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The TP: submitted 14 April to CERN/SPS-C

Under review

A large (15% in total number of physicists) INFN participation 
(BA,BO,LNF,CA,NA,FE,RM1)

with many leadership roles since the EOI !! 
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Addendum to the TP

We are submitting this also this week to SPSc
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What is SHIP

SHIP is a proposal for a  beam dump experiment at 
CERN/SPS (400GeV p) 
Main goals  (so far…): 

1)  detection of long lived particles, very weakly 
interacting or sterile: statistical sensitivity  with respect to previous 

experiments of similar type (for HNL) x10000

—> Many theories and models on the market (models of DM, SUSY, theories 
providing explanation for 𝛎 masses and baryogenesis,…) have some sensitivity 
region to be explored with SHIP!   

2)  textbook measurements  of 𝜈𝝉 interactions with statistical sensitivity with 
respect to previous experiments of similar type x600  
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How?

The high E proton beam of CERN (400GeV)…

…dumped with maximum intensity and  followed by the closest, 
longest and widest possible and technically feasible decay tunnel

signature: a >= two track decay vertex in the decay tunnel 
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Shaking hands…
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2"

SM was recently fully confirmed 
by the Higgs-boson discovery!



However…
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However: no NP anywhere! Also, 
naturalness is now severely 
challenged. 

The peculiar Higgs mass suggest that, 
even in absence of NP, the Universe is 
metastable.

SM could well be valid up to Planck scale 
but we have to explain some facts: 
neutrino  oscillations, bariogenesis, dark 
matter (+inflation, dark energy…) JHEP 1312 (2013) 089
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                 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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The 𝛎MSM and its variants

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 most probably 
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.

12 SIF Roma, 24/9/2015Walter M. Bonivento - INFN Cagliari

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:

Le
ft

Le
ft

R
ig

ht

Le
ft

R
ig

ht

Le
ft

Le
ft

R
ig

ht

Le
ft

Le
ft

R
ig

ht

Le
ft

R
ig

ht

Le
ft

R
ig

ht

Le
ft

R
ig

ht

Le
ft

R
ig

ht

Le
ft

R
ig

htu
up

2.4 MeV

⅔ c
charm

1.27 GeV

⅔ t
top

173.2 GeV 

⅔

d
down

4.8 MeV

-⅓ s
strange

104 MeV

-⅓ b
bottom

4.2 GeV

-⅓

νe
electron
neutrino

0 νμ
muon

neutrino

0 ντ
tau

neutrino

0

e
electron

0.511 MeV

-1 μ
muon

105.7 MeV

-1 τ
tau

1.777 GeV

-1

g
gluon

0 

0

γ
photon

0

0

Z
091.2 GeV

0

weak
force

W
±

80.4 GeV

± 1

weak
force

mass→

charge→

Q
u

a
rk

s
L

e
p

to
n

s

Three Generations 

of Matter (Fermions) spin ½

B
o

s
o

n
s
 (

F
o

rc
e

s
) 

s
p

in
 1

I II III

name→

H
126 GeV 

0

0

Higgs
boson

spin 0

 

Le
ft

Le
ft

R
ig

ht

Le
ft

R
ig

ht

Le
ft

Le
ft

R
ig

ht

Le
ft

Le
ft

R
ig

ht

Le
ft

R
ig

ht

Le
ft

R
ig

ht

Le
ft

R
ig

ht

Le
ft

R
ig

ht

Le
ft

R
ig

htu
up

2.4 MeV

⅔ c
charm

1.27 GeV

⅔ t
top

173.2 GeV 

⅔

d
down

4.8 MeV

-⅓ s
strange

104 MeV

-⅓ b
bottom

4.2 GeV

-⅓

νe
electron
neutrino

0 νμ
muon

neutrino

0 ντ
tau

neutrino

0

e
electron

0.511 MeV

-1 μ
muon

105.7 MeV

-1 τ
tau

1.777 GeV

-1

g
gluon

0 

0

γ
photon

0

0

Z
091.2 GeV

0

weak
force

W
±

80.4 GeV

± 1

weak
force

mass→

charge→

Q
u

a
rk

s
L

e
p

to
n

s

Three Generations 

of Matter (Fermions) spin ½

B
o

s
o

n
s
 (

F
o

rc
e

s
) 

s
p

in
 1

I II III

name→

H
126 GeV 

0

0

Higgs
boson

spin 0

N
~10 keV

1 N
~GeV

2 N
~GeV

3

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 



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 (e.g.  LHCb with  
B decays  obtained  U2≈10-4, arXiv:
1401.5361)

this proposal: search in D meson 
decays   (produced with high statistics 
in fixed target  p collisions at  400 GeV )
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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 ଶூୀଵ,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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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  —>N2,3 have very 
long life-time 

decay paths of O(km)!: for    U
2
μ=10

-7
, τN 

=1.8x10
-5

s 

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

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

2
                

—> number of events  ∝Uμ
4
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SHIP sensitivity to HNL

SHIP will scan most of the cosmologically allowed region below the charm 
mass
Reaching the see-saw limit would require increase of the SPS intensity by 
an order of magnitude (does not currently seem realistic)
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Comparison with others 
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Interpretation 
in context of Left-Right 

symmetric model
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(+A |H’| |H|2)



Minimal vector portal
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Three photon production modes considered: 
1) in pseudo-scalar decays 
2) in proton brehmsstrahlung  
3) QCD production  (Batell et al. 2015)

Physics Letters B 731 (2014) 320–326

decay to SM particles



Dark photons
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hadronic fixed target
experiments overcome
the kinematic limitation

of e- fixed target
allowing for m>1GeV! 



