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from decays of the Higgs bosons. Their own decay can yield distinct signals, suggesting

both the presence of an extended Higgs sector and the coupling of the singlet fermions

to the latter. In the same scenario, a relic matter abundance arises from the decay of

the singlet Higgs into weakly coupled keV sterile neutrinos. The coupling of the Higgs

doublet to particles outside the Standard Model relaxes the current experimental bounds

on its mass.
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1 Introduction

The mere existence of neutrino masses suggests that additional gauge singlet fermions,

the sterile neutrinos, may exist in nature [1–5]. The masses of these new particles can

range from well below the electroweak scale to close to the Planck scale, and, in the

case of split seesaw [6], the coexistence of such very different scales is perfectly natural.

If sterile neutrinos do exist, they can have a number of astrophysical and cosmological

implications [7]. For example, a sterile neutrino with mass of a few keV may serve as

warm or cold dark matter, depending on the production mechanism [8–16]. Production

of the same particle in a supernova core can explain the observed pulsar velocities and

can alter energy transport in a supernova [17–23]. The X-rays emitted from decays sterile

neutrinos can affect the formation of the first stars [24–27]. Although the prospects for

direct detection of keV sterile neutrino dark matter are not encouraging [28–30], there

are tantalizing hints of relic sterile neutrinos with either a 5 keV mass [31] or 17 keV

mass [32] coming from direct or indirect observation of their radiative decays. Some models

suggest that the Majorana mass of the keV sterile neutrinos may originate from the Higgs

mechanism at the electroweak (EW) scale [11, 12]. This, and the natural democracy of

scales realized in the framework of split seesaw model [6], suggest the possible existence of

heavy sterile neutrinos [33, 34] coupled to a non-minimal Higgs sector. Here we explore the

collider phenomenology of heavy sterile neutrinos coupled to a gauge-singlet Higgs field,

and discuss relevant constraints.

In contrast with the other fermions of the Standard Model (SM), sterile neutrinos

can have Majorana masses. Since the Majorana mass term is not forbidden by any local

symmetry, it is often assumed that the natural value of the Majorana mass is very large [2–

5]. However, it was recently pointed out that in models with extra dimensions, a broad

variety of scales are equally natural, and the Majorana mass can be much smaller than

the electroweak scale [6]. In this class of models, there are no small parameters, but the
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effective four-dimensional Yukawa coupling and the effective four-dimensional Majorana

mass are both exponentially suppressed in such a way that the successful seesaw relation is

preserved [6]. One particuarly appealing choice of parameters is realised in the split seesaw

model, which uses two heavy Majorana masses to explain the neutrino mass spectrum and

leptogenesis, while the third, much lighter right-handed neutrino plays the role of dark

matter [6]. If the fundamental Majorana mass is below the electroweak scale, there is a

possibility of an additional contribution coming from the Higgs sector. The possibility of

a gauge-singlet boson present in the Higgs sector is widely considered as a well-motivated

scenario for physics beyond the Standard Model. In view of the possibly small (and natural)

Majorana mass, the coupling of such a singlet to right-handed neutrinos is inretesting both

for the collider physics and for cosmology [11, 12]. As in refs. [11, 12], we consider a real

SU(2) singlet scalar S which couples to the Higgs sector and acquires a vacuum expectation

value (VEV) after spontaneous symmetry breaking (SSB). The SM Lagrangian extended

to include the sterile neutrino fields Na and the singlet Higgs S, becomes

L = LSM + iN̄a 6 ∂Na − yaαH†L̄αNa −
fa

2
SN̄ c

aNa − V (H,S) + h.c., (1.1)

where the most general gauge-invariant, renormalizable scalar potential is

V (H,S) = −µ2
H |H|2 − 1

2
µ2

SS2 +
1

6
αS3 + ω|H|2S + λH |H|4 +

1

4
λSS4 + 2λHS |H|2S2. (1.2)

Upon the electroweak symmetry breaking (EWSB), both the singlet and the neutral com-

ponent of the doublet Higgs acquire VEVs. This gives rise to the Majorana masses of

sterile neutrinos

M
N

= f
N
〈S〉, (1.3)

but it also leads to mass mixing between the two scalar fields. As a result, both Higgs mass

eigenstates will couple to the SM particles and the sterile neutrinos.

