) with particle identification detectors placed at the end. The decay volume has an
elliptical shape with the major axis placed in y-direction and having a length of 10 m,
while the minor axis has a length of 5 m and is oriented along the x-direction. These are
the dimension of the inner walls, for the outer walls additional 30 cm have to be added
around the whole vessel. The systems for particle identification, momentum and
energy measurement are a tracking station, an electromagnetic calorimeter (ECAL), a
hadronic calorimeter (HCAL) and a muon spectrometer (all discussed in section 3.5).
This thesis will focus on the νMSM theory and the ‘para-photons’ theory [9]. However,
there are several other models predicting the existence of long lived, very weakly
interacting particles [5] and sterile neutrinos in the GeV region.
The goal of this thesis is to study the main background of the SHiP experiment, which
is the neutrino induced background. In particular this thesis studies the vacuum
requirements of the decay volume, which put severe technological constraints on the
experiment.
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2 Theory

The SHiP experiment is optimized to discover particles from the secluded sector. The
“golden channels” of the SHiP experiment are sterile neutrinos in the GeV region and
Dark Photon (DP) with masses below 10 GeV, which are discussed below.

2.1 νMSM

The νMSM [1] extends the SM with three right-handed neutrinos, also called HNLs or
sterile neutrinos. The elementary particles of the νMSM are shown in Figure 2.1.

Figure 2.1: The particle content of the νMSM is shown. Three right-handed neutrinos
(N1, N2, N3) are added to the SM particles. [5]

The HNLs are singlets under all SM gauge groups. Three scenarios in which HNLs
can explain the Baryon-Asymetry at the beginning of the Universe (BAU), neutrino
oscillations and the smallness of the SM neutrino masses are discussed below. The
first two scenarios also aim to explain the DM with one of the three sterile neutrinos,
thus restricting the allowed parameter space, while the last one does not require to
explain the DM with the HNLs. The scenarios are:

1. The lightest, right-handed neutrino (N1) is the DM candidate, while the heavier
ones (N2,3) allow to explain the observed BAU and active neutrino oscillations.
In this scenario the neutrinos are produced thermally and N1 by a resonant decay
of N2,3.

2. Also in this scenario N1 is a DM candidate and N2,3 are responsible for the

8



neutrino oscillations and BAU. However, the right abundance of N1 is produced
by some additional mechanism (e.g. inflaton decay).

3. In the last scenario N1 is not a DM candidate. This would mean, that all HNLs
can participate in the seesaw mechanism. The DM will have to be explained
by another unknown particle. This relaxes the constraints on the interactions
strength and masses of the three sterile neutrinos.

This νMSM scenario is described by the following Lagrangian:

LνMSM = LSM + iN̄I /∂NI −
(
YαIL̄αNIΦ̃ +

MI

2
N̄C
I NI + h.c.

)
(2.1)

Here LSM is the SM Lagrangian, Lα are the SM lepton doublets and Φ the Higgs
doublet, MI is the Majorana mass for the right-handed neutrinos NI , with YαI being
the Yukawa coupling. The Dirac mass mD is defined as the product of the Yukawa
coupling YαI and the Higgs vacuum expectation value ν =

√
2〈Φ〉. The presence

of a Majorana and a Dirac mass generates mixing terms between active and sterile
neutrinos. The mass eigenstates can be found by diagonalizing the mass matrix Mν,N .

Mν,N =

(
0 mD

mD MI

)
(2.2)

The sub matrices are the Dirac mass matrixmD and the Majorana mass matrixMI . If the
matrix Mν,N was diagonal, there would be no neutrino oscillations. When MI � mD

three of the six eigenvalues have a value ∼ MI and the other three eigenvalues are
∼ m2

D

MI
. This is known as the seesaw mechanism [10], which can explain the smallness

of neutrino masses.
Unfortunately, the seesaw mechanism does not point out to a particular physics case,
since there the Yukawa coupling and the Majorana mass are independent parameters
and there are many different combination which allows to generate active neutrino
masses in the range 0.12 to 0.25 eV, as determined by the experiments [13]. In the SM
the Yukawa coupling of charged fermions ranges from∼ 1 (for the top quark) to∼ 10−5

(for the electron), resulting in the masses shown in Figure 2.2. Since the SM particles
have only Dirac masses and the Yukawa coupling is proportional to it, the Figure 2.2
also shows the distribution of the Yukawa couplings for different fermions. Without
the seesaw mechanism, Yukawa couplings of the order of 10−10 would be required
to explain the masses of < 0.3 eV. This seems to point out to a separate energy scale.
The Yukawa coupling of ∼ 1 would require Majorana masses of O(1014 GeV) in order
to generate the right scale for active neutrino masses, while Majorana masses of the
order of 1 GeV would imply Yukawa couplings of the order of 10−6 (one magnitude
smaller than the coupling of the electron, as shown in Figure 2.3). The interactions
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Figure 2.2: Mass of SM fermions (including neutrinos). The upper limit to the neutrino
mass range comes from the Planck experiment [11] to the sum of the mass
of all neutrino flavor, the lower limit comes from the smallest DM measured
in neutrino oscillations. It is worth mentioning that since there are only
two DM one the three active neutrinos can be massless. [12]

strengths defines the mixing between the HNLs and the active neutrinos and can be
written as in equation 2.3.

U2
αI ≡

ν|YαI |2

M2
I

� 1 (2.3)

The mass range for the NI mass goes from 1014 GeV to eV. This thesis will focus on
the GeV-scale, because this is the range accessible for SHiP. At this scale the HNL
only possesses the Yukawa interactions at the unbroken phase in the early universe
and thus is able to explain the BAU. HNLs with these masses do not spoil the main
fundamental electroweak observables like the Z-boson invisible width ΓZ→inv, because
the coupling to the active neutrino will get reduced by the mixing angle U2

αI as the
coupling to the HNL contributes additionally. Past experiments, mostly looking for
two-body decays of charged mesons and HNL decays, already set upper bounds on
the interaction strength U2 (seen in Figure 2.4). The lower bound for U2 comes from
neutrino oscillation experiments and is robust against theoretical assumptions and are
also shown in Figure 2.4.
HNLs have been searched for with different experimental methods: direct searches
looking for peaks of HNL decays at colliders and fixed target experiment; indirect
searches measuring the end of the energy spectrum of electrons in beta decays and
searching for neutrinoless double beta decays. For fixed target experiments (like
SHiP) the HNLs are mainly produced in heavy meson decays. The main channels for
production of HNLs in the GeV range are (semi)-leptonic decays of Ds and Bs mesons:
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Figure 2.3: Allowed Majorana masses and Yukawa couplings of HNLs in seesaw mod-
els. The blue striped regions are forbidden by a theoretical mechanism.
[14]

Figure 2.4: Experimental (green) and theoretical (grey) constraints for the HNL cou-
pling to the SM, in the mass range 0 - 10 GeV/c2 [5]
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[14]

D → K + l + HNL

Ds → l + HNL

Ds → τ + ντ followed by τ → l + ν + HNL, π + HNL

B → l + HNL

B → D + l + HNL

Bs → Ds + l + HNL (2.4)

The decay rate is the same for all weak decays:

ΓN→weak ∝ |UαI |2G2
FM

5
I (2.5)

For sterile neutrinos with masses O(1GeV) the allowed decays includes two charged
leptons and hadrons in addition to the decay into 3 active neutrinos. In the mass range
possible decay channels are:

NI → e+e−ν, µ+µ−ν, µ±e∓ν, τ+τ−ν, etc. (2.6)

with only lepton final states,

NI → π±e∓, π±µ∓, K±e∓, K±π∓ν, etc, (2.7)

with hadron final states. This allows for two types of direct search experiment looking
for HNLs. If the mass of the sterile neutrino is large, it enters in the decay of mesons as
a virtual particle and allows decays such as B+ → µ+µ+π−, that violate lepton number
by two units and are the analogous of the neutrinoless double β decays. Here we will
concentrate on HNLs with masses of 1 GeV and therefore long lifetimes, which are
particularly interesting from a cosmological point of view. In this case the number of
signal events is given by:

NS ∝ |UαI |2 ×
lN
Ld
∝ |UαI |4 (2.8)

Since the number of sterile neutrinos decaying into the fiducial volume (defined in
section 5) is proportional to the forth power of the small mixing parameter |UαI |, a
high rate of mesons is necessary. This requires a high intensity proton beam as the
SPS can provide for SHiP. The experimental signature in direct searches at fixed target
experiments (like SHiP) consists of a two track coming from a single vertex, very
displaced from the target.
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2.2 Dark Photon

If there is an additional U (1) gauge symmetry in the Hidden sector, a Dark Photon (DP)
is associated with this symmetry. This particle can mix with SM photon via kinetic
mixing and become the mediator between the SM particles and the secluded sector.
With the addition of these particles the Lagrangian becomes:

Ltot = LSM + Lχ,A′ −
ε

2
FµνF

′
µν +

1

2
m2
A′(A

′
µ)2 (2.9)

Where LSM is the SM Lagrangian and Lχ,A′ the QED-like hidden sector Lagrangian,
ε the mixing parameter, Fµν the SM field strength tensor and F ′µν the field strength
tensor for the hidden sector particles χ. The last term is the mass term for the DP
with mA′ being the DP mass and A′µ the DP field. If the mixing parameter ε→ 0 both
sectors decouple. Since no DP has been detected yet, the mixing factor ε has to be
� 1. For mDP → 0, the states χ can be “millicharged particles” with electric charges
qχ = eε. The Feynman diagram for a basic interaction between a SM particle and the
“millicharged particle” χ is shown in Figure 2.5.

Figure 2.5: Feynman diagram for an interaction between SM electron and the particle χ
from the hidden sector, charged under the new U(1)’ group. The interaction
is mediated by the mixing of the SM photon and the DP. [5]

The main production channels of the DP are meson decays, proton bremstrahlung and
QCD production. The main meson decays contributing to DP production are: [14]

π0 → γ′γ

η → γ′γ

ω → π0γ

η′ → γ′γ (2.10)

To calculate the differential production rate of DPs, the Weizsäcker-Williams approxi-
mation is used, see Ref. [15]. The DP decays by mixing with the SM photon, therefore
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the sensitivity is proportionals to ε2. Its decay width for decaying into leptons is given
in equation 2.11 and its decay width into hadrons can be found in equation 2.12.

