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Abstract

The Standard Model of particle physics is still lacking an understanding of the generation and nature of neutrino

masses. A favorite theoretical scenario (the see-saw mechanism) is that both Dirac and Majorana mass terms are

present, leading to the existence of heavy partners of the light neutrinos, presumably massive and nearly sterile.

These heavy neutrinos can be searched for at high energy lepton colliders of very high luminosity, such as the Future

electron-positron e+e− Circular Collider, FCC-ee (TLEP), presently studied within the Future Circular Collider design

study at CERN, as a possible first step. A first look at sensitivities, both from neutrino counting and from direct search

for heavy neutrino decay, are presented. The number of neutrinos Nν should be measurable with a precision of

∆Nν ≈ ±(0.0004− 0.0010), while the direct search appears very promising due to the long lifetime of heavy neutrinos

for small mixing angles. A sensitivity down to a heavy-light mixing of |U |2 ≃ 10−12 is obtained, covering a large

phase space for heavy neutrino masses between 10 and 80 GeV/c2.
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1. Introduction

Following the discovery of the Higgs Boson [1, 2],

there has been growing interest in high-luminosity e+e−

colliders aimed at the detailed study of this particle

of a new nature, especially since they could be fol-

lowed by a high-energy pp collider in the same tun-

nel [3, 4, 5, 6, 7, 8]. Recently a design study has been

launched of the accelerators that could fit in a ∼100

km tunnel, the Future Circular Collider design study,

including a high luminosity e+e− storage ring collider

FCC-ee, able to address center-of-mass energies be-

tween 90 and 350 GeV, as a possible first step, and

with a 100 TeV proton collider as ultimate goal [9, 10].

The use of techniques inspired from the b-factory tech-

nique, a low-beta ring coupled with a full-energy top-up

booster, allows the FCC-ee to achieve very high lumi-

nosities, which distinguishes it from the Linear Collider

that is, however, able to reach higher energies. The fore-

seen luminosity, taking into account the capability of

circular colliders to provide collisions at up to four inter-

action points, is shown on Figure 1. These curves very

much encompass the different physics cases for linear

and circular high energy lepton colliders. What is no-

table is the very high luminosity of the FCC-ee at the Z

pole, allowing a total of 1012 Z bosons – or 1013 with
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Figure 1: Foreseen FCC-ee, ILC and CLIC luminosities

as a function of the center-of-mass energy. Also shown

are the ILC luminosity upgrade points implying a re-

configuration of the RF power sources for low energy

running [12], and the FCC-ee possible improvement us-

ing the crab-waist scheme [11].

the crab-waist scheme [11] – to be produced in a few

years. This is the key to the investigation of extremely

rare decays. This contribution describes the example of

the search for sterile right-handed partners of neutrinos

that were so far assumed to be completely out of reach

for high energy colliders.
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2. Right handed neutrinos

Neutrino experiments have provided compelling evi-

dences for the existence of neutrino oscillations, caused

by nonzero neutrino masses and neutrino mixing, in

contrast with the predictions of the Standard Model

(SM) [13]. Not only does the SM assume massless

neutrinos, but there is no unique way to introduce neu-

trino masses in it. A Dirac mass term as for the other

fermions seems natural, and would imply the existence

of right handed neutrinos. A Majorana mass term is

not forbidden for neutrinos because they are neutral.

The coexistence of both terms would lead to the (type

I) see-saw mechanism, first introduced in the context

of Grand Unified Theories [14, 15, 16, 17]. In ei-

ther case the existence of right-handed partners to the

well-known (left-handed) neutrinos is predicted. In the

Grand Unified Models, the right-handed neutrinos typ-

ically get masses of the order of 1010 GeV, which, in

combination with Dirac masses of the same magnitude

as that of the top quark, generates the observed light

neutrino masses. More recently, consistent models with

Electroweak scale Majorana masses (sub-MeV to TeV

region) have been proposed, suggesting Dirac masses

smaller or of the same order of magnitude as the elec-

tron mass [18]. These models are of considerable in-

terest, since the three families of right-handed neutri-

nos allow generation of the Baryon asymmetry of the

Universe (BAU) [19, 20], and, for a suitable parameter

space for the lightest of the heavy right-handed neutri-

nos, could even produce a suitable dark matter candi-

date (for a review see [21], Figure 2). The signature for

such heavy neutrino dark matter candidate is its decay

N1 → νγ. The constraints of abundance of dark mat-

ter and the absence of detection of the decay lead to the

constraint shown in Figure 2. A possible indication of

the decay has been reported in [22, 23], but this needs

to be confirmed.

