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Some Models: Motivation & Description

I After the Higgs discovery mh = 125.09 GeV , there are still
unanswered questions: EW scale origin, Dark Matter, Neutrino mass,
Strong CP problem, Dark energy, Baryogenesis, Inflation .. etc.

I Neutrino oscillation data & Dark Matter and other problems must be
explained Beyond SM: larger gauge symmetry (LR, SU(5), SO(10)
..etc), adding new fields to SM .. etc.

Here, we propose some models:

I KNT and KNT-like models (based on PRD67(2003)085002): SM +
S ∼(1, 1, 2) + T ∼(1, 2n + 1, 0) + 3 Ei ∼(1, 2n + 1, 0) with the
global symmetry Z2: {Ei ,T}→{−Ei ,−T} for n = 0, 1, 2. For n = 3
the global symmetry Z2 is accidental.

I Dark Radiative Inverse Seesaw: SM + NL + NR + χ (DM).

I Scotogenic model with Majorana DM: SM + inert doublet + 3 Ni .
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Some Models: Motivation & Description

KNT & KNT-like models: (with Nasri, McDonald ..)

I For n = 0:

L ⊃ {fαβLTαCiτ2LβS+ + giαNiT
+`αR + 1

2mNi
NC
i Ni + h.c} − V , (1)

I For n = 1, 2, 3:

L ⊃ {fαβLcαLβS+ + giαEiT `αR + H.c} − 1

2
E c
i MijEj − V , (2)

I The scalar potential contains the terms

V (H,S ,T ) ⊃ λS
4

(S−)2TabTcdε
acεbd + h.c ., (3)

(Mν)αβ = (2n+1)λS
(4π2)3

mγmδ

MT
fαγfβδg

∗
γig
∗
δi × F

(
M2

i

M2
T
,
M2

S

M2
T

)
,

Floop(α, β) =
√
α

8β2

∫∞
0 dr r

r+α

(∫ 1
0 dx ln x(1−x)r+(1−x)β+x

x(1−x)r+x

)2
.
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Some Models: Motivation & Description

Dark Radiative Inverse Seesaw: (with Nasri & Boucenna)

−L ⊃ yνLH̃ NR + MNLNR + yNS χNL +
mχ

2
χT C−1χ+ h.c.,

Here, the model is assigned with a global Z4 that is softly broken to Z2,

V =-µ2H H†H + 1
2λH (H†H)2 + µ2SS

?S + µ2ν
2 (S2 + h.c.) + λS

2 (S?S)2 + λHSH
†HS?S .

νL νLNR NL NL NR

〈H〉 〈H〉

NL NL
χ

S

χ

S

µ2
ν

This leads to the 4 matrix given in the basis (νL,N
c
R ,NL, χ

c) as

M=


0 m>D 0 0
mD εR M 0
0 M> εL 0
0 0 0 mχ

,
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Some Models: Motivation & Description

Schotogenic Model with Majorana DM: (with Nasri & Jeuid)
Here the SM is extended by an inert scalar doublet Φ and three singlet
Majorana fermions Ni ∼ (1, 1, 0), i = 1, 2, 3.

L ⊃ hij L̄iεΦNj +
1

2
Mi N̄

C
i Ni + h.c .,

Nk

να νβ

〈h〉

H0, A0H0, A0

〈h〉

(Mν)αβ =
∑
k

hαkhβkMk

16π2

[
m2

H0

m2
H0 −M2

k

ln
m2

H0

M2
k

− m2
A0

m2
A0 −M2

k

ln
m2

A0

M2
k

]
,
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Neutrino Mass versus Experimental Constraints

The estimated elements of the neutrino mass matrix in each model should
be matched by

(Mν)αβ = [U · diag(m1,m2,m3) · UT ]αβ,

where U is the Pontecorvo-Maki-Nakawaga-Sakata (PMNS) mixing matrix.
However, we have so many constraints to confront such as:

I LFV processes `α → `β + γ with branching ratio (KNT)

B(`α → `β + γ) ' αυ4

384π ×
{
|fατ f ∗τβ |

2

M4
S

+ 36(2n+1)2

M4
T

∣∣∑
i g
∗
iαgiβF2(M2

i /M
2
T )
∣∣2} .

For the Scotogenic model: f = 0 and n = 0.

I Neutrino-less double-beta decay searches imply (Mν)ee . 0.35 eV.

I The Higgs decay h→ γγ due to new charged scalar in the KNT and
Scotogeneic, and the Higgs invisible decay in DRIS model.
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Dark Matter

I In the KNT and Scotogenic models, the DM here in the lightest
neutral member of the fermionic multiplets N1 (or E 0

1 for n=1,2,3).
While in DRIS, it is χ.

I There are many annihilation channels such as: E 0
1E

0
1 → `α`β and

E 0
1E

0
1 →WW for n = 1..3.