Γ(γ′ → l+l−) =
1

3
αQEDmγ′ε

2

√
1− 4m2

l

m2
γ′

(
1 +

2m2
l

m2
γ′

)
(2.11)

Γ(γ′ → h̄h) =
1

3
αQEDmγ′ε

2σ(e+e− → hadrons)

σ(e+e− → µ+µ−)
(2.12)
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3 SHiP Experiment Setup

The SHiP experiment is currently under review by the relevant scientific committee at
CERN (SPSC). For this reason this thesis will present the current status of research and
development (R & D). It is planned to be located at the North Area of the SPS. The
North Area shares the TT20 transfer line, which allows for slow extraction of protons
from the SPS storage ring. Figure 3.1 gives an overview of the SPS and SHiP’s planned
location.

Figure 3.1: Location of the SHiP experiment in the North Area of the SPS [14]

Since SHiP is a new experiment at the intensity frontier, the beam intensity and
consequently the Protons on Target (P.o.T) is pushed to the limits of the SPS. The beam
intensity and the total P.o.T for the SHiP experiment has been estimated based on the
five years of operation of the CERN Neutrino to Gran Sasso (CNGS) [16], assuming the
current SPS running scheme with protons at 400 GeV. The actual energy will deviate
from 400 GeV for about 5 GeV but this has a very small impact on the sensitivity
studies, thus all studies were performed with a proton energy of 400 GeV. The TT20
would have to use a slow resonant extraction which would result in spills with a flat
top of 1.2 seconds. It is realistic to assume that each spill contains 4 · 1013 P.o.T. With
some restrictions to the spill duration and the percentage of protons actually used for
the SHiP experiment, the integrated flux would be 2 · 1020 P.o.T over five years of data
taking. [14]
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3.1 Target

As discussed in section 2.1 the main production channel of HNLs are heavy mesons.
For this reason the proton target needs to maximize the heavy meson production. The
choice of a heavy target allows to reduce the number of (semi)-leptonic decays of pions
and kaons, that would otherwise be by far the dominant source of muon and neutrino
background. In addition to these challenging requirements, the target has to withstand
a very high average beam power up to 350 kW deposited on the target, while the peak
power during the spill amounts to 2.56 MW. To fit all requirements an extended study
was performed and can be found in the Appendix A A.4 of Ref. [14]. Preliminary
studies showed the feasibility of such a target with the following structure: a row of
blocks of titanium-zirconium doped molybdenum (TZM), with a total length of four
interaction lengths (58 cm) followed by six interaction length of pure tungsten (58 cm).
A longitudinal cut of the target is shown in Figure 3.2.

Figure 3.2: Longitudinal cross-cut of the proton target. The first 13 blocks are made
out of TZM and the last four of tungsten. In between there are 5 mm slits
for water cooling. Units are expressed in mm [14]

The blocks are cooled with water at 15 - 20 bar, so that the water boiling point is
increased. The possibility of a cooling system based on gas is under investigation. The
beam will impact an area of 30x30 cm2 target with a longitudinal length of total 128
cm. [14]

3.2 Muonshield

With the current target design and a spill of 4 · 1013 P.o.T about 5 · 109 muons are
produced per spill. This number would lead to an unacceptable high rate in the
detector and too large backgrounds. Therefore a muon shield, which reduces this flux
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by many orders of magnitudes is needed. Based on simulation studies in Ref. [14] an
active muon shield was chosen over a passive shield with heavy material, since the
latter was not able to remove the most high energetic muons in less than 50 m. The
momentum spectrum determines the design of the shield. Since the muons will have
a momentum up to 350 GeV, a magnetic field of By = 40 Tm is needed to bend out the
most energetic muons. The shield consists of two sections, the first section separates
the µ+ from µ− and has a length of 19 m in z-direction (along the beam axis). The
second section has a reversed field orientation to bend out muons, which are bent back
by the return field of the first section. As it is visible in Figure 3.3 the second section
ranges from 19 m to 48 m.

Figure 3.3: Schematic view of the active muon shield in x,z-plane. The different field
orientations are shown in different colors (returnfield = green). The differ-
ent lines represent muons with 350 GeV momenta and different opening
angles with respect to the beam direction, at the beginning of the muon
shield. [14]

Both section will consist of smaller magnets, each one around 6 m long. The cavern
wall will have a minimum distance of 10 m from the target in the x-direction to
minimize the number of muons back scattering into the decay volume.

3.3 ντ -detector

The ντ -detector consists of a neutrino target placed in a magnet (Goliath magnet
from the H4 beam line at CERN) followed by Drift Tube Trackers and a magnetic
spectrometer. An overview of the ντ -detector is given in Figure 3.4.
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Figure 3.4: Overview of the ντ -detector [14]

3.3.1 Neutrino Emulsion Target

The neutrino target uses the Emulsion Cloud Chamber (ECC) technique. This tech-
nique employs a structure of alternating passive material with emulsion films. One
unit cell (shown in Figure 3.5) consists of two parts, the ECC brick and the Compact
Emulsion Spectrometer (CES). The CES uses a similar technique as the ECC brick but
with light materials (e.g. Rohacell) as passive materials, while the brick has lead plates
as a passive material.
Essential for the resolution of the neutrino target is the emulsion film used. These
emulsion films consists of AgBr crystals scattered in a gelatin binder placed on both
sides of a transparent plastic base. The crystals have a diameter of 0.2 µm and are
sensitive to mimimum ionizing particles (MIP). The emulsion films have to be de-
veloped to enhance the growth of silver clusters (grains) for them to be visible by
an optical microscope. A MIP particle leaves typically about 36 grains per 100 µm,
which determines the sensitivity of the emulsion film. The angular resolution is in the
milli-radian region and is measured by the distance of the grains of both sides of the
plastic base of each film. One brick is made of 57 thin emulsion films interleaved with
56 lead plates of 1 mm thickness. The dimensions of the bricks are 128 (x) × 102 (y)
mm2 and 79 mm in z-direction. The full target consists of 11 walls of 15 × 7 bricks,
while the walls are perpendicular to the beam direction and thus lying on the x-y plane.
To ensure light-tightness, each brick will be packed in special aluminum-laminated
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Figure 3.5: Schematic view of the unit cell of the neutrino emulsion target [14]

paper.
The purpose of CES is to measure the electric charge of the τ daughters. It is attached
to the ECC brick and is made of three emulsions films with two intermediate layers of
Rohacell, each with a thickness of 15 mm. The low density (Rohacell has a density of
57 mg/cm3) of the passive material allows to minimize the multiple scattering inside
the cell, in order to measure the magnetic deflection appropriately. The CES needs
to be put under a magnetic field. It was found that the Goliath magnet is suited for
this task. Its overall dimensions are 4.5 × 3.6 × 2.79 m3, the detailed design of the
magnet can be found in Ref. [14]. The magnetic field has a cylindrical symmetry, with
an approximately constant field inside the radius of the coils of the magnet. Outside
the radius the magnetic field drops rather fast. The region with magnetic field of > 1 T
determines a cylinder with a radius of r = 1 m (Figure 3.6).
The tracks are reconstructed and matched to the tracks from the neutrino target tracker
(discussed in the section 3.3.2). Muons passing the bricks allow to measure the relative
misalignment and thus sub-micron accuracy can be achieved.
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Figure 3.6: Behaviour of the magnetic field for the Goliath magnet. The red line marks
the region which has a magnetic field above 1 T and the blue lines a field
above 1.5 T [14]

3.3.2 Neutrino Target Tracker

As described in section 3.3.1 the neutrino target will consists of 11 walls and between
each wall a Target Tracker (TT) plane is interleaved. In total 12 target planes will be
needed, since one is placed upstream and will be used as a veto. For the TT, two
different technologies are under study, scintillating fibers and a micro-pattern gas
detector.

If scintillating fibers will be used, the detector will consists of so-called ribbons glued
onto each other. One ribbon would consist of 5-6 layers of 250 µm fibers arranged as
shown in Figure 3.7, glued together with epoxy bonding and impregnated with TiO2.
One TT module would consist of 7 ribbons placed in the horizontal direction and 15
ribbons in the vertical direction, placed orthogonally for best resolution. A ribbon
for the horizontal direction would be 132 mm wide and 1980 mm long while ribbons
for the vertical direction would have the same width and a length of 924 mm long.
Additional to the ribbon layers, the module would consists of a closed-cell foam (e.g.
Rohacell) or a honeycomb (e.g. Nomex) on which the ribbons are glued on, for stability
reasons. The expected resolution for 6 layered ribbon is 70 µm. For the light detection
SiPM chips would be used and directly connected to the readout side. Each ribbon
would be read out by four 128-channel SiPM. The SiPM operates at temperatures of
-40◦C and needs thermal stability of ± 1◦C.
Multiple options exists for gas detectors. In Ref. [14] the following are discussed: triple
Gas Electron Multiplier (GEM), Micromegas and µ-RWELL. This thesis will only cover
the concept of the GEM detector, since it is the most promising option at the moment.
The cross section of a triple-GEM detector is shown in Figure 3.8. The GEM would
be made of a 50 µm thin polyimide foil, with copper clad on each side of the GEM
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Figure 3.7: Ribbon cross section, units are in mm [14]

detector. The foil would be perforated with a high density of holes with each 70 µm
diameter and a 140 µm pitch. Typically a voltage of 400 V would be applied leading to
a field of 100 kV/cm within the holes. Triple staged GEM allow for a typical gain of
the order of 104. For SHiP a foil with dimensions of 2 m × 1 m would be needed, but
the largest foils produced are 200 cm long and 60 cm wide. To achieve the required
dimension, two foils of 2 m by 50 cm are glued, with an overlap of 3 mm. The readout
plane is a multi-layered circuit, patterned with a XY copper strips structure engraved
at two different levels (labeled 2-D Readout in Figure 3.8).

