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The	SHiP	Case

Where	are	all	the	new	dark-matter	particles?	

Two	possibilities	why	we	have	not	detected	them	yet:	
▶ They	are	very	massive.	
▶ They	have	no	or	very	feeble																																																						

couplings	to	SM	particles.	

Hidden	Sector	may	be	accessible	in	high-intensity	experiments	
via	sufficiently	light	particles	which	also	couple	to	SM	particles.	
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The	SHiP	Case

The	dynamics	of	the	Hidden	Sector	may	drive	the	dynamics																		
of	the	Visible	Sector	via	renormalizable	interactions	(„Portals“)	
and	be	responsible	for	
▶ Dark	Matter	—	scalar	or	fermionic	
▶ Neutrino	oscillations	
▶ Baryon	asymmetry	
▶ Higgs	mass	
▶ …
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Portals	to	the	Hidden	Sector

▶ Vector	portal	(„Dark	Photons	(DPs)“):		
▶ Fields	A’µ	with	strength	F’μν,	mixing	with	coupling	ϵ	with	

electroweak	field	FYμν.	

▶ Scalar	portal:	
▶ New	scalar	particles	S,	which	couple	to	the	square	|φ|2	of	

the	Higgs	field.	
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rare meson decays, because the presence of a new light scalar 
mediator S will in general lead to a large enhancement in the 
rates of flavour-changing processes such as →  πK S, → πD S 
or →  B K S [229, 230].

These transitions are induced through the flavor chang-
ing penguins, e.g. b s S− −  (where s is the strange quark) for 

→B KS decays, etc, as shown in figure 15. Upon integrating 
out the W boson and top quark, we can write the effective 
b s S− −  coupling as [231]
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From equation  (3.11), it is straightforward to compute the 
branching ratios for →B KS, and we refer the reader to [229, 
231] for explicit formulae. Similar computations can be per-
formed for the decays of Kaons to S.

Flavour observables therefore provide an unique opportu-
nity to constrain the interactions of the dark sector with SM 
particles via a light mediators. In figure 16 we show current 
constraints on a light scalar particle with Yukawa-like cou-
plings to SM states. These bounds come from a variety of rare 
decays of ϒ and B mesons as well as from kaons. In addi-
tion the bound due to CHARM, a previous proton fixed target 
experiment, is shown. The treatment of the experimental con-
traints in order to arrive at these bounds has been identical to 
the treatment in [232] with the difference that pseudoscalars74 
have been considered there. In practice this means that the 

flavour changing couplings as well as the branching ratios and 
total width had to be adapted to the scalar case.

3.2.2. What SHiP can do. The main production mechanism 
for light scalars with Yukawa-like couplings at SHiP comes 
from B-meson and kaon decays. Note that although very light 
scalars are predominantly produced via kaon decays due to the 
larger production cross section of kaons, SHiP is designed such 
that kaons will typically be stopped in the target before decay-
ing, so that the fraction of scalars emitted in the direction of 
the detector is much smaller. We estimate the fraction of kaons 
which decay before absorption and therefore contribute to the 
production of scalars boosted towards the detector to be 0.2%.

To estimate the number of scalars produced in kaon and 
B-meson decays we first estimate the total number of kaons 
and B-mesons produced, using /σ σ=N NB K B K, PoT , pN with 
σpN the total cross section  for proton nucleon collisions and 

= ⋅N 2 10PoT
20 the total number of protons on target for SHiP. 

We take σ ∼ 10pN  mb and assume σ = 20K  mb and σ = 3.6B nb, 
such that in total about ⋅8 1017 kaons and ⋅7 1013 B-mesons 
will be produced.

The number of scalars produced in B-meson decays is then 
simply given by ( → )= × +N N BR B S XS B s  [221, 230] and 
similarly for the kaons75. Here → +B S Xs is the inclusive 
decay, where Xs can be any strange meson and the decay rate 
reads [233]
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with hS
sb the scalar component of the induced flavour changing 

coupling.
The number of decays in the detector region can then be 

calculated by multiplying the number NS of scalars produced 
with the probability that the scalar decays inside the detector. In 
addition the branching ratio of the scalar into observable final 
states has to be taken into account. We take these states to be 

Figure 14. Left panel: decay branching ratios function of the scalar mass mS. Reproduced with permission from [222]. Copyright 2013 
Springer International Publishing. Right panel: scalar lifetime as a function of its mass mS for constant mixing angle with the Higgs boson 
θ = −102 6. Lifetime for other mixing angles is obtained by the simple rescaling of the graph.

Figure 15. Left: The decay of the singlet to leptons, → + −ℓ ℓS . 
Right: The b s S− −  flavor-changing penguin, leading to production 
of S via decays such as →B KS.

74 Pseudoscalars are considered in section 5 where one can also find some 
more details on the employed procedure. Comparing figures 17 and 52 we 
find that the difference in parity has only a subdominant effect.

75 We make the assumption here that the B-mesons still have a sufficiently 
large boost that the majority of the scalars produced in the decays will travel 
in the direction of the detector.
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 ⊳ Cosmological inflation: What drives the accelerated 
expansion of the universe during the early stages of its 
evolution?

 ⊳ Dark energy: What drives the accelerated expansion of 
the universe during the present stage of its evolution?

Some yet unknown particles or interactions would be needed 
to explain these puzzles and to answer these questions. But in 
that case, why haven’t they yet been observed?