The collider implications of an effective coupling of sterile neutrinos to the SM

Higgs have been explored by Graesser [33, 34], who considered the lowest order non-

renormalizable interaction

δL =
c

Λ
NNH†H. (1.4)

After EWSB, the vertex of eq. (1.4) allows the SM Higgs to decay to sterile neutrinos

provided that such a decay is kinematically open. The model we present here can be

considered as a particular UV completion of the class of effective theories encompassed by

eq. (1.4). However, the introduction of explicit renormalizable interactions which generate

eq. (1.4) results in new effects and distinct phenomenology. In our discussion below, we

incorporate, in the appropriate parametric regime, many of the signatures arising from the

Higgs — sterile neutrino coupling, pointed out in refs. [33, 34], and extend the analysis to

include the new observable signals of our model. Signatures of sterile-neutrino coupling to

the Higgs sector have also been considered in the context of the Majoron models [35, 36].

The mixing of the doublet Higgs with a singlet scalar suppresses the gauge interactions

of the Higgs field, and relaxes the experimental limits on the Higgs boson mass [37–40],

thus reducing the tension between the LEP lower bound and the upper bound arising from
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electroweak precision observables (EWPO). The effect is enhanced by the coupling of the

Higgs sector to gauge-singlet fermions, due to the new decay channel introduced. The

existence of heavy sterile neutrinos would imply that the Higgs boson can be significantly

lighter than what anticipated in the SM.

The number of sterile neutrinos is not constrained by any theoretical arguments, such

as anomaly cancellation. Although, at least two sterile neutrinos are needed in order to

produce the observed active neutrino mass splittings. The contribution of singlet neutrinos

to the active neutrino masses comes in a combination of their Majorana mass M
N
, and

their mixing θ2 ∼ y2〈H〉2/M2
N

to the left-handed species. Sterile neutrinos for which

M
N

sin2 θ ≈ 2×10−2 eV, have a dominant contribution to the active neutrino mass matrix.

Smaller contributions can produce subleading structures in the mass matrix, while larger

induced masses cannot be excluded since detailed cancelations may occur [41].

Here, for simplicity we consider only one sterile-neutrino species coupled to the singlet

Higgs. Our focus will be on sterile neutrinos which can contribute significantly to the active

neutrino masses. Since the see-saw mechanism can accommodate the observed neutrino

masses for a variety of Majorana scales and active-sterile mixings, we will merely focus on

scales which can be probed experimentally. Existing limits on sterile-neutrino masses and

mixings push the region of interest at masses M
N

& 1GeV and mixings sin2 θ . 10−10 [41].

Interestingly, such masses can arise via SSB at the EW scale for reasonably large sterile-

neutrino Yukawa couplings to the singlet Higgs, f
N

& 10−3. This makes these particles

potentially discoverable at LHC, despite their rather tiny mixing with active neutrinos.

Moreover, if a keV sterile neutrino acquires its mass via an EW-scale singlet Higgs it

can be produced via decays of the singlet scalar with the correct abundance to account for

the dark matter of the universe [11, 12]. The presence of a singlet scalar in the Higgs sector

opens the possibility for a 1st order EW phase transition [12, 37, 40, 42], which enhances

the prospects for EW baryogenesis. The simple extension of the SM described here can

thus accommodate the observed relic matter density, the neutrino masses and the matter-

antimatter asymmetry, while also providing observable signatures for collider experiments.

The scenario most distinct from SM phenomenology in our model will be when the

doublet-like Higgs has substantial branching fraction into NN . Thus the signals arising

from the decay of sterile neutrinos will be important in assessing the discoverability of

the model. Signals arising from sterile neutrinos that have been studied in a number of

schemes [29, 33–35, 43–45]. We summarize the relevant signatures in section 3.