Figure 3.8: Cross section of a triple-GEM detector [14]

3.3.3 Muon Magnetic Spectrometer

The neutrino target will be followed by a muon magnetic spectrometer (shown in
Figure 3.4) to identify muons produced in the τ decay from the neutrino target. The
system is placed into a magnetic field to measure the momentum of the muons. The
field is provided by a magnet with two vertical walls of rectangular cross section
and which are connected by yokes at the top and the bottom. The total height of the
magnet is 10 m (including the yokes) and it is 4 m wide to measure angles up to π/4.
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Each wall consists of twelve iron layers of 5 mm thickness, interleaved with 2 cm of
air for Resistive Plate Chamber (RPC) housing. The total thickness of the walls is 1.2
m. The RPCs are needed to track the muons inside the iron and the actual bending
measurements are done by the drift tube tracker (discussed in section 3.3.4). The dipole
magnet is magnetized by two coils, installed on the top and bottom yokes. These coils
have 20 turns each and a current of 1.6 kA, which give an expected field of 1.75 T.

Figure 3.9: Cross section of a RPC with read out electrodes [14]

RPCs only require a resolution at a level of 1 cm. A cross section of a RPC detector is
shown in Figure 3.9. The electrode plates are made out of 2 mm High Pressure Plastic
Laminate, also known as bakelite and are painted with graphite for high surface
resistivity. The graphite is isolated with 190 µm PET layers to maintain the space
between the electrode plates. The readout strips are located on top of the cathodes.
Different gas mixtures are at the moment under studies.

3.3.4 Drift Tube Tracker

The drift tube tracker is required for precise momentum measurements of the muon
and its charge. To match tracks to those measured in the target, a 3D reconstruction
will be needed. The drift tube planes are placed before, inside and after the muon
magnetic spectrometer, as shown in blue in Figure 3.10. The stations before the muon
magnetic spectrometer will consists of three planes each, with the second and third
planes rotated by an angle of ± 3.6◦. Each plane is made out of eight modules of each
48 aluminum tubes, arranged in four layers. The drift tubes are 7926 mm long and
have an outer diameter of 38 mm, with a 0.85 mm wall. As a sense wire a 45 µm
gold-plated tungsten wire is used. The total width of a module is 504 mm. A gas
mixture of Ar/CO2/N2 is foreseen. To obtain a reliable time stamp a scintillating plane
should be added just after the Goliath magnet as shown in yellow in Figure 3.10.
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Figure 3.10: Top view of the ντ setup with the drift tube planes. The light blue drift
tube planes are rotated by a stereo angle of ± 3.6◦. [14]

3.4 The veto systems

To maximize the discovery potential of the experiment, the background rejection is
essential. For this reason good veto systems are needed. The veto system consist of
the following detectors and are also shown in Figure 3.13:

• Upstream Veto Tagger (UVT)

• Surrounding Background Tagger (SBT)

• Straw Veto Tagger (SVT)

HNLs will decay in the decay volume, showed in grey in Figure 3.13. To achieve a
hermetic veto system, the vessel is double-walled and the space between the walls is
filled with liquid scintillator. This veto system will be referred to as SBT.
The UVT is needed for particle detection from interactions inside the neutrino target
(Neutrino Emulsion Target and Target Tracker in Figure 3.13) and consists of scintillat-
ing bars with wavelength-shifting (WLS) fibers to read out. It is placed in front of the
decay volume. In order to reject KS coming from the interactions of neutrinos with
material before the decay volume, the SVT is located 5 m from the entrance window
of the decay volume [14]. The three veto detectors are described below.

3.4.1 Upstream Veto Tagger (UVT)

The UVT consists of plastic scintillating bars, with WLS fibers that will be read out on
both ends with a silicon photomultiplier. The scintillating bars are placed horizontally
and are 4 m wide and 11 cm high. The total height of the detector is 12 m and the bars
are placed with an overlap of 1 cm seen from the beam direction (shown in Figure
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Figure 3.11: (Left) Schematic front-view of the UVT. (Right) Rotated 3D view of a
section [14]

3.11). The time resolution of these bars is dominated by the decay time constant of the
WLS fiber. Scintillating bars of 4 m length can achieve a time resolution of below 1 ns.
[14]

3.4.2 Surrounding Background Tagger (SBT)

The SBT covers the surface of the decay volume with 30 cm thick liquid scintillator
detector. The surface is divided in sections, which are 100 cm long in the z-direction and
about 150 cm in the x and y direction and each section is read out with a Photodetector
called WOM. In Figure 3.12 (a) a longitudinal cut of the HS vessel with the liquid
scintillator section is shown. A WOM is a Photomultiplier tube (shown in Figure 3.12
(b)) with an attached tube, which is painted with WLS paint. The liquid scintillator

(a) Longitudinal cut of the vacuum vessel, first
8 m

(b) Schematic view of a WOM module

Figure 3.12: Schematic view of the HS vessel and the WOM module [14]

24



is a combination of the solvent linearalkyl-benzene (LAB) and 2,5-diphenyl-oxazole
(PPO) which provides a good light yield with an emission spectrum maximum of 370
nm and a fast decay time. Also both components are widely available and can be
purchased on large scales. [14]

3.4.3 Straw Veto Tagger

The SVT uses the same technology as for the spectrometer tracker, which is described
in section 3.5.1. In comparison to the spectrometer tracker, the SVT will only consist of
two views: one horizontal (Y) and one tilted by θstereo = +5◦ (U).

3.5 Hidden Sector Spectrometer

The decay volume is equipped with a spectrometer that provides momentum mea-
surement and particle identification. The Hidden Sector Spectrometer consists of four
tracking stations (discussed in section 3.5.1) including a magnet (discussed in sec-
tion 3.5.2). Followed by an Electromagnetic Calorimeter (ECAL, discussed in section

Goliath Magnet

Muon Magnetic Spectrometer

Straw Veto Tagger

Upstream Veto Tagger

Drift Tube Tracker

Neutrino Emulsion Target and Target Tracker

Surround Background Tagger

Spectrometer Straw Tracker

Muon Detector

HS Spectrometer Magnet

Spectrometer Timing Detector

Electromagnetic/Hadronic Calorimeter

HS Vacuum Vessel

Figure 3.13: The SHiP detector layout including the veto systems and the ντ -detector
[8]

3.5.3), a Hadronic Calorimeter (HCAL, discussed in section 3.5.4) and a muon detector
(discussed in section 3.5.5).
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3.5.1 Spectrometer Tracker

The spectrometer tracker uses the drift tube technology and consists of four tracking
stations and a dipole magnet. The magnet (discussed in the section 3.5.2) is located in
the middle of the four tracking stations and is 5 m long. The height of each station is
10 m and its width is 5 m. A tracking station has four views of which the first and the
last one are oriented horizontally (Y) to measure the vertical coordinate. The planes
in between are rotated by an angle of θstereo = ±5◦(U,V) so measure the transverse
coordinate (X). In z-direction the first two and the last two stations are separated by a
2 m gap each and since the magnet is located between the second and the third station,
the gap between those stations is 5 m. The outer (inner) diameter of the straws is 9.83

(a) Drift tube placement in one view of one
tracking station

(b) Placement of the different views of one
tracking station relative to each other

Figure 3.14: Cross section of a tracking station and relative placement of the different
views [14]

mm (9.75 mm). Each view (shown in Figure 3.14 (b)) consists of two planes with each
two Layers as shown in Figure 3.14 (a). The distance between the back of layer 1 and
layer 2 is 11 mm in z-direction. The tubes in one layer have a pitch of 17.6 cm and
the second layer is shifted vertically by 8.8 mm with respect to the first layer. Also
Plane two is shifted vertically by 4.4 mm with respect to plane one. The drift tube
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technology would be used to provide good spatial resolution and minimize multiple
scattering. Long term tests (see NA62 [17] experiment) of straw trackers made out of
thin polyethylene terephtalate (PET), showed that they are ideal to provide the desired
properties. The straws proposed for the SHiP experiment are longer than for the NA62
experiment (5 m instead of 2.1 m), while the expected rate is lower.

3.5.2 Spectrometer magnet

The spectrometer magnet is needed to determine the momentum of the particles
passing through the tracker. The momentum can be calculated from the bending of
the tracks3. The absolute peak value of the magnetic field is 0.14 T and at the position
of the nearest tracking station the absolute value is 0.08 T, thus negligible for the
performance of the drift tubes. The design consists of two coils surrounded by a
window-frame yoke structure. In Figure 3.15 the 3D schematic view of the magnet is
shown.

Figure 3.15: 3D view of the magnet (yoke (1) and coil (2)) with the HS vessel (3) [14]

The coil is made out of ten pancakes and each pancake consists of two layers with
six turns each. The conductor of the pancake has a central hole (25 mm diameter) for
water cooling. It is made out of Al-99.7 with a 50 x 50 mm2 cross section.

3 An alternative option with a magnetic field of 1 Tm is under study.
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3.5.3 Electromatic calorimeter

The main task of the ECAL is to provide pion, photon and electron identification,
measure the energy of photons and electrons (between 0.3 - 70 GeV) and provide
timing information at ns level. The ECAL should also be able to reconstruct neutral
pions in the energy range 0.6 - 100 GeV. The detector uses the shashlik technique,
consisting of a scintillation-lead structure, where the scintillators are read out by
WLS fibers. The shashlik technique uses blocks of detector material, which have
WLS fibers distributed uniformly over each block. All the WLS fibers are guided
to a photomultiplier tube. Each module (shown in 3.16) has 12 x 12 cm2 transverse
dimensions, which are read out in four section and thus each section has a transverse
dimensions of 6 x 6 cm2. A schematic view of the ECAL detector is shown in Figure
3.17. The ECAL covers a surface of 504 x 1008 cm2 in the same elliptical shape as the
decay volume (shown in Figure 3.13).

