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Cosa e’ SHIP
SHIP e’ una proposta di esperimento di beam dump al 
SPS (400GeV p) del CERN !

Obiettivi (per ora…): !

A. rivelazione particelle a lunga vita media 
debolmente interagenti o sterili: sensibilità’ 
statistica rispetto a esperimenti precedenti dello 
stesso tipo x10000 !

B. rivelazione 𝜈𝝉 con sensibilità’ statistica rispetto a 
esperimenti precedenti x200
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Perche’ e’ importante 
il fattore 10000?
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Una nuova idea: il 𝜈MSM! 
Premessa: Massa del Higgs misurata   a ≈125 GeV —> 
SM teoria di campo effettiva, auto-consistente, 
debolmente accoppiata  fino a grandi scale (almeno 
fino a 1010GeV, vedi Strumia, Giudice, Isidori ecc.)!

Oggetto: 𝜈MSM e’ un modello che estende lo SM, in 
modo minimale, cioe’ senza introdurre nuovi principi 
fisici (SUSY or ED) o nuove scale di energia (GU)!

Modo: 3 partner di  Majorana (HNL), singoletti 
destrorsi e sterili dei neutrini ordinari con MN<MW!

Soluzione: In un particolare spazio dei parametri (N2 e 
N3 quasi degeneri e con m=O(GeV) e N1 
disaccoppiato con m=O(keV) ) il  𝜈MSM  risolve i tre 
problemi osservativi del MS: massa dei neutrini (see-
saw), bariogenesi (via lepto-genesi) e materia oscura 
(N1)!!

—>this pattern could be the consequence of a lepton 
number symmetry U(1)L broken at O(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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!

• N mixano con neutrini attivi con 
accoppiamento U2: nel νMSM forti limitazioni 
nello spazio dei parametri (U2,m)!

• molte ricerche di HNL in passato  ma, per 
m>mK, con sensibilità’ non di interesse 
cosmologico (es LHCb in decadimenti del B 
raggiunge U2≈10-4, arXiv:1401.5361) 

• questa proposta: ricerca in decadimenti dei 
mesoni D (prodotti ad alta statistica nella 
collisione di p di 400 GeV su bersaglio fisso)!

• Considerati i fasci esistenti e possibili in un 
futuro non troppo remoto, questo e’ il 
migliore  esperimento che possa  sondare la 
regione di interesse cosmologico
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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
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Î Br(ܦ ՜ ܰܺ) ~ 10ି଼ െ 10ିଵଶ 
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Produzione  di N2,3

 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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gerarchia inversa di massa dei neutrini
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Decadimenti del N2,3
• Accoppiamento HNL-ν attivo molto debole 

—>N2,3 hanno vita media molto  lunga  

• distanze di decadimento O(km)!: per    
U2

μ=10-7, τN =1.8x10-5s  

• Vari modi di decadimento : i BR’s 
dipendono dal mescolamento tra sapori 

• Probabilità’  che N2,3 decada nel volume 
fiduciale dell’esperimento ∝Uμ

2                

—> numero di eventi ∝Uμ
4

9

—>aumento di sensibilita’ 
x10000 permette di 
accedere alla regione di 
interesse cosmologico!
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Modello meno “tuned”
• se si rinuncia a spiegare la 

Dark Matter —> tutti e tre i N 
possono partecipare al see-
saw; modello molto meno 
vincolato, spazio dei parametri 
di interesse cosmologico più 
esteso, HNL non degeneri 

• e.g. Canetti et al. —>il limte 
della BAU si alza di molto

10

arXiv:1404:4114
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Altri intervalli di massa
In questi mesi, proprio per la “delusione” dei risultati di LHC, c’e’ una 
resurrezione di un  notevole interesse teorico e sperimentale per questi 
neutrini di Majorana in ambito see-saw a varie masse. !

Recente indicazione  dai dati di BICEP2 combinati con tutto il pregresso di 
misure cosmologiche, dell’esistenza di un neutrino  a massa ~ 0.5eV (arXiv:
1403.7028, arXiv:1403.4852, arXiv:1403.8049). Non e’ chiaro quanto questo sia 
compatibile con le anomalie da misure di oscillazioni. Se fosse confermato in 
realtà’ questo non   pone in crisi il νMSM , in quanto non c’e un limite al  
numero di neutrini di Majorana che si possono avere; renderebbe la teoria 
meno “elegante”, pero’!

