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type-i seesaw mechanism
extend standard model with sterile field 𝑁1
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𝟎
𝑚⃗𝐷
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)( 𝜈⃗
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)

ln-violating Majorana mass
𝑚𝑀 ≫ 𝑚𝐷

↓
seesaw mechanism

𝑚light ≈ 𝑚𝑀|𝜃⃗|2 𝑚heavy ≈ 𝑚𝑀 𝜃⃗ ≡
𝑚⃗𝐷
𝑚𝑀
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type-i seesaw mechanism

𝑊±

𝑁/𝑁̄

ℓ±

charged leptons
↓

can reconstruct ln

𝑍

𝑁/𝑁̄

𝜈̄/𝜈

light neutrinos
↓

cannot reconstruct ln
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state of the art at the LHC
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in the beginning there was an empty parameter space…
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non-perturbative

non-perturbative Yukawa couplings

𝑦𝜇 =
𝑚𝑀
𝑣

𝜃𝜇 > 8𝜋
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LN-blind
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ln-blind trilepton searches
[2403.00100]
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https://arxiv.org/abs/2403.00100
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sensitive to both
ln conservation and violation

https://arxiv.org/abs/2403.00100
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LN-blind
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ln-violating dilepton searches
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cannot distinguish
ln violation from from lf violation
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looking toward the future
FCC-ℎℎ and S𝑝𝑝C



prospects at future colliders
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The FCC-ℎℎ substantially improves over the present bounds
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The FCC-ℎℎ substantially improves over the present bounds,
but it’s still far from reaching the seesaw line…

|𝜃⃗|2 =
𝑚𝜈
𝑚𝑁

∼ 10−2

1015 ∼ 10−17



the naive seesaw is not
collider-accessible



the naive seesaw is not
collider-accessible

second hnl + symmetry



symmetry-protected seesaw

high scale

low scalesmall coupling

large coupling

symmetry protected
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experimentally testable

exact ln symmetry

ℒ︀ ⊃ (𝜈⃗𝑐 𝑁𝑐
1 𝑁𝑐

2)(
𝟎

𝑚⃗𝑇
𝐷

0⃗𝑇

𝑚⃗𝐷
0

𝑚𝑀

0⃗
𝑚𝑀
0

)(
𝜈⃗

𝑁1
𝑁2

)

↓
massless SM neutrinos

+
collider-accessible

Dirac hnl
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high scale

low scalesmall coupling

large coupling

symmetry protected
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experimentally testable

approximate ln symmetry

ℒ︀ ⊃ (𝜈⃗𝑐 𝑁𝑐
1 𝑁𝑐

2)(
𝟎

𝑚⃗𝑇
𝐷

𝜇⃗𝑇
𝐷

𝑚⃗𝐷
𝜇′

𝑀
𝑚𝑀

𝜇⃗𝐷
𝑚𝑀
𝜇𝑀

)(
𝜈⃗

𝑁1
𝑁2

)

↓
light SM neutrinos

+
collider-accessible
pseudo-Dirac hnl
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𝑚𝑁
Dirac

pseudo-Dirac

Δ𝑚

𝐺𝐿 𝐺𝐿

0

⟨𝑚2𝑗⟩

Weyl Majorana

Δ𝑚2𝑗



what about ln violation?



what plane-wave qft tells us

0 𝑂(𝑚)

suppressed by 𝑂(Δ𝑚/𝑚) large

pseudo-Dirac
symmetry-protected no symmetry protection

double-Majorana
regime:

HNL:

LNV:

Δ𝑚:

symmetric

Dirac
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what plane-wave qft tells us

0 𝑂(𝑚)

suppressed by 𝑂(Δ𝑚/𝑚) large

pseudo-Dirac
symmetry-protected no symmetry protection

double-Majorana
regime:

HNL:

LNV:

Δ𝑚:

symmetric

Dirac

not a complete picture!
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heavy neutrino-antineutrino oscillations
pseudo-Dirac pair contains two mass eigenstates