Figure 3.16: shashlik module [14]

3.5.4 Hadronic Calorimeter

The main goal of the HCAL is to provide pion identification and allow to tag neutral
particles such as KL and neutrons. It also provides timing information for background
rejection.
For simplicity reasons, the same technique as for the ECAL was chosen for the HCAL.
Instead of the full scintillator block, the HCAL module consists of alternating active
(5 mm scintillator) and passive (15 mm iron) layers. As a preliminary solution two
sets of modules are planned. The first set consist of 18 layers (seen as second layer
in Figure 3.17) while for the second set 48 layers are foreseen (seen as third layer in
Figure 3.17). This solution maximizes the discrimination between pions and muons at
low momentum (p < 5 GeV/c). The modules have transverse dimension of 24 x 24
cm2 and are also read out in 4 sections of 12 x 12 cm2 each.
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Figure 3.17: 3D position of the ECAL and HCAL with respect to the Muon Detector
[14]

3.5.5 Muon Detector

The muon detector aims to provide muon identification. Examples of the signal
decay channels with muon final states are: HNL→ π+µ−, µ+µ−νµ. It is also used to
separate the neutrino- and muon-induced background, mostly from KL → π±µ∓νµ

and KS → π+π−. In order to reach the muon system the particle needs a momentum
of ∼ 3 GeV/c. Below this momentum information coming only from the calorimeter
can be used.
The detector consists of four active layers and three interjacent muon filters. Each
layer is 6 m wide and 12 m high. The layout is shown in Figure 3.18. The active layers
consists of scintillating bars which are supported with an aluminum structure. All
active layers have horizontal and vertical strips. The strips consists of extruded plastic
scintillator strips with WLS fibers and opto-electronic readout. The strips are 5 or 10
cm wide, depending on the granularity chosen, 3 m long and 2 or 1 cm thick. The
needed granularity, driven by multiple scattering of the muon inside the system, was
determined by studies based on MC simulation and was chosen to be in the range 5-10
cm in transverse direction. To construct the whole station 480 strips (of 5 cm width)
are needed for each direction (horizontal and vertical). This results in 3840 strips and
7680 photodetectors in total. Several scintillating materials and WLS fibers are under
study at the moment. The passive layer consists of iron walls, which are 60 cm thick
and correspond to 3.4 nuclear interaction length. To reach the last muon station the
muon need to have an energy at least 5.3 GeV/c2.
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(a) Close up of the muon detector Layout (b) Layout of the muon detector. The iron
blocks are shown in green

Figure 3.18: Schematic views of the muon detector [14]

3.6 The FairShip simulation software

The software used in SHiP is called FairSHiP and is based on FairROOT, which is
a package extending the software ROOT [18] used for data analysis and detector
simulation. For simulation purposes the ROOT virtual Monte Carlo (VMC) was used
to provide an interface to different transport engines. This allows the user code to
be independent of the specific transport code. It provides several different Monte
Carlo generators, like GENIE [19], PYTHIA8 [20], PYTHIA6 [21] and GEANT4 [22]. To
simulate the detector, the TGEO package within ROOT was used. Several tools for
reconstruction, analysis and visualization are provided within the FairROOT software.
In addition FairROOT also provides tracks and geometry visualization.

Each simulation consists of two parts, the first part which simulates the proton-proton
interactions and its decay products and the second part, which simulates the interac-
tions of the products with the material. This is done separately for each background
and for the HNL. The steps for the proton-proton simulation are the following:

1. The full facility complex is simulated, including the target, sweeping magnets,
cavern, etc...

2. The proton-proton interaction is simulated with PYTHIA8

3. Corrections are applied for proton-nucleon scattering

4. The short lived particles are allowed to decay in PYTHIA8 while the long lived
particles (i.e. pions, kaon, etc...) are passed to the second part
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From the first part of the simulation, FairSHiP produces a spectrum of particles coming
out of the thick target. For the neutrino-induced background the second part of the
simulation consists of the following steps:

5. The neutrino spectrum is passed to GENIE, to simulate ν-proton interactions,
both Neutral Current (NC) and Charged Current (CC)

6. These events are then passed to GEANT4 and distributed in the material sur-
rounding the decay volume

7. Inside GEANT4 the detector response is simulated

8. Detector hits are passed to the FairSHiP reconstruction software which provides
track candidate

9. The output of the reconstruction is passed to the analysis software which recon-
struct signal candidtates.

The first part of the simulation is only done once and updated if the simulation of
the facility is changed. The second part instead is repeated more often, since the
reconstruction and detector response simulation are continuously improved.
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4 Background sources

The signal signature consists of two isolated charged tracks fitting into a single vertex
inside the fiducial volume. The fiducial volume, defined as the volume inside the
decay volume between the SVT and the first tracking station, is the region where the
background is best understood. Only HNLs decaying inside the fiducial volume can
be distinguished from the background. In the decay volume the pressure is set to 10−6

bar to suppress neutrino scattering in the air to a level of 0.1 interactions in five years
of data taking. The main background sources are:

• Neutrino inelastic scattering in the proximity of the decay volume

• Muon inelastic scattering in the proximity of the decay volume (either from the
proton-target interactions or from cosmic muons

• Muon combinatorial background

The muon induced background is discussed inside this section, while the neutrino
induced background, which is the main subject of this thesis will be discussed in
section 5.

4.1 Cosmic muon background

The background from muons coming from the secondary cosmic rays is caused by
inelastic scattering in the material surrounding the decay volume. The cosmic muon
flux at sea level is 174 m−2s−1 [23]. We expect 3.2 · 103 muons to cross the detector
during every spill, which results in 1.6 · 1010 muons during the whole data taking
period. The ratio of antimuons over muons is expected to be Nµ+/Nµ− = 1.278. To
simulate this background, the events were generated in a large area of 30× 90 m2 above
the experiment, with a flat momentum distribution. To correct the flat momentum
distribution and the fact, that only around 107 events were simulated, an event-by-
event weight was applied. It was found that the rate in the SBT is about 32 kHz. Events
that leave an energy deposit of at least 45 MeV are vetoed by the SBT. This is the
energy loss of a MIP going through 30 cm of scintillator. These events have an impact
parameter (IP) to the target > 33 m and thus are easily rejected by the offline analysis.
More dangerous are the deep inelastic scattering (DIS) events coming from cosmic
muons, for which a dedicated large statistic sample was produced. The number of
expected DIS interactions is estimated to be:

NDIS =

∫
Nµ · σDIS(p) ·Nspills · ρmaterial · l · φ(p)dpdΩ∫

φ(p)dpdΩ
(4.1)
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Where Nµ is the number of incident muons per spill, Nspills is the number of spills
during the experiment, ρmaterial is the mass density of the material in which the
interaction occurred, l is the length of material passed by the muon and σDIS(p)

is the DIS cross section for muons and φ(p) is the momentum spectrum of the cosmic
muons from [23]. The events were only simulated in the upper and lower experimental
hall in the concrete walls, in the material of the vacuum vessel including the scintillator
tank and the supporting ribs. Thus expected number of events in the different parts of
the detectors are: [14]

N lower
DIS ≈ 10.1 M events

Nupper
DIS ≈ 10.1 M events

N vacuum vessel
DIS ≈ N inner

DIS +N outer
DIS ≈ 3.23 M + 0.31 M = 3.54 M events (4.2)

The muon DIS is simulated with PYTHIA6 and passed to Geant4 via the FairSHiP
package (discussed in section 3.6). After applying the selection criteria (discussed in
section 5.4), no events are left and leading to the background expectation shown in
Table 4.1. The expected background is calculated by dividing 2.3 (mean of the Poisson
distribution with the probability P(nν ≤ 0) = 10 %) with the statistical weight. The
statistical weight correspond to the ratio between the number of events generated
and those expected in 2 · 1020 P.o.T. To enhance the statistical power of the sample,
factorization between the selection and veto is assumed.

Background source Stat. weight Expected Background
(U.L. 90 % CL)

µ cosmics (p < 100 GeV / c) 2.0 1.2
µ cosmics (p > 100 GeV / c) 1600 0.002

Table 4.1: Upper Limit at 90 % CL on the cosmic muon background in two momentum
ranges [24]

4.2 Muon combinatorial background

The muon combinatorial background arises from random combinations of muons
which enter the decay volume and can mimic signal events. The muons enter the
decay volume because of an imperfect muon shield or by back scattering from the
surrounding cavern walls. With the FairSHiP full simulation the expected rate of
reconstructed muons was estimated and found to be 7 kHz per spill, for momentum
p > 3 GeV/c. For muons with a momentum p > 1 GeV/c a rate of 50 kHz is expected.
A dedicated fast simulation was developed to evaluate the rejection of this background.
In addition a sample consisting of two muons from different HNL decays was used
to “fake” combinatorial background sample and a similar rejection was found for
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this sample. Since these muons are randomly distributed over the whole spill length,
the best way to remove this background is to require a coincidence between the two
tracks. If pµµ is the probability to find two muons in the same time interval ∆T =

340 ps with a muon rate F = 7 kHz, it is found that pµµ ∼ 1.4 · 10−10. To calculate the
number of combinatorial muons Nµµ in the five years of data taking, the probability
has to be multiplied with the number of buckets, each containing 5 · 106 spills, the
result is: Nµµ = pµµ ×Nbuckets ' 2 · 106. These events can be rejected by requiring good
vertexing and a rough pointing to the target. The expected background after offline
selection is summarised in Table 4.2.

4.3 Muon inelastic scattering background

All muons deflected by the active muon shield will reach the cavern wall and interact
with it. Particles produced in the muon inelastic scattering (mostly KL, KS,Λ) can
get back to the decay volume. To simulate such events the muons were placed in
the cavern walls with PYTHIA6. The simulation showed no background events from
this type of interactions. In addition it is possible that some muons are not deflected
enough with the active muon shield. These muons hit the material close to the decay
volume and can mimic signal events. Assuming factorization between the veto of the
incoming muon and the signal selection an additional suppression factor of 10−3 can
be estimated, making this background negligible. The requirement to have no hits in
the veto is sufficient to reject this background. This allows for an upper limit shown in
table 4.2.

