
Heavy Neutrino search at FCC-ee

E. Graverini∗, A. Blondel† and N. Serra∗

∗Universität Zürich
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Standard Model
I Successful theory:

– Higgs boson→ observed
– complete theory
– consistent with high precision

measurements

I Problems!
– neutrinos oscillations: neutrinos

have mass
– gravitational effects of extra (dark)

matter observed
– small degree of CPSM cannot explain

large matter/antimatter asymmetry

“New Physics” out there
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Sterile neutrinos

∆L = iN̄I /∂NI −
(

U2
αIL̄αNIΦ̃ + 1

2N̄C
I MNI

)
dimensionless

Yukawa
couplings

left lepton
doublet

HNL

Higgs doublet

Dirac+Majorana
mass terms

I SM has only LH ν (and RH ν̄)
I Simple extension: enter neutrinos with RH chirality

– Zero EW and color charge: “sterile”
– Only couples to Higgs and SM neutrinos
– Can be massive: “heavy neutral leptons”, HNLs

I They appear in a number of BSM theories with wide number and mass range
I Dirac + Majorana mass terms (needed to explain smallness of ν masses)
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Seesaw mechanism

LD+M =
1
2

N̄C
I MNI with M =

(
0 mD

mD mM

)
and NI =

(
νL

νC
R

)

I mass-flavour mixing angles θf

I n HNLs: mD, mM become n× n matrices, θf → θfI

I “Seesaw” mechanism: |mD| � mM

I mass eigenstates (for small θ):

m1 ≈
m2

D

mM
m2 ≈ mM

SM neutrino sterile
neutrino

∼ Dirac mass of same
generation fermions
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The νMSM [Asaka, Blanchet, Shaposhnikov, Phys.Lett. B631 (2005) 151-156]

→
3 HNLs. Suitable values of mass and coupling allow to simultaneously explain:

– ν oscillations induced by massive states N2, N3

– dark matter: N1 with mass ∼keV
– disappearance of antimatter: leptogenesis due to Majorana term
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HNL phenomenology

I Mixes with SM neutrino να via U2
α

I Can occur in any process involving SM neutrinos...

I ...with a suppression of U2
α

I Decays through emission of a Z0 or W± boson
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How to look for HNLs?

I Dedicated hidden particle experiments
– SHiP (beam dump, 0-BG)
– from meson decays
– Mathusla, CODEX-b, FASER, etc.

I Collider searches
– from Z0, W± bosons
– from precise EWP measurements
– ee: clear signature, easy analysis
– hh: large background, difficult

triggering/analysis
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HNLs at FCC-ee

I Neutrino counting from Z line shape
– LEP: Nν = 2.984± 0.008, uncertainty from theory and σhad
– FCC-ee: improve by factor 10–20 with B (γZinv) /B (γZ``)
– sensitivity U2 ∼ 10−4 for sterile neutrino search

I Direct search in Z decays
I production in Z0 → νN mixing
I decay: 2 jets + lepton/Emiss (CC), or 2 leptons + Emiss (NC)
I clean events, background killed by SV displacement
I displaced vertex search: focus of this talk

2.3. STERILE NEUTRINOS 13

Nν =

(
Γinv

Γlept

)meas / (
Γνν̄
Γlept

)SM

, (2.8)

with a value of

Nν = 2.9840 ± 0.0082 [18]. (2.9)

Nν can be observed to be almost two standard deviations below the integer
number three, a likely insignificant, but interesting deficit in the expected
direction due to suppression, if sterile neutrinos are present, as pointed
out in [19].

Figure 2.3: Number of neutrino generations Nν measured via the total
width of the Z boson by LEP [18].

2.3 Sterile Neutrinos
The addition of right handed neutrinos is an elegant and simple extension
to the Standard Model [20] [21]. All fermions in the SM, except the neutrino,
have a left-handed and a right-handed component, which is illustrated
in figure 2.4 to the left, and with the implemented sterile neutrinos to
the right. The right-handed neutrino has zero electric, weak and colour
charge, which is why it is also called sterile. Thereby it only interacts via

νννν

N

µµµµ+

W- qq
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Experimental conditions
I 1.5×1012 Z0 yr−1 × 6 yr [P.Janot, FCCw2017]

– Assuming 5× 1012 Z0 bosons
I 2 detector concepts: CLD/IDEA

– tracker half-size S ' 2 m
– few µm vtx resolution, but SV can be

outside the vertex detector
– min. displacement ∆ ≡ 100 µm
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Signature & backgrounds
Considering only di-lepton final states.