This paper is organized as follows: In section 2 we discuss the extended Higgs sector of

eq. (1.2). We explore the effects of Higgs mixing and the signatures that arise from decays

of the Higgs bosons. We present our results with specific illustrative model examples. We

show how the experimental lower limit on the Higgs mass is modified due to the doublet-

singlet mixing in the Higgs sector, and how the new bounds vary with the sterile-neutrino

coupling to the singlet Higgs. In section 3 we present the signatures that arise from sterile-

neutrino decays produced in colliders due to their coupling to the Higgs sector. We conclude

in section 4.
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2 The extended Higgs sector: signatures and bounds

2.1 The scalar potential

After SSB, the neutral component of the doublet Higgs H0 = (v + h)/
√

2, and the singlet

Higgs S = σ + s, acquire VEVs and mix in the scalar potential, to produce two mass

eigenstates H1, H2

(

H1

H2

)

=

(

cos φ sin φ

− sin φ cos φ

)(

h

s

)

. (2.1)

The scalar potential of eq. (1.2) contains 7 parameters, 4 of which are dimensionful and

3 dimensionless. At tree level, they correspond equivalently to the two Higgs mass eigen-

values M1, M2, the two VEVs v, σ, the mixing angle φ, and two dimensionless constants

κ, λ which determine the behavior of the potential away from the minimum. Imposing the

standard doublet VEV, v = 246 GeV, leaves 6 free parameters.

In what follows, we take H1 to be always lighter than H2, i.e. M1 < M2. The mixing

φ determines the coupling of the Higgs states to the SM particles and the sterile neutrinos.

Whether the lightest Higgs state is more doublet-like, or singlet-like is, of course, critical

for the signatures obtained from Higgs decays, as we will discuss in section 2.2. Moreover,

we assign (2κM2) and λ as the H2
1H2 and H3

1H2 couplings respectively. These terms arise

after SSB and allow decay of the heavier mass eigenstate H2 into two or three light Higgs

particles H1, provided that such decays are kinematically allowed. Such decay channels

can provide powerful signatures of the extended Higgs sector considered here. We discuss

them in section 2.2.

Although it is straightforward to obtain the scalar potential in terms of H1, H2 and

the new parameters introduced, we will not present it explicitly here, as many of the terms

that arise after SSB appear somewhat messy. It suffices, though, to state the terms which

will be important in our discussion

V (H1,H2) ⊃ 1

2
M2

1 H2
1 +

1

2
M2

2 H2
2 + 2κM2 H2

1H2 + λH3
1H2 (2.2)

Cubic and quartic couplings that arise after SSB and are not included in eq. (2.2) are

functions of the independent parameters M1,M2, v, σ, φ, κ, λ. These terms may affect the

expected Higgs signal significances at LHC, as studied in [38, 39], but they yield subdom-

inant corrections to the Higgs decay rates, which we will now discuss.

2.2 Decays of the Higgs bosons

Due to the mixing in the scalar potential, both Higgs bosons will effectively couple and

decay to sterile neutrinos and SM particles. The scalar interactions between the two Higgs

states may also induce decay of one into another. In this section we describe the decays

of the Higgs bosons. Since the non-SM couplings relax existing limits on the Higgs mass,

we consider a wider range of Higgs masses than what allowed in the SM. We postpone the

discussion on how the Higgs mass bounds are modified until section 2.3. The Higgs decays
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we describe here have to be considered in conjunction with the sterile-neutrino decay modes

and signatures, which we analyze in section 3.

The coupling of the Higgs bosons H1,H2 to the sterile neutrino N is determined by

the sterile-neutrino Yukawa coupling f
N

and the Higgs mixing φ

f
1,N

= f
N

sin φ, f
2,N

= f
N

cos φ. (2.3)

The partial widths for Higgs decay into sterile neutrinos, Hi → NN , are

Γi,N = f2

i,N

Mi

8π

(

1 −
4M2

N

M2
i

)3/2

. (2.4)

The cubic and quartic couplings in the scalar potential of eq. (1.2) allow for the pos-

sibility of the heavy Higgs state H2 to decay into two or three light Higgs particles H1. If

such decays are kinematically accessible, the corresponding rates are

Γ(H2 → 2H1) =
κ2M2

8π

(

1 − 4M2
1

M2
2

)1/2

, (2.5)

and to a good approximation

Γ(H2 → 3H1) ≃
3λ2M2

256π3

(

1 − 9M2
1

M2
2

)5/2

. (2.6)

The coupling of the Higgs doublet to the various SM particles, gSM
j h XjXj , yields the

couplings of the two Higgs mass eigenstates to the SM fields

g1,j ≡ gSM
j cos φ, g2,j ≡ gSM

j sin φ (2.7)

The partial decay widths of H1,H2 into SM states can be found from those of the SM

Higgs, by substituting gSM
j → gi,j.