𝑚4
5⁄

= 𝑚𝑁 ± Δ𝑚
2

interference during resonant propagation
↓

heavy neutrino-antineutrino oscillations

𝑢

̄𝑑

𝜇+ 𝜇+ 𝑞

𝑞̄′
𝑊+ 𝑁 𝑁̄

oscillations

∑𝑛𝑖 𝑊−
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heavy neutrino-antineutrino oscillations
“Dirac”

Δ𝑚 ≪ Γ → 𝑅 ≈ 0

0 0.5 1 1.5 2 2.5 3
𝜏/𝜏dec

0

0.25

0.5

0.75

1

𝑃 ±

Δ𝑚 = 0.5 Γ
𝑅 = 0.11

pseudo-Dirac
Δ𝑚 ∼ Γ → 0 < 𝑅 < 1

0 0.5 1 1.5 2 2.5 3
𝜏/𝜏dec

Δ𝑚 = 5 Γ
𝑅 = 0.93

double-Majorana
Δ𝑚 ≫ Γ → 𝑅 ≈ 1

0 0.5 1 1.5 2 2.5 3
𝜏/𝜏dec

Δ𝑚 = 50 Γ
𝑅 = 1

decaying oscillations

𝑃+−(𝜏) = 𝑃decay(𝜏) × 𝑃+−
osc(𝜏)
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decaying oscillations
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time-integrated behaviour

ln-conserving ℓ±ℓ∓ events

𝑁OS = 𝜎OS × ℒ︀int ∝ ∫ 𝑃+(𝜏) d𝜏

ln-violating ℓ±ℓ± events

𝑁SS = 𝜎SS × ℒ︀int ∝ ∫ 𝑃-(𝜏) d𝜏
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the decaying oscillations are governed by Δ𝑚 and Γ

𝑅 ≡
𝑁SS
𝑁OS

= 𝑟
𝑟 + 2

→ {
𝑟
2  Δ𝑚 ≪ Γ

1 − 2
𝑟  Δ𝑚 ≫ Γ

𝑟 ≡ (Δ𝑚
Γ

)
2

13 / 29



10−2 10−1 100 101 102 103 104 105 106
10−2

10−1

100

101

102

Γ/eV

Δ𝑚
/e
V

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9
𝑅



10−2 10−1 100 101 102 103 104 105 106
10−2

10−1

100

101

102

Γ/eV

Δ𝑚
/e
V

𝑅(𝑟, 0)

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9
𝑅

𝑅 = 𝑟
𝑟 + 2

 with 𝑟 = (Δ𝑚
Γ

)
2

large-𝑅

small-𝑅



heavy neutrino-antineutrino oscillations

0 Γ 𝑂(𝑚)

suppressed by 𝑂(Δ𝑚/𝑚) large at amplitude level

small-𝑅 large-𝑅
oscillation-enhanced

large at amplitude level

pseudo-Dirac
symmetry-protected no symmetry protection

double-Majorana
regime:

HNL:

𝑡-channel:

𝑠-channel:

Δ𝑚:

symmetric

Dirac
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heavy neutrino-antineutrino oscillations

0 0.5 1 1.5 2 2.5 3
𝜏/𝜏dec

0

0.25

0.5

0.75

1

𝑃 ±

Δ𝑚 = 0.5 Γ
𝑅 = 0.55

0 0.5 1 1.5 2 2.5 3
𝜏/𝜏dec

Δ𝑚 = 5 Γ
𝑅 = 0.97

0 0.5 1 1.5 2 2.5 3
𝜏/𝜏dec

Δ𝑚 = 50 Γ
𝑅 = 1

decoherence can damp quantum oscillations

𝑃+−
osc(𝜏) =

1+−𝑒−𝜆 cos(Δ𝑚𝜏)
2

 where 𝜆 = ( Δ𝑚
Δ𝑚𝜆

)
2

 and Δ𝑚𝜆 = 𝒪︀(10 eV)
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𝑅(𝑟, 𝜆) = 1 − 2
1 + (1 + 𝑟)𝑒𝜆

