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A note on future collider planning
The LHC achieved record energy of 13 TeV not that long ago.

LEP

LHC

HL-LHC

Future collider

Today

1980 1990 2010 2020 2030 2040 2050

Design
Construction
Data

I LEP was conceived in 1975

I The LHC was conceived in ’77 and influenced the LEP layout.

I FCC kickoff in 2014.
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Neutrino oscillations & the Standard Model

νe νμ

ντ

courtsy M. Shaposhnikov

I No right-handed neutrinos in the Standard Model (SM).

I No mass matrix, no mixing of the neutrino flavour states.

⇒ Neutrino oscillations are evidence of physics beyond the SM.
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The Seesaw mechanism with right-handed neutrinos

ν

N h

I Economic extension: a number of Fermionic singlets,
speak: “Right-handed” or “sterile” neutrinos.

I Two mass-differences ⇒ at least two sterile neutrinos.

I New mass scale, a priori unrelated to the known ones.

I Many constraints from experiments on all energy scales.

I May be connected to e.g. Dark Matter and Baryogenesis.
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The “näıve” type I seesaw
I The simplified version: (1 νL, 1 νR)

? Mass matrix ∼
(

0 m
m M

)
, with m = yνvEW � M.

? Light neutrino mass: mν = 1
2

v2
EW|yν |2
MR

.

I Analogously: “näıve” (2 νL, 2 νR)

I The effect of protective symmetries (no fine tuning):

Yν =

(
O(yν) 0
O(yν) 0

)
,

(
0 MR

MR ε

)

⇒ mνi = 0 + ε
v2
EWO(y2

ν )

M2
R

I “Symmetry violating” parameter ε controls magnitude of mνi .

⇒ Large yν can be compatible with neutrino oscillations if ε ∼ 0.
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The Big Picture

GUT

ΛEW

reactor & LSND anomaly

mν
2=Δmatm

2

mν
2=Δmsol

2

eV keV GeV PeV ZeV MGUT MPl

Ytop

10-3

Ye
10-7

10-9

10-11

Sterile neutrino mass scale

N
eu
tr
in
o
Y
uk
aw
a
co
up
lin
g
y ν

Oliver Fischer Sterile Neutrino Searches at Future Colliders 6 / 17



Lowscale seesaw
Benchmark model, defined in Antusch, OF; JHEP 1505 (2015) 053

Similar to e.g.: Mohapatra, Valle (1986); Malinsky, Romao Valle (2005); Shaposhnikov (2007);

I Lowscale seesaw Lagrangian, two sterile neutrinos Ni with
protective symmetry:

LN = −1

2
N1
RM(N2

R)c − yναN
1
R φ̃
† Lα + H.c.

I The mass matrix after electroweak symmetry breaking:

Mν =




0 mD m′D
(mD)T 0 M
(m′D)T M µ


 ,

I Perturbations ⇒ mν and HNL mass splitting (∆M)

I m′D : Linear seesaw, ∆MNO = 0.0416 eV, ∆MIO = 0.000753 eV

I µ: inverse seesaw, ∆M ∼ mνi
|θ|2 .
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Heavy neutrino interactions

I Heavy neutrinos are mostly sterile, interactions via mixing.

I Charged current (CC):

j±µ =
g

2
θα ¯̀

α γµN

I Neutral current (NC):

j0
µ = ν̄α γµ θαN

I Higgs boson Yukawa interaction:

LYukawa =
∑

α=e,µ,τ

θα

√
2M

vEW
ναφ

0N

I Simplification: light neutrino mass eigenstates ≡ νe , νµ, ντ
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Constraints on PMNS non-unitarity from precision data

I Analysis of non-unitarity of the PMNS matrix.

I 34 precision observables:
Electroweak Precision Observables (EWPO), lepton
universality, charged lepton flavour violation, CKM unitarity

I Highest posterior density intervals at 90% Bayesian C.L.:

−0.0021 ≤ εee ≤ −0.0002
−0.0004 ≤ εµµ ≤ 0
−0.0053 ≤ εττ ≤ 0

|εeµ| < 1.0× 10−5

|εeτ | < 2.1× 10−3

|εµτ | < 8.0× 10−4

Antusch, OF; JHEP 1410 (2014) 094

? Non-unitarity parameters: εαβ = −θ∗αθβ.