Background source Stat. weight Expected Background
(U.L. 90 % CL)

µ combinatorial - 0.02
µ inelastic 0.5 4.6

Table 4.2: Upper Limit at 90 % CL on the inelastic scattering muon background and
combinatorial muon background [24]

4.4 SHiP sensitivity to HNL

To illustrate the SHiP potential to search for HNLs in the GeV scale, we use five
benchmark scenarios. These scenarios are listed below, where normal (inverted)
hierarchy of active neutrinos masses mean m3 > m1,m2 (m3 < m1,m2). The scenarios
are:

I U2
e : U2

µ : U2
τ ∼ 52 : 1 : 1, with inverted hierarchy [25]

II U2
e : U2

µ : U2
τ ∼ 1 : 16 : 3.8, with normal hierarchy [25]
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Figure 4.1: HNL branching ratios, as a function of the HNL mass, calculated for the
scenario II with U2 = 9.3 · 10−9. [14]

III U2
e : U2

µ : U2
τ ∼ 0.061 : 16 : 4.3, with normal hierarchy [25]

IV U2
e : U2

µ : U2
τ ∼ 48 : 1 : 1, with inverted hierarchy [26]

V U2
e : U2

µ : U2
τ ∼ 1 : 11 : 11, with normal hierarchy [26]

Scenario II was used to generate events with the full simulation, with a total coupling
of U2 = U2

e +U2
µ +U2

τ = 9.3 · 10−9 and a HNL mass of 1 GeV/c2. The results have been
extrapolated to different couplings and different scenarios using a fast simulation, that
was tuned with the full simulation. The number of HNL signal candidate observed in
the experiment can be written as: [14]

n(HNL) = N(p.o.t)× χ(pp→ HNL)× Pvtx ×Atot(HNL→ visible) (4.3)

Where N(p.o.t) = 2 · 1020 the number of P.o.T, χ(pp→ HNL) is the total HNL produc-
tion rate, Pvtx the probability that the decay vertex is inside the fiducial volume of
SHiP (defined in section 4) and Atot(HNL→ visible) is the detector acceptance of all
visible final states.
The production rate χ(pp → HNL) takes into account the production of HNLs by
charm and beauty mesons. The main production of HNL comes from Ds and Bs

meson decays as seen in equation 2.4 [27].
To calculate the probability Pvtx the HNL lifetime was used, which is calculated by
adding all decay channels4 (listed in equations 2.6, 2.7). The expected branching ratios
are shown in Figure 4.1.
The quantity Atot(HNL→ visible) is defined as follows:

4 Decays such as HNL→ 3ν are considered in the calculation of the HNL lifetime, but of course are
not included in the visible branching ratios
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Selection Entries Acceptance Rel. loss [%]
Full sample 1065 9.07e-05 -
Geometric Acceptance 430 1.93e-05 74
Straw 1 and 2 259 7.47e-06 61
Straw 4 221 5.78e-06 23
ECAL 221 5.78e-06 0
Muon Station 1 217 5.65e-06 2
Muon Station 2 214 5.55e-06 2

Table 4.3: Acceptance for various selection requirements for the decay channel HNL
→ µπ and the scenario II and a total coupling of U2 = 9.3 · 10−9. The different
selection are defined as follows: “Geometric Acceptance” requires the vertex
to be between the entrance window and the exit window of the vessel and
it also demands that the x and y position of the vertex lies in the ellipse,
defined by the decay volume. “Straw 1,2,4” is needed to ensure, that the
daughter particles leave tracks in the straw stations and “ECAL” is needed
to distinguish some channels (e.g. HNL→ µπ, eeν). If the channels has some
muons in the final state (e.g. HNL→ µπ, µµν) , the muon stations also need
to register some hits. This is ensured with the selections “Muon station 1,2”.

Atot(HNL→ visible) =
∑

i=visible channel

BR(HNL→ i)×A(i) (4.4)

with A(i) = # reconstructable
# simulated being the acceptance for the detectable final state i and

BR(HNL→ i) the corresponding branching ratio. Detectable channels are considered
HNL decays with at least two charged particle in the final state, including decays
such as HNL→ ρ0ν, withρ0 → π+π−. Decays such as HNL→ π0 + ... are considered
indistinguishable from the background and are not included in the estimate of the
sensitivity.
The acceptance for the “golden” mode HNL→ πµ and for the couplings defined as in
scenario II, is shown in Table 4.3. More studies have been performed with different
masses and couplings can be found in Ref. [14].
In addition to the acceptance, summarized in Table 4.3, selection criteria are applied
to reject the background. These are discussed in details in section 5.4. The sensitivity
of the SHiP experiment for the scenarios introduced above, including the selection
efficiency, is illustrated in Figure 4.2 - 4.3.
The grey area is ruled out by requiring that the HNL explain the BAU and are consistent
with neutrino oscillation experiments. Constraints from previous are shown by the
green curves. The sensitivity of the SHiP experiment can improve by several orders
of magnitudes to present constraints below a mass of 5 GeV/c2 and in particular
below the mass of charm mesons (2 GeV/c2), allowing to probe for the first time the
cosmological most interesting region.
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Figure 4.2: Sensitivity to HNL for the scenarios I, II and III, where U2
e , U

2
µ and U2

τ

dominate respectively. [14] The grey regions corresponds to constrains
from the Big Bang Nucleosynthesis, the requirement that the HNL explain
the BAU and measurements of neutrino oscillations. The experimental
constraints correspond to 90 % CL upper limit. The green curve are the
best limit from previous experiments, while the blue curve is the expected
upper limit at 90% CL of the SHiP experiment with 2 · 1020 P.o.T.

Figure 4.3: Sensitivity to HNL for the scenarios IV and V. [14] The grey regions corre-
sponds to constrains from the Big Bang Nucleosynthesis, the requirement
that the HNL explain the BAU and measurements of neutrino oscillations.
The experimental constraints correspond to 90 % CL upper limit. The green
curve are the best limit from previous experiments, while the blue curve is
the expected upper limit at 90% CL of the SHiP experiment with 2 · 1020

P.o.T.
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4.5 Dark Photon sensitivity

The sensitivity of the SHiP experiment to DP is calculated with a similar method as
the one discussed for HNLs. Instead of the full simulation a dedicated fast simula-
tion was used. PYTHIA8 was used to generate DP produced from mesons decays,
while theoretical calculations [5, 28, 29] are used to generate DP coming from proton
bremsstrahlung and QCD production. The geometrical acceptance is calculated with
the fast simulation, which was tuned with the full simulation. The detector reconstruc-
tion efficiency and the selection has been studied with the full FairSHiP simulation.
The results are shown in Figure 4.4.

Figure 4.4: Sensitivity for dark photons, the different production channels (mesons,
proton bremsstrahlung and cascade production) are shown separately. [24]
Sensitivity to the DP from past experiment compared to the expected SHiP
constraints. The grey area correspond to upper limit 90 % CL from previous
experiments. The blue, red and orange region are limits on 90 % CL that
SHiP can set for different production mechanism of the DP.
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5 Analysis Methods

Neutrinos interacting in the vicinity of the decay volume can produce particles that
enter the decay volume and mimic the signal. To distinguish between the background
and the signal, several veto criteria are used in addition to selection requirements.
The background rejection is studied in this section and an estimate of the expected
background yield in 2 · 1020 P.o.T, corresponding to five years running at nominal
conditions, is given.
The pressure of 10−6 bar in the decay volume of the current experimental set up, has
been determined by requiring to have less than one neutrino interaction with the air
molecules in the decay volume in five years of data taking. This requirement is very
conservative since reconstruction capability as well as selection criteria are expected
to significantly reduce this background. In this section we present a study of the
neutrino background at atmospheric pressure. The possibility to relax the pressure
requirements would have a big impact on the experimental design and would allow
to significantly reduce the cost. The studies to analyze the possibility to reduce the
required pressure, and therefore to reduce the detector costs, are also presented in this
section.
The main results are the estimate of the expected number of background events, which
are presented in section 6.

5.1 Studies of neutrino scattering in the vicinity of the decay
volume

The neutrino interaction is generated with GENIE, taking as input the neutrino momen-
tum determined with FairSHiP (shown in Figure 5.1). The proton-nucleon interaction
in the target is simulated with PYTHIA8, which is also used to make short living
particles decay. Particles are passed to GEANT4 which simulates the interaction with
the material. Neutrinos mostly come from decays of pions and kaons, which are not
absorbed by the target, and by decays of heavier mesons such as charm. For this thesis
only muon neutrinos were produced since they are the dominant neutrino background
(coming from decays of pions and kaons).
To maximize the statistical power of the sample, the trajectory of each neutrino is
re-used several times. Each event, defined as the interaction of the primary neutrino,
is weighted according to the material density that the neutrino sees in his trajectory:

weight =
ρ · L ·NA ·Nnu · σ

Ngenerated

(5.1)

Where ρ is the mean material density seen by the neutrino, L the length of the neutrino
path, NA the Avogadro number, Nnu is the number neutrinos expected from the
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Figure 5.1: Momentum spectrum for νµ (red) and ν̄µ (blue) after the absorber. The
mean momentum is 5.54 GeV/c for νµ and 5.738 GeV/c for ν̄µ

number of P.o.T, σ the energy dependent cross section and Ngenerated is the number of
generated events. In order to enrich the statistics in a particular region of the phase
space, several samples have been produced, as shown in Table 5.1. The weights have
been recomputed for each production to ensure that the normalization is correct.

Name of the Production # generated events Energy range
(ν,ν̄) (ν,ν̄)

Sample 1 (1.533 · 107, 1.75 · 106) 2 - 100 GeV (both)
Sample 2 (1.0 · 107, 2.0 · 107) (2-10 GeV, 2-200 GeV)
Sample 3 (1.484 · 108, 1.589 · 108) 2 - 100 GeV (both)

Table 5.1: Summary of the samples generated for the study of the neutrino background

A sample of anti-neutrinos has also been produced with the same methods. The
expected number of anti-neutrinos is roughly Nν̄ ∼ 3 · 1017 while the number of
neutrinos is expected to be Nν ∼ 4 · 1017, while the cross section of neutrinos is
about twice as large as that of anti-neutrinos. This results in ∼ 107 expected neutrino
interactions in the experimental set up.

- Total number generated Reconstructed events events/ 5 years
neutrino 1.754· 108 890709 35049.1
anti-neutrino 1.791· 108 599405 11225.2

Table 5.2: Summary of the neutrino background samples generated in the full momen-
tum region 2 - 100 GeV. The first column indicates the number of generated
events, the second column the number of neutrino events with at least two
charged particles in the HS spectrometer and the third column gives the
expected number of reconstructed events if five years of running.
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5.2 Studies of neutrino scattering inside the decay volume

The sample dedicated to study the neutrino interactions inside the decay volume
filled with air at atmospheric pressure, was produced with the same methods for the
neutrino interactions in the vicinity of the decay volume. To only produce events
inside this volume, three modifications to the FairSHiP software had to be done:

1. replace the vacuum with air at atmospheric pressure inside the cave geometry

2. set the z-range of the interaction point to fit the fiducial volume (end of straw
veto position + 20 cm to beginning of first tracking station - 20 cm)

3. reset the x/y constraints inside GENIE to match the elliptical shape of the decay
volume (-1cm for each semi-major/minor axis)

From the mean energy of the input spectrum (shown in Figure 5.1) and an average path
of 50 m of air at atmospheric pressure, the expected number of neutrino interactions is
1 · 105 during 5 years of data taking5.

