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• The Standard Model has missing pieces:
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Neutrino Minimal SM
• Remarkably, a minimal extension of the SM with only three sterile 

neutrinos (N) can fill in all of these missing pieces!

• Called the neutrino minimal SM (!MSM)
• Asaka, Shaposhnikov 2005; Asaka, Blanchet, Shaposhnikov 2005; Canetti, 

Drewes, Frossard, Shaposhnikov 2012; ...
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Too-sterile neutrinos

• However, it turns out that sterile neutrinos are too sterile if they interact 
only through the see-saw coupling

• With just the !MSM, you generically predict insufficient abundances of 
DM and baryons

• The model is highly predictive because sterile neutrinos only interact with 
the SM through the Yukawa couplings
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• For sterile neutrinos to be viable, 
we need them to be not-so-sterile

• For both baryogenesis & dark matter,
we expect new leptonic interactions at
the weak scale (or below)

• I will focus on the mechanism of 
baryogenesis (N2, N3)
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Outline
• Mechanism of baryogenesis via neutrino oscillations

• Phenomenology of sterile neutrino production

• Baryogenesis and tuning in the minimal model

• Enhanced asymmetry with an extended Higgs sector + phenomenology
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• Assume no primordial abundance of N

Baryogenesis overview
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2. CP violation: Need to favour matter vs. antimatter

• There are three Sakharov conditions for baryogenesis:

1. (SM) Baryon number violation: Need to allow for an excess of baryons to evolve 
from zero asymmetry

3. Departure from thermal equilibrium: In equilibrium, inverse B-violating processes 
wipe out any accumulated asymmetry. Out-of-equilibrium condition preserves 
generated asymmetry

• Baryogenesis occurs through the (slow) production, oscillation, and re-
scattering of the heavy sterile neutrino states, N2 and N3

• Akhmedov, Rubakov, Smirnov 1998; Asaka, Shaposhnikov 2005;... Drewes, Garbrecht 2012
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• Timing of leptogenesis depends sensitively on CP-violation, so I will briefly 
review this now

1. Baryon number violation: SM lepton number is broken by N mass and couplings; 
lepton asymmetry is transferred to a baryons via the B + L anomaly (sphalerons)
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1 + x
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|M(ā ! ¯

b)|2 = x

2
1 + x

2
2 + 2x1x2 cos�

∆|M|2 = 0

M(a → b) = x1 ei�+i✓ + x2

M(ā ! b̄) = x1 e−iφ+iθ + x2 |M(ā → b̄)|2 = x2
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|M(a → b)|2 = x2
1 + x2

2 + 2x1x2 cos(θ + φ)
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Asymmetry Generation
• Recap:

• Out-of-equilibrium N production and scattering lead to lepton flavour asymmetries at O(F4)

• Subsequent scatterings convert the flavour asymmetries into a total lepton asymmetry at 
O(F6)

�(L
tot

! N̄)� �(L̄
tot

! N) /
X

↵

n
�L↵�(L↵ ! N̄)

�(L↵ ! L�) � �(L̄↵ � L̄�) / Im

exp

✓
�i

Z t

0
dt0

M2
3 � M2

2

2T (t0)

◆�
Im

⇥
F↵3F ⇤

�3F ⇤
↵2F�2

⇤



15

Asymmetry Generation
• Recap:

• Out-of-equilibrium N production and scattering lead to lepton flavour asymmetries at O(F4)

• Subsequent scatterings convert the flavour asymmetries into a total lepton asymmetry at 
O(F6)

�(L
tot

! N̄)� �(L̄
tot

! N) /
X

↵

n
�L↵�(L↵ ! N̄)

�(L↵ ! L�) � �(L̄↵ � L̄�) / Im

exp

✓
�i

Z t

0
dt0

M2
3 � M2

2

2T (t0)

◆�
Im

⇥
F↵3F ⇤

�3F ⇤
↵2F�2

⇤

• Comments:
• No explicit violation of total L+N symmetry ( this is suppressed by (MN/T)2 )
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• Comments:
• No explicit violation of total L+N symmetry ( this is suppressed by (MN/T)2 )

• This means that if N equilibrate, the baryon asymmetry is completely destroyed
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Baryogenesis and tuning in the 
minimal model