One possible answer is that the hypothetical particles are 
heavy and require even higher collision energy to be observed, 
the so-called ‘energy frontier’ research. Major particle physics 
experiments of the last few decades, including LEP and LHC 
at CERN, and Tevatron in the US, have followed this path.

Another possibility is that our inability to observe new par-
ticles lies not in their heavy mass, but rather in their extremely 
feeble interactions. If true, this would imply that a different 
approach to detect them should be used: an experiment needs 
to cross the ‘intensity frontier’, rather than the ‘energy fron-
tier’ (figure 1).

An example when a part of beyond-the-standard model 
phenomena mentioned above is resolved by introducing 
relatively light new particles only is given by the νMSM 
(discussed in section  4.8). Alternatively, some of the new 
particles, responsible for the resolution of the BSM puzzles, 
can be heavy or do not interact directly with the SM sector. 
These ‘hidden sectors’ may nevertheless be accessible to the 
intensity frontier experiments via few sufficiently light parti-
cles, which are coupled to the standard model sectors either 
via renormalizable interactions with small dimensionless cou-
pling constants (‘portals’) or by higher-dimensional operators 
suppressed by the dimensionful couplings Λ−n, corresponding 
to a new energy scale of the hidden sector.

For the standard model, renormalizable portals can be 
classified into the following 3 types, depending on the mass 
dimension of the SM singlet operator.

Dimension GeV2, vector portal: new particles are Abelian 
fields, ′µA  with the field strength F′µν, that couple to the hyper-
charge field µνFY  via

= ′µν
µνεL   F F ,YVector portal (1.1)

where ε is a dimensionless coupling characterising the mix-
ing between the new vector field with the Z-boson and the 

photon. The phenomenology of the vector portal is discussed 
in section 2.

Dimension GeV2, scalar portal: new particles are neutral 
singlet scalars, Si that couple to the square of the Higgs field 
|Φ|2:

( )( )  †λ= + Φ ΦL S g S ,i i i iScalar portal
2 (1.2)

where λi are dimensionless and gi are dimensionful cou-
plings. The phenomenology of the scalar portal is discussed 
in section 3.

Dimension GeV
5
2, neutrino portal: the singlet operators 

( ¯ ˜)⋅ ΦαL  couple to new neutral singlet fermions NI

( ¯ ˜)  = ⋅ Φα αL F L N .I INeutrino portal

Here αL  is one of the SU(2) lepton doublets, and Φ̃ = Φεa ab b, 
αF I are dimensionless Yukawa couplings, for other notations 

see appendix B. The phenomenology of the neutrino portal 
will be discussed in section 4.

Of course, higher dimensional, non-renormalizable cou-
plings of new particles to the SM operators are also possible. 
An important example is provided by pseudo-scalar axion-like 
particles A, that couple to a dimension 4 two photon operator 
(section 5) via

= µνλρ
µν λρεL

A
f

F F
4

.
A

A (1.3)

Yet another example is a Chern–Simons like (parity odd) 
interaction of electroweak gauge bosons with a new vector 
field µV , [33]:

( )( )†= Φ Φ +…µνλρ
µ ν λρεL c V D FY Ycs (1.4)

(see section 2.1.4 for details).
The goal of this paper is demonstrate the capability of high 

intensity proton fixed target experiments to discover relatively 
light new particles. In particular, we will show that such experi-
ments can probe an interesting parameter space for a number of 
BSM models representing the portals described above. This will 
potentially allow for direct experimental checks of the mech-
anisms of matter-antimatter asymmetry of the Universe, the origin 
of neutrino masses, and the particle physics nature of dark matter.

This paper was prepared together with the companion 
document, technical proposal [34], that describes a concrete 
experiment, SHiP (search for hidden particles)70 that was pro-
posed in 2013 [35]. Both documents together are submitted 
to the SPS and PS experiments Committee (SPSC) at CERN. 
Therefore, in this paper we use the characteristics of the SHiP 
experiment (summarised in appendix A) when estimating the 
potential to detect new particles. This document gives an over-
view of the physics, while [34] provides sensitivity estimates 
for selected models.

In addition we describe the sensitivity of the SHiP facil-
ity to discover new interactions between the known stand-
ard model particles by searching for rare processes such as 

→τ µ3  decays, and to study the physics of the τ-neutrino sec-
tor (detect ν̄τ, measure cross-sections and form-factors, etc).

Figure 1. New physics that can be explored at intensity frontier 
experiments and its complimentarily with the energy frontier.

70 http://ship.web.cern.ch
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field charged under both U(1)’s will generate an addi-
tional contribution to the mixing angle that scales as 

g e M12 log UV
2 2 2π∆ ∼ × Λ′ε /( ) ( / ) . Alternatively, the mixing  

ε can be generated at two or higher loop order, so that one 
can entertain a wide range of mixing angles.