Neutrini di massa ~ TeV possono contribuire a migliorare la compatibilita’ di fit 
elettro-debole ed alcune a ridurre alcune anomalie nei dati (massa W , 
larghezza invisibile Z …) —> possibilita’ di misura a LHC (arXiv:1302.1872)!

Neutrini alla scala di GUT in modello SO(10) (Altarelli et al, arXiv: 1305.1001) 
con Leptogenesi nel decadimento, con M<1014GeV

11

http://arxiv.org/abs/arXiv:1403.7028
http://arxiv.org/abs/arXiv:1403.4852
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Masse e Yukawas
• Nel  modello di Shaposhnikov il see-saw e’ ottenuto con HNL di 

massa relativamente piccola (e quindi con Yukava piccoli). In 
realta’ il range di masse e accoppiamenti permessi e’ dato da:  

!

!

!

!

12

arXiv:1204.5379
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Inflazione ecc.
Il Modello di Shaposhnikov e’ minimale perche’ non introduce 
alcuna altra particella fino alla scala di Planck!

L’inflazione e’ fornita dal Higgs, che si comporta come un 
inflatone (Berzukov, Shaposhnikov)!

I risultati di BICEP2 (rivelazione del modo B di polarizzazione del 
CMB con r=0.20+0.07-0.05), sono consistenti con il modello 
dell’inflazione con Higgs (arXiv:1403.5043, arXiv:1403.6078) 
tuttavia ora si comincia a dubitare di BICEP2…!

E’ stato anche costruito un modello (Bezrukov, Gorbunov, arxiv:
1403.4638) consistente con tutte le osservazioni sperimentali in 
cui l’inflatone non e’ l’Higgs ma e’ una particella leggera (<1GeV) 
che decade negli HNL

13
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Portali verso Hidden sectors
!

!

!

Le particelle dello SM non sono sensibili direttamente all’interazione di gauge GD 
ma  attraverso un mediatore: gli operatori SM di dimensione piu’ piccola sono 
detti  “portali”!

recentemente si e’ rivitalizzata l’attenzione verso questo tipo di interazioni per 
spiegare alcune anomalie astrofisiche (e.g. aumento  e+/e- con energia , 
concentrazione di linea a 511keV dal centro galattico), interpretate nel contesto di 
dark matter;   il range di masse suggerito, da qualche MeV a qualche GeV, con 
𝝉<1sec e 𝝉>100ns e’ peculiare per esperimenti fixed-target (PhysRevD.80.095024)!

In questo esperimento simile metodologia  di esperimenti già effettuati come  
CHARM ma con molta maggiore statistica e/o con maggiore energia del fascio 
(es. rispetto a U70) —>stiamo studiando le sensibilita’ in SHIP

14

The idea of the existence of a hidden gauge sector weakly coupled with 
the  SM  through  some  mixing  mechanism  dates  back  to  the  early  80’s.  (see  
for instance P. Fayet Nucl. Phys. B 347 (1990) 743) It has nowadays been 
reproposed by several authors, as a possible explanation of recent 
puzzling astrophysical observations 

3 

Basically  all  of  these  models  postulate  the  existence  of  a  sort  of  “dark”  or  
“hidden”  world,  sensitive  to  a  specific  new  gauge  interaction  GD  

SM particles are not charged under GD but,  as  specified  above,  can  “feel”  
the new force because of mixing between it and the SM gauge interaction 
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Portali et al.
Higgs portal  —>mediatore inflatone (scalare); produzione diretta o da 
decadimento mesone; decadimenti e+e-, μ+μ-; accoppiamenti rinormalizzabili 
(μ𝜒+λ𝜒2)H+H!

Neutrino portal ->mediatore HNL, di cui sopra!

Vector portal —> mediatore para-fotone; produzione in mixing con fotoni; 
decadimenti e+e-, μ+μ-; accoppiamenti rinormalizzabili   ϵFμ𝛎F’μ𝛎!

axion portal —> mediatore  PNGB o axion-like particles (in questo caso non 
sono Dark Matter particles); produzione diretta  mixing con π0;         decadimenti 
e+e-, μ+μ-!