Parametric Dependence
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• What drives the size of the final baryon asymmetry?
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• Yukawa couplings:
• Normalize number densities to entropy density
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Parametric Dependence
• Mass splitting:

• Asymmetry is predominantly generated over the first oscillation

• Asymmetry is larger at later time due to the slower Hubble expansion
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Parametric Dependence
• Generation-dependence of scattering rates:
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Asymmetry Generation
• Putting this all together, can get correct baryon asymmetry with either mass 

degeneracy (Regime I) and/or large Yukawa couplings (Regime II)
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Asymmetry Generation
• The largest possible Yukawa couplings are when one of the Yukawa 

couplings is much smaller than the others (Regime III)
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See also Garbrecht 2014 for very large Yukawa regime

Third regime found in Drewes, Garbrecht 2012
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• Three LH (real) mixing angles (fixed) and two LH CP phases #, $ (arbitrary)

• One complex RH mixing angle, %
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• How are these regimes populated in the minimal model parameter space?
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• Yukawa couplings can be arbitrarily large!
• Cancellation among Yukawa entries gives same LH neutrino masses
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Large Yukawas?
• Yukawa couplings can be arbitrarily large!

• But at what cost?

• Look at how physical quantities vary with theory parameters (Giudice, Barbieri, 1988)
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• Yukawa couplings can be arbitrarily large!

• But at what cost?

• Look at how physical quantities vary with theory parameters (Giudice, Barbieri, 1988)

23

d logmν

dF
∼ cosh(2Imω)

• Whether the minimal model requires degenerate masses, tuned Yukawas, or 
both depends on numerology

• Large % can be associated with an approximate lepton number symmetry, 
but the establishment/breaking of this symmetry not understood in 
minimal model

Shaposhnikov, 2006
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Numerical results
• Regimes I-II (choose normal hierarchy for concreteness)
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Numerical results
• Regimes I-II-III
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• Regimes I-II-III
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Numerical results
• When considering all different possible combinations, there is a minimum 

tuning of the parameter space ~ 105

• Yukawa couplings are generically too small to account for baryon asymmetry

• For each point, determine mass degeneracy needed to obtain baryon asymmetry
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• The general conclusion still holds if we have....
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• Heavier MN: Naturally get larger Yukawa couplings, but (MN / MN gets smaller

FF † ⇠ MN m⌫

h�i2 cosh(2Im!)

• More sterile neutrinos: With 3+ sterile neutrinos, there is viable parameter space in Regime 
III without degenerate sterile neutrinos
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• Tuning all shifted into Yukawa couplings
(large Im(%))

• Relies on large cancellations in electron rate
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• Up until now, we have taken

30

� = �SM

F †F ⇠ MN m⌫

h�i2 cosh(2Im!)

• If                     , the Yukawa couplings are naturally larger than in the 
conventional see-saw

h�i < h�iSM

Possibility of 2HDM in !MSM also mentioned in Drewes, Garbrecht 2012

• Our proposal: a leptophilic two Higgs doublet model
• “Leptophilic”: SM-like Higgs doublet couples to quarks, new Higgs doublet couples to 

leptons (avoids FCNCs)

• Smallness of charged lepton masses can be a consequence of small VEV for leptophilic Higgs

LYuk = −λuQHquc − λdQH∗
q dc − λ!LH∗

! Ec − F LH!N

λ! = tan β
m!

〈Hq〉
#

m!

vSM
tan β =
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asymmetry equilibration rate ∼ F F † ∼
mνMN

〈Φ〉2 cosh(2Im ω)
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• The size of the Yukawa coupling is limited by the fact that N cannot 
equilibrate before the electroweak phase transition
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equilibrate before the electroweak phase transition
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• In the asymmetry creation rate, there is a partial cancellation of the Yukawa 
couplings when the couplings are tuned to be large

asymmetry equilibration rate ∼ F F † ∼
mνMN

〈Φ〉2 cosh(2Im ω)
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• A smaller Higgs VEV gives a quadratic enhancement of the baryon 
asymmetry over the tuned model

asymmetry creation rate ∼ Im
[
F↵3F ∗
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]
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• Asymmetry creation goes like Im[(FF*)2], so naïvely the asymmetry creation 
rate goes like cosh(2Im%)2 . But....