 2. If both groups are unbroken, →m 0V , the states χ are 
‘millicharged particles’ with electric charge =χ εq e . For 
≠m 0V , at | | <q mV

2 2 , the particles χ can be thought of 
as neutral particles with a non-vanishing electric charge 
radius, χ

−! εr m6 V
2 2. The diagram describing the basic 

interaction between the two sectors is shown in figure 2.
 3. If there are no states charged under ′( )U 1  (or they are very 

heavy), and mV is taken to be zero, then the two sectors 
decouple even at non-zero ε. This leads to the suppression 
of all interactions for a dark photon inside a medium. If 
mV becomes smaller than the characteristic plasma fre-
quency all processes with emission or absorption of dark 
photons decouple as  ∼mV

2  [42].
 4. The new vector boson interacting with the SM via the 

electromagnetic current conserves several approximate 
symmetries of the SM, including parity, flavour, and CP. 
Moreover, A′ does not couple directly to neutrinos. As a 
consequence of these two features, the interaction strength 
due to the exchange of ′A  can be taken to be stronger than 
that of weak interactions, ′′ ′≫ε ε( ) /  ( )/e m e g m G;

A A
2 2 2

F. 
This property proves very useful in constructing light dark 
matter models with the use of vector portal.

Although this model was known to theorists and well-
studied over the years (e.g. [43, 44]), there has been a revival 
of scenarios involving a kinetically-mixed ′A  during the last 
decade. Much of this activity has been in response to vari-
ous astrophysical anomalies which can be interpreted as a sign 
of dark matter interacting with the SM through a kinetically 
mixing vector. Renewed interest in dark photons has triggered 
new analyses of past or existing experiments [45–54], and 
generated proposals for new dedicated experiments, which 
are currently at various stages of implementation [55–58]. In 
this section, we will demonstrate that the SHiP proposal is 
capable of probing new domains of the parameter space for 
this model, with and without light dark matter.

2.1.2. Anomaly-free gauge groups (B  −  L, −µ τL L  etc). The 
kinetically-mixed portal described above represents the 

simplest way to couple a new vector particle to the SM, 
without charging any of the SM fields under the new gauge 
group. There is also an interesting alternative route in which 
certain combinations of the SM fields are charged under the 
new U 1 ′( ) .

The most prominent example of this type is V (B−L), which, 
provided the SM is supplemented with three right-handed 
neutrinos, is anomaly free. While the multitude of scales for 
the mass of B  −  L gauge boson is possible, the value of the 
coupling is quite constrained by the fact that neutrinos acquire 
a new interaction with electrons and baryons, so that broadly 
speaking we require ( ) /( ) ( )<− −g m GB L V

2 2
FB L .

The only model-building complication that arises in this 
construction is related to neutrino masses. One can consider 
Dirac masses for the neutrinos, in which case this problem 
does not exist. On the other hand, the Majorana masses of 
right-handed (RH) neutrinos, and more generally the effec-
tive operator of dimension five that generates light neutrino 
masses, (LH)2, are incompatible with B  −  L gauge symmetry. 
One can solve this problem with additional model ingredients. 
For example, the right-handed neutrino mass can be associ-
ated with the condensation of an additional Higgs field, Φ, that 
has a charge  −2 under this gauge group. so that the mass term 
in the Lagrangian Φy NNN  is gauge-invariant. Then the ratio 
of masses of the U(1)B−L gauge boson and the right-handed 
neutrino mass would scale as

( )( )
∼

−−m

m
g

y
.V

N

B L

N

B L

 (2.4)

It is possible then that the masses of the RH neutrinos and the 
B  −  L gauge boson can be comparable, and the lightness of 
V (B−L) may in turn imply a relative lightness of N. This will 
be important for the phenomenological signals of the B  −  L 
interaction in fixed target experiments.

Individual lepton flavours can also be gauged in specific 
anomaly-free combinations. Thus, the B  −  3Li combina-
tions, where i is an individual flavour, have been considered 
in the past, and their phenomenology is very similar to the 
B  −  L case discussed above. One specific group, based on the 
−µ τL L  combination, is an exception: since neither electrons 

nor quarks are charged under this group it is very difficult to 
constrain experimentally, and the strength of the new interac-
tion can be comparable with the weak strength. For exam-
ple, ( ) /( ) ∼−µ τ

g m GL L V
2 2

F is not excluded. There is an extensive 
theoretical literature dedicated to such symmetries, see e.g. 
[59–64].

2.1.3. Other froms of vector portals. The examples of vector 
portals described above are special in that they are UV com-
plete and do not require new physics at the weak scale. In this 
section we discuss other possibilities that require additional 
steps for UV completion.

One example with a distinct phenomenology is based on 
gauged baryon number, U(1)B, [65–68]. This symmetry is 
anomalous (in particular there are mixed electroweak-B anom-
alies) and therefore a gauged U(1)B construction requires a UV 
completion. Such a completion can be obtained, for instance, 

Figure 2. The interaction through the exchange by a mixed γ− ′A  
propagator between the SM particles and particles χ charged 
under new U 1 ′( )  group. In the limit of ′→m 0A  the apparent 
electromagentic charge of χ is εe .
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Portals	to	the	Hidden	Sector

▶ Neutrino	portal	(„Heavy	Neutral	Leptons	(HNLs)“):		
▶ New	neutral	singlet	fermions	NI	with	Yukawa	coupling	FαI	to	

SU(2)	lepton	doublets	Lα.	

▶ Other,	non-renormalizable	couplings:	
▶ Example:	Pseudo-scalar	Axion-like	particles	A	(ALPs),	

which	couple	to	two	photons.	
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 ⊳ Cosmological inflation: What drives the accelerated 
expansion of the universe during the early stages of its 
evolution?

 ⊳ Dark energy: What drives the accelerated expansion of 
the universe during the present stage of its evolution?

Some yet unknown particles or interactions would be needed 
to explain these puzzles and to answer these questions. But in 
that case, why haven’t they yet been observed?

One possible answer is that the hypothetical particles are 
heavy and require even higher collision energy to be observed, 
the so-called ‘energy frontier’ research. Major particle physics 
experiments of the last few decades, including LEP and LHC 
at CERN, and Tevatron in the US, have followed this path.