- Total number generated Reconstructed events events/ 5 years
neutrino 2.0 · 105 7704 1959.3
anti-neutrino 2.0 · 105 8600 1132.7

Table 5.3: Summary of the statistic of the sample for neutrinos interacting in the decay
volume
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Figure 5.2: True MC position of the interaction for reconstructed neutrino events in
the air sample

5 The number of expected neutrino interactions in 50 m of air was calculated with the following
formula: Ninteractions = ρ · L ·NA ·Nnu · σ, where σ is the cross section, Nnu = 4.2· 1017 the number
of neutrinos produced in SHiP, NA the Avogadro constant and ρ the air density and L = 50 m the
average neutrino path through the air. For anti-neutrinos about half of the events are expected, since
the cross section is about half of the neutrino cross section.
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Two samples for neutrino and anti-neutrino interactions, each corresponding to 2 ·
105 events, were produced (the summary is given in Table 5.3). To confirm that the
interaction only take place inside the fiducial volume, the true MC positions of the
neutrino interaction are shown in Figure 5.2.

5.3 Kinematical Studies

In order to optimize the selection the kinematic properties of the particles originating
from neutrino interactions have been studied. Particular attention was given to neutral
particles, that can not be vetoed and long lived particles, such as K0, which can enter
the decay volume and mimic the signal signature.
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Figure 5.3: Kinematic studies of the neutrino interactions in the currently proposed,
evacuated experimental set up

In Figure 5.3 (a) the energy distribution of the primary neutrino is shown. As it was
already mentioned, the sample was produced to energies up to 100 GeV, starting from
energies of 2 GeV to exclude elastic scattering. As expected from the input momentum
spectrum, the lower energies are more frequent than higher energetic neutrinos. In the
same Figure also the distribution is shown for the events surviving the veto systems
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Figure 5.4: Study of the different type of particles produced in neutrino interactions in
the current experimental setup
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and selection criteria (discussed in the next section). Neither the selection nor the veto
system reject a special energy range.
In Figure 5.4 (a) the total number of particles produced by the primary neutrino is
shown. It shows that all of the events have < 15 particles and the selection as well as
the veto system reject the events with high multiplicity. Figures 5.4 (b) and (c) show
the number of charged and neutral particles produced by the primary neutrino. The
veto system again reject events with high multiplicity and the selection criteria selects
events with < 5 neutral or charged particles.
In Figure 5.4 (e) the yield of the most dangerous neutral particles, such as π0,Λ0, KL, KS

and n, is shown. While the yield is dominated by neutral pions, the most dangerous
background consists of V0 particles such as Λ0 and K0 which can decay and mimic
the experimental signature of HNLs. These are more dangerous than others, because
their decay products have a similar or even the same signature as the HNL decay.
To compare the decay channels of the dangerous particles with the ones from the
HNL (listed in equation 2.6 and 2.7) a list of the most dominant channels is shown in
equation 5.2.

Λ0 → p+ π−, n+ π0

π0 → 2γ, e+e−

KL → 3π, π± + µ∓ + νµ, π
± + e∓ + νe

KS → 2π0, π+π− (5.2)

In Figure 5.4 (d) the number of tracks per event in the tracking station is shown. Events
with < 2 tracks are rejected at the reconstruction level because the signal signatures
consists of at least two tracks. The veto system in general events with high-multiplicity
of particles in the neutrino interaction point, in addition the selection requires isolated
tracks fitting into a vertex.
Important discriminating variables to distinguish the signal from the background
are the Impact Parameter to the target (IP) and the Distance of Closest Approach of
the the two tracks (DOCA). These quantities are shown in Figure 5.3 (b) and (c) for
the background. A loose pre-selection is applied to events that can not form a signal
candidate (∼ 50 m for IP and ∼ 10 m for DOCA) and they are not use to train the
selection. These discriminating variables are shown separately for neutrino scattering
in the air of the decay volume in Figure 5.5. The distributions vary after applying veto
criteria, as shown in by the red curve in Fig. 5.5. The distribution of IP and DOCA for
signal candidate is significantly narrower and shown in Fig. 5.6.
To calculate the expected background the energy range was divided into three regions:
between 2 and 4 GeV, between 4 and 10 GeV and> 10 GeV. This is also done to calculate
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Figure 5.5: IP and DOCA distribution for neutrinos interacting in the air inside the
non evacuated decay volume

(a) IP distribution for HNLs and neutrinos interact-
ing in the vicinity of the decay volume, close up
on IP < 20 cm

(b) IP distribution for HNLs and neutrinos interact-
ing in the vicinity of the decay volume

(c) DOCA distribution for HNLs and neutrinos inter-
acting in the vicinity of the decay volume

Figure 5.6: IP and DOCA distribution for HNLs and neutrinos interacting in the vicin-
ity of the decay volume [14]
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Background source ν (%) ν̄ (%)
(p > 10.0 GeV) 0.4761 0.3205
(4.0 GeV < p < 10.0 GeV) 0.0276 0.0125
(2.0 GeV < p < 4.0 GeV) 0.0042 0.0018
total 0.5079 0.3348

Table 5.4: Reconstruction efficiency for the different energy ranges

the reconstruction efficiencies, shown in Table 5.4. The reconstruction effciency is
calculated by dividing the number of reconstructed events (not weighted) by the
number of total generated events. It shows that the reconstruction works best for
higher energies since the particles in these events are more likely to be detected.
The expected number of neutrinos and anti-neutrinos interacting in the different
detector elements are summarized in Table 5.5 and 5.6 respectively. The requirements
of the columns “not vetoed” and “selected” are discussed in section 5.4. For the column
“selected” no veto systems were applied. The largest source of neutrino interaction
is the ντ -detector which is on the beam axis, however these events are easy to veto
given the large number of detectors present. The second big contribution to neutrino
interactions comes from the vessel walls, which are aligned with the beam axis. While
they are of axis, they consists of a big amount of material and see a still relatively high
neutrio flux. This allows the neutrinos to travel longer paths inside this volume which
increases the probability of an interaction. The events which interact with “others”
in Table 5.5 and 5.6 are mostly interacting in the UVT. The events not interacting in
the UVT are interacting in the magnet of the spectrometer (∼ 0.06 (∼ 0.03) neutrino
(anti-neutrino) events in five years of data taking).

detector total reconstructed (%) not vetoed (%) selected (%)
ν detector 19480.8 (55.6) 3.2 (2.9) 0.10 (65.1)
vessel lids 315.6 (0.9) 0.9 (0.8) 0.027 (17.5)
vessel walls 14826.0 (42.3) 42.9 (38.4) 0 (0.0)
straw veto 0.2 (0.0) 0 (0.0) 0.(0.0)
tracking system 419.7 (1.2) 64.8 (57.9) 0.027 (17.5)
cave 0.4 (0.0) 0 (0.0) 0 (0.0)
others 6.3 (0.0) 0 (0.0) 0 (0.0)
total 35049.1 111.8 0.15

Table 5.5: Yields of neutrino interactions in the various elements of the facility for five
years of data taking
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detector total reconstructed (%) not vetoed (%) selected (%)
ν detector 7113.7 (63.4) 1.4 (2.3) 0.027(66.7)
vessel lids 109.5 (1.0) 0.3 (0.5) 0 (0.0)
vessel walls 3861.0 (34.4) 31.1 (51.9) 0 (0.0)
straw veto 0.2 (0.0) 0 (0.0) 0 (0.0)
tracking system 138.1 (1.2) 27.2 (45.4) 0.014 (33.3)
cave 0.2 (0.0) 0 (0.0) 0 (0.0)
others 2.6 (0.0) 0 (0.0) 0 (0.0)
total 11225.2 60.0 0.041

Table 5.6: Yields of anti-neutrino interactions in the various elements of the facility for
five years of data taking

5.4 Selection

In this section the selection criteria are discussed. The different veto systems were
discussed in section 3.4. In addition a pre-selection cut (IP < 10 m) was applied to
further reduce the background. The rejection power of each veto systems is shown in
Table 5.7 for neutrinos and in Table 5.8 for anti-neutrinos.

Veto Systems Entries Events / 5 years Rejection power

Event reconstructed 890709 35049 -
SVT 149933 14809 57.7 %
UVT 159712 15395 56.1 %
SBT 38668 1347 96.2 %
IP < 10m 697688 20055 42.8 %

all veto systems 3009 112 99.7 %

Table 5.7: The rejection power of the different veto systems for neutrinos interacting in
the vicinity of the decay volume, each system applied separately

Veto Systems Entries Events / 5 years Rejection power

Event reconstructed 599405 11225 -
SVT 76439 3877 65.5 %
UVT 83295 4061 63.8 %
SBT 50116 825 92.6 %
IP < 10m 501969 7472 33.4 %

all veto systems 2650 60 99.5 %

Table 5.8: The rejection power of the different veto systems for anti-neutrinos interact-
ing in the vicinity of the decay volume, each system applied separately

The rejection power is defined as the fraction of the events rejected by that specific
veto over the total number events. In Table 5.9 and 5.10 the veto systems are applied
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Applied veto system Entries in sample Events / 5 years Veto efficiency
Event reconstructed 890709 35049 -
SVT 149933 14809 57.7 %
UVT 149467 14792 0.1 %
SBT 9275 534 96.4 %
IP < 10m 3009 112 79.1 %

Table 5.9: The veto efficiency is the percentage of the removed events, by applying one
veto after the other, for neutrinos interacting in the material surrounding the
decay volume

Applied veto system Entries in sample Events / 5 years Veto efficiency
Event reconstructed 599405 11225 -
SVT 76439 3877 65.5 %
UVT 76137 3872 0.2 %
SBT 6813 213 94.5 %
IP < 10m 2650 60 71.8 %

Table 5.10: The veto efficiency is the percentage of the removed events, by apply-
ing one veto after the other, for anti-neutrinos interacting in the material
surrounding the decay volume

subsequently to study the correlation between the different vetos. It is evident that the
SVT and UVT vetos are completely correlated for neutrinos interacting in the vicinity
of the decay volume. However, a certain redundancy of the veto systems will be
necessary. Further studies are necessary, to conclude if both systems are necessary. In
contrast the SBT shows a high rejection power and a small correlation with other veto
systems. The fact, that the pre-selection cut also has a rejection power of ∼ 80 % shows
that the veto system do not reject all physical impossible events. The SBT thus veto all
events where a particle enters or leaves the decay volume.