• The size of the Yukawa coupling is limited by the fact that N cannot 
equilibrate before the electroweak phase transition
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• Compare leptophilic 2HDM with VEV v to the minimal model where the 
Yukawa couplings are tuned to be the same magnitude
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Baryogenesis and a 2HDM

• Depending on leptophilic VEV, can get observed baryon asymmetry with:
• Non-degenerate spectrum

• No tuning of the Yukawa couplings needed

• Generic phases OK (1/2 - 1/3 of total parameter space)
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Higgs sector
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• Explore the Higgs phenomenology:

V (Hq, H!) = −µ2
1|Hq|2 + µ2

2|H!|2 +
λ1

4
|Hq|4 +

λ2

4
|H!|4 + λ12|Hq|2|H!|2

Vmix = µ2
mixH!H

∗
q

• Z2 symmetry means that naturally µ2
mix ⌧ µ2

1, µ2
2

• This gives induces a VEV for the leptophilic Higgs, relates             to mixing
angle 

tan β
sin α
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FIG. 9. Signal strength of SM Higgs decay to τ+τ− as a
function of the leptophilic Higgs mass h` with tan β = 20.
The enhancement of the τ+τ− signal strength comes from
the modification of the SM Higgs coupling to taus (37). The
horizontal solid line is the current CMS 7+8 TeV 2σ bound
[28], and the horizontal dashed (dotted) lines show the 2σ
reach for LHC14 at 300 fb−1 (ILC at 250 GeV, 250 fb−1).
The reach estimates are from [29].

decays. In the leptophilic model, the SM-like Higgs has
a modified τ Yukawa coupling

λ⌧ ! λ⌧ tan β sin α ⇡ λ⌧

(
µ2

2
m2

h � µ2
2

)
. (37)

Even though the SM Higgs doublet does not directly
couple to leptons, we see that its coupling to taus is
actually enhanced due to a combination of mixing with
Φ2 and the tan β enhancement of the lepton Yukawa
couplings. With µ2 ⇠ mh ⇡ 126 GeV, the SM-like Higgs
coupling to τ+τ− is so large that it is excluded by data
of SM Higgs decays into taus from the Large Hadron
Collider (LHC); the current bound is µ2 ! 220 GeV. In
Fig. 9, we show the current exclusion [28], along with the
2σ reach of the 14 TeV LHC with 300 fb−1 of data, and
the 2σ reach of a 250 GeV International Linear Collider
(ILC) with 250 fb−1 of data [29]. For this analysis, we
calculated the ΦSM ! τ+τ− signal strength with 2HDMC
[30].

Direct searches for leptophilic Higgs: The
leptophilic-Higgs-like scalars couple to the electroweak
gauge bosons and can be directly produced at colliders.
Such searches are currently weaker than the above con-
straints, but are relevant in extended models where the
Φ` VEV and mixing with the SM are not determined
completely by (33), and therefore the modification of the
SM Higgs coupling is not as large as (37). Direct searches
may also be more relevant for higher luminosities at the
LHC. There is one new CP -even scalar H0

` , a CP -odd
scalar A0

` , and charged scalars H±
` . The dominant pro-

duction modes are pp ! H0
` /A0

` + H±
` ! 3τ + ν⌧ (see

Fig. 10). There is also a 4τ final state, but the produc-
tion cross section is smaller. The best channel to use in
searches for such final states has the same-sign taus decay
leptonically and the other tau(s) decay hadronically [31];

q

q̄

W +

H+
!

H0
!

τ+

ντ

τ+

τ−

FIG. 10. Feynman diagram for production of the leptophilic
Higgs states at the LHC and their decays.

the current constraints from CMS with 8 TeV, 19 fb−1

are mH! = mA! " 150 GeV [32]. The search in same-
sign dileptons + hadronic taus has a discovery potential
of m` ⇡ 300 GeV for LHC14 with ⇠ 200 fb−1. Combin-
ing this channel with other proposed search modes (such
as the all-hadronic channel [33]) could have even higher
reach.