Another possibility is that our inability to observe new par-
ticles lies not in their heavy mass, but rather in their extremely 
feeble interactions. If true, this would imply that a different 
approach to detect them should be used: an experiment needs 
to cross the ‘intensity frontier’, rather than the ‘energy fron-
tier’ (figure 1).

An example when a part of beyond-the-standard model 
phenomena mentioned above is resolved by introducing 
relatively light new particles only is given by the νMSM 
(discussed in section  4.8). Alternatively, some of the new 
particles, responsible for the resolution of the BSM puzzles, 
can be heavy or do not interact directly with the SM sector. 
These ‘hidden sectors’ may nevertheless be accessible to the 
intensity frontier experiments via few sufficiently light parti-
cles, which are coupled to the standard model sectors either 
via renormalizable interactions with small dimensionless cou-
pling constants (‘portals’) or by higher-dimensional operators 
suppressed by the dimensionful couplings Λ−n, corresponding 
to a new energy scale of the hidden sector.

For the standard model, renormalizable portals can be 
classified into the following 3 types, depending on the mass 
dimension of the SM singlet operator.

Dimension GeV2, vector portal: new particles are Abelian 
fields, ′µA  with the field strength F′µν, that couple to the hyper-
charge field µνFY  via

= ′µν
µνεL   F F ,YVector portal (1.1)

where ε is a dimensionless coupling characterising the mix-
ing between the new vector field with the Z-boson and the 

photon. The phenomenology of the vector portal is discussed 
in section 2.

Dimension GeV2, scalar portal: new particles are neutral 
singlet scalars, Si that couple to the square of the Higgs field 
|Φ|2:

( )( )  †λ= + Φ ΦL S g S ,i i i iScalar portal
2 (1.2)

where λi are dimensionless and gi are dimensionful cou-
plings. The phenomenology of the scalar portal is discussed 
in section 3.

Dimension GeV
5
2, neutrino portal: the singlet operators 

( ¯ ˜)⋅ ΦαL  couple to new neutral singlet fermions NI

( ¯ ˜)  = ⋅ Φα αL F L N .I INeutrino portal

Here αL  is one of the SU(2) lepton doublets, and Φ̃ = Φεa ab b, 
αF I are dimensionless Yukawa couplings, for other notations 

see appendix B. The phenomenology of the neutrino portal 
will be discussed in section 4.

Of course, higher dimensional, non-renormalizable cou-
plings of new particles to the SM operators are also possible. 
An important example is provided by pseudo-scalar axion-like 
particles A, that couple to a dimension 4 two photon operator 
(section 5) via

= µνλρ
µν λρεL

A
f

F F
4

.
A

A (1.3)

Yet another example is a Chern–Simons like (parity odd) 
interaction of electroweak gauge bosons with a new vector 
field µV , [33]:

( )( )†= Φ Φ +…µνλρ
µ ν λρεL c V D FY Ycs (1.4)

(see section 2.1.4 for details).
The goal of this paper is demonstrate the capability of high 

intensity proton fixed target experiments to discover relatively 
light new particles. In particular, we will show that such experi-
ments can probe an interesting parameter space for a number of 
BSM models representing the portals described above. This will 
potentially allow for direct experimental checks of the mech-
anisms of matter-antimatter asymmetry of the Universe, the origin 
of neutrino masses, and the particle physics nature of dark matter.

This paper was prepared together with the companion 
document, technical proposal [34], that describes a concrete 
experiment, SHiP (search for hidden particles)70 that was pro-
posed in 2013 [35]. Both documents together are submitted 
to the SPS and PS experiments Committee (SPSC) at CERN. 
Therefore, in this paper we use the characteristics of the SHiP 
experiment (summarised in appendix A) when estimating the 
potential to detect new particles. This document gives an over-
view of the physics, while [34] provides sensitivity estimates 
for selected models.

In addition we describe the sensitivity of the SHiP facil-
ity to discover new interactions between the known stand-
ard model particles by searching for rare processes such as 

→τ µ3  decays, and to study the physics of the τ-neutrino sec-
tor (detect ν̄τ, measure cross-sections and form-factors, etc).

Figure 1. New physics that can be explored at intensity frontier 
experiments and its complimentarily with the energy frontier.
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of their production in the early Universe and the inflaton vev 
gives them violating lepton number Majorana masses. In par-
ticular, for the νMSM discussed in section  4.8, the inflaton 
can help to populate the Universe with dark matter particles 
[119], which are the lightest of the three sterile neutrinos NI. 
Remarkably, this mechanism is consistent with an explanation 
of the anomalous 3.5 keV line observed by x-ray orbital tele-
scopes [297, 298] as a radiative decay of 7 keV sterile neutrino 
dark matter [299]. It is worth noting, that in case the DM line 
is confirmed and tensor-to-scalar ratio r is defined by CMB 
observations, all the parameters in the model (3.46) become 
fixed from cosmology, and definite predictions for the particle 
physics search can be made.

Finally, we should note that the assumption of the specific 
pattern of the scale symmetry breaking, made in (3.46), may 
be modified by introducing the Higgs mass term †H H, inflaton 
cubic selfcoupling S3, and inflaton-Higgs coupling †SH H. In 
this case wider region of parameters χm  and θ may be allowed 
from cosmological requirements. One still expects that the 
masses of the particles would be in the electroweak region, 
the inflaton decay pattern will coincide with that of the Higgs 
boson, and the Higgs-inflaton mixing angle will be of the sim-
ilar order, however the exact relation with cosmology would 
depend on the three new parameters. These possibilities may 
be addressed by future studies of scale invariant extensions of 
the SM.

