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Seesaw Mechanism

Right-chiral neutrinos don’t transform under 𝐺SM ⇒ Sterile

Dirac Mass Lagrangian:

ℒ𝐷 = −[𝑀𝐷]𝛼𝑖𝜈𝐿𝛼𝜈𝑅𝑖 + h.c.

Conserves lepton number (LNC)

Majorana Mass Lagrangian:

ℒ𝑀 = −1
2

[𝑀𝑅
𝑀]

𝑖𝑗
𝜈𝑅𝑖𝜈𝑅𝑗 + h.c.

Violates lepton number (LNV)

Mass

ℒ𝜈
mass = −1

2
(𝜈𝑐

𝐿 𝜈𝑅) ( 0 𝑀𝑇
𝐷

𝑀𝐷 𝑀𝑅
𝑀

)
⏟⏟⏟⏟⏟⏟⏟

𝑀

(𝜈𝐿
𝜈𝑐

𝑅
) + h.c.

𝜃 = [𝑀𝐷][𝑀𝑅
𝑀]−1 (LR mixing)

𝑀𝜈 ≃ −𝜃𝑀𝑅
𝑀𝜃𝑇 (Light)

𝑀𝑛 ≃ 𝑀𝑅
𝑀 (Heavy)

Interaction

𝑊 ±

ℓ±

𝑁/𝑁

∼ −𝑖𝑚𝑊
𝑣

𝜃∗
𝛼𝑖𝛾𝜇 𝑍

𝜈/𝜈

𝑁/𝑁

∼ − 𝑚𝑍√
2𝑣

𝜃∗
𝛼𝑖𝛾𝜇 𝐻

𝜈/𝜈

𝑁/𝑁

∼ − 𝑀𝑖√
2𝑣

𝜃𝛼𝑖
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Phenomenological Seesaw Regimes [2210.10738, 2212.00562]

High scale

𝑚𝑀 ≈ 𝑚GUT

Low scale

𝑚𝑀 ≪ 𝑚GUT

Symmetry protected

�𝐿 ≪ 1

Un
pr
ot
ec
te
d
sy
m
m
et
ry

�𝐿
≈

1

Small coupling

𝑦 ≪ 1

Large
coupling

𝑦
≈

1

Two neutrinos:

𝑀 = ⎛⎜⎜
⎝

03×3 𝑚(1)𝑇
𝐷 𝑚(2)𝑇

𝐷
𝑚(1)

𝐷 𝑚(1)
𝑀 0

𝑚(2)
𝐷 0 𝑚(2)

𝑀

⎞⎟⎟
⎠

𝑀𝜈 =
𝑚(1)

𝐷 ⊗ 𝑚(1)
𝐷

𝑚(1)
𝑀

+
𝑚(2)

𝐷 ⊗ 𝑚(2)
𝐷

𝑚(2)
𝑀

DOF LNLS Heavy neutrinos Light neutrinos

1 Violated Majorana One massive light neutrino (too heavy)

2
Exact Dirac No massive light neutrinos
Approximate Pseudo-Dirac Minimal linear seesaw / pSPSS
Violated 2 × Majorana Two massive light neutrinos (too heavy)

… … … …
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Symmetry Protected Seesaw Scenarios [1502.05915, 1612.02728, 2210.10738]

Symmetric limit Mild symmetry breaking Large symmetry breaking
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⎝

0 𝑚𝑇
𝐷 0

𝑚𝐷 0 𝑚𝑀
0 𝑚𝑀 0
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⎝

0 𝑚𝑇
𝐷 𝜇𝑇

𝐷
𝑚𝐷 𝜇′

𝑀 𝑚𝑀
𝜇𝐷 𝑚𝑀 𝜇𝑀

⎞⎟
⎠

𝜇𝐷, 𝜇𝑀, 𝜇′
𝑀 ≪ 𝑚𝑀

𝑀 = ⎛⎜
⎝

0 𝑚𝑇
𝐷 𝑚̂𝑇

𝐷
𝑚𝐷 𝑚̂′

𝑀 𝑚𝑀
𝑚̂𝐷 𝑚𝑀 𝑚̂𝑀

⎞⎟
⎠

𝑚̂𝐷, 𝑚̂𝑀, 𝑚̂′
𝑀 ∼ 𝑚𝑀

𝑚𝑁
Dirac

(2 × Majorana)
Pseudo-Dirac (Δ𝑚)