→ {
𝑅(𝑟, 0)  Δ𝑚 ≪ Δ𝑚𝜆
1  Δ𝑚 ≫ Δ𝑚𝜆
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𝑅(𝑟, 0) → {
𝑟
2  Δ𝑚 ≪ Γ

1 − 2
𝑟  Δ𝑚 ≫ Γ

𝑅(𝑟, 𝜆) → {
tanh 𝜆

2 + 𝑟
1+ cosh 𝜆  Δ𝑚 ≪ Γ

1 − 2
𝑟 𝑒−𝜆  Δ𝑚 ≫ Γ

decoherence → ln violation floor at large Γ  𝑅(0, 𝜆) = tanh 𝜆
2
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heavy neutrino-antineutrino oscillations

0 Γ Δ𝑚𝜆 𝑂(𝑚)

suppressed by 𝑂(Δ𝑚/𝑚) large at amplitude level

small-𝑅 large-𝑅
oscillation-enhanced

damping-enhanced large at amplitude level

pseudo-Dirac
symmetry-protected no symmetry protection

double-Majorana
regime:

HNL:

𝑡-channel:

oscillation-dominated
𝑠-channel:

Δ𝑚:

symmetric

Dirac

18 / 29



heavy neutrino-antineutrino oscillations

0 Γ Δ𝑚𝜆 𝑂(𝑚)

suppressed by 𝑂(Δ𝑚/𝑚) large at amplitude level

small-𝑅 large-𝑅
oscillation-enhanced

damping-enhanced large at amplitude level

small-𝑅 large-𝑅
damping-enhanced

large at amplitude level

pseudo-Dirac
symmetry-protected no symmetry protection

double-Majorana
regime:

HNL:

𝑡-channel:

oscillation-dominated
𝑠-channel:

damping-dominated
𝑠-channel:

Δ𝑚:

symmetric

Dirac

18 / 29



10−2 10−1 100 101 102 103 104 105 106
10−2

10−1

100

101

102

Γ/eV

Δ𝑚
/e
V

𝑅(𝑟, 0)
𝑅(0, 𝜆)
𝑅(𝑟, 0) = 𝑅(0, 𝜆)

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9
𝑅

large-𝑅
oscillation-
enhanced

small-𝑅
oscillation-
enhanced

small-𝑅 damping-enhanced

large-𝑅 damping-enhanced



10−2 10−1 100 101 102 103 104 105 106
10−2

10−1

100

101

102

Γ/eV

Δ𝑚
/e
V

simulation calculation
𝑅(𝑟, 𝜆)
𝑅(𝑟, 0)
𝑅(0, 𝜆)
𝑅(𝑟, 0) = 𝑅(0, 𝜆)

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9
𝑅

large-𝑅
oscillation-
enhanced

small-𝑅
oscillation-
enhanced

small-𝑅 damping-enhanced

large-𝑅 damping-enhanced

𝑅(𝑟, 𝜆) = 1 − 2
1 + (1 + 𝑟)𝑒𝜆



back to colliders!



sensitivity to pseudo-Dirac hnls

collider-accessible = symmetry-protected
↓

pseudo-Dirac hnls
↓

damped oscillations
↓

ln violation interpolates between Dirac and Majorana limits

𝜁OS
SS⁄ (𝑅) ≡

𝜎(𝑅)
𝜎(𝑅 = 1)

= 1+−
1

1 + 𝑟
𝑒−𝜆 → {1+−𝑒−𝜆  Δ𝑚 ≪ Γ

1  Δ𝑚 ≫ Γ
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reinterpreting existing bounds
exclusion of ln-violation typically, we are provided with

𝑍 ≈
𝑠(𝑚𝑁, 𝜃⃗, 𝑅)

√𝑏
> 2𝜎 → 𝜃⃗(𝑚𝑁, 𝑅) 𝜃⃗0(𝑚𝑁) ≡ 𝜃⃗(𝑚𝑁, 𝑅 = 1)
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oscillations in kinematic observables Appendix
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