Finally, we comment on the possibility that Φ2 only
gives mass to the neutrinos, while the charged leptons
acquire a mass through hΦ1i. In this scenario, the phe-
nomenology changes dramatically; instead of decaying
through the large τ Yukawa interaction, Φ2 can only de-
cay through either the coupling to sterile neutrinos or
the mixing with the SM-like Higgs. The latter is the
more likely possibility due to the smallness of the ster-
ile neutrino Yukawas F↵I , in which case Φ2 looks ex-
actly like a heavy SM Higgs but with a much smaller
single-production cross section and with enhanced pair
production. There are no constraints on the leptophilic
scalars H` in this scenario, although future searches in
the “golden channel” Φ2 ! 4' may eventually provide
constraints. A linear collider may prove to be a better
probe of such final states. If H` instead decays through
the Yukawa coupling, then H±

` ! '± + N , and H±
` looks

like a slepton decaying to a massless neutralino. The lep-
ton is most likely to be a µ or τ because, in the normal hi-
erarchy, these couple strongest to N . For the non-tuned
models of leptogenesis, the Yukawa couplings are large
enough that H±

` decays promptly; the slepton bounds
constrain mH! " 300 GeV with decays to muons [28, 34],
and there are no constraints with decays to taus above
the LEP bound of 90 GeV [35].

VII. CONCLUSIONS

In this paper, we attempted to provide a comprehen-
sive and coherent overview of the mechanism of baryogen-
esis through neutrino oscillations. Focusing on the phys-
ical time scales involved in the problem rather than the
underlying model parameters, we identified three broad
regimes depending on the relative ordering of this time
scales (the neutrino oscillation time scale, the equilibra-
tion time scale, and the sphaleron decoupling time scale).

• Modifies SM Higgs coupling to leptons
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2σ reach of the 14 TeV LHC with 300 fb−1 of data, and
the 2σ reach of a 250 GeV International Linear Collider
(ILC) with 250 fb−1 of data [29]. For this analysis, we
calculated the ΦSM ! τ+τ− signal strength with 2HDMC
[30].

Direct searches for leptophilic Higgs: The
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gauge bosons and can be directly produced at colliders.
Such searches are currently weaker than the above con-
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are mH! = mA! " 150 GeV [32]. The search in same-
sign dileptons + hadronic taus has a discovery potential
of m` ⇡ 300 GeV for LHC14 with ⇠ 200 fb−1. Combin-
ing this channel with other proposed search modes (such
as the all-hadronic channel [33]) could have even higher
reach.

Finally, we comment on the possibility that Φ2 only
gives mass to the neutrinos, while the charged leptons
acquire a mass through hΦ1i. In this scenario, the phe-
nomenology changes dramatically; instead of decaying
through the large τ Yukawa interaction, Φ2 can only de-
cay through either the coupling to sterile neutrinos or
the mixing with the SM-like Higgs. The latter is the
more likely possibility due to the smallness of the ster-
ile neutrino Yukawas F↵I , in which case Φ2 looks ex-
actly like a heavy SM Higgs but with a much smaller
single-production cross section and with enhanced pair
production. There are no constraints on the leptophilic
scalars H` in this scenario, although future searches in
the “golden channel” Φ2 ! 4' may eventually provide
constraints. A linear collider may prove to be a better
probe of such final states. If H` instead decays through
the Yukawa coupling, then H±

` ! '± + N , and H±
` looks

like a slepton decaying to a massless neutralino. The lep-
ton is most likely to be a µ or τ because, in the normal hi-
erarchy, these couple strongest to N . For the non-tuned
models of leptogenesis, the Yukawa couplings are large
enough that H±

` decays promptly; the slepton bounds
constrain mH! " 300 GeV with decays to muons [28, 34],
and there are no constraints with decays to taus above
the LEP bound of 90 GeV [35].
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sive and coherent overview of the mechanism of baryogen-
esis through neutrino oscillations. Focusing on the phys-
ical time scales involved in the problem rather than the
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• Modifies SM Higgs coupling to leptons
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• At large           , can also study in a model-independent fashion via direct 
pair-production of the new states 
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• At large           , can also study in a model-independent fashion via direct 
pair-production of the new states 
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• A promising search channel is same-sign dileptons + hadronic tau (current bound = 150 GeV)

• See Liu, BS, Weiner, Yavin, 2013 for more details of search possibilities
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• There are other, more exotic possibilities
• Suppose H( gives mass only to neutrinos

• Constraints from Higgs to )) go away

• This looks exactly like a slepton (lepton + missing energy), but with non-
universal couplings

• Bounds are approx. 300 GeV for decay to muon/electron, 100 GeV for decay to tau

• Also the possibility for displaced vertices over some part of the parameter 
space

• Ongoing work

• Can have very large           , and very light Ntan β (mν)αβ = h�i2(F M�1
N FT)αβ

• Can look at decays via the operator that gives rise to neutrino masses!