Selection Entries Events / 5 years Rejection power
Event reconstructed 7704 1959 -
SVT 7507 1909 2.6 %
UVT 7657 1947 0.6 %
SBT 685 174 91.1 %
IP < 10m 5782 1470 24.9 %
all veto systems 448 114 94.2 %

Table 5.11: Rejection power for the different veto systems, applied separately to the
sample of neutrinos interacting in the decay volume

The same studies were done for the decay volume filled with air and are shown in
Table 5.11 - 5.14. Since the neutrinos are actually interacting inside the decay volume
the SVT and UVT are not very efficient, because of their placement relative to the
decay volume. The SBT is the most efficient, because it taggs all events where a particle
transverse the vessel walls. The pre-selection cut is also less efficient because all the
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Selection Entries Events / 5 years Rejection power
Event reconstructed 8600 1133 -
SVT 8408 1107 2.2 %
UVT 8558 1127 0.5 %
SBT 906 119 89.5 %
IP < 10m 6967 918 19.0 %
all veto systems 692 91 92.0 %

Table 5.12: Rejection power for the different veto systems, applied separately to the
sample of anti-neutrinos interacting in the decay volume

Applied veto system Entries Events / 5 years Veto efficiency
Event reconstructed 7704 1959 -
SVT 7507 1909 2.6 %
UVT 7502 1908 0.1 %
SBT 681 173 90.9 %
IP < 10m 448 114 34.2 %

Table 5.13: The veto efficiency is the percentage of the removed events, by applying
one veto after the other. Here the neutrinos interact with the air inside the
decay volume.

interactions actually happened near the beam axis, thus only those events, which were
scattered by a large angle are rejected by the pre-selection cut.
After applying the veto systems the remaining neutrino events will have to be rejected
by an offline selection. The offline selection criteria were chosen to maximize the
signal efficiency while removing all background. They have been optimized with the
partially reconstructed signal decay HNL→ µµν, for which the di-muon system has a
loose pointing to the target. Selection criteria are listed below: [14, 24]

• “1 HNL Candidate”: The low cross section of producing HNLs allow to assume
that no more than 1 HNL candidate will be present in one event6.

• “Vtx in fiducial volume”: To distinguish the signal from background originat-
ing from the interaction of muons and neutrinos from the material the HNl is

6 An event can be defined as two tracks within a window of 340 ps.

Applied veto system Entries Events / 5 years Veto efficiency
Event reconstructed 8600 1133 -
SVT 8408 1107 2.2 %
UVT 8402 1107 0.1 %
SBT 904 119 89.2 %
IP < 10m 692 91 23.5 %

Table 5.14: The veto efficiency is the percentage of the removed events, by applying
one veto after the other. Here the anti-neutrinos interact with the air inside
the decay volume.
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required to decay inside the fiducial volume: |x| < 249 cm and |y| < 499 cm
and z starts the end of the SVT + 20 cm and ends 20 cm before the first tracking
station.

• “tracks in fiducial volume”: Not only the vertex has to lie in the fiducial vol-
ume also the tracks have to be inside it. Because the fiducial volume is the
best controlled region, the tracks should not leave it, which is ensured by this
selection.

• “N.d.f > 25”: The number of degrees of freedom should be larger than 25 to have
enough hits in the tracking stations.

• “DOCA < 1 cm”: A large part of the background comes from two independent
tracks from the same or a different interaction that after scattering in the material
pass through the detector. This background can be rejected by asking a small
DOCA between the two tracks. The actual value is chosen to be about 2.5 times
the resolution.

• “χ2/ N.d.f < 5”: Is a quantity which represents the track quality.

• “Daughters P > 1 GeV”: This selection requires that the momentum of the tracks,
forming a signal candidate, have a momenta > 1 GeV.

• “IP < 0.1 m” OR ”IP < 2.5m”: This cut is to ensure that the particle is coming
from the target and was actually produced in the experiment. The tighter cut
is needed for the fully reconstructed channel HNL→ µπ while the looser cut is
used for the partially reconstructed HNL decay channels.

• “Event not vetoed”: Events remaining after having applied the veto system.

In Table 5.15 and 5.16 the selection efficiencies of the different selection criteria are
shown. The selection efficiency shows how many events are selected. Also it has to
be mentioned that both IP selection cuts are shown in the tables. To test the selection
efficiency of the different criteria, the veto systems are applied in the end to confirm
that the selection is tight enough to reject most of the neutrino background. The
selection efficiencies for the HNL→ πµ decay channel is > 88.8 % for each selection
separately [24].
The third lowest row of the tables 5.15 and 5.16 shows that the neutrino and anti-
neutrino induced background can be completely rejected by the chosen selection. Even
for the partially reconstructed topology the selection criteria remove almost the full
background, only leaving less than one event in five years.
For neutrinos interaction in the air at atmospheric pressure inside the decay volume,
the selection efficiencies are shown in Table 5.17 and 5.18. The biggest differences in the
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Selection Entries Events / 5 years Selection efficiency
Event reconstructed 890709 35049 -
1 HNL Candidate 679002 27635 78.8 %
Vtx in fiducial vol. 144095 5822 21.1 %
Tracks in fiducial vol. 111473 4412 75.8 %
N.d.f > 25 45131 1523 34.5 %
DOCA < 1cm 7017 295 19.3 %
χ2 / N.d.f < 5 7007 294 99.8 %
Daughters P > 1 GeV 5562.0 213 72.5 %
IP < 0.1m 6 0.2 0.1 %
Event not vetoed 0 0.0 0.0 %
IP < 2.5m 2875 76.1 35.7 %
Event not vetoed 23 0.6 0.8 %

Table 5.15: Selection efficiencies of the different criteria for neutrinos, in the evacuated
experimental set up

Selection Entries Events / 5 years Selection efficiency
Event reconstructed 599405 11225 -
1 HNL Candidate 471298 9019 80.3 %
Vtx in fiducial vol. 91586 1849 20.5 %
Tracks in fiducial vol. 70642 1403 75.9 %
N.d.f > 25 26481 460 32.8 %
DOCA < 1cm 4252 94 20.3 %
χ2 / N.d.f < 5 4251 93 99.9 %
Daughters P > 1 GeV 3328.0 66 71.0 %
IP < 0.1m 3 0.0 0.1 %
Event not vetoed 0 0.0 0.0 %
IP < 2.5m 1743 23.9 35.9 %
Event not vetoed 14 0.2 0.8 %

Table 5.16: Selection efficiencies of the different criteria for anti-neutrinos, in the evac-
uated experimental set up

selection efficiencies is the efficiency of the “Vtx in fiducial volume”, “DOCA < 1 cm”
and “N.d.f> 25”. Naively it could be expected that the “Vtx in fiducial volume” should
have an efficiency of 100% because the neutrinos are actually interacting inside the
decay volume. But this is a cut on the reconstructed vertex and since the reconstruction
is not perfect, still some events are rejected with this selection. Moreover, the efficiency
of the selection "N.d.f > 25" is higher, since the particles are produced near the beam
axis, and thus are more likely to traverse more tracking stations. The last significant
difference in the “DOCA < 1 cm” selection can also be explained by the fact that the
allowed interaction region is constrained to the decay volume, thus enlarging the
probability of having two tracks closer to each other.
To see where in the ντ -detector the neutrinos interact the plots in Figure 5.7 are shown.
In Figure 5.7 (a) all interaction positions of the reconstructed events are shown. As
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Selection Entries Events / 5 years Selection efficiency
Event reconstructed 7704 1959 -
1 HNL Candidate 4547 1156 59.0 %
Vtx in fiducial vol. 4266 1085 93.8 %
Tracks in fiducial vol. 3421 870 80.2 %
N.d.f > 25 2488 633 72.7 %
DOCA < 1cm 1357 345 54.5 %
χ2 / N.d.f < 5 1357 345 100.0 %
Daughters P > 1 GeV 1240.0 315 91.4 %
IP < 0.1m 5 1.3 0.4 %
Event not vetoed 3 0.8 60.0 %
IP < 2.5m 283 72.0 22.8 %
Event not vetoed 35 8.9 12.4 %

Table 5.17: Selection efficiency for neutrino interaction in air of the decay volume at
atmospheric pressure

Selection Entries Events / 5 years Selection efficiency
Event reconstructed 8600 1133 -
1 HNL Candidate 5204 685 60.5 %
Vtx in fiducial vol. 4947 652 95.1 %
Tracks in fiducial vol. 4075 537 82.4 %
N.d.f > 25 2995 394 73.5 %
DOCA < 1cm 1678 221 56.0 %
χ2 / N.d.f < 5 1677 221 99.9 %
Daughters P > 1 GeV 1551.0 204 92.5 %
IP < 0.1m 11 1.4 0.7 %
Event not vetoed 9 1.2 81.8 %
IP < 2.5m 462 60.8 29.8 %
Event not vetoed 105 13.8 22.7 %

Table 5.18: Selection efficiency for anti-neutrino interaction in air of the decay volume
at atmospheric pressure

expected, most of the interaction happen in the center but the overall shape of the
interactions is elliptical and not rectangular as the actual shape of the detector. This
means that in the reconstruction already events are selected, which interact in the
elliptical extension of the decay volume. Figure 5.7 (b) shows the not vetoed events
of the interactions in the ντ -detector and a similar patter is seen. To further reduce
the surviving events, the ντ -detector could be used as a veto system, but since the
performance is not known, it is not considered in this thesis and further studies are
required.
Figure 5.7 (c) shows the particle produced by the interaction in the ντ -detector which
can not be rejected by the selection criteria. The most frequent particle is the pion,
which can be vetoed by the UVT. The most dangerous particle is the KL since it can
escape detection and decay in the decay volume. This mimics the signal signature, if
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the co-products have no charge. The KS and Λ0 have short lifetimes and thus would
likely decay in front of the UVT, which would then detect the decay products and veto
this event.
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Figure 5.7: Different studies of neutrinos interacting in the ντ -detector