3. Phenomenology of right handed neutrino produc-

tion and decay

The phenomenology of the production of Right-

Handed neutrinos has been described already in [24,

25, 26, 27, 28]. Right-handed neutrinos have both weak

isospin and charge equal to zero, and have no other in-

teraction than Yukawa couplings to the Higgs boson and

leptons. For this reason they are often called “sterile”.

In the see-saw picture, the diagonalization of the mass

matrix with two mass terms per neutrino family leads

to a light, almost left-handed neutrinos (the known one)

and a heavier, almost right-handed neutrinos – thus they
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Figure 2: Top left: the Standard Model, incomplete

without two chiralities for each massive neutrino; top

right: a possible scenario. Bottom: a possible scenario

in which right-handed neutrinos provide a dark matter

candidate and the baryon asymmetry of the Universe.

are often called “Heavy Neutral Leptons”; in this pic-

ture both the right-handed and left-handed neutrinos are

Majorana particles, and neutrino-less beta-decay is pos-

sible. The heavy neutrinos only interact via their mixing

to the light ones.

Let us first consider the situation for one family of

neutrinos. The diagonalization of the neutrino mass-

matrix with both Dirac mD, and Majorana M mass terms

leads to new mass eigenstates, that we will note ν and N

respectively and relate to the chirality eigenstates by a

mixing angle θ, such that θ2 ≈ mν/mN ≈ (mD/M)2, with

mN ≈ M, and mν ≈ m2
D
/M.

Thus the mass spectrum defines completely the mix-

ing angle. The mass of the light neutrino is unknown

and we assume for the discussion that it is bound be-

tween the cosmological limit of about 0.2 eV and the

lower limit given by the square root of the measured os-

cillation mass differences ∆m2
12
= (7.58 ± 0.24) × 10−5

eV2 and |∆m2
23
| = (2.35±0.12)×10−5 eV2. The situation

is more complicated with several generations of HNLs.

A three family analysis of these constraints for right-

handed neutrinos with masses below 10 GeV is found

in [29]. In Figure 3 we extend the range up to the mass

of the intermediate vector boson W. The see-saw line

gives a lower limit on the mixing angle of right-handed

2
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Figure 3: Interesting domains in the mass-coupling pa-

rameter space of heavy neutrinos and current experi-

mental limits, for normal and inverted hierarchy of the

left-handed neutrino masses.

neutrinos with active neutrinos. Below this line, the

active neutrino mass differences observed in neutrino

experiments cannot be accounted for in the GeV scale

see-saw mechanism. Above the BAU line the reactions

with right-handed neutrinos are in thermal equilibrium

during the relevant period of the Universe expansion,

making the baryogenesis due to right-handed neutrino

oscillations impossible. For mN close to MW and above

MW the rate of reactions with N’s is enhanced due to

the kinematically allowed decay N → ℓW leading to

stronger constrains on the mixing [30]. The BAU curve

intersects with the see-saw line at mN = MW , so that the

parameter space is bound on all sides.

For even larger masses of N another mechanism of

baryogenesis – resonant leptogenesis – can operate [31].

This part of the parameter space cannot be directly stud-

ied with the FCC-ee operated at the Z resonance.

Figure 4: Decay modes of heavy neutrinos through

mixing with light neutrinos: the charged current decay

N → ℓν (a), the neutral current decay N → ν + γ/Z.

