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Type I Seesaw Mechanism

νe , νµ, ντ + νR1, νR2

Where the νR have large masses.

The nature for the neutrinos can be:

Dirac Type (LNC Process).

Majorana Type (LNV Process).
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Type I Seesaw Mechanism

L = LSM +
∑

α=e,µ,τ

L̄αYα1ΦN1R −
1

2
N̄c

1RMN2R + h.c (1)

Mν =

 0 mD 0

mT
D 0 M

0 M 0

 (2)

Adding LNV parameters ε,µ,µ′.

Mν =

 0 mD εm′D
mT

D µ′ M
εm′TD M µ

 (3)
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Type I Seesaw Mechanism

Parametrization

Mixing Matrix

U =

(
(Ua`)3x3 (Uah)3x2

(Us`)2x3 (Ush)2x2

)
(4)

one can write

Ua4 ' ±Za

√
m3

M4
cosh γ exp∓iθ Ua5 ' iZa

√
m3

M5
cosh γ exp∓iθ (5)

Where γ, θ are parameters Casas-Ibarra R matrix
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Type I Seesaw Mechanism

With this parametrization, we can rebuild the mass matrix

M ′ν =

 0 (mnew
D )a4 (mnew

D )a5

(mnew
D )Ta4 M4 0

(mnew
D )Ta5 0 M5

 (6)

(mnew
D )a4 ' ±(Za)∗

√
m3M4 cosh γ e∓iθ , (7)

(mnew
D )a5 ' −i(Za)∗

√
m3M5 cosh γ e∓iθ . (8)

Mν and M ′ν are related by are redefinition of νR1, νR2

and µ, ε ∼ O(mν)

we found : µ′ = δM ≡ M5 −M4 ,{
µ′ → 0
Ni → Pseudo−Dirac Neutrinos

(9)
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Pseudo-Dirac Neutrinos at the ILC

Dirac Neutrinos : e+e− −→ ν̄N

-4 -2 0 2 4

η

dσ
dη
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Pseudo-Dirac Neutrinos at the ILC

Majorana Neutrinos : e+e− −→ νN

-4 -2 0 2 4

η

dσ
dη
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Pseudo-Dirac Neutrinos at the ILC

e−e+ −→ νN∗ −→ ν`W ∗ −→ ν`jj

Diagram A (LNC ) Diagram B (LNV )
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Pseudo-Dirac Neutrinos at the ILC

the square element matrix.

|MA|2 =
1

4

(
g√
2

)6
 5∑
j ,k=4

ΩAjΩ
∗
Ak


︸ ︷︷ ︸

ΦA

Gλδ
A ε∗λ(p4) εδ(p4)

(10)

where:

ΩAj =
U∗µjUejU

∗
eν

f (Mj)
, f (Mj) ≡ q2 −M2

j + iMj Γj (11)

in the LNC limit: M5 → M4 y Γ5 → Γ4

ΦLNC
A = 4|Ze |2|Zµ|2|Ueν |2 cosh4 γ45

m2
3

M2
4

1

|f (M4)|2
. (12)
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Pseudo-Dirac Neutrinos at the ILC
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Pseudo-Dirac Neutrinos at the ILC

|MB |2 =
1

4

(
g√
2

)6
 5∑
j ,k=4

MjMk

q2
ΩBjΩ

∗
Bk


︸ ︷︷ ︸

ΦB

Gλδ
B ε∗λ(p4) εδ(p4)

(13)

where:

ΩBj =
U∗µjU

∗
ejUeν

f (Mj)
, f (Mj) ≡ q2 −M2

j + iMj Γj (14)

in the LNC limit: M5 → M4 y Γ5 → Γ4

ΦLNC
B = 0 (15)
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Pseudo-Dirac Neutrinos at the ILC
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Pseudo-Dirac Neutrinos at the ILC

We do an expansion:

ΦB
LNC−−−→ 4|Zµ|2|Ze |2|Ueν |2 cosh4 γ45

m2
3

M2
4

M4
4

q2|f (M4)|4
×[(

1 +
Γ2

4

4M2
4

)
(δM)2 +

1

4
(δΓ)2 +

Γ4

2M4
δΓ δM

] (16)

we have : δM � δΓ
if we consider the heavy neutrino on-shell:(

ΦB

ΦA

)
on−shell

LNC−−−→
(

1 +
Γ2

4

4M2
4

)(
δM

Γ4

)2

(17)
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Forward-Backward Asymmetry and Results

The condition for Displaced Vertices:
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Forward-Backward Asymmetry and Results

The condition for Displaced Vertices:

10 µm < LT < 2.49 m Lz < 3.018 m. (18)

d` ≡
|Lx p`y − Ly p

`
x |

p`T
> 6 µm (19)

S. Antusch, E. Cazzato, O. Fischer
DOI: 10.1007/JHEP12(2016)007
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Forward-Backward Asymmetry and Results

In this work , we have two scenarios:

Name Mass (GeV) |Uµ4|2 Γ4 (meV) c τ4 (µm)

Light 5 1.0x10−5 0.02 10

Heavy 20 5.0x10−6 20 0.01
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Forward-Backward Asymmetry and Results

M=5 GeV

Number of events = 86
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Forward-Backward Asymmetry and Results

the asimetry was calculate with the next expresion:

A±η =
N±(η > 0)− N±(η < 0)

N±tot
(20)

the total asimetry:

Atot
η =

A−η − A+
η

2
(21)
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Forward-Backward Asymmetry and Results

M=5 GeV
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Forward-Backward Asymmetry and Results

M=20 GeV
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Forward-Backward Asymmetry and Results

Conclusions

For M = 5 GeV, we found upper or lower limits on δM ∼ 50µeV , and
for M = 20 GeV, δM ∼ 20meV

we can probe the nature of the neutrinos by the observing or not in
the η distribution of the lepton.
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Backup

Apendice A

Diagram A:

Γµ = UeNγ
µ(1− γ5) (1)

Γλ = U∗µNγ
λ(1− γ5) (2)

Γν = U∗eνγ
ν(1− γ5) (3)

Diagram B:
Γµ = Ueνγ

µ(1− γ5) (4)

Γλ = U∗µNγ
λ(1− γ5) (5)

Γν = U∗eNγ
ν(1− γ5) (6)
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Backup

Γµ† = UeN(1− γ5)γµ† (7)

γµ† = γ0γµγ0 (8)

we have:
Γ
′µ = CΓµTC † (9)

C (γµγ5)TC−1 = γµγν (10)

C (γµ)TC−1 = −γµ (11)

Diagram A:

Γ
′µ = −UeNγ

µ(1 + γ5) (12)

Diagram B:
Γ
′µ = −Ueνγ

µ(1 + γ5) (13)

Heavy neutrino propagator:

−iSj =
/q + Mj

q2 −M2
j + iMj Γj

≡ /q + Mj

f (Mj)
, (14)
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Backup

Apendice B

CT (1 + γ5)TγλTC † = γλ(1− γ5) (15)

CT (1− γ5)TγµTC † = γµ(1 + γ5) (16)

CTγµT (1 + γ5)TC † = γµ(1 + γ5) (17)

v(p) = CūT (p) (18)

u(p) = Cv̄T (p) (19)

uT (p) = v̄(p)CT (20)

vT (p) = ū(p)CT (21)

ūT (p) = C †v(p) (22)

v̄T (p) = C †u(p) (23)
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Backup

Apendice C

Za ≡ (UPMNS)a3 ± i

√
m2

m3
(UPMNS)a2 (24)

H =
(
I + m

1/2
` R†M−1

h R m
1/2
`

)−1/2

H̄ =
(
I + M

−1/2
h R m` R

†M
−1/2
h

)−1/2
(25)

(mnew
D )a4 ' ±(Za)∗

√
m3M4 cosh γ e∓iθ , (26)

(mnew
D )a5 ' −i(Za)∗

√
m3M5 cosh γ e∓iθ . (27)
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Backup

Dirac and Majorana Neutrinos

Dirac Neutrinos
Ψ = ΨL + ΨR (28)

Majorana Neutrinos

ΨR = CΨL
T

(29)

Ψ = ΨL + ΨR = ΨL + CΨL
T

= ΨC (30)

Majorana condition
mass terms: mRνRν

C
R ,mLνLν

C
L
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Backup

Type I Seesaw Mechanism

Fuente:www.physics.umd.edu/news/photon/iss040/spot−research.html

mass matrix

Mν =

 0 mD 0

mT
D 0 M

0 M 0

 (31)

Mlight w −mD(m)−1mD
T (32)

Mheavy w m (33)
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Backup

The model was implement in SARAH 4.12.3, and the parameters are
obtained from SPheno 3.3.8.

The output of the previous programs is introduced in WHIZARD
2.6.0, in which e+e− interactions are generated.

The simulation includes initial state polarization, ISR and
Beamstrahlung.

We used
√
s = 250 GeV and an integrated luminosity of 2ab−1.

The Parton Shower and the Hadronization with Pythia 6, and for the
events reconstrucction with Delphes 3.4.1, we use the DsiD card for
the ILC.
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