The branching ratios of H1 and H2 to SM particles are altered in respect to the SM

predictions, due to:

i. The mixing suppression on the Higgs — SM couplings, according to eq. (2.7).

ii. Any new decay modes that become available. Both Higgs bosons may decay into

sterile neutrinos, as described by eqs. (2.3) and (2.4). The heavy Higgs state H2

may also decay into light Higgs particles H1, if kinematically allowed, according to

eqs. (2.5) and (2.6).

Thus, the new branching ratios for the Hi → Xj Xj decays become suppressed according to

Br(Hi → Xj Xj) = BrSM
j

/

(1 + Ai) (2.8)

where BrSM
j is the SM branching ratio for decay of the Higgs into Xj Xj , and

A1 ≡ Γ1,N

cos2 φ ΓSM
tot

and A2 ≡ Γ2,N + ΓH2→2H1
+ ΓH2→3H1

sin2 φ ΓSM
tot

(2.9)
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with ΓSM
tot being the SM Higgs total decay rate. In the limit that Ai ≪ 1, the decay

branching fractions into SM particles reduce to that of the SM Higgs. In the opposite limit

the branching ratios to SM modes are strongly suppressed, and the non-SM decay channels

dominate. The decay branching ratios via all non-SM channels are

Br(Hi → non − SM) = Ai/(1 + Ai) (2.10)

We note here, that eqs. (2.8) and (2.9) for the lightest Higgs state H1, parallel the

predictions of refs. [33, 34], where the non-renormalizable interaction of eq. (1.4) was

considered, if we formally correspond f2
N

tan2 φ → (cv/Λ)2. However, the introduction

of a second Higgs state, and the possibility for the heaviest of the Higgs bosons to decay

into the lighter one, render the signatures of our model quite distinct. Moreover the present

model has distinct decay rates and one extra degree of freedom: the real singlet Higgs.

In the SM, if the Higgs mass is below the W+W− production threshold, ∼ 160 GeV,

the total decay width of the Higgs boson is dominated by the b̄b channel. In this regime,

ΓSM
tot ≃ 3

(

gSM
b

)2
Mh/8π, and:

A1 ≃ 1

3

(

f
N

gSM
b

)2

tan2 φ (2.11)

A2 ≃
f2

N
cot2 φ + (κ2 + 3λ2/32π2) csc2 φ

3
(

gSM
b

)2
(2.12)

where gSM
b ≃ 2 · 10−2. Evidently, in order for a doublet-like or even a doublet-singlet

maximally-mixed Higgs state in our model to yield a strong sterile-neutrino signature

(assuming this is kinematically allowed), the sterile-neutrino Yukawa coupling has to be

rather large, f
N

& 10−2.

If the Higgs mass is above the W+W− production threshold, the decay into weak

gauge bosons prevails over the fermionic decay modes, and ΓSM
tot = 3M3

h/(32πv2). In this

case, the suppression factors (1 + Ai)
−1 for decay into SM particles depend on the Higgs

boson masses:

A1 ≃ 4

3

v2

M2
1

f2

N
tan2 φ (2.13)

A2 ≃ 4

3

v2

M2
2

[

f2

N
cot2 φ + (κ2 + 3λ2/32π2) csc2 φ

]

(2.14)

eqs. (2.13) and (2.14) imply that if the Higgs mass is sufficiently large, its decay will exhibit

the familiar SM branching ratios. However, for a considerable range of Higgs masses, it

is also possible that the Higgs bosons decay at comparable rates via both SM and non-

SM modes.