The production and decay of the heavy neutrino in

Z decays has already been studied at LEP by the L3

and DELPHI collaborations [32, 33]. It is largely de-

termined by the mixing angle. When a left-handed neu-

trino is produced e.g. in Z decays it is actually a mixture

of the light and heavy state:

νL = ν cos θ + N sin θ

with θ2 ≈ mν/mN . Thus the decay width of the Z into a

pair of light and heavy neutrinos will be given by

ΓZ→νN = 3ΓS M
Z→νν|U |

2
(

1 − (mN/mZ)2
)2 (

1 + (mN/mZ)2
)

with |U |2 ∼ θ2. The best existing limits are around

|U |2 < 10−5 in the mass range relevant to high energy

investigations (Figure 3). The mixing of sterile neutri-

nos with the active neutrinos of each flavour i is defined

as |Ui|
2, where i = e, µ, τ. The total mixing |U |2 is de-

fined as |U |2 =
∑

i |Ui|
2. The measurement of the partial

width is sensitive to |U |2, while in direct searches the

final state depends on the relative strength of the partial

|Ui|
2. In our analysis we consider the combination of

|Ui|
2 allowed by present constrains from neutrino oscil-

lations that maximises the BAU.

Heavy neutrinos decay as shown in Figure 4. At large

masses the fully visible decay N → ℓW(W → qq) ac-

counts for more than 50% of the decays.

The decay rate of the heavy neutrino depends very

strongly on the mass, both via the three body phase

space (in the fifth power of mass) but also through the

mixing angle. The average decay length is given in [32]:

L ∼
3[cm]

|U |2 × (mN[GeV])6

The existence of heavy neutrinos in the accessible

mass range would manifest itself in many different ways

in high energy colliders.

If N is heavy but within kinematical reach, it will de-

cay in the detector and could be detected and possibly

3



Figure 5: Mean decay length of a heavy right-handed

neutrino of mass M as a function of the sum of its cou-

plings to the three families of light neutrinos.

discovered. If not, the suppression factor due to kine-

matics or the mixing angle to a kinematically forbidden

state could lead to an apparent PMNS matrix unitarity

violation and deficit in the Z “invisible” width, as ex-

plained in [34]. It could also appear in c, b, W and top

decays as exotic decays or apparent violations of the

SM predictions, or generate invisible or exotic Higgs

decays.

The lifetime of heavy heutrinos produced in Z decays

is shown in Figure 5. Note that, for a mass of 50 GeV

and light neutrino mass of 0.05 eV, |U |2 ∼ 10−12 and the

decay length is about one meter.

In the following we concentrate on Z decays.

4. The Z invisible width measurement

The measurement of the number of neutrino species

at LEP [35] was performed using the fit of the Z line

shape, and was dominated by the measurement of the

peak hadronic cross-section, Figure 6. Effectively what

was measured is the ratio of the Z invisible width to the

leptonic partial width, expressed as number of neutri-

nos:

nν ≡

(

Γinv

Γlept

)meas/ (
Γνν̄

Γlept

)S M

So defined, the measurement is largely insensitive to ra-

diative corrections affecting e.g. α(mZ), the ρ parameter,

or the hadronic partial widths of the Z. Interestingly, the

result

Nν = 2.9840 ± 0.0082

[35] is nearly two standard deviations lower than 3, go-

ing in the direction of the deficit expected from sterile

Figure 6: The measurement of the number of neutrino

families at LEP, mostly from the hadronic cross-section

at the Z peak.

neutrinos. The difficulty with improving this measure-

ment is that it was already very much systematically

limited by the theoretical error on the cross-section nor-

malization using Bhabha scattering. With new calcula-

tions, it is estimated that this measurement can be at best

improved by a factor 2-3 in precision.

Another technique was proposed to measure the in-

visible width, using the e+e− → Zγ radiative return pro-

cess from a centre-of-mass energy higher than the Z res-

onance. The nearly monochromatic photon provides a

tag of the reaction, for which it is required that nothing

else is seen in the event. This measurement was also

performed at LEP yielding Nν = 2.92 ± 0.05, strongly

limited by statistics [36].

A better way to perform this measurement at a

high luminosity machine such as FCC-ee was proposed

in [8], namely to measure the ratio

nν ≡

(

e+e− → γZinv

e+e− → γZlept

)meas/ (
Γνν̄

Γlept

)S M

by comparing the number of times the tagging photon

is accompanied with nothing compared with the times it

is accompanied with a pair of leptons. The method still

needs to be fully developed, but the use of the photon

tag should ensure very small systematic errors. Prelim-

inary studies [37] have shown that the method should

also be safe from the point of view of the photonic ra-

diative corrections. It has been estimated that this mea-

surement can be made with a statistical precision of

∆Nν = ±0.0008 parasitically with a run at the W pair

threshold of 2 years at 1.6 ab−1/year at ECM = 161 GeV.

A dedicated run of one year at ECM = 105 GeV using

4



νννν

N

µµµµ+

W- qq

Figure 7: Sketch of the topology of a Z → νN decay,

with N subsequently decaying into µ+W−.

the crab-waist scheme would lead an error of less than

∆Nν = ±0.0004, or a sensitivity of |U |2 ∼ 3 × 10−4 for a

sterile neutrino search.

These results are extremely important in the context

where the Z invisible width can reveal dark matter can-

didates, as pointed out in e.g. [38]. It is clear, however,

that this method cannot reach the precision required to

detect sterile neutrinos with the very small mixings ex-

pected from see-saw models.

5. Direct search in Z decays

The direct search for sterile neutrinos in Z decays

consists in looking for events with one light neutrino

produced in association with a heavy one, that de-

cays according to the diagrams of Figure 4. This is

the method already used at LEP [32, 33]. The limi-

tation comes from the four fermion processes such as

Z → W⋆W → ℓνqq. If it were not for the lifetime of the

heavy neutrino this method would be quickly limited by

the background to a sensitivity of around |U |2 ∼ 10−6.

A dramatic change arises when the lifetime of the

heavy neutrino is taken into account. For very small

mixings that are indeed expected, the decay length

shown in Figure 5 becomes substantial, and a detached

vertex topology will arise. Note that, while the neu-

tral current decays N → ν + γ/Z always feature miss-

ing neutrinos in the final state, charged current decays

N → Wℓ can be completely reconstructed when the W

decays into hadrons.

It is difficult to imagine any significant background to

the search for a 20-80 GeV object decaying 1 m away

from the interaction point, in an e+e− machine with no

pile up. Atmospheric neutrino interactions in the detec-

tor will arise at the rate of a few tens per year, but the

requirement that the observed detached particles form

a vertex pointing back to the IP, with the correct mass

and time-of-flight, is expected to kill backgrounds very

efficiently.

An exposure of a few years at Z peak with the

maximal luminosity would yield 1013 Z particles, thus

2×1012 Z → νν̄ events. A mixing of |U |2 ∼ 10−12 would

yield a few dramatic candidates.

A first analysis of the sensitivity has been performed

to evaluate the region of heavy neutrino mass and mix-

ing in which the heavy neutrinos could be detected. So

far the only requirement has been that the decay length

is larger than a minimal vertex displacement and con-

tained within a detector of given radius. Several exam-

ples are given in Figure 8 for the normal hierarchy and

in Figure 9 for the more favorable case of the inverted

hierarchy. It is clear that the ability to detect long decays

is the most efficient way to push the sensitivity to small

couplings. For a 5 m detector the full region of interest

is covered for heavy neutrino masses between 30 and

80 GeV. The region of sensitivity of the proposed SHiP

experiment [39] is also shown, displaying sensitivity for

masses up to the charm mass.

6. Conclusions

The prospect of an e+e− multi-Tera Z factory would

make the hunt for the right-handed partners of the light

neutrinos an exciting and distinct possibility. Significant

work remains to be done, in order to solidly demonstrate

that no unforeseen background can mimic the rather

dramatic signature of a heavy neutrino decaying in the

e+e− detector. However, the preliminary studies pre-

sented here look extremely promising and should mo-

tivate further studies.
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