Exact Symmetry (𝐿) Broken Symmetry ( /𝐿)

0
3 × Weyl 𝑚𝜈1

or 𝑚𝜈3

Majorana

𝑚𝜈2
or 𝑚𝜈1

𝑚𝜈3
or 𝑚𝜈2

𝒪(GeV)

𝒪(meV)
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Decaying Oscillations [1709.03797, 2012.05763, 2210.10738, 2212.00562, 2307.06208]
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𝜏/𝜏dec

𝑃 d
ec

os
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0 0.5 1 1.5 2
𝜏/𝜏dec

0 0.5 1 1.5 2
𝜏/𝜏dec

All
LNC
LNV

Δ𝑚 = Γ
𝑅 = 1/3

Δ𝑚 = 10Γ
𝑅 = 5/6

Δ𝑚 = 30Γ
𝑅 = 15/16

𝑃decay(𝜏) = Γ𝑒−Γ𝜏 and 𝑃 LNC/LNV
osc (𝜏) = 1

2
[1 ± 𝑒−𝜆 cos(Δ𝑚𝜏)]

𝑃 LNC/LNV
dec osc (𝜏) = 𝑃decay(𝜏) × 𝑃 LNC/LNV

osc (𝜏) = Γ𝑒−Γ𝜏

2
[1 ± 𝑒−𝜆 cos(Δ𝑚𝜏)]

Time-integrated behaviour:

𝑃 LNC/LNV = ∫ 𝑃 LNC/LNV
dec osc (𝜏) d𝜏 = 1

2
± 1

2
Γ2

Δ𝑚2 + Γ2 ⇒ 𝑅 = 𝑃 LNV

𝑃 LNC = Δ𝑚2

Δ𝑚2 + 2Γ2

Pure Dirac HNL: 𝑅 = 0 Single Majorana HNL: 𝑅 = 1
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Detecting Lepton Number Violation

𝑍 Decay (FCC-𝑒𝑒’s 𝑍 Pole):

𝑍

𝜈/𝜈 ℓ∓

jet
𝑁/𝑁

oscillations
∑ 𝑛𝑖 𝑁/𝑁 𝑊 ±

LNV cannot be directly measured
⇓

Can only be induced from final state observables

𝑊 decay (LHC, FCC-𝑒𝑒’s 𝑊𝑊 Threshold):

𝑊 ±

ℓ± ℓ∓

jet
𝑁/𝑁

oscillations
∑ 𝑛𝑖 𝑁/𝑁 𝑊 ±

LNV can be directly measured
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Symmetry Protected Seesaw Scenarios [2210.10738]
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Resolving Heavy Neutrino-Antineutrino Oscillations [2212.00562, 2308.07297, Preliminary]

Resolve
𝑁𝑁Os

LNV is directly measurable
(𝑊 Decays)

All LNC LNV

LNV isn’t directly measurable
(𝑍 Decays)

Final state
observables

Sensitive to
𝜈 vs 𝜈

ℓ− ℓ+

Sensitive to
LNC vs LNV

LNC LNV

9 / 30



Final State Observables [2308.07297, Preliminary]

−1 −0.5 0 0.5 1

0.4

0.6

0.8

1

cos 𝜃𝑁

𝑃 𝜈
/𝜈

Theory Data
𝜈𝑁
𝜈𝑁

10 20 30 40
0

2

4

6
⋅10−2

𝑝𝜇/GeV
𝑃 L

N
C /

LN
V

LNC LNV

Forward-Backward Asymmetry

𝑃𝜈/𝜈(cos 𝜃𝑁) = 1
𝜎𝜈/𝜈

d𝜎𝜈/𝜈

d cos 𝜃𝑁

(Distinguishes 𝜈 and 𝜈)