Anche sotto studio low-energy SUSY:!

! !

15
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Soppressione fondi
Interazioni di neutrini muonici e di muoni non soppressi dal filtro!

1. nel tunnel di decadimento—>vuoto!

2. nell’ultima lunghezza di interazione del dump ->produzione di K0
L—>μπν  (eπν) !

—>rigettate da tagli cinematica sul parametro di impatto e p +muon ID e electron ID 
per canali Hidden sector!

inoltre un  altro fattore 10-40 si puo’ ottenere equipaggiando l’ultima parte del 
dump con un rivelatore attivo per “taggare” le interazioni di neutrino !

in ogni caso e’ importante sopprimere il K0L anche sopra 500MeV perche’ non 
sappiamo ancora come e se riusciremo a tenere sotto controllo le code non 
gaussiane della risoluzione in impulso!

Combinazioni casuali di due muoni dal PV —> risoluzione temporale spinta di almeno 
un rivelatore e alta efficienza del VETO cruciali (sotto studio)

16
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Sensibilita’per HNL
Assumendo 0 fondo (che pare 
ben giustificato dai nostri 
studi, ma sara’ comunque 
l’oggetto di simulazioni molto 
dettagliate) e 2x1020p.o.t. !

—> finestra di opportunità’ per 
questo esperimento di sondare 
la zona di interesse 
cosmologico

17

solo con N—>μπ
(in uno scenario in cui l’accoppiamento !

al sapore muonico e’ dominante)

BBN

(gerarchia di massa 
dei neutrini attivi inversa)

/CHARM
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Sensibilita’ per Hidden Photon

18

 con canali e+e- e μ+μ-

VERY PRELIMINARY E UNOFFICIAL
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Fisica dei neutrini attivi: 𝛎𝝉 e 𝛎μ
Approfittando del beam dump, con un rivelatore dedicato che prende dati simultaneamente a 
quello  per HNL,  e’ possibile lo studio di interazioni del neutrino 𝝉 con statistica >200x attuale:!

• l’esperimento DONUT ha osservato 9 eventi (da charm) con 1.5 stimato di fondo!

• l’esperimento OPERA ha osservato 4 eventi (da oscillazione)!

In generale la terza generazione di leptoni puo’ essere piu’ sensibile a NF per la sua maggiore 
massa  !

Inoltre la NF nel settore del 𝝉 e’ sperimentalmente limitata con minore precisione rispetto alle 
altre due famiglie. !

In particolare due “anomalie” sperimentali (su 3) nella fisica del charged flavor coinvolgono il 
𝝉:!

A. ! R(D), R(D*) dalle B factories —>3.4𝝈 dal MS!

B. A(CP) (𝝉—>πK
0

S𝛎𝝉)  —>2.8𝝈 dal MS

19
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Fisica dei neutrini attivi: 𝛎𝝉 e 𝛎μ
—> Misure di sezioni d’urto e distribuzioni angolari nelle 
interazioni CC: stiamo studiando con i teorici (Datta, 
U.Massachussets) la sensibilita’ a Higgs carico, W’ e Leptoquarks!

Altre misure importanti:!

A. osservazione di anti-ντ  (unica particella del MS non ancora 
osservata)!

B. produzione di  charm in interazioni di νμ (grande aumento di 
statistica, >100x, rispetto a CHORUS in particolare per anti-
νμ, : infatti in beam dump  anti-νμ/νμ 60%)!

20
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Rivelatore per   𝛎
Rivelatore a emulsioni con la tecnologia di OPERA  ma con massa molto minore (750 
mattoni) molto compatto (2m) posto davanti  al tunnel di decadimento  per il HNL —
>immerso in campo B e seguito da un rivelatore di muoni (per sopprimere il fondo di 
charm)!

Si stima di dovere cambiare il rivelatore circa 10 volte nel corso del run —>totale di 5400 
m

2
 di piates di  emulsioni  —> 5% di OPERA!

Due opzioni allo studio:!

21
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N1 

!

!

!

!

!