4. Neutrino portal

4.1. Heavy neutral leptons

The neutrino portal is defined as coupling of one or several 
fermions neutral with respect to the standard model gauge 
interactions NI ( = …NI 1, 2,  ) to the gauge-invariant opera-
tor ( ¯ ˜)⋅ ΦαL :

( ¯ ˜)  = ⋅ Φ +α αL F L N h.c.,I INeutrino portal (4.1)

where αF I is a dimensionless Yukawa coupling (complex in 
general), αL  is the left lepton doublet (α is the flavour index 

{ }α µ τ= e, , ); Φ is the Higgs doublet and Φ̃ = Φεa ab b. Only 
the right-chiral components of the fermions NI couples to the 
standard model sector84.

In the Higgs phase Φ can be replaced by its vev and there-

fore ( )Φ̃ = v
0

1
2

, the term (4.1) leads to the quadratic mixing 

of neutrinos with the new particles NI. From a phenomeno-
logical point of view, particles NI can be produced instead of 

neutrinos in any final state where kinematically allowed (see 
figure  26 below) and therefore they are often called heavy 
(right-handed) neutrinos or sterile neutrinos (owning to 
their lack of the SM charges as opposed to ordinary or active 
neutrinos) or gauge-singlet fermions or heavy neutral lep-
tons (HNLs). If =N 3 each SM neutrino gets its right-chiral 
counterpart as all other fermions of the standard model have 
and the three generations structure of the SM is retained, see 
 figure 27. The fermions NI can have any mass MI, independent 
of the value of the Yukawa constants αF I in (4.1) (see below 
and in the section 4.3 for the discussion of possible origins of 
neutrino masses).

If the masses MI are sufficiently light, they can be searched 
in accelerator experiments (as discussed below in section 4.4, 
see also [313] and ‘heavy neutral leptons’ section  of PDG 
[156]). The existing searches use a model-independent phe-
nomenological approach, assuming that only a single HNL 
is kinematically accessible, while any other HNLs, if pre-
sent in the theory, are sufficiently heavy and do not affect the 
analysis. Thus, there are only two free parameters to be con-
strained in this approach: the mass MI of the relevant HNL and 
its interaction with an active neutrino of flavour α governed 
by the Yukawa coupling αF I. In the absence of a signal, upper 
limits are set on the mixing parameter | |αF I

2 as a function of 
the HNL mass MI for a given flavor α, usually assuming that 
the mixing elements for other flavours are zero. Although this 
assumption may not be valid in concrete models, it enables 

Figure 26. Production (left) and subsequent decay (right) of the 
particle NI.

Figure 27. The fermions of the standard model are replicated in 
three ‘generations’. There are 3 types of neutrinos: νe, νµ, ντ. In the 
standard model these neutrinos are massless and always left-chiral. 
The right-chiral counterparts N1, N2, N3 are added. They do not feel 
the electric, weak or strong forces (thus ‘sterile neutrinos’).

84 In this section we follow the logic based on a model-independent portal 
interaction (4.1) in the bottom-up fashion, starting from the simplest phe-
nomenology of HNLs and then discussing the possible roles HNLs can play 
in different models. Historically, the motivation for considering right-handed 
neutrinos was coming from ideas on left–right symmetry, spontaneous parity 
violation and grand unification [300–309]. The chiral electroweak group 

( ) ( )×SU U2 1L  was proposed to be extended to the left–right symmetric one 
( ) ( ) ( )× × −SU SU U2 2 1L R B L, necessitating to complement the fermionic 

content of the theory by N’s. The smallness of active neutrino masses was a 
result of what is currently known as the see-saw mechanism [304–309]: the 
heavy Majorana N’s lead to light ν. A great bit of phenomenology of HNL’s, 
was studied already in 1980s in [310–312].
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What	do	we	look	for	in	SHiP?

▶ All	kinds	of	final	states:		
▶ Two-track	with	hadrons,	muons,	electrons,	with	and	

without	photons.	
▶ Also	neutral	events	with	photons	only	(e.g.	ALP	➞	γγ).	

Multipurpose	detector

6

Detector Seminar, CERN, 22 March 2019 R. Jacobsson

� Physics cased based on 2x1020 protons on target (5 years of nominal operation)
Î Signal yields from >1018 D mesons, >1016 t, >1021 photons (>100 MeV)

� Dual detector system
1. Search for HS decays (“HS detector”)
2. Neutrino physics and search for LDM recoil signatures (“SND”) 

“Unusual” detector conditions
Î No radiation
Î Low data rates
Î Easy cooling and access

14

Challenge is background suppression

“HS”

“SND”
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The	SHiP	Setup

7

2019 JINST 14 P03025

Figure 1. Overview of the target and experimental area for the SHiP detector as implemented in the physics
simulation.

of the hadron absorber in the experimental hall and consists of a chain of magnets which extends
over a length of ⇠ 40 m.

The SHiP experiment incorporates two complementary apparatuses. The detector system
immediately downstream of the muon shield is optimised both for recoil signatures of hidden sector
particle scattering and for neutrino physics. It is based on a hybrid detector similar to what was
developed by the OPERA Collaboration [11] with alternating layers of nuclear emulsion films
and electronic trackers, and high-density ⌫-target plates. In addition, the detector is located in
a magnetic field for charge and momentum measurement of hadronic final states. The detector
⌫-target mass totals O(10) tonnes. The emulsion spectrometer is followed by a muon identification
system. This also acts as a tagger for interactions in the muon filters which may produce long-lived
neutral mesons entering the downstream decay volume and whose decay may mimic signal events.