We note here that the Higgs couplings to sterile neutrinos and SM particles, eqs. (2.3)

and (2.7), satisfy the signature relations

f2

1,N
+ f2

2,N
= f2

N
, (2.15)

g2
1,j + g2

2,j =
(

gSM
j

)2
, (2.16)
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Model A Model B Model C

sin φ 1/
√

2 0.01 0.99

Higgs states H1,2 = 1√
2
(h ± s) H1 ≈ h, H2 ≈ s H1 ≈ s, H2 ≈ h

LEP constraints M1,2 > 80 GeV M1,2 > 114 GeV M2 > 114 GeV

EWPO constraints M1,2 6 220 GeV M1 6 185 GeV M1,2 6 185 GeV

Table 1. Representative scenarios of singlet-doublet Higgs mixing, and experimental bounds on

the masses of the Higgs bosons. In Model A, the mixing is maximal, and the couplings of the light

and heavy Higgs bosons to particles are equal. (The LEP bounds assume f
N

= 10−1). In Model B,

the light (heavy) Higgs is dominantly doublet (singlet). The light Higgs behaves effectively as the

SM Higgs. In Model C, the light (heavy) Higgs is dominantly singlet (doublet).

which translate into a relation between A1 and A2, or equivalently between the branching

ratios of the two Higgs states. It is also obvious from eqs. (2.11)–(2.14), that the exact

value of the singlet VEV σ does not affect the Higgs decay branching ratios, except it

determines the lowest Higgs mass at which decay into sterile neutrinos becomes kinemati-

cally accessible.

We will now sketch the above by considering three illustrative sample models. We fix

the sterile-neutrino Yukawa coupling to the Higgs sector at f
N

= 10−1, and in models A, B

and C, we examine the Higgs decay channels for three different values of the Higgs mixing,

as shown in table 1. The branching ratios of the Higgs states H1 and H2, for a wide range

of masses, are presented in figure 1.

Model A corresponds to maximal mixing between the singlet and the doublet Higgs

bosons, tan φ = 1. The decays of the two Higgs mass eigenstates will thus be similar. If the

sterile-neutrino Yukawa coupling is large f
N

& 10−2, as assumed in the plots of figure 1, the

dominant decay of the Higgs bosons will be into sterile neutrinos, provided that this channel

is kinematically accessible, and as long as the Higgs masses do not exceed the threshold

for W+W− production. For Higgs masses M1,2 & 160 GeV, the decay into weak gauge

bosons dominates. Nonetheless, it is possible that the heavy Higgs has a non-negligible

decay branching ratio into light Higgs bosons, Br(H2 → 2H1) & 10−3, if κ & 10−2.

In Model B, the lightest Higgs boson is mostly doublet. The branching ratios of

H1 follow the SM predictions, while H2 will decay dominantly into sterile neutrinos, if

this is kinematically possible. Due to its singlet-like character, the decay of H2 into sterile

neutrinos may dominate even over the WW mode, for a wide range of masses. For the same

reasons, the decay of H2 into two or three H1 particles can occur at a significant fraction.

In Model C, the light Higgs is mostly singlet, and can thus provide a strong sterile-

neutrino signal. The branching ratios into sterile neutrinos and gauge bosons can be

comparable for a significant range of Higgs masses. The heaviest Higgs exhibits SM-

like behavior.

2.3 Modified bounds on the Higgs boson mass

The LEP lower bound on the mass of the Higgs boson, Mh > 114 GeV [46], is deduced from

the e+e− → HZ searches and the Higgs decay into SM final states. However, smaller Higgs

– 7 –
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Figure 1. The decay branching ratios of the two Higgs mass eigenstates, H1 (left column) and H2

(right column), vs their mass, for various values of the doublet-singlet Higgs mixing. In model A

sin φ = 1/
√

2; in model B sinφ = 0.01; in model C sinφ = 0.99. We have assumed f
N

= 0.1 and

σ = 200GeV, resulting in a sterile neutrino of mass M
N

= 20GeV. For the H2 plots, we have taken

M1 = 130 GeV which is consistent with LEP and EWPO in all cases, κ = 0.05, and λ = 0.1. Also

shown, the LEP lower bounds and the EWPO upper bounds on the mass of the lightest Higgs, for

each of the models considered. The regions on the left of the LEP lines, and the regions on the

right of the EWPO lines are excluded.