• idea: mettere insieme  73 osservazioni di cluster di galassie  
per aumentare la statistica: analizzate le osservazioni di  
XMM-Newton e Chandra. Correzioni per il  red-shift (0.01-0.35)
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ABSTRACT

We detect a weak unidentified emission line at E = (3.55 � 3.57) ± 0.03 keV in a stacked XMM
spectrum of 73 galaxy clusters spanning a redshift range 0.01 � 0.35. MOS and PN observations
independently show the presence of the line at consistent energies. When the full sample is divided
into three subsamples (Perseus, Centaurus+Ophiuchus+Coma, and all others), the line is seen at
> 3� statistical significance in all three independent MOS spectra and the PN “all others” spectrum.
The line is also detected at the same energy in the Chandra ACIS-S and ACIS-I spectra of the Perseus
cluster, with a flux consistent with XMM-Newton (however, it is not seen in the ACIS-I spectrum of
Virgo). The line is present even if we allow maximum freedom for all the known thermal emission
lines. However, it is very weak (with an equivalent width in the full sample of only ⇠ 1 eV) and located
within 50–110 eV of several known faint lines; the detection is at the limit of the current instrument
capabilities and subject to significant modeling uncertainties. On the origin of this line, we argue that
there should be no atomic transitions in thermal plasma at this energy. An intriguing possibility is
the decay of sterile neutrino, a long-sought dark matter particle candidate. Assuming that all dark
matter is in sterile neutrinos with ms = 2E = 7.1 keV, our detection in the full sample corresponds to
a neutrino decay mixing angle sin2(2✓) ⇡ 7⇥ 10�11, below the previous upper limits. However, based
on the cluster masses and distances, the line in Perseus is much brighter than expected in this model,
significantly deviating from other subsamples. This appears to be because of an anomalously bright
line at E = 3.62 keV in Perseus, which could be an Arxvii dielectronic recombination line, although
its emissivity would have to be 30 times the expected value and physically di�cult to understand. In
principle, such an anomaly might explain our line detection in other subsamples as well, though it
would stretch the line energy uncertainties. Another alternative is the above anomaly in the Ar line
combined with the nearby 3.51 keV K line also exceeding expectation by factor 10–20. Confirmation
with Chandra and Suzaku, and eventually Astro-H, are required to determine the nature of this new
line.

1. INTRODUCTION

Galaxy clusters are the largest aggregations of hot in-
tergalactic gas and dark matter. The gas is enriched
with heavy elements (Mitchell et al. (1976); Serlemitsos
et al. (1977) and later works) that escape from galaxies
and accumulate in the intracluster/intergalactic medium
(ICM) over billions of years of galactic and stellar evo-
lution. The presence of various heavy ions is seen from
their emission lines in the cluster X-ray spectra. Data
from large e↵ective area telescopes with spectroscopic ca-
pabilities, such as ASCA, Chandra, XMM-Newton and
Suzaku, uncovered the presence of many elements in the
ICM, including O, Ne, Mg, Si, S, Ar, Ca, Fe, and Ni
(for a review see, e.g., Böhringer & Werner 2010). Re-
cently, weak emission lines of low-abundance Cr and Mn
were discovered (Werner et al. 2006; Tamura et al. 2009).
Relative abundances of various elements contain valuable
information on the rate of supernovae of di↵erent types in
galaxies (e.g., Loewenstein 2013) and illuminate the en-
richment history of the ICM (e.g., Bulbul et al. 2012b).
Line ratios of various ions can also provide diagnostics
of the physical properties of the ICM, uncover the pres-
ence of multi-temperature gas, nonequilibrium ionization

ebulbul@cfa.harvard.edu

states and nonthermal emission processes such as charge
exchange (Paerels & Kahn 2003).
As for dark matter, 80 years from its discovery by

(Zwicky 1933, 1937), its nature is still unknown (though
now we do know for sure it exists — from X-ray and
gravitational-lensing observations of the Bullet Cluster,
Clowe et al. (2006), and we know accurately its cosmo-
logical abundance, e.g., Hinshaw et al. (2013)). Among
the various plausible dark matter candidates, one that
has motivated our present work is the hypothetical ster-
ile neutrino that is included in some extensions to the
standard model of particle physics (Dodelson & Widrow
(1994) and later works; for recent reviews see, e.g.,
Abazajian et al. (2007); Boyarsky et al. (2009)). Ster-
ile neutrinos should decay spontaneously with the rate

��(ms, ✓) = 1.38⇥ 10�29 s�1

✓
sin2 2✓

10�7

◆⇣ ms

1 keV

⌘5

,

(1)
where the particle mass ms and the “mixing angle” ✓
are unknown but tied to each other in any particular
neutrino production model (Pal & Wolfenstein 1982).
The decay of sterile neutrino should produce a photon of
E = ms/2 and an active neutrino. The mass of the ster-
ile neutrino may lie in the keV range, which would place
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Un altra  breaking news!