The second detector system aims at measuring the visible decays of Hidden Sector particles
to both fully reconstructible final states and to partially reconstructible final states with neutrinos.
The detector consists of a 50 m long decay volume (section 5.2) followed by a large spectrometer
with a rectangular acceptance of 5 m in width and 10 m in height. The length of the decay volume
is defined by maximising the acceptance to the hidden particle decay products (figure 2) given the
transverse size of the spectrometer. In order to suppress the background from neutrinos interacting
in the fiducial volume, it is maintained at a pressure of O(10�3

) bar. The spectrometer is designed
to accurately reconstruct the decay vertex, the mass, and the impact parameter of the hidden particle
trajectory at the proton target. A set of calorimeters and muon stations provide particle identification.
The system is optimised to detect as many final states as possible in order to be sensitive to, and

– 4 –

Target

Absorber

Scattering	
detector

Hidden	particle	
decays
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Decay	Vessel

▶ 50	m	long	decay	volume		for	
hidden-sector	particles.	

▶ Under	vacuum	(10–3	bar)			to	
suppress	neutrino	
interactions	with	air	or	gas.

8

Detector Seminar, CERN, 22 March 2019 R. Jacobsson

� Requirement: 
• Thin and light wall structure
• Incorporation of Surrounding Background Tagger
Î Designed with S355JO(J2/K2)W steel 

according to EN 13445 Part 3-Section 8 and seismicity

22
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5	mν	interactions	in	air ν	interactions	in							
vacuum	vessel	at	1	mbar

Detector Seminar, CERN, 22 March 2019 R. Jacobsson

� Optimization of decay volume driven by 
• Muon flux “bow wave” determines ultimate envelope for the fiducial volume
• Optimization of decay volume geometry (length) with assumption of spectrometer aperture of 

5 x 10 m2 and taking into account decay acceptances for all signal modes
Î 50m pyramidal frustrum

� Neutrino interactions in fiducial volume producing signal candidates (soft selection) in 2x1020

protons on target
• Air: 2.5 x 103 candidates with small impact parameter at target Î pump down to 10-3 bar
• Vacuum: 1.4 x 104 candidates produced in vacuum chamber walls Î easily rejected

21

Decay opening angles (1 GeV/c2 HNL and DP) Neutrino interactions in air (left) and in vacuum vessel at 1mbar (right)
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Electromagnetic	Calorimeter	(SplitCAL)

The	ECAL	shall	serve	several	
purposes:	
▶ Energy	measurement										

of	electrons	&	photons.	
▶ Particle	ID	of	electrons,	

muons	and	hadrons.	
▶ Photon	direction	for																

A	➞	γγ	reconstruction.	

„SplitCAL“:	
▶ Scintillator	ECAL.	
▶ High-precision	layers													

for	shower	direction																			
(e.g.	MicroMegas).

9

Detector Seminar, CERN, 22 March 2019 R. Jacobsson

� Purpose: e/g identification, 𝜋0 reconstruction, photon 
directionality for ALP→ 𝛾𝛾

� Characteristics
• 25 X0 longitudinally segmented calorimeter with coarse and fine 

space resolution active layers

• Coarse layers: 40-50 planes of scintillating bar readout by WLS + 
SiPM (0.28cm/0.5X0 lead + 0.56 plastic) 

• Fine resolution layers: 3 layers (1.12cm thick), first at 3X0, and 
two layers at shower maximum to reconstruct transverse shower 
barycentre, with resolution of ~200mm micro-pattern or SciFi
detectors, to provide photon angular resolution of a few mrad.

33

Cagliari(IT)
Mainz (DE)

Reconstruction challenge: satellite showers in the long transverse tails 

Prototype in PS test beam (lead plates removed)

2 Micro- 
Megas

2 scintillator 
layers (x & y)

2 scintillator 
layers (x & y)

SplitCAL	Prototype
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SplitCAL	Design
▶ Large	absorber	planes	of	6	m	×	12	m	cross	section																		
▶ About	40-50	scintillating	planes	(20-25	X0).																																						

Strip	orientation	alternating	in	x	and	y	and	WLS	fibre	readout.	
▶ 2	or	3	high	precision	layers	for	measurements	of	the	shower	

development		➜		photon	direction	in	X	➞	γγ	decays.

10

Absorber ScinallatorHigh	precision	layers

6	m	×	12	m

~	1-2	m
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Layout	of	Scintillating	Layers

11

Horizontal	layer

600	cm 4	×	100	strips

2	×	200	
strips1200	cm

Veracal	layer

WLS
fibre

60 mm

PCB

SiPM

S
c

in
ti

ll
a

ti
n

g
 s

tr
ip

3
0

0
0
 m

m



Rainer	Wanke,	DUNE	Near	Detector	Workshop,	DESY,	Oct	22nd,	2019	

Basic	Scintillator-ECAL	Parameters

Assumptions	for	the	basic	parameters	of	the	scintillator	ECAL:	

▶ Depth:		 				25	X0			(could	probably	be	less,	e.g.	20	X0)	

▶ #	of	layers:					50			 			(or	40	for	length	of	20	X0)	

▶ Front	face:					6	m	×	12	m	=	72	m2	

▶ Absorber:	 				Lead	(X0	=	0.56	cm)	or	iron	(X0	=	1.76	cm).	
			 	 	 ➜		Total	weight:	115	tons		(Fe:	248	tons)	
▶ Scintillators:		400	strips	(3	m	×	6	cm	×	1	cm)	/	plane		➜		20	000	strips	

▶ Fibres:	 					2	×	20	000	×	3	m	=	120	km	

▶ SiPMs:	 					2	×	20	000	=	40	000	(and	same	number	of	readout	channels)

12
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SplitCAL	Prototype
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SplitCAL	Prototype

14

All	kinds	of	setups	easily	possible.

No	addiaonal	absorber	layers

2	Micro-	
Megas

2	scinallator	
layers	(x	&	y)

2	scinallator	
layers	(x	&	y)

With	absorber	layers	in	front

22	absorber	layers	(≈	5	X0)

45	slots,	25	mm	apart

560	m
m
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Absorber plate with 7 strips
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420 mm

560 mm

Scintillating	Planes

Each	scintillating	plane	consists	of	one	absorber	
plate,	with	7	scintillating	strips	mounted.	
▶ Double-sided	readout		➜		2	×	7	=	14	chan/plane.	
▶ 2	horizontal	&	2	vertical	planes.	
▶ SiPMs,	preamps,	and																																																										

bias	voltage	mounted																																																		
on	a	single	PCB	on	the																																																		
front	faces	of	the	strips.
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Scintillating 
strip

Each	scintillating	plane	consists	of	one	absorber	
plate,	with	7	scintillating	strips	mounted.	
▶ Double-sided	readout		➜		2	×	7	=	14	chan/plane.	
▶ 2	horizontal	&	2	vertical	planes.	
▶ SiPMs,	preamps,	and																																																										

bias	voltage	mounted																																																		
on	a	single	PCB	on	the																																																		
front	faces	of	the	strips.

Scintillating	Planes

16

Absorber plate with 7 stripsSiPM with preamplifier
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SiPMs

Two types of SiPMs used: 
▶ Hamamatsu S13360-3025PE	

3	×	3	mm2,	25	µm	pitch,	14400	pixels.																																																
Used	with	WLS	fibres	of	1.2	mm	diameter.	

▶ Hamamatsu S13360-6050PE 
6	×	6	mm2,	50	µm	pitch,	14400	pixels.																																																
Used	with	WLS	fibres	of	2.0	mm	diameter.	

Large	number	of	pixels	necessary	for	dynamic																																																		
range	between	MIPs	and	electron	showers.

17

S13360-3025PE

S13360-3025PE
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▶ Preamps directly at the SIPMs.	
▶ Amplify	signal	for	transmission																																																		

through	≈	4	m	of	coaxial	cables.																																							

▶ Front-end electronics:	
▶ Shaping	and	digitization	of	SiPM	pulses.																																																						
▶ Two	CAEN DT5702 modules                                                            

• Each	32	channels	with	individual	Vbias.		
• Multiplexed	output,	QDC	functionality.	

• ROOT	based	DAQ	software.	
• Very	sensitive	input,																																																																																																	
amplified	signal	needs	to	be	downsized.

CAEN DT5702

Prototype	Scintillator	Readout

18
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Towards	the	final	Readout

▶ Prototype	readout	far	too	expensive	(and	clumsy)																										
for	O(40k)	channels.	

▶ Better:		ASICs	close	to	SiPMs	for	signal	collection	and	
digitization.	
Requirements:	
▶ Large	dynamic	range	(MIPs	as	well	as	e.m.	showers).	
▶ Low	rate.	
▶ SiPM	calibration	(temperature	variations!).	
▶ Multiplexed	digital	output	because	of	very	many	channels.	

➜ Very	similar	requirements	as	for	calorimeters	at	the	ILC.	
➜ Look	at	Calice	AHCAL	design.	

19
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Towards	the	final	Readout

Calice	AHCAL	readout	board	(144	channels)

20

Power

Calib

DIF

Readout	Board	
(top	side)

ASICs														
(36	channels	each)

Readout	Board	
(back	side)
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Towards	the	final	Readout

Two	working	ASICs	for	Calice	readout	(very	similar	properties):	
▶ SPIROC	(v.2E),	OMEGA/IN2P3-CNRS	
▶ KLauS	(v.5),	Uni	Heidelberg

21

KLauS chip and test setup

07.03.2018 Zhenxiong, New Results of KLauS5 3

Received in Nov. 2017

Measurement setup:

� Raspberry Pi
� Interface board
� Testboard

I2C/LVDS for data-taking

KLauS5Low power, precise charge readout of SiPM (Z. Yuan)
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Towards	the	final	Readout

Two	working	ASICs	for	Calice	readout	(very	similar	properties):	
▶ SPIROC	(v.2E),	OMEGA/IN2P3-CNRS	
▶ KLauS	(v.5),	Uni	Heidelberg	
▶ Both	ASICs	are	suitable	(may	even	have	too	much	functionality).	

➜ 	Going	to	evaluate	the	KLauS	chip	from	Heidelberg.	

Open	quesaon:		

▶ Integration	into	very	different	layout	of	SHiP	ECAL.

22
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High-Precision	Layers

Two MicroMegas chambers	with	18 × 18 cm2	active	area.	
▶ Each	MicroMegas	contains	a	double-layer	with	x	and	y	strips,	

mounted	on	one	absorber	plate.	
▶ Strip pitch = 500 µm		➜		360 strips	in	each	view.	
▶ Readout	with	custom	ASICs	(APV)	and	external	trigger.
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Main	Open	Questions

SiPM-WLS	fibre	coupling:	
▶ Secure,	efficient	and	repeatable	coupling.																																				