Background coming from the interaction of neutrinos in the vessel walls are particu-
larly dangerous since they can only be vetoed by the SBT. Table 5.19 and 5.20 shows
in which parts of the vessel walls the interaction happened. More than > 80 % of the
interactions in the vessel are in the inner wall. The veto systems are good at rejecting
these events and reduce the number of events by several orders of magnitude. Also
many events, which interact in the scintillator or the ribs of the vessel walls (classified
as “in between the walls” in Table 5.19) can be vetoed, which is expected since they
have to pass through the liquid scintillator and are likely to deposit more than the
energy threshold.
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reconstructed (percentage) not vetoed (percentage) veto efficiency

inner wall 11917.03 (80.38 %) 41.22 (96.02 %) 99.65 %
outer wall 32.54 (0.22 %) 0 (0.0 %) 100.00 %
in between the walls 2876.42 (19.40 %) 1.71 (3.98 %) 99.94 %

walls 14826.00 (100 %) 42.92 (100 %) 99.71 %

Table 5.19: More detailed classification of the neutrino interactions in the “vessel walls”
from Table 5.5. As “inner wall” is called the 3 cm thick stainless steel wall,
which surrounds the decay volume. The “outer wall” is the 8 mm thick
aluminum wall, which holds the liquid scintillator. Everything in between
these walls (liquid scintillator itself and the ribs supporting the outer wall)
is classified as “in between the walls”.

reconstructed (percentage) not vetoed (percentage) veto efficiency

inner wall 3171.13 (82.13 %) 30.16 (96.89 %) 99.05 %
outer wall 8.84 (0.23 %) 0 (0.0 %) 100.00 %
in between the walls 681.00 (17.64 %) 0.97 (3.11 %) 99.86 %

walls 3860.96 (100 %) 31.13 (100 %) 99.19 %

Table 5.20: More detailed classification of the anti-neutrino interactions in the “vessel
walls” from Table 5.5. As “inner wall” is called the 3 cm thick stainless
steel wall, which surrounds the decay volume. The “outer wall” is the 8
mm thick aluminum wall, which holds the liquid scintillator. Everything
in between these walls (liquid scintillator itself and the ribs supporting the
outer wall) is classified as “in between the walls”.

In Figure 5.8 the direction (moving to or from the decay volume) of the particle
produced by the primary neutrino interacting in the vessel wall is shown. Figure 5.8 (a)
and (b) show the number of charged and neutral particles per event. Both (charged and
neutral) particles are more likely to move out of the HS spectrometer. If particles are
moving to the decay volume, there are no more than two particles per event moving
in the same direction. Figure 5.8 (c) and (d) show the same plot as (a) and (b) but for
events not rejected by the veto systems and interacting only in the inner wall, which is
a 3 cm thick stainless steel wall. Particles moving to the decay volume are particularly
dangerous since there are no veto systems to detect these events. Figure (c) shows that
some of the charged particles are moving into the decay volume, but HNLs have no
charge so these events will not be reconstructed as a HNL candidate. In Figure 5.8 (d)
the neutral particles not vetoed and interaction in the inner wall are shown and very
few particles are moving to the decay volume and from Table 5.5 they can be rejected
by the selection. Figure 5.8 (e) and (f) show the same as (c) and (d) but for particles
interacting in the outer wall and surprisingly some charged particles moving to the
decay volume are not vetoed. This can be accounted to the non-perfect efficiency of
the SBT. There are only very few neutral particles moving to the decay volume, which
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reduces the amount of events potentially dangerous background events.
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Figure 5.8: Direction of daughter particles produced by the neutrino interacting in the
vessel wall

55



6 Results

In this chapter the methods to calculate the statistical factor and the expected back-
ground, in five years of data taking, are discussed. Also a comparison between the
evacuated and non evacuated experimental set up is shown.

6.1 Interactions in the surroundings

To estimate the expected background events in five years of data taking, the sample
was divided into different energy ranges: 2.0 GeV/c < p(ν) < 4.0 GeV/c, 4.0 GeV/c <
p(ν) < 10.0 GeV/c and p(ν) > 10.0 GeV/c. In the lowest energy region the neutrino
and anti-neutrino cross section (shown in Figure 6.1) is dominated by the resonant
production and has some contributions of the quasi-elastic scattering. While in the
second energy region (4 GeV/c < p(ν) < 10 GeV/c) the cross section is a mixture of the
DIS and resonant production. In the last energy range the cross section is completely
dominated by the DIS.

(a) Neutrino CC cross section (b) Anti neutrino CC cross section

Figure 6.1: Total ν and ν̄ per nucleon charged current (CC) cross section divided by
neutrino energy and plotted as a function of energy [30]. The contribution
to the total cross section are also shown: quasi-elastic scattering (QE),
resonant production (RES) and deep inelastic scattering (DIS)

The statistical factor is the ratio between the statistics generated and expected number
of events in five years of data taking. The expected background yield for the full
lifetime of the experiment if smaller than 1 event, as shown in Table 6.1 and 6.2, where
the 90 % CL upper limit is reported. For the neutrino-induced background in the
evacuated experimental set up, all events are rejected by the offline selection and the
veto systems (see third lowest row in Table 5.15 and 5.16).

56



Background source Statistical Factor Expected Background

ν (p > 10.0 GeV/c) 27.83 0.08
ν (4.0 GeV/c < p < 10.0 GeV/c) 11.17 0.21
ν (2.0 GeV/c < p < 4.0 GeV/c) 10.34 0.22

ν̄ (p > 10.0 GeV/c) 57.05 0.04
ν̄ (4.0 GeV/c < p < 10.0 GeV/c) 22.02 0.10
ν̄ (2.0 GeV/c < p < 4.0 GeV/c) 20.90 0.11

Table 6.1: Statistical factor and expected background for the neutrino-induced back-
ground in the evacuated experimental set up. Note that the mean of a
poisson distribution for which there is a 10% probability to have 0 or less
events is 2.3. Therefore, the expected background is calculated by dividing
2.3 with the statistical factor.

Most of the background is expected to come from the energy range p(ν) > 10.0 GeV/c,
therefore a high statistics sample corresponding to about thirty times as much inter-
action as expected in five years of data taking has been generated. However, for all
energies a sample at least the expected number of interactions was generated. The
expected background level in five years of data taking is below the desired value of 0.1
events for the highest energy range, both for neutrino and anti-neutrino interactions.
Also the lower energy ranges have expected background events of 0.2 events (for
anti-neutrinos 0.1 events), which is near the desired limit. From the rejection power
in the full energy range the background of the neutrino-induced background is well
under control and at a negligible level.

6.2 Interactions in the air inside the decay vessel

In contrast to the neutrino interactions in the surroundings, for the neutrino interac-
tions in air not all events can be rejected by the selection and veto systems (see third
lowest row in Table 5.17 and 5.18). The upper limit at 90 % CL is computed by using
the Poisson distribution for the observed background in the sample and divided by
the statistical factor, as shown in Table 6.2.
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Background source Statistical Factor Expected Background

ν (p > 10.0 GeV/c) 3.93 0.59
ν (4.0 GeV/c < p < 10.0 GeV/c) 3.93 0.59
ν (2.0 GeV/c < p < 4.0 GeV/c) 3.93 0.59

ν̄ (p > 10.0 GeV/c) 7.59 0.51
ν̄ (4.0 GeV/c < p < 10.0 GeV/c) 7.59 0.51
ν̄ (2.0 GeV/c < p < 4.0 GeV/c) 7.59 0.51

Table 6.2: Statistical factor and expected background for the neutrinos interacting in
the air of the decay volume

Here the energy ranges have the same statistical power and the number of expected
events is lower than the unit, but significantly larger than the desired 0.1 events in
five years of data taking. This suggests the possibility to reduce drastically the costs of
the decay volume. A negligible background level in five years of data taking can be
achieved by using other gases inside the decay volume, instead of forcing a vacuum
at 10−6 bar pressure. The number of reconstructed events scales with the fraction of
the gas density compared to the air density. In example Helium could be used, which
has a density of 0.1785 kg/m3 which is about a factor 7 smaller than the density of air
1.293 kg/m3. Also the statistic of the sample could be improved by simulating more
events and thus increasing the stat. fact. to >> 1, which allow more precise estimate
of the expected background.
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7 Conclusion

The SHiP experiment aims to search for long living very weakly interacting particles, in
particular HNLs in the GeV region, as those predicted by the νMSM. Its design consists
of a heavy target, an active muon shield and a spectrometer. The HS spectrometer
has a large decay volume, which is evacuated to 10−6 bar to minimize the neutrino
interaction to have less than 0.1 events in five years of data taking. The first goal of
this thesis was to study the neutrino background due to inelastic interactions in the
vicinity of the decay volume, which is expected to be the main background source. A
large sample of neutrino interactions, O(108), was produced to simulate the neutrino
interactions in the vicinity of the decay volume. This studies showed that the expected
background is less than 0.2 events for neutrino background and 0.1 events for anti-
neutrino background for five years of data taking, corresponding to 2 · 1020 P.o.T.
Which is near the desired limit of 0.1 events to control the background to a negligible
limit. The estimated cost of the HS spectrometer is 46.8 MCHF from which 11.7 MCHF
(1 CHF = 0.93 EUR = 1 USD) [14] are contributed to the construction of the HS vessel.
The vacuum sets demanding requirements to the construction of the vessel, which
results in high costs.
The choice of the vacuum pressure is very conservative, thus as a second goal of
this thesis the the case of no vacuum inside the decay volume was studied. For this
reason a dedicated sample of neutrino interactions in air, interacting only inside the
decay volume, was produced and analyzed. The selection and veto criteria leave a
residual background corresponding to ∼ 0.6 (∼ 0.5) expected events for the neutrino
(anti-neutrino) sample in five years of data taking.
These results do not include any cascade production from charm and beauty decays,
which were implemented in FairSHiP at the end of 2015 and could not be considered
for this thesis, however the results are expected to be modified at most by a factor
of two. These results open up the possibility for a significant cost reduction and
re-optimization of the experiment. One possibility is to fill the decay volume with a
low density gas at atmospheric pressure, e.g. H2. In addition also the muon induced
background inside the decay volume (with atmospheric pressure) should be studied,
to ensure that also this background can be rejected by the veto systems and the offline
selection. Further studies, that start from these results, will be conducted for the
re-optimization phase of the experiment.
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