• Osservazione consistente di una linea at 3.5KeV with 3-4 σ significance!

• Analisi diversa dalla precedente e su dati diversi, con controlli anche sulla 
dipendenza radiale e sul contenuto relativo di DM!

• Molte analisi in corso che potranno chiarire la situazione!

• Missione Astro-H sara’ lanciata nel 2015 e aiutera’ a chiarire la situazione
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An unidentified line in X-ray spectra of the Andromeda galaxy and Perseus galaxy cluster

A. Boyarsky1, O. Ruchayskiy2, D. Iakubovskyi3,4 and J. Franse1,5
1Instituut-Lorentz for Theoretical Physics, Universiteit Leiden, Niels Bohrweg 2, Leiden, The Netherlands

2Ecole Polytechnique Fédérale de Lausanne, FSB/ITP/LPPC, BSP, CH-1015, Lausanne, Switzerland
3Bogolyubov Institute of Theoretical Physics, Metrologichna Str. 14-b, 03680, Kyiv, Ukraine

4National University “Kyiv-Mohyla Academy”, Skovorody Str. 2, 04070, Kyiv, Ukraine
5Leiden Observatory, Leiden University, Niels Bohrweg 2, Leiden, The Netherlands

We identify a weak line at E ∼ 3.5 keV in X-ray spectra of the Andromeda galaxy and the Perseus galaxy
cluster – two dark matter-dominated objects, for which there exist deep exposures with the XMM-Newton X-ray
observatory. Such a line was not previously known to be present in the spectra of galaxies or galaxy clusters.
Although the line is weak, it has a clear tendency to become stronger towards the centers of the objects; it is
stronger for the Perseus cluster than for the Andromeda galaxy and is absent in the spectrum of a very deep
“blank sky” dataset. Although for individual objects it is hard to exclude the possibility that the feature is due
to an instrumental effect or an atomic line of anomalous brightness, it is consistent with the behavior of a line
originating from the decay of dark matter particles. Future detections or non-detections of this line in multiple
astrophysical targets may help to reveal its nature.

The nature of dark matter (DM) is a question of crucial im-
portance for both cosmology and for fundamental physics. As
neutrinos – the only known particles that could be dark mat-
ter candidates – are known to be too light to be consistent with
various observations (see e.g. [1] for a review), it is widely an-
ticipated that a new particle should exist to extend the hot Big
Bang cosmology paradigm to dark matter. Although many
candidates have been put forward by particle physicists (see
e.g. [2]), little is known experimentally about the properties
of DM particles: their masses, lifetimes, and interaction types
remain largely unconstrained. A priori, a given DM candidate
can possess a decay channel if its lifetime exceeds the age
of the Universe. Therefore, the search for a DM decay signal
provides an important test to constrain the properties of DM in
a model-independent way. For fermionic particles, one should
search above the Tremaine-Gunn limit [3] (! 300 eV). If the
mass is below 2mec2, such a fermion can decay to neutrinos
and photons, and we can expect two-body radiative decay with
photon energy Eγ = 1

2
mDM. Such particles can be searched

for in X-rays (see [4] for review of previous searches). For
each particular DM model, the particle’s mass, lifetime and
other parameters are related by the requirement to provide the
correct DM abundance. For example, for one very interesting
DM candidate – the right-handed neutrino – this requirement
restricts the mass range to 0.5 − 100 keV [4, 5]. A large part
of the available parameter space for sterile neutrinos is fully
consistent with all astrophysical and cosmological bounds [6],
and it is important to probe it still further.