? Weak statistical preference for non-zero mixing for εee .
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Present Constraints (dominated by LEP & MEG)
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DELPHI (Z pole search) @2σ: |Θ 2=|θ 2

LHC (Higgs decays) @1σ: |Θ 2=|θ 2

ALEPH (e-e+→4 leptons) @1σ: |Θ 2=|θe
2

Precision constraints@2σ: |Θ 2=|θe
2

Precision constraints@2σ: |Θ 2=|θμ
2

Precision constraints@2σ: |Θ 2=|θτ
2

Antusch, OF; JHEP 1505 (2015) 053

I Z pole search: limits from Z branching ratios.
Abreu et al. Z.Phys. C74 (1997) 57-71

I Higgs decays: Best constraints from h→ γγ.

I Direct Search: δσWW
SM = 0.011stat + 0.007syst

OPAL collaboration, Abbiendi et al. (2007)
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Traditionally, searches for sterile neutrinos via

Lepton Number Violating signatures

e.g. µ±µ± + J at pp (SS dimuons) or e+ + J at ep

However...



Lepton number violation and ∆M

Anamiati, Hirsch, Nardi; 1607.05641

I With m′D = µ = 0, no LNV in this class of models.

I R`` (=LNV/LNC) function of |MN1 −MN2 | := ∆M and ΓN .

I For mass splitting ∼ decay width, R`` ∈ [0, 1].

I Zero mass splitting ⇒ zero LNV.
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Parameter space with LNV

Linear seesaw

Normal ordering
Inverse ordering
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Antusch et al.; [1709.03797]

R`` =
∆M2

2Γ2 + ∆M2

I The colored bands separate parameterspace w/ and w/o LNV.

I Upper contour: R`` = 0.1, lower contour: R`` = 0.9

⇒ No LNV for M > 100 GeV!
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Schematizing sterile neutrino searches
Production Decay
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Final States
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S. Antusch, E. Cazzato, OF; Int. J. Mod. Phys. A 32 (2017) no.14, 1750078
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Promising signatures at FCC-ee

? Displaced vertices:

I For M < mW and |θ|2 ≤ 10−5 heavy neutrinos are long lived.

I Secondary vertex with visible displacement.
S. Antusch, E. Cazzato, OF; JHEP 1612, 007 (2016)

? Indirect searches via EWPO:

I The mixing matrix of the three active neutrinos is non-unitary.

I Modification of the theory prediction of precision observables.
S. Antusch, OF; JHEP 1410 (2014) 094

? Indirect searches via Higgs boson properties:

I Additional production mechanism at high energies.

I New decay channel ⇒ modified branching ratios.
S. Antusch, OF; JHEP 1604 (2016) 189
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Promising signatures at colliders with proton beams

? Displaced vertices:

I Possible at all FCC’s.

I Easier at FCC-he compared to -hh.

I Best prospects for M < mW .

LHeC
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? Unambiguous LFV:

I Proton-proton: `±α `
∓
β jj , and `±α `

∓
β `
±
γ .

I Electron-proton: µ−jjj and τ−jjj .

I Best prospects for M � mW .
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Heavy neutrino-antineutrino oscillations @ FCC-hh & -he
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Antusch, Cazzato, Fischer; 1709.03797

I Oscillation from ∆m2
ν , can be ∼ mm.

I M = O(10) GeV and |θ|2 ∼ 10−6 yields displaced decays.
I Prompt lepton and displaced lepton are SS/OS as function of

proper flight time
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Overview of the estimated sensitivities At one-sigma confidence level.

ep and pp at parton level

pp

ep

ee

S. Antusch, E. Cazzato, OF; Int. J. Mod. Phys. A 32 (2017) no.14, 1750078

The combination of ee with pp and ep colliders provides
complementary tests for symmetry protected sterile neutrinos.



Conclusions

I Sterile neutrinos are well motivated extensions of the SM.

I Symmetry protected seesaw scenarios allow for electroweak
scale sterile neutrino masses and O(1) active-sterile mixings.

I Present constraints: active-sterile mixing |θ|2 ≤ 10−3.

I If HL-LHC finds no hints of sterile neutrinos, it may be:

? active-sterile mixing too small,
? masses above ∼ 200 GeV.

I There is the exciting possibility to observe LNV oscillations.

⇒ The FCC has unique capabilities to go beyond the LHC
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Thank you for your attention.