Outgoing Lepton Momentum

𝑃LNC/LNV(𝑝ℓ) = 1
𝜎LNC/LNV

d𝜎LNC/LNV
d𝑝ℓ

(Distinguishes LNC and LNV)
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Final State Observables: Outgoing Lepton Momentum [Preliminary]
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Final State Observables: Forward-Backward Asymmetry [2105.06576]

𝑃 𝐷
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4
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2𝑚2
𝑍 + 𝑚2

−1 −0.5 0 0.5 1

0.4

0.6

0.8

cos 𝜃𝑁

𝑃 𝜇
∓

Theory Data
𝜇−

𝜇+

0

30

60
90

120

150

180

210

240
270

300

330

12 / 30



Final State Observables: Forward-Backward Asymmetry [2105.06576]
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Final State Observables: Forward-Backward Asymmetry [2308.07297]

Dirac-like:
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Final State Observables: Forward-Backward Asymmetry [2308.07297]
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𝑃(𝜏, 𝜃𝑁) d𝜃𝑁
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Results [2212.00562, Preliminary]
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Results [Preliminary]

Significance at fixed Δ𝑚 = 5 µeV (𝑐𝜏osc = 248 mm)
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Results [Preliminary]

Significance at fixed Δ𝑚 = 100 µeV (𝑐𝜏osc = 12.4 mm)
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Results [Preliminary]

Significance at fixed Δ𝑚 = 743 µeV (Inverted linear seesaw: 𝑐𝜏osc = 1.67 mm)

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

𝑅251020
#𝜎

371430

5 10 20 40

10−4

10−5

10−6

10−7

10−8

10−9

𝑚𝑀/GeV

|𝜃
|2

5 10 20 40
𝑚𝑀/GeV

Outgoing lepton momentum Forward-backward asymmetry

𝑅 = 𝑃 LNV

𝑃 LNC = Δ𝑚2

Δ𝑚2 + 2Γ2

19 / 30



Results [Preliminary]

Significance at fixed Δ𝑚 = 40 meV (Normal linear seesaw: 𝑐𝜏osc = 31.0 µm)
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Results [Preliminary]

Significance at fixed 𝑚𝑀 = 14 GeV and |𝜃|2 = 9 × 10−8
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Results [Preliminary]
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Conclusion

Collider-testable type I seesaw models predict pseudo-Dirac HNLs
⇓

𝑁𝑁Os between LNC and LNV

HL-LHC (𝑊 decay)
LNV can be measured directly

⇓
𝑁𝑁Os manifest as decaying oscillations

FCC-𝑒𝑒 (𝑍 decay)
LNV can be detected in final state observables

⇓
𝑁𝑁Os manifest as an oscillatory pattern

Number of events + Interplay of oscillation and decay
⇓

Oscillations can be resolvable
⇓

Understand neutrino mass generation + Detect LNV
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Symmetry Protected Seesaw Scenarios [2210.10738]

• HNL oscillations
Pseudo-Dirac

• Too heavy SM neutrinos
or tiny Yukawa couplings
Large mass splitting

Majorana pair

• Insufficient to describe
SM neutrino oscillations

Single Majorana

• 0𝜈�� decay
Majorana

• Tiny Yukawa couplings
• No collider observables

Dirac

• Unable to generate
SM neutrino masses

Dirac

Heavy neutrino

SM neutrino

Collider
testable low
scale seesaw

conserved 𝐿 small�𝐿 large�𝐿
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Symmetry Protected Seesaw Scenarios [2210.10738]

Linear Seesaw Inverse Seesaw Seesaw Independent

𝑀 =⎛⎜
⎝

0 𝑚𝑇
𝐷 𝝁𝑻

𝑫
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⎠
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𝐷 0
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𝐷 0