masses are still allowed provided that the Higgs production channel and/or its decay into

SM particles are sufficiently suppressed. The LEP data can then be employed to obtain

limits on non-standard couplings of the Higgs sector to the SM particles. In particular, it
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can constrain the ratio of the non-SM over SM Higgs-production cross-sections, weighted

by the Higgs decay branching fraction into SM particles (see e.g. ref. [40]). The relevant

quantity ξ2 for the two Higgs states of the model considered here is

ξ2
i =



















(

gH1ZZ

gSM
HZZ

)2 ΓSM
tot

ΓSM
tot + Γ(H1 → NN)

, i = 1

(

gH2ZZ

gSM
HZZ

)2 ΓSM
tot

ΓSM
tot + Γ(H2 → NN) + Γ(H2 → 2H1) + Γ(H2 → 3H1)

, i = 2

(2.17)

or, in the notation introduced in the previous section

ξ2
1 = (1 + A1)

−1 cos2 φ and ξ2
2 = (1 + A2)

−1 sin2 φ (2.18)

We summarize the LEP limits on the light Higgs H1 in figure 2. We have used the

maximum of the observed bound and the background expectation at 95% C.L. [46], as

the upper limit on ξ2. The resulting mass bound set by the LEP data depends both on

the Higgs mixing, and on the sterile-neutrino coupling to the Higgs sector. In the limit

sin φ → 0, the singlet sector (scalar + fermions) decouples, and the SM lower mass bound

on the Higgs mass, 114 GeV, is recovered. In the opposite limit, sinφ → 1, the lightest

Higgs is mostly singlet, and the lower bound on the Higgs mass disappears, since essentially

none of the light Higgs particles are produced at LEP.

The limit on the Higgs mass is relaxed as the sterile-neutrino coupling to the Higgs

sector increases, since the production of Higgs bosons at LEP may be concealed due to

their decay into the singlet fermions. This is true as long as the H1 → NN decay is

kinematically open, i.e. for M1 > 2f
N
σ. For lower masses M1, the suppression of the

Higgs-mass lower bound is only due to the mixing in the Higgs sector. This gives rise to

the line crossing observed in figure 2. Additional sterile neutrinos would further relax the

Higgs lower mass bound.

Although we do not present the modified LEP bounds for the heavier Higgs state

H2, we note that the lower limit on M2 can be obtained from figure 2, if we correspond

sin2 φ → cos2 φ. This holds as long as the decays H2 → 2H1 or 3H1, eqs. (2.5) and (2.6),

are negligible. If such decay modes become important, the limit on M2 is further relaxed.

In the SM, the Higgs mass is constrained by EWPO to be Mh . 185 GeV. If a singlet

scalar couples to the Higgs sector, it will appear in the gauge-boson propagators at one-

loop level, and can thus affect the EWPO. This was considered in ref. [40], where upper

bounds for the masses of the two Higgs eigenstates were derived. If the singlet Higgs also

couples to sterile neutrinos, additional contributions arise only at the two-loop level. This

effect is negligible, and the EWPO constraints in our model are very nearly the same as

the bounds derived in ref. [40].

In the case of maximal mixing, as in Model A, the EWPO constraints imply M1,2 .

220 GeV [40, 42]. The LEP bound is relaxed to M1,2 & 80 GeV, for f
N

= 10−1, as seen

from figure 2. In Model B, the lightest Higgs is dominantly doublet, and behaves essentially

as a SM Higgs, with vanishingly small branching fraction to sterile neutrinos. It is thus

constrained by both the LEP and the EWPO bounds for the SM Higgs. In Model C, the
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Figure 2. The lower bound on the mass M1 of the lightest Higgs state H1 based on LEP data [46], vs

the doublet-singlet Higgs mixing angle φ, for various values of the sterile-neutrino Yukawa coupling

to the singlet Higgs. The curves shown correspond to f
N

= 10−3 (solid, upper, blue line), f
N

=

10−2 (dashed, middle, purple line), f
N

= 10−1 (dotted, lower, yellow line). We have assumed

σ = 200GeV, which gives rise to sterile neutrinos of mass 0.2GeV, 2 GeV, and 20GeV respectively.