The DM decay line is much narrower than the spectral res-
olution of the present day X-ray telescopes and, as previous
searches have shown, should be rather weak. The X-ray spec-
tra of astrophysical objects are crowded with weak atomic and
instrumental lines, not all of which may be known. Therefore,
even if the exposure of available observations continues to in-
crease, it is hard to exclude an astrophysical or instrumental
origin of any weak line found in the spectrum of individual

object. However, if the same feature is present in the spectra
of a number of different objects, and its surface brightness and
relative normalization between objects is consistent with the
expected behavior of the DM signal, this can provide much
more convincing evidence about its nature.

The present paper takes a step in this direction. We present
the results of the combined analysis of many XMM-Newton
observations of two objects at different redshifts – the Perseus
cluster and the Andromeda galaxy (M31) – together with a
long exposure “blank sky” dataset. We study the 2.8–8 keV
energy band and show that the only significant un-modeled
excess that is present in the spectra of both M31 and Perseus
is located at ∼ 3.5 keV energy and the line in Perseus is cor-
rectly redshifted as compared to Andromeda (at 95% CL). The
relative fluxes for the two objects are in agreement with what
is known about their DM distributions. We also study sur-
face brightness profiles of this line and find them consistent
with expectations for a DM decay line. We do not detect such
a line in the very deep “blank sky” dataset, which disfavors
some of the scenarios for its instrumental origin (e.g. features
in the effective area). The upper bound from this dataset is
consistent with expectations for a DM signal that would come
in this case primarily from the Milky Way halo. However, as
the line is weak (∼ 4σ in the combined dataset) and the uncer-
tainties in DM distribution are significant, positive detections
or strong constraints from more objects are clearly needed in
order to determine the nature of this signal.1

Below we summarize the details of our data analysis and then

1 During our work we became aware that a similar analysis has been carried
out by different group for a collection of galaxy clusters. When this paper
was in preparation, the arXiv preprint [7] by this group appeared, claim-
ing a detection of a spectral feature at the same energy from a number of
clusters.
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entalphysics.A
s

neutrinos–
the

only
know

n
particlesthatcould

be
dark

m
at-

tercandidates–
areknow

n
to

betoo
lightto

beconsistentw
ith

variousobservations(seee.g.[1]forareview
),itisw

idely
an-

ticipated
thatanew

particleshould
existto

extend
thehotBig

Bang
cosm

ology
paradigm

to
dark

m
atter.

A
lthough

m
any

candidates
have

been
putforw

ard
by

particle
physicists

(see
e.g.[2]),little

is
know

n
experim

entally
aboutthe

properties
ofD

M
particles:theirm

asses,lifetim
es,and

interaction
types

rem
ain

largely
unconstrained.A

priori,a
given

D
M

candidate
can

possess
a

decay
channelif

its
lifetim

e
exceeds

the
age

ofthe
U

niverse.Therefore,the
search

fora
D

M
decay

signal
providesan

im
portanttestto

constrain
thepropertiesofD

M
in

am
odel-independentw

ay.Forferm
ionicparticles,oneshould

search
above

the
Trem

aine-G
unn

lim
it[3](!

300
eV

).Ifthe
m

assis
below

2m
e c

2,such
a

ferm
ion

can
decay

to
neutrinos

and
photons,and

w
ecan

expecttw
o-bodyradiativedecay

w
ith

photon
energy

E
γ
=

12 m
D

M .
Such

particlescan
be

searched
forin

X
-rays

(see
[4]

forreview
ofprevious

searches).
For

each
particularD

M
m

odel,the
particle’s

m
ass,lifetim

e
and

otherparam
etersarerelated

by
therequirem

entto
providethe

correctD
M

abundance.Forexam
ple,forone

very
interesting

D
M

candidate
–

the
right-handed

neutrino
–

thisrequirem
ent

restrictsthe
m

assrange
to

0.5
−

100
keV

[4,5].A
large

part
ofthe

available
param

eterspace
forsterile

neutrinos
is

fully
consistentw

ith
allastrophysicaland

cosm
ologicalbounds[6],

and
itisim

portantto
probeitstillfurther.