I W∗W∗, Z∗Z∗, Z∗γ∗ with 2`+ 2ν final state: min. SV displacement
I Z→ `` with Emiss from ISR/FSR: min. SV displacement
I Z→ ττ → 2`+ 4ν: the two ` are almost back-to-back
I atmospheric ν interactions: candidate direction/topology

More background sources for N → W`→ qq`, but fully reconstructed final state!
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Estimating FCC-ee’s sensitivity
I Exploring the νMSM phase space in

(
U2

f ,mN
)

– fixed U2
f ratios, of cosmological interest

I
[
mN
]

HNL boost from e+e−→ Z0→ νN

I
[
U2

f ,mN
]

lifetime based on the kinematically
allowed decay channels:
h0ν, h±`∓, 3ν, `±i `

∓
j νj, `±j `

∓
j νi, qq̄ν, qq̄`

I
[
U2

f ,mN
]

experimental acceptance:

Pvtx ∼
∫ S

∆
e−l/γcτdl

I
[
U2

f ,mN
]

final state efficiency:
– all di-lepton final states taken visible

I nHNL ≡ nZ0 ×B
(
Z0→ νN

)
× SES
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νMSM parameter space

HNL mass (GeV)
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[Blondel, EG, Serra, Shaposhnikov, hep-ex/1411.5230]would affect BBN
cannot explain observed ∆mνi

rate enhanced: on-shell N → W`

in thermal equilibrium during Universe expansion
(no baryogenesis due to HNL oscillation)
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FCC-ee’s sensitivity to HNLs
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[UPDATE] [Blondel, EG, Serra, Shaposhnikov, hep-ex/1411.5230]

I Best sensitivity above the charm mass + complementarity with BDF
I Higher vertexing resolution −→ larger couplings
I Larger sensitive area −→ smaller couplings
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Conclusions

I Sterile neutrinos can solve several SM shortcomings
I Sensitivity studied in νMSM context, but general validity
I FCC-ee at the Z0 pole: down to U2 < 10−11 for large mN

– complementary to beam dump facility [physics.ins-det/1504.04956]

How to improve
I minimum ∆ based on outer tracker resolution: it can be set much smaller for

decays in the vertex detector!
I large external tracking volume (4-10 m)? [M.Dam, FCCw2017]

I qq̄` and qq̄ν final states
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Independent analyses

I sensitivity confirmed by independent analyses
I long + short lifetime search [S. B. Nielsen, MSc thesis]

I sensitivity of individual subdetectors [hep-ph/1604.02420]
5.1. BACKGROUND ESTIMATES OF LONG-LIVED STERILE
NEUTRINOS 49
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Figure 5.3: Sensitivity on 2σ (4 events) of the mixing angle, |θ|2, vs mass of
the sterile neutrino N decaying with a detached vertex inside the FCC-ee
detector volume. The orange graph represent decay lengths from a) 1
mm−1 m, the red graph decay lengths from b) 100 µm−5 m.

5.1 Background Estimates of Long-lived Sterile
Neutrinos

Two possible background contributions to the long lifetime search has
been identified: I) Z → τ+τ− decays, and II) interaction of atmospheric
neutrinos in the detector material. Both turn out to be negligible as argued
in the following discussion.

The background candidate Z→ τ+τ−, is considered for decays with one
tau decaying hadronically into 1, 3, or 5 charged particles and a neutrino,
a so-called 1-, 3-, or 5- prong decay, and the other tau decays leptonically
to a soft electron together with the respective neutrinos, with the electron
energy too low to detect. Since the minimum energy of the observed

system from a τ decay is Emin =
(msys

mτ

)2
· Eτ, the minimum energy of an

7.2. DISCUSSION OF SEARCH FOR STERILE NEUTRINOS WITH
SHORT LIFETIME 99

Figure 7.1: Sensitivity at 95% C.L. for the mixing angle |θµN|
2 (here denoted

|UµI|
2), as function of the sterile neutrino mass MN (here MI), at the FCC-ee

for sterile neutrinos with long lifetime (solid, light green) and sterile
neutrinos with short lifetime (solid, green) in conjunction with previous
limits. An extrapolated limit for sterile neutrinos with short lifetime in
FCC-ee with 1012 Z bosons is drawn with a dashed green line.

A factor 30 is gained from the 30 times higher luminosity in this study
compared to DELPHI. Since only one decay channel was chosen for this
study, it was not sensitive to all decay channels, as DELPHI was, and thus
a factor of two in difference from the branching ratio BR(N→ µ±qq̄′) ' 0.5
under the assumption of N mixing only via the νµ.

7.2 Discussion of Search for Sterile Neutrinos
with Short Lifetime

The background estimate is one of the limiting factors for this analysis.
An approach could be to cluster the correlated cuts, then estimate the
selection factor for each uncorrelated sequence of cuts, and finally scale
the background. A toy simulation with the estimated background and a
Poisson distribution could then be made to obtain the uncertainty on the

FCC-ee

20 40 60 80
10

-1��

10
-11�

10
-1��

10
-9�

10
-8�

10
-7�

M [GeV]

|θ
2

2 / 2


	Appendix