Scalar (Higgs) portal: 
production/decay

Production via meson decay, D 
CKM suppressed wrt B (5x10-10) 
and D cross section only 20k 
times larger than B cross 
section at 27GeV

Some uncertainty in the 
calculation of BR’s
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sin2ρ=1



Scalar and pseudo-
scalar portal
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PNGBs or generic axions with couplings 
of order mX/F to SM matter X



Direct SUSY particles  detection
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RPV neutralinos

sgoldstinos

pseudo-Dirac fermions

SUSY vector portal

SUSY breaking scale



The experiment
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CERN accelerator complex
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The beam
Extracted  SPS beam 400GeV; 

like  CNGS  4.5x10
19

 pot/year    

design figures for the SHIP beam:

slow extraction (1s)

   4e13 ppp

   4e19pot/year

   fully compatible with NA operation
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Extraction test SHIP
the current 49.2s SPS super-cycle with one single SHiP cycle starting at about 35s (under the text "last 
update") with a single injection of protons from PS to SPS (beam intensity in yellow), the acceleration to 
400 GeV (energy illustrated in white), and the extraction during the flat top of 1s into the TT20 transfer 
line to the North Area as seen by the smooth drop of intensity with almost all beam extracted!   The beam 
was sent to a beam stopper in the TT20 line. Few times 10^12 per spill every 49.2s for a couple of hours!  
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Target and muon filter

Longitudinally segmented hybrid 
target: Mo(58cm)/W(58cm) 
 the beam is spread on the target 
to avoid melting 

It  is followed by a muon filter. 

The issue is not trivial since the 
muon flux is enormous: 1011/
SPS-spill(5×1013 pot)
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Mo
W



The detector
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Backgrounds
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Background
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Light 𝛎’s detector

Emulsion based detector with the LNGS OPERA brick technolgy, but with a much 
smaller mass (750 bricks) very compact (2m), upstream of the HNL decay tunnel —> 
with B field and followed by a muon detector (to  suppress charm background)
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Neutrino target
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Tau neutrino physics
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Dark photon to dark matter

Use neutrino detector (emulsions) 
and detect neutral current 
interaction  on atomic e-

—>not a background-free search 
(but calculable) 

after cuts (angle 10-20mrad, 
E<20GeV), the beam backgrounds: 
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SHiP 30 Event

BaBar

J/ψ→invisible

Relic Density

1
10-4

10-3

10-2

mV (GeV)

ϵ

χe→χe mχ=200 MeV α'=0.1 POT=2x1020



Time-table 
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Take home message!

We know for sure that there is NP 

Yet, we don’t know which one among the NP theories  is 
the right one.

Maybe none of them is right!

We should  keep an open mind 

Pursuing a diversity of experimental approaches is very 
important to maximize our likelihoods of finding NP
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Backup
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About N1

Stability —> τ>τ(universe)

Production —> ll>νN1 , qq—>νN1                                                     

Decay —> the radiative decay  N1—>γν 
provides a line in the X spectrum  at 
E(γ)=m1/2
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exclusion up to 2013 
with single galaxies



The vacuum vessel
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…some 3 sigma observations in 2014…
with stacked spectra of galaxies or 

clusters, 
with XMM Newton, Chandra
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Figure 12. Recent constraints on sterile neutrino production
models, assuming sterile neutrinos constitute dark matter (Abaza-
jian et al. 2007). Straight lines in black show theoretical predictions
assuming sterile neutrinos constitute the dark matter with lepton
number L = 0, L = 0.003, L = 0.01, L = 0.1. Constraints from the
cosmic X-ray background are shown in the solid (blue and hatched
regions). The region is solid green is excluded based upon obser-
vations of the di↵use X-ray background (Abazajian et al. 2007).
Individual galaxy cluster constraints from XMM-Newton observa-
tions of the Coma and Virgo clusters are shown in light blue (Bo-
yarsky et al. 2006). The horizontal pink band shows the mass scale
consistent with producing a 100�300 pc core in the Fornax dwarf
galaxy (Strigari et al. 2006), and limits from the Milky Way by
Boyarsky et al. (2006) is indicated with BMW. The orange region
at m

s

< 0.4 keV is ruled out by an application of the Tremaine-
Gunn bound (Bode et al. 2001). Our measurement obtained from
the full sample which is marked with the star in red, is consistent
with previous upper limits.