Backup I - EWPO

Experimental results and SM predictions for the EWPO, and the
modification∗, to first order in the “non-unitarity” parameters
εαα = θ∗αθβ. (formulae for M � mZ )

Prediction in MUV SM Prediction Experiment

[R`]SM (1− 0.15(εee + εµµ)) 20.744(11) 20.767(25)
[Rb]SM (1 + 0.03(εee + εµµ)) 0.21577(4) 0.21629(66)
[Rc ]SM (1− 0.06(εee + εµµ)) 0.17226(6) 0.1721(30)[
σ0
had

]
SM

(1− 0.25(εee + εµµ)− 0.27ετ )/nb 41.470(15) 41.541(37)
[Rinv ]SM (1 + 0.75(εee + εµµ) + 0.67ετ ) 5.9723(10) 5.942(16)
[MW ]SM(1− 0.11(εee + εµµ))/GeV 80.359(11) 80.385(15)
[Γlept]SM(1− 0.59(εee + εµµ))/MeV 83.966(12) 83.984(86)

[(s`,lep
W ,eff)2]SM(1 + 0.71(εee + εµµ)) 0.23150(1) 0.23113(21)

[(s`,had
W ,eff)2]SM(1 + 0.71(εee + εµµ)) 0.23150(1) 0.23222(27)

∗ Minimal Unitarity Violation scheme: Antusch et al.; JHEP 0610 (2006) 084.



Backup II - lepton universality

Modification due to sterile neutrinos (formulae for M � mZ ):

Rαβ =

√
(NN†)αα
(NN†)ββ

' 1 +
1

2
(εαα − εββ) .

Process Bound

R`µe
Γ(τ → ντµν̄µ)

Γ(τ → ντeν̄e)
1.0018(14)

R`τµ
Γ(τ → ντeν̄e)

Γ(µ→ νµeν̄e)
1.0006(21)

RW
eµ

Γ(W → eν̄e)

Γ(W → µν̄µ)
1.0085(93)

RW
τµ

Γ(W → τ ν̄τ )

Γ(W → µν̄e)
1.032(11)

Process Bound

Rπµe
Γ(π → µν̄µ)

Γ(π → eν̄e)
1.0021(16)

Rπτµ
Γ(τ → ντπ)

Γ(π → µν̄µ)
0.9956(31)

RK
τµ

Γ(τ → Kντ )

Γ(K → µν̄µ)
0.9852(72)

RK
τe

Γ(τ → Kντ )

Γ(K → eν̄e)
1.018(42)



Backup III - CKM unitarity constraint

Current world averages: Vud = 0.97427(15) ,Vub = 0.00351(15)

|V th
ij |2 = |V exp

ij |2(1 + f process(εαα)) ,

|V th
ud |2 = |V exp,β

ud |2(NN†)µµ .

For the kaon decay processes we have:

|V th
us |2 = |V exp,K→e

us |2(NN†)µµ ,

|V th
us |2 = |V exp,K→µ

us |2(NN†)ee .

Process Vus f+(0)

KL → πeν 0.2163(6)
KL → πµν 0.2166(6)
KS → πeν 0.2155(13)
K± → πeν 0.2160(11)
K± → πµν 0.2158(14)

Average 0.2163(5)
Processes involving tau leptons:

Process f process(ε) |Vus |
B(τ→Kν)
B(τ→πν) εµµ 0.2262(13)

τ → Kν εee + εµµ − εττ 0.2214(22)
τ → `, τ → s 0.2εee − 0.9εµµ − 0.2εττ 0.2173(22)



Backup IV - lepton flavour violation

I Present experimental limits at 90% C.L.:

Process MUV Prediction Bound Constraint on |εαβ|
µ→ eγ 2.4× 10−3|εµe |2 5.7 ×10−13 εµe < 1.5× 10−5

τ → eγ 4.3× 10−4|ετe |2 1.5 ×10−8 ετe < 5.9× 10−3

τ → µγ 4.1× 10−4|ετµ|2 1.8 ×10−8 ετµ < 6.6× 10−3

I Estimated sensitivities of planned experiments at 90% C.L.:

Process MUV Prediction Bound Sensitivity

Brτe 4.3× 10−4|ετe |2 10−9 ετe ≥ 1.5× 10−3

Brτµ 4.1× 10−4|ετµ|2 10−9 ετµ ≥ 1.6× 10−3

Brµeee 1.8× 10−5|εµe |2 10−16 εµe ≥ 2.4× 10−6

RTi
µe 1.5× 10−5|εµe |2 2× 10−18 εµe ≥ 3.6× 10−7

⇒ RTi
µe yields a sensitivity to mνR up to 0.3 PeV.