I The annihilation cross section for E 0
1E

0
1 → `α`β is given by

σE0
1E

0
1→`α`β

υr '
∑
α,β

|g1αg∗1β|2
M2

DM

(
M4

S + M4
DM

)
48π

(
M2

S + M2
DM

)4 υ2r ,
I and

σE0
1E

0
1→WW υr =

πα2
2

M2
DM

(a + bυ2r ),

with (a, b) = (0, 0) ,
(
37
12 ,

17
48

)
,
(
207
20 ,

243
28

)
,
(
174
7 ,

263
28

)
for n = 0, 1, 2, 3,

respectively.
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EW Phase Transition

In 1967, Sakharov criteria:
- B violation
- C CP violation
- Out-of-equilibrium

In the SM (KRS):
- B+L anomaly
- CKM matrix
- Strong first order Phase transition

I In the SM, υc/Tc > 1 implies mh less than 45 GeV!!.

I Knowing that υc/Tc ∼ 1/λ, the quartic coupling can be relaxed to
smaller value due to extra radiative contributions to the Higgs mass

λ =
3m2

h

υ2
− 3

32π2

∑
i=all

niα
2
i log

µ2i + 1
2αiυ

2

m2
h

,

Then large masses of the scalar multiplet members µ2i + 1
2αiυ

2 can
put λ to smaller values, which makes the EWPT strongly first order.
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Numerical Results

KNT n = 0
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Numerical Results

KNT n = 1
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Numerical Results
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Numerical Results
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Collider Signatures

KNT: e+e− → e+µ− + Emiss

Here, there two sources of missing energy: Emiss = NiNk

and Emiss = νν̄ where the SM final state e+µ− + νe ν̄µ
gets modified.
Using LanHEP/CalcHEP and after defining the cuts we
get

ECM (GeV) L (fb−1) P(e−, e+) NB NEX NS

250 250 0, 0 16480 16851 371
−0.8,+03 38498 39775 1277

350 350 0, 0 20609 21055 446
−0.8,+03 47740 48990 1250

500 500 0, 0 28280 28815 535
−0.8,+03 65500 67250 1750

1000 1000 0, 0 19.217 469.76 450.54
+0.8,−03 2.07 727.10 725.03

Table: The expected (NEX ) and background (NB) number of events for different
CM energy values with/without polarized beams within the defined cuts.
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Collider Signatures
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Collider Signatures

I Our signal consists of requiring di-leptons plus missing
energy which it is defined as

pp → l±α l
±
β + Emiss (4)

where l±α l
±
β = {e+e−, µ+µ−, e−µ+}

I The SM background is defined as

pp → W+W− → l±α l
±
β νανβ (5)

pp → ZZ (γZ )→ l±α l
±
β νανβ (6)

I set a Benchmark parameter which satisfies LFV
constraints.

feµ = −(4.97 + i1.91)× 10−2, feτ = 0.106 + i0.0859
fµτ = −(3.04 + i4.72)× 10−6, MS = 914.2GeV
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Collider Signatures

I In order to optimize the signal significance, the event selection is
performed in two steps:

I The pre-selection : we use an accurate cut on MT2 (MT2 > MW )
I The final selection : deduce kinematic cuts

Process cuts@8 TeV cuts@14 TeV
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Collider Signatures

• In order to estimate the signal, the significance is given as (should be
larger than 5σ)

S = NEX√
NEX+NB

NEX = NM − NB = L× (σM − σB) (7)

S ∝ [2Re
(
M†SMMnon−SM

)
+ |Mnon−SM |2] ∝ |fαρfβρ|2 (8)

Process σEX (fb) σB (fb) S100
e−µ+ + Emiss 1.253 0.459 7.093
e−e+ + Emiss 44.45 38.65 8.699
µ−µ+ + Emiss 65.27 56.86 10.409

Process σEX (fb) σB (fb) S20

e−µ+ + Emiss 13.03 11.98 1.301
e−e+ + Emiss 62.74 59.72 1.7051
µ−µ+ + Emiss 81.691 77.49 2.0786
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Figure:
√
s = 8 TeV (left) and

√
s = 14 TeV (right)
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Collider Signatures

DIRS: is still dark at collider ... we do not expect too intersting signature
at colliders.
Scotogenic: we have interesting signatures such as (in progress):

Process Decay mode signature

pp, e+e− → H±H∓ H± →W±H0/A0 → q1q̄2N1ν`, H
∓ →W∓H0/A0 → q3q̄4N1ν̄` 4 jets + /ET

H± →W±H0/A0 → `±ν`N1ν`, H
∓ →W∓H0/A0 → q3q̄4N1ν̄` 1`+ 2 jets + /ET

H± →W±H0/A0 → `±1 ν`N1ν`, H
∓ →W∓H0/A0 → `∓2 ν̄`N1ν` 2`+ /ET

H± →W±H0/A0 → `±1 ν`N1ν`, H
∓ → `∓2 N1 2`+ /ET

H± →W±H0/A0 → q1q̄2N1ν`, H
∓ → `∓N1 1`+ 2 jets + /ET

pp, e+e− → H±H0/A0 H± →W±H0/A0 → q1q̄2N1ν`, H
0 → N1ν` 1`+ 2 jets + /ET

H± →W±H0/A0 → `±1 ν`N1ν`, H
0 → N1ν` 1`+ /ET

pp, e+e− → H0H0 H0 → N1ν` /ET + ISR (mono-jet, mono-γ)

e+e− → N1N1γ stable final state /ET + γ
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Conