
Next obvious question

Where does the 𝛎 mass come from?

—> it is clear that experimental 
effort (and possibly prizes…) has to 
be now directed in this direction!

One remarkable possibility: 

see-saw mechanism (type I) with 
one/two/three massive and sterile 
Majorana-type neutrinos
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A matrice di massa dei neutrini,  B componente di Majorana (O GUT) , M componente di 
Dirac O(v.e.v. EW) 

—> λ- porta alla massa dei neutrini leggeri O(eV)
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=M2/B





 5 4Jun2018



The 𝛎MSM and its fellows

3 Majorana (HNL) partners of ordinary 𝛎, with 
MN<MW

In a peculiar parameter space (N2 and  N3 almost 
degenerate in mass and with m=O(GeV) and N1 
decoupled with m=O(keV) ),  𝜈MSM explains: 

neutrino masses (see-saw), baryogenesis (via 
lepto-genesis) and DM (N1)! (but, in this version    
of the theory,  DM has to be generated outside the  
𝜈MSM, by e.g. the decay of an inflaton—>see 
Higgs portal)

No hierarchy problem (if also the inflaton or the 
NP yielding N1 has mass below EW scale)

Naturalness of the above parameter space  comes 
from a U(1) lepton symmetry, broken at 10-4 level.
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long-awaited Higgs boson of the Standard Model (SM) [3]. This discovery implies that the Landau
pole in the Higgs self-interaction is well above the quantum gravity scale MPl ' 1019 GeV (see, e.g.
Ref. [4]). Moreover, within the SM, the vacuum is stable, or metastable with a lifetime exceeding that
of the Universe by many orders of magnitude [5]. Without the addition of any further new particles,
the SM is therefore an entirely self-consistent, weakly-coupled, e↵ective field theory all the way up to
the Planck scale (see Refs. [5, 6] for a recent discussion).

Nevertheless, it is clear that the SM is incomplete. Besides a number of fine-tuning problems (such as
the hierarchy and strong CP problems), the SM is in conflict with the observations of non-zero neutrino
masses, the excess of matter over antimatter in the Universe, and the presence of non-baryonic dark
matter.

The most economical theory that can account simultaneously for neutrino masses and oscillations,
baryogenesis, and dark matter, is the neutrino minimal Standard Model (⌫MSM) [7,8]. It predicts the
existence of three Heavy Neutral Leptons (HNL) and provides a guideline for the required experimental
sensitivity [9]. The search for these HNLs is the focus of the present proposal.

In addition to HNLs, the experiment will be sensitive to many other types of physics models that
produce weakly interacting exotic particles with a subsequent decay inside the detector volume, see
e.g. Refs. [10, 11, 12, 13, 14, 15]. Longer lifetimes and smaller couplings would be accessible compared
to analogous searches performed previously by the CHARM experiment [16].

In the remainder of this document the theoretical motivation for HNL searches is presented in
Section 2 and the limits from previous experimental searches are then detailed in Section 3. The
proposed experimental set-up is presented in Section 4 and in Section 5 the background sources are
discussed, before the expected sensitivity is calculated in Section 6. The conclusions are presented in
Section 7.

2 Theoretical motivation

In type-I seesaw models (for a review see Ref. [17]) the extension of the SM fermion sector by three
right-handed (Majorana) leptons, NI , where I = (1, 2, 3), makes the leptonic sector similar to the
quark sector (see Fig. 1). Irrespective of their masses, these neutral leptons can explain the flavour
oscillations of the active neutrinos. Four di↵erent domains of HNL mass, MN , are usually considered:
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Figure 1: Particle content of the SM and its minimal extension in the neutrino sector. In the (left) SM the
right-handed partners of neutrinos are absent. In the (right) ⌫MSM all fermions have both left- and right-handed
components and masses below the Fermi scale.
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νMSM: T.Asaka, M.Shaposhnikov PL B620 (2005) 17 
M.Shaposhnikov Nucl. Phys. B763 (2007) 49 

+ all other, less noble but less constrained, 
variations of this theory



N2,3 production

Interaction with the Higgs  v.e.v. 
->mixing with active  neutrinos 
with U 2

in the  νMSM strong limitations 
in the parameter space (U2,m)

a lot of HNL searches in the past 
but, for m>mK, with a sensitivity 
not of cosmological interest

ex. meson decays —>
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 Future Hadron Collider meeting, CERN, February 6, 2014 R. Jacobsson 

� Production in mixing with active neutrino from leptonic/semi-leptonic weak decays of 
charm mesons 

• Total production depend on ࣯ଶ = σ ࣯κூ
ଶ

ூୀଵ,ଶ
κୀ௘,ఓ,ఛ

 

 

• Relation between ࣯௘
ଶ,࣯ఓ

ଶand ࣯ఛ
ଶ depends on exact flavour mixing 

 
Î For the sake of determining a search strategy, assume scenario  
      with a predominant coupling to the muon flavour  

 
 

 
 
 

 
 
 

� Production mechanism “probes” ࣯ఓ
ଶ = σ ௩మ ௒ഋ಺

మ

௠಺
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ூୀଶ,ଷ
 

Î Br(ܦ ՜ ܰܺ) ~ 10ି଼ െ 10ିଵଶ 
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(arXiv:0705.1729)  Future Hadron Collider meeting, CERN, February 6, 2014 R. Jacobsson 

1. See-saw: Lower limit on mixing angle with active neutrinos to produce oscillations and masses 
2. BAU: Upper limit on mixing angle to guarantee out-of-equilibrium oscillations (Ȟேమ,య < H) 

3. BBN: Decays of ଶܰ and ଷܰ must respect current abundances of light nuclei 
Î Limit on lifetime ߬ேమ,య < 0.ͳݏ  (ܶ >   (ܸ݁ܯ 3

4. Experimental: No observation so far   
Î Constraints 1-3 now indicate that previous searches were largely outside interesting parameter space 
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inverted mass hyerarchy



N2,3 decays

Very weak  HNL-active ν  —>at masses 
below few GeV, N2,3 have very long life-
time 

decay paths of O(km)!: for    U2μ=10-7, 
τN =1.8x10-5s 

Various decay modes : the  BR’s depend 
on flavor mixing  

The probability that   N2,3 decays within 
the  fiducial volume of the experiment  
∝Uμ2

—> number of events  ∝Uμ4  if N detected 
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PROTON BEAM DUMPS: THE PAST

+ DONUT             FNAL                                 3.6x10-3          800              W       
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400GeV p, 2x1020pot/5 year (already reached yearly rate 
with LNGS)
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PROTON BEAM DUMP: (hopefully) THE 
FUTURE!

Figure of merit: 

#(𝛎𝝉)SHiP/DONUT=600

#(HNL)SHiP/CHARM=10k 

4Jun2018



 12 4Jun2018



 13 4Jun2018



 14 4Jun2018



The Hidden Sector

   

                 renormalizable couplings, i.e. NOT suppressed!

+other of higher dimensions (e.g. axion-like portal)

(stolen from A.Fradette, New Physics at the Intensity Frontier - Victoria, BC,Sept 2014)
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Dark photon coupling to SM  
particles
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 arXiv:1509.06765

decay modes



Dark Higgs

 17 4Jun2018

from B decays

LHCb projections

decay modes

complementary!