The
D

M
decay

line
is

m
uch

narrow
erthan

the
spectralres-

olution
ofthe

presentday
X

-ray
telescopes

and,as
previous

searcheshaveshow
n,should

beratherw
eak.TheX

-ray
spec-

traofastrophysicalobjectsarecrow
ded

w
ith

w
eak

atom
icand

instrum
entallines,notallofw

hich
m

ay
beknow

n.Therefore,
even

ifthe
exposureofavailableobservationscontinuesto

in-
crease,itis

hard
to

exclude
an

astrophysicalorinstrum
ental

origin
ofany

w
eak

line
found

in
the

spectrum
ofindividual

object.H
ow

ever,ifthe
sam

e
feature

ispresentin
the

spectra
ofanum

berofdifferentobjects,and
itssurfacebrightnessand

relative
norm

alization
betw

een
objects

is
consistentw

ith
the

expected
behaviorofthe

D
M

signal,this
can

provide
m

uch
m

oreconvincing
evidenceaboutitsnature.

The
presentpapertakes

a
step

in
this

direction.
W

e
present

the
results

of
the

com
bined

analysis
of

m
any

XM
M
-N
ew
ton

observationsoftw
o

objectsatdifferentredshifts–
thePerseus

cluster
and

the
A

ndrom
eda

galaxy
(M

31)
–

together
w

ith
a

long
exposure

“blank
sky”

dataset.
W

e
study

the
2.8–8

keV
energy

band
and

show
thatthe

only
significantun-m

odeled
excessthatispresentin

the
spectra

ofboth
M

31
and

Perseus
islocated

at
∼

3.5
keV

energy
and

the
line

in
Perseusiscor-

rectly
redshiftedascom

paredto
A

ndrom
eda(at95%

CL).The
relative

fluxesforthe
tw

o
objectsare

in
agreem

entw
ith

w
hat

is
know

n
abouttheir

D
M

distributions.
W

e
also

study
sur-

face
brightness

profiles
ofthis

line
and

find
them

consistent
w

ith
expectationsfora

D
M

decay
line.W

e
do

notdetectsuch
a

line
in

the
very

deep
“blank

sky”
dataset,w

hich
disfavors

som
e

ofthe
scenariosforitsinstrum

entalorigin
(e.g.features

in
the

effective
area).

The
upperbound

from
this

datasetis
consistentw

ith
expectationsforaD

M
signalthatw

ould
com

e
in

thiscase
prim

arily
from

the
M

ilky
W

ay
halo.H

ow
ever,as

thelineisw
eak

(∼
4σ

in
thecom

bined
dataset)and

theuncer-
taintiesin

D
M

distribution
are

significant,positive
detections

orstrong
constraintsfrom

m
ore

objectsare
clearly

needed
in

orderto
determ

inethe
natureofthissignal. 1

Below
w

e
sum

m
arizethedetailsofourdataanalysisand

then

1
D

uring
ourw

ork
w

e
becam

e
aw

are
thata

sim
ilaranalysishasbeen

carried
outby

differentgroup
fora

collection
ofgalaxy

clusters.W
hen

this
paper

w
as

in
preparation,the

arX
iv

preprint[7]by
this

group
appeared,claim

-
ing

a
detection

ofa
spectralfeature

atthe
sam

e
energy

from
a

num
berof

clusters.
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Un esempio di plot
!

!

!

• incompatibile, dicono gli autori, con linee atomiche 
note e con possibili effetti strumentali (non sono un 
esperto per giudicare se hanno ragione) 

• la significanza dichiarata e’  3-4σ in vari sub-campioni 
—>pertanto e’ il caso di aspettare ed essere cauti.
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For fun:  
nel grafico bi-dimensionale
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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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N.B.

Anche altri modelli di NP prevedono l’esistenza di un 
neutrino sterile a queste masse 
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Conclusioni
• Test di una spiegazione alternativa rispetto ai soliti 

modelli (SUSY, ED) di importanti  fenomeni 
osservati non compatibili con il Modello Standard !

• L’osservazione di decadimenti nell’esperimento e’ 
manifestazione diretta di Nuova Fisica!

• Tecniche complementari rispetto a esperimenti 
esistenti  —>lunghe vite medie, alta intensità’!

• Anche fisica dei neutrini attivi, per gli appassionati
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Minimalita’

Naturalezza

SUSY, ED

SN

Cosa ci riserverà il futuro?

Dobbiamo tornare 
al rasoio di Occam?