𝑚𝐷 𝝁′
𝑴 𝑚𝑀

0 𝑚𝑀 0
⎞⎟
⎠

𝑀𝜈 = 𝜇𝐷 ⊗ 𝜃 + 𝜃 ⊗ 𝜇𝐷 𝜇𝑀(𝜃 ⊗ 𝜃) 0
{|𝜇𝐷||𝜃| ± |𝜇∗

𝐷𝜃|, 0} {𝜇𝑀|𝜃|2, 0, 0} {0, 0, 0}

Δ𝑚 = Δ𝑚𝜈 = 2|𝜇∗
𝐷𝜃| 𝑚𝜈|𝜃|−2 = |𝜇𝑀| |𝜇′

𝑀|

Seesaw Hierarchy Benchmark Model

Linear Normal Δ𝑚𝜈 = 42.3 meV
Inverted Δ𝑚𝜈 = 748 µeV

Inverse
𝑚𝜈 = 0.5 meV
𝑚𝜈 = 5.0 meV
𝑚𝜈 = 50 meV
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Δ
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50 µeV Normal
5 µeV Inverted
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Simulation [2210.10738, 2308.07297]

Phenomenological Symmetry Protected Seesaw Scenario (pSPSS)

pSPSS Model

FeynRules
Universal Feynman Output

MadGraph5_aMC@NLO
Parton-level events

Pythia
Hadronisation and showering

Delphes
Detector effects

Two Majorana DOF described by six additional parameters

𝑚𝑀 (𝜃𝑒, 𝜃𝜇, 𝜃𝜏) Δ𝑚 𝜆

𝑀4/5 ≃ 𝑚𝑀(1 + 1
2

|𝜃|2) ± 1
2

Δ𝑚 Γ = Γ(𝑚𝑀, 𝜃𝑒, 𝜃𝜇, 𝜃𝜏)

Light neutrinos are Majorana particles
⇓

No Lepton Number

Left-chiral interaction + Small masses
⇓

Approximate LNLS with 𝜈 ≃ 𝜈𝐿 and 𝜈 ≃ 𝜈𝑅
⇓

Model light neutrinos as Dirac fields
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Event Reconstruction [2212.00562, Preliminary]

Run 𝑍 Pole 𝑊𝑊 Threshold

Simulated Events 309 965 47 937

Exactly one/three 𝜇 −34 241 −14 009
Exactly one 𝑗 −1498 −2819

Displaced 𝜇 −3964 −5107
Displaced 𝑗 −12 128 −4322

Vertex direction −53 −3
𝑁 mass window −40 534 −1709

Remaining events 217 547 19 968

Run HL-LHC
Simulated Events 50 000

Exactly one prompt 𝜇 −23 196
Exactly one displaced 𝑗 −21 652
Exactly one displaced 𝜇 −1396

𝜇 isolation −838
Vertex direction 0

No prompt electron 0
𝑊 mass window −111
𝑁 mass window −1211

Remaining Events 1596

𝑍: 𝑚𝑀 = 14 GeV (𝜃𝑒, 𝜃𝜇, 𝜃𝜏) = (0, 3, 0) × 10−4 Γ = 22.6 µeV
𝑊𝑊: 𝑚𝑀 = 5.5 GeV (𝜃𝑒, 𝜃𝜇, 𝜃𝜏) = (0, 1, 0) × 10−3 Γ = 2.05 µeV
LHC 𝑚𝑀 = 14 GeV (𝜃𝑒, 𝜃𝜇, 𝜃𝜏) = (0, 3.162 28, 0) × 10−4 Γ = 13.8 µeV

The three muons in the 𝑊𝑊 diagram are correctly identified in 19 132 events
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Event Reconstruction [Preliminary]
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Statistical Analysis [2212.00562, Preliminary]

Null hypothesis
Oscillations are absent in the data

Alternative hypothesis
Oscillations are present in the data

Agreement between hypothesis and data

#Events: 𝑃 bin
hyp =

𝑁hyp(𝜏bin)𝑁bin!𝑒−𝑁hyp(𝜏bin)

𝑁bin!
𝑃hyp = ∏

bins
𝑃 bin

hyp

Observable: 𝑃 event
hyp = 1√

2𝜋𝜎event
exp{−1

2
(

𝜇hyp(𝜏event) − 𝜇event

𝜎event
)

2

} 𝑃hyp = ∏
events

𝑃 event
hyp

Compare hypothesis
No oscillations Oscillations

Likelihood ratio (LR) = 𝑃null × 𝑃 −1
alt 1 0+

Log Likelihood ratio (LLR) = −2 log(Likelihood ratio) 0 +∞

Significance
Likelihood of finding oscillations at a given LLR under the null hypothesis
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