The regions below the curves are excluded.

doublet-like, heavy Higgs behaves as in the SM, and is similarly constrained. The LEP

bound for the lightest, singlet-like Higgs vanishes. The LEP and EWPO bounds on the

masses of the Higgs bosons, for the three models considered, are summarized in table 1,

and are also shown on the plots of figure 1.

3 Signatures from sterile neutrino decays

Sterile neutrinos acquire couplings to the neutral and charged weak currents via the see-saw

mechanism, and can thus decay into SM particles. For light sterile neutrinos, such as the

keV dark-matter sterile neutrino, the only accessible channels are N → 3ν and N → γν.

Heavier sterile neutrinos, though, possess a variety of decay channels. While for masses less

than 3 GeV, one has to consider decays into mesons [29], here we focus on sterile-neutrino

masses M
N

& 3 GeV. Various aspects of the sterile-neutrino decay signals in colliders

have been discussed in refs. [29, 33–35, 43–45]. Here we summarize these signatures, with

emphasis on sterile neutrinos with masses fewGeV . M
N

. few×100GeV, and mixing with

the active neutrino species θ2 . 10−10. Such sterile neutrinos are allowed by the current

astrophysical bounds and can contribute significantly to the observed neutrino masses [41].

They can be produced in colliders if they couple to the Higgs sector, as already discussed,

and may yield observable signals when they decay, as we will now see.

The dominant decay mode of sterile neutrinos with mass 3GeV . M
N

. 80GeV, is into

light quarks and a charged lepton, N → ℓ−α ud̄ and N → ℓ−α cs̄ and the charge-conjugated

modes [29, 45]. Decay channels which are mediated by a virtual Z boson are somewhat

suppressed. These channels involve production of at least one lighter neutrino species

which will appear as missing energy. Above the W production threshold, M
N

& 80 GeV,
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the mode N → W±ℓ∓ becomes dominant, and is shortly followed by the N → Zν mode.

We plot the decay branching ratios and the lifetime of sterile neutrinos in figure 3, using

the decay rates provided in ref. [45].

The sterile-neutrino lifetime is very important in determining the optimal search strat-

egy. It is given by [45]

τ−1

N
≃



















sin2 θ
G2

F M5
N

192π3
α(M

N
), M

N
< M

W

sin2 θ
GF M3

N

4
√

2 π
, M

N
> M

W

(3.1)

where α(M
N
) accounts for the decay channels available for a sterile neutrino of mass M

N

(including the various O(0.1 − 1) factors associated with each of these channels). For

3 GeV . M
N

. 80 GeV, α ≃ 21.8. As the decay length cτ
N

is very sensitive to the

sterile-neutrino mass, we may discern the following cases:

i. Sterile neutrinos with M
N

. 21 GeV
(

10−11

sin2 θ

)1/5

survive long enough to escape the

detector before they decay, cτ
N

& 10 m. Their production via Higgs decays will

appear as missing transverse energy.

ii. If 21GeV
(

10−11

sin2 θ

)1/5

. M
N

. 86GeV, sterile neutrinos may decay inside the detector,

but at distances visibly displaced from the production point, 0.1 cm . cτ
N

. 10 m.

iii. Heavier sterile neutrinos with masses M
N

& 86 GeV decay promptly, at distances

cτ
N

. 0.1 cm from the point of production.

In figure 3 we present the proper lifetime τ
N

as a function of N mass. In the lab frame,

the decay time and length will be of course dilated by the sterile-neutrino Lorentz factor.

The prospects of detecting an invisibly decaying Higgs have been assessed in ref. [47].

They find that even if the Higgs decays into invisible states with branching fraction of

O(1), its production via Weak Boson Fusion (qq → qqV V → qqH) can be discovered at

the 5σ level by imposing appropriate cuts on the correlation of the jet momenta.