Some	ideas	(e.g.	diffusors),	but	more	R&D	needed.	

SiPM	Readout:	
▶ Main	difficulty:	Dynamic	range	MIP	➞	EM	shower	
▶ Try	to	use	an	existing	ASIC	and	possibly	adapt	existing	

electronic.	

Mechanics:	
▶ Integration	of	scintillators	and	absorbers.																																			

Keep	in	mind	the	size!		
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Conclusions

SplitCAL	for	the	SHiP	experiment	
▶ Absorber-scintillator	sandwich	for	energy	measurement.	

▶ Long	scintillating	strips	with	WLS	fibre	readout.	
▶ Light	readout	with	SiPMs,	large	dynamic	range	required.	

▶ High-precision	layers	for	photon	directions	
▶ MicroMegas,	similar	to	new	ATLAS	muon	chambers.		

Timeline	for	SHiP	
▶ Decision	for	approval	awaited	for	2020.	
▶ In	case	of	approval:	Start	planned	for	2026.		
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Detector Seminar, CERN, 22 March 2019 R. Jacobsson

� BDF CDS report final editing

� SHiP CDS report submission November for review
• Finalize analyses of updated detector performances (simulation, test beams)
• Include description of parts that were left out in the progress report, electronics and readout 

architecture, online system
• Updated project plan towards TDR and construction
• Detector costing
• Preliminary safety file
• Muon flux and charm results
• Test beam and measurement requirements in 2021

Î Review muon shield, vacuum vessel, straw tracker

� Latest schedule prepared for BDF is pushing installation of detector into 2027
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Test	Beam	Results	for	High-Precision	Layers

Average	number	of	measured	particles:
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(a) X layer, Run 13 (b) Y layer, Run 13

(c) X layer, Run 14 (d) Y layer, Run 14

(e) X layer, Run 15 (f) Y layer, Run 15

Figure 5.8: Number of measured particles for run 13, 14 and 15 in the X and Y
layer of detector "SCHIFF"

It is recognizable, that the predictions fit the amount of measured particles, as well
as their distributions quite well. With small amounts of absorber material, the
residues of the noise particles increase the average amount.
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Test	Beam	Results	for	High-Precision	Layers

Shower	width	(excluding	single-particle	events):	
▶ Good	agreement	between	measurement	and	simulation,												

only	some	additional	noise	seen	in	real	data.
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(a) X layer, Run 12 (b) Y layer, Run 12

(c) X layer, Run 14 (d) Y layer, Run 14

Figure 5.10: Standard deviation of the positions of the shower particles for run 12
and 14 in the X and Y layer of detector "SCHIFF"

The increased distribution of the hits is particularly observable in the measurements
for small amounts of absorber material in front. The predicted values for the shower
width is considerably lower, meaning the measured value is more easily influence by
noise. The residue of the measured noise will increase the standard deviation of the
shower positions, since it is not concentrated in the center of the shower.

5.4.3 Distribution of hits

The distribution of the measured particles is shown in Figure 5.11. For compari-
son with the simulation, the Gaussian distribution, fitted on the signal in detector
"BOOT" was used. The empty areas of these plots correspond to the excluded
strips.
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5.4.2 Width of measured showers

The next parameter to regard is the width of the individual shower. As discussed in
section 3.1 is can be estimated by the average standard deviation of the measured
positions of the shower particles. An overview of the interesting runs in shown in
Figure 5.9. These plots do not include the events, in which only one particle was
detected, giving a standard deviation of zero. This just indicates the amount of
electrons that have not yet interacted, and in case of incident photons will not be
measured.

(a) "SCHIFF" X layer (b) "SCHIFF" Y layer

Figure 5.9: Average standard deviation of the positions of the shower particles,
depending on the amount of absorber material before 2nd high-precision layer

For the measurements with lower amounts of absorber material a distinctly higher
width was measured. The width of the showers gets closer to the expected value
the more absorber material was placed in front. A look into the distributions of the
single measurement is given in Figure 5.10.
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Test	Beam	Results	for	High-Precision	Layers

Measured	hit	distributions:	
▶ Absolute	distributions	agree	fairly	well,																																			

considering	the	difficulty	to	simulate	the	beam	profile.
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(a) X layer, Run 11 (b) Y layer, Run 11

(c) X layer, Run 14 (d) Y layer, Run 14

(e) X layer, Run 16 (f) Y layer, Run 16

Figure 5.11: Distribution of measured particles for run 11, 14 and 16 in the X and
Y layer of detector "SCHIFF"

It can be recognized, that the particles are clearly distributed wider than the ex-
pected one. Especially for the measurements with lower amounts of absorber mate-
rial, the positions further away from the shower center measured more signals.
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Measured	hit	distributions:	
▶ Better:	adjusted	position	=	mean(2nd	MM)	–	mean(1st	MM)																																			

➜		again	very	good	agreement	apart	from	residual	noise.

Test	Beam	Results	for	High-Precision	Layers
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(a) X layer, Run 11 (b) Y layer, Run 11

(c) X layer, Run 13 (d) Y layer, Run 13

(e) X layer, Run 15 (f) Y layer, Run 15

Figure 5.12: Adjusted distribution of measured particles for run 11, 13 and 15 in
the X and Y layer of detector "SCHIFF"
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