are unable to collisionally excite any Ar XVII lines, but
dielectronic recombination is still possible. Examining
the satellite line data in the AtomDB, taken from Vain-
shtein & Safronova (1980), shows that even in this case
the maximum ratio is only 7%, as there are DR satellite
lines at the energies of the Ar XVII triplet as well and
these lines would also be excited in such a case. While
not physically impossible if there was a significant and
unexpected error in the atomic physics calculations, we
have no reason to believe this has occurred.
We also note that our assumptions regarding rela-

tive line strengths have assumed the ICM is in thermal
equilibrium or close to it. Charge exchange (CX) be-
tween highly-ionized ions and neutral hydrogen or he-
lium could also create X-ray emission lines with di↵erent
ratios (Smith et al. 2012). This could a↵ect our assump-
tion of equilibrium line ratios, although we have included
a substantial range around the equilibrium values. It is
important to note that these CX lines are not ‘new, but
rather the same lines occurring in di↵erent ratios. Due
to its large cross section relative to electron excitation
rates, astrophysical CX can occur only in a thin sheet
where ions and neutrals interact directly, limiting its to-
tal emission relative to the large ICM volume. In certain

cases, such as the core of the Perseus cluster where many
neutral filaments are known, it is possible that CX could
be large enough to create a small fraction of the total
X-ray emission, although it would not create or enhance
a line at 3.57 keV or the DR line at 3.62 keV. CX could
not dominate the overall emission, however, as it would
also create Fe XVII and other lines that are not detected.

5.2. Sterile neutrino decay line?

An interesting interpretation of the line is the decay
signature of the sterile neutrino, a long-sought dark mat-
ter particle candidate (Boyarsky et al. (e.g., 2009), see
our §1). The mass of the sterile neutrino would be dou-
ble the decay photon energy, ms =7.1 keV. The line flux
detected in our full sample corresponds to a mixing angle
for the decay sin2(2✓) ⇠ 7 ⇥ 10�11. This value is below
the upper limits placed by the previous searches, shown
in Fig. 12. Our detection from the stacked XMM-Newton
MOS observations galaxy clusters are shown with a star
in red in that figure. Figure 13 shows the detections and
upper limits we obtained from our various subsamples we
used in this work (based on the included cluster masses
and distances), as well as a comparison with previous up-
per limit placed using the Bullet cluster by Boyarsky et
al. (2008) at 3.57 keV, which is the most relevant earlier
constraint for us. Since the mixing angle is a universal
quantity, all the subsample measurements must agree.
The line in the subsample of fainter 69 clusters (full

sample sans Perseus, Coma, Ophiuchus and Centaurus)
corresponds to a mixing angle that is consistent with
the full sample; the same is seen (though with a mild
1.5� tension) for the subsample of bright nearby clusters
Coma+Centaurus+Ophiuchus. However, the brightness
of the new line in the XMM-Newton spectrum of Perseus
corresponds to a significantly higher mixing angle than
that for the full sample (by factor 8 for the MOS spec-
trum), which poses a problem in need of further investi-
gation.
We tried to excise the central 10 region of the Perseus

cluster, to see if the flux originates in the cool core of the
cluster. Indeed, this decreased the flux in the line in half
and removed most of the tension with the other measure-
ments. However, this suggests that either some of the line
flux is astrophysical in origin (at least in Perseus), or the
cool gas in the core of the cluster a↵ects our ability to
measure the continuum and the fluxes of the nearby K
xviii and Ar xvii lines, in the end resulting in an over-
estimate of the flux of our detected line. It appears that
in Preseus, there is an anomalously strong line at the po-
sition of the Ar xvii dielectronic recombination line at
3.62 keV.
With this knowledge, we have tried to add this anoma-

lous 3.62 keV line in the model for the full sample, where
we have the most statistically significant line detection.
The additional line is still required, albeit at a lower sig-
nificance and a slightly lower energy of 3.55± 0.03 keV.
Note that the sample of bright clusters is dominated by
the emission from the cool cores of Ophiuchus and Cen-
taurus cluster, if this Ar 3.62 keV line anomaly is typical
of cool cores, they may also be a↵ected. However, free-
ing the flux of the 3.62 keV line in the MOS full-sample
fit did not require additional contribution from clusters
other than Perseus, though the constraints are obviously
weak.

Harvard, NASA ecc.
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FIG. 4: Constraints on sterile neutrino DM within νMSM [4]. The
blue point would corresponds to the best-fit value from M31 if the
line comes from DM decay. Thick errorbars are ±1σ limits on the
flux. Thin errorbars correspond to the uncertainty in the DM distri-
bution in the center of M31.

to detect the candidate line in the “strong line” regime [35]. In
particular, Astro-H should be able to resolve the Milky Way
halo’s DM decay signal and therefore all its observations can
be used. Failure to detect such a line will rule out the DM
origin of the Andromeda/Perseus signal presented here.
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Also some null observations. More observation time for XMM-Newton on a 
dedicated object (1.4Msec) 

—>action going on and hopefully the issue may be clarified
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