A displaced vertex is a very indicative signature of a long-lived state. The kinematics

of the decay products reconstruct to the location of the displaced vertex. Displaced vertices

emanating from sterile-neutrino decays of masses M
N

> MW are dominated by the two-

body decays with Br(N → W±ℓ∓) ≈ 88%, and Br(N → Zν) ≈ 12%. In ref. [34] it was

found that when the Higgs has O(1) couplings to a heavy sterile neutrino, displaced vertices

smaller than ∼ 5 cm are excluded by existing Tevatron bounds on the decay length. This

is evaded, though, if the Higgs decays into sterile neutrinos with branching fraction around

0.1 − 0.01. The limit is thus applicable mostly to a singlet-like Higgs state, which has

large coupling and decay branching ratio to sterile neutrinos (such as H1 in model C).

Maximally-mixed or doublet-like Higgs states (e.g. H1 in models A and B) comfortably

avoid this constraint, and allow for cτ . 5 cm.

Prompt decays of sterile neutrinos yield an odd number of leptons and quark-anti-quark

pairs. Due to their Majorana nature, the two sterile neutrinos produced in a Higgs decay
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Figure 3. Left : Decay branching ratios of a sterile neutrino N into the various SM channels (under

the assumption that the N → νH1 decay is kinematically forbidden). The graph is independent of

the active-sterile neutrino mixing angle θ. Right : Sterile-neutrino lifetime τ
N

vs its mass. The solid

lines correspond to different active-sterile mixing angles: θ2 = 10−12 (purple, top line), θ2 = 10−11

(blue, middle line), θ2 = 10−10 (yellow, bottom line). The kinks in the decay time occur when

the decay into weak gauge bosons becomes kinematically accessible. The horizontal dashed lines

denote fixed values of the sterile-neutrino decay length. For cτ
N

. 0.1 cm, sterile neutrinos appear

to decay promptly at the point of production; for 0.1 cm . cτ
N

. 10 m, their decays may give rise

to displaced vertices; for cτ
N

& 10 m, sterile neutrinos escape from the detector before they decay,

and their production via Higgs decays will appear as missing energy.

can subsequently decay into a pair of leptons or a pair of antileptons, plus quark matter.

This possibility is perhaps the most straightforward to discover by standard techniques

since no vertex reconstruction is required, and each Higgs decay ends with a very dramatic

signature of overall lepton number violation with branching ratios shown in figure 3. Since

decays via charged currents dominate over decays via the neutral current, the most probable

case of lepton-number violation is when the two sterile neutrinos decay into a pair of same-

sign charged leptons plus jets.

4 Conclusions

Neutrino masses can be incorporated to the SM by introducing new gauge-singlet fermions,

the sterile neutrinos. These particles are associated with a new mass scale, which may arise

via the Higgs mechanism, similarly to the fermion masses in the SM. If the symmetry break-

ing associated with sterile-neutrino masses occurs also at the electroweak scale, there can

be a number of interesting implications both for cosmology and particle physics at colliders.

In its simplest implementation, the above scenario suggests that sterile neutrinos couple

to a real gauge-singlet scalar field, which is part of the Higgs sector and picks up a VEV

after EWSB. Light sterile neutrinos, of mass of a few keV, will be weakly coupled to the

singlet Higgs, and may be produced via decays of the latter in the correct abundance to

account for the DM of the universe. Heavy sterile neutrinos will couple strongly to the

Higgs sector, and will yield interesting signatures for upcoming accelerator experiments.

In this paper, we outlined the collider signatures that arise from this simple extension

of the SM. Sterile neutrinos responsible for the observed neutrino masses are typically
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anticipated to have very weak mixing with the active neutrino sector, which suppresses

the prospects for their detection. However, their coupling to the Higgs sector renders such

particles discoverable at colliders. In this case, sterile neutrinos may produce a number

of very suggestive signals, such as displaced vertices, invisible decays, and lepton-number

violating decays with production of same-sign charged leptons. Detailed simulations are, of

course, needed. The detection of sterile-neutrino signatures at colliders would then imply

the existence of an extended Higgs sector.

The coupling of the SM Higgs with a singlet scalar relaxes the bounds on the Higgs

mass, and thus alleviates the tension between the current LEP and EWPO limits. This

effect is enhanced by the coupling of sterile neutrinos to the Higgs sector. A potential

discovery of a Higgs boson with mass outside the SM-allowed region would point towards

new couplings of the Higgs to non-SM particles, possibly extra singlet scalars and/or sin-

glet fermions.
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