H±
` ! `±NF↵IL↵H`NI
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• Cosmology (consistency of Big Bang Nucleosynthesis)
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• There are two main avenues we can use to constrain the sterile neutrinos 
directly

• Cosmology (consistency of Big Bang Nucleosynthesis)

• Can get N everywhere we have ! at the price of            in the amplitude sin ✓

⇡�
µ�

N

e�

e+

⌫

N

Z

• Look for different 2-body kinematics and/or displaced decays

• Direct searches

N ναsin θα

sin ✓↵I ⇡ F↵IhHi
MN

Shrock 1981; Gorbunov, Shaposhnikov 2007
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Figure 4: Current bounds on the parameters of the degenerate HNLs, N2,3 in the (U2, MN ) plane from
cosmological considerations and neutrino mixing together with limits from previous experimental searches (the
solid and dashed lines indicate the dependence of these regions on the pattern of HNL mixing with the electron,
muon and tau-neutrino). Figures taken from Ref. [45]. A normal mass hierarchy of the neutrinos is shown on
the left and an inverted hierarchy on the right.

to provide a mechanism for baryogenesis, their coupling with matter should be sufficiently weak
such that they lie below the upper line marked “BAU”. A HNL with the parameters to the left of
the “BBN” line would live sufficiently long in the early Universe to result in an overproduction of
primordial Helium-4 in Big Bang Nucleosynthesis [47,48]. The regions excluded by the CHARM [49],
CERN PS191 [50] and NuTeV [51] experiments are also shown. Limits by BEBC [52] and CCFR [53]
are not shown in Fig. 4. A detailed discussion of the experimental constraints (including also those
from peak search experiments [54]) is presented in Refs. [9, 55, 56].

The combined experimental and theoretical constraints imply that the HNLs must have masses
larger than approximately 100 MeV. The domain of masses accessible by the present experiment,
i.e. masses below those of charm mesons, naturally appears under the assumption that the observed
hierarchy in the masses of the different generations of quarks and charged leptons is preserved in the
Majorana sector of the theory.

4 Experimental set-up

The proposed experiment will use a 400 GeV proton beam on a fixed target to produce a large number
of charm mesons. The HNLs from charm meson decays have a significant polar angle with respect to
the beam direction, ≈ 50 mrad on average, as shown in Fig. 5. In order to maximise the geometric
acceptance for a given transverse size of the detector, the detection volume must therefore be placed
as close as possible to the target.

The production of the charm mesons is accompanied by copious direct production of pions, kaons
and short-lived light resonances. The subsequent decays of these particles would result in a large flux
of muons and neutrinos. To minimise these decays, a combination of a target and a hadron absorber of
a few metres length, both made of as dense a material as possible, is required. To reduce the detector
occupancy and backgrounds induced by the residual muon flux, a muon shield is required downstream
of the hadron absorber. The experimental set-up must therefore balance the opposing requirements of
locating the detector as close as possible to the target and of accommodating a sufficiently long muon
shield upstream of the fiducial volume of the detector to reduce muon-induced backgrounds.

The detector must be able to reconstruct the final state particles from N → µ−π+ decays,2 identify
2Henceforth, the notation N will be used to indicate N2,3.

6

Canetti, Drewes, Frossard, Shaposhnikov, 2012

U2 ∼
∑

α

θ2
α
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to provide a mechanism for baryogenesis, their coupling with matter should be sufficiently weak
such that they lie below the upper line marked “BAU”. A HNL with the parameters to the left of
the “BBN” line would live sufficiently long in the early Universe to result in an overproduction of
primordial Helium-4 in Big Bang Nucleosynthesis [47,48]. The regions excluded by the CHARM [49],
CERN PS191 [50] and NuTeV [51] experiments are also shown. Limits by BEBC [52] and CCFR [53]
are not shown in Fig. 4. A detailed discussion of the experimental constraints (including also those
from peak search experiments [54]) is presented in Refs. [9, 55, 56].

The combined experimental and theoretical constraints imply that the HNLs must have masses
larger than approximately 100 MeV. The domain of masses accessible by the present experiment,
i.e. masses below those of charm mesons, naturally appears under the assumption that the observed
hierarchy in the masses of the different generations of quarks and charged leptons is preserved in the
Majorana sector of the theory.

4 Experimental set-up

The proposed experiment will use a 400 GeV proton beam on a fixed target to produce a large number
of charm mesons. The HNLs from charm meson decays have a significant polar angle with respect to
the beam direction, ≈ 50 mrad on average, as shown in Fig. 5. In order to maximise the geometric
acceptance for a given transverse size of the detector, the detection volume must therefore be placed
as close as possible to the target.

The production of the charm mesons is accompanied by copious direct production of pions, kaons
and short-lived light resonances. The subsequent decays of these particles would result in a large flux
of muons and neutrinos. To minimise these decays, a combination of a target and a hadron absorber of
a few metres length, both made of as dense a material as possible, is required. To reduce the detector
occupancy and backgrounds induced by the residual muon flux, a muon shield is required downstream
of the hadron absorber. The experimental set-up must therefore balance the opposing requirements of
locating the detector as close as possible to the target and of accommodating a sufficiently long muon
shield upstream of the fiducial volume of the detector to reduce muon-induced backgrounds.

The detector must be able to reconstruct the final state particles from N → µ−π+ decays,2 identify
2Henceforth, the notation N will be used to indicate N2,3.
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Figure 4: Current bounds on the parameters of the degenerate HNLs, N2,3 in the (U2, MN ) plane from
cosmological considerations and neutrino mixing together with limits from previous experimental searches (the
solid and dashed lines indicate the dependence of these regions on the pattern of HNL mixing with the electron,
muon and tau-neutrino). Figures taken from Ref. [45]. A normal mass hierarchy of the neutrinos is shown on
the left and an inverted hierarchy on the right.
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Figure 7: Schematic view of the target, hadron absorber and muon shield in front of the experiment. The total
length from the target to the entrance of the fiducial volume is ⇠ 60 m.

4.2 Detector

The detector consists of a long decay volume followed by a spectrometer. For a given detector length,
the detector diameter should be maximised. In the discussion below the 5 m aperture of the LHCb
spectrometer [59] is taken as a realistic scale.

Figure 8 shows a scan of the length of the detector for both a single detector element and for
two longitudinally arranged detector elements. For a given HNL lifetime and detector aperture, the
number of HNLs decaying in the apparatus with the decay products going through the spectrometer
saturates as a function of the length of the detector. The use of two magnetic spectrometers increases
the geometric acceptance by 70% compared to a single element. Therefore, the proposed detector
will have two almost identical detector elements as depicted in Fig. 9. A diagram of a single detector
element is also shown in Fig. 10.

To reduce to a negligible level the background caused by interactions of neutrinos with the remaining
air inside the decay volume, a pressure of less than ⇠ 10�2 mbar will be required (see Section 5). Each
detector element therefore consists of a ⇠50 m long cylindrical vacuum vessel of 5 m diameter. The first
⇠ 40 m constitute the decay volume and the subsequent 10 m are used for the magnetic spectrometer.
The combined calorimeter and muon detector have a length of 2 m.

The magnetic spectrometer includes a 4 m long dipole magnet, two tracking layers upstream of the
magnet, and two tracking layers downstream of the magnet (see Fig. 9). For the required level of
vacuum, the tracking chamber thickness and resolution are matched to give a similar contribution
to the overall spectrometer resolution (see Fig. 11). Using straw tubes with ⇠120µm resolution and
with 0.5% X/X

0

, like those presently being produced for the NA62 experiment [60], simulation studies
indicate that 2.5 m is required between tracking chambers, giving ⇠ 10 m length for each magnetic
spectrometer.

An electromagnetic calorimeter is located behind each vacuum vessel for ⇡0 reconstruction and
lepton identification. The calorimeter material is also part of the muon filter for the muon detector,
which consists of an iron wall followed by a tracking station. An additional tracking station at the
beginning of each decay vessel will be used to veto charged particles entering the fiducial volume.
These stations will also reject upstream neutrino interactions.

For a mass MN = 1 GeV, 75% of the µ�⇡+ decay products have both tracks with momentum
p < 20 GeV. The momentum and hence mass resolution scales with the integrated field of the magnets.

11

• Proposal for the CERN SPS

Figure 8: Fraction of HNL in the detector acceptance as a function of the length of the fiducial volume. Open
circles: a single spectrometer following a fiducial volume of a given length. Full circles: two spectrometers in
series, each following a fiducial volume of half the given length. The spectrometer length is fixed to 10m.
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Figure 9: Two-dimensional view of the fiducial volume and detector arrangement.

A 0.5Tm field integral results in a mass resolution of ⇠ 40MeV for p < 20GeV tracks (see Fig. 12).

For a 1GeV HNL this provides ample separation between the signal peak and the high mass tail of

partially reconstructed K0

L

! ⇡+µ�⌫ decays. Further optimisation of the magnetic field will need to

take into account the shape of the high mass tail from such decays which may enter the signal mass

window.
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• Proposal for the CERN SPS

W. Bonivento, SHIP talk, 2014

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)!

!
!
!
!
!
!
!
!

23 Victoria Mini-Workshop  - 11/09/2014 Walter M. Bonivento - INFN Cagliari

• Can probe much of parameter space, but what about > charm mass?
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• Above c/b threshold, can only produce N at high-energy, high-luminosity 
colliders

Z. Phys. C 75, 580 (1997) ZEITSCHRIFT
FÜR PHYSIK C
c© Springer-Verlag 1997

Erratum

Search for neutral heavy leptons produced in Z decays
DELPHI Collaboration

Z. Phys. C 74 (1997) 57–71

The CHARM II result was inadvertently misrepresented in Fig. 11. The corrected figure is given below.

m       (GeV/c2)

|U
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SIN KEK

LBL CHARM

BEBC

CHARM-II

CCFR(NBB) OPAL

L3
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Fig. 11. Limits at the 95% CL on the mixing matrix element |U |2 as a function of the νm mass for the various experiments referenced in the text. The
limits shown for the present analysis correspond to those obtained combining the short–lived and long–lived νm analysis
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Figure 8: Regions of sensitivity for sterile neutrinos as a
function of mass and mixing to light neutrinos (normal
hierarchy): for 1012 Z decays occurring between 10 cm
and 1 m from the interaction point (a), same for 1013 Z
decays (b), for 1013 Z decays occurring between 100 µm
and 1 m from the interaction point (c).
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(c) Decay length 0.01-500 cm, 1013 Z0

Figure 9: Regions of sensitivity for sterile neutrinos as a
function of mass and mixing to light neutrinos (inverted
hierarchy): for 1012 Z decays occurring between 10 cm
and 1 m from the interaction point (a), same for 1013 Z
decays (b), for 1013 Z decays occurring between 100 µm
and 1 m from the interaction point (c).
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TLEP (tera-Z)
Blondel, Graverini, Serra, Shaposhnikov 2014
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TLEP (tera-Z)
Blondel, Graverini, Serra, Shaposhnikov 2014

• What about the LHC?
Optimized analyses needed (ongoing work)
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• The missing pieces of the SM can be filled in with new sterile neutrino states 
at phenomenologically accessible scales

• The simplest model can explain all of dark matter, baryogenesis, neutrino 
masses, but with a high degree of parameter alignment/tuning

• Models with a leptophilic Higgs at and below the weak scale can 
substantially enhance the baryon asymmetry

• Robust prediction for interesting new physics with leptons at energy and 
intensity frontiers

• Act as independent probes of sterile neutrino cosmology

• See BS, I. Yavin, arXiv:1403.2727 for similar work on sterile neutrino DM

• Searches for leptophilic Higgs/direct searches for N complementary
• Best way to fill in gaps? Other uses for SHIP experiment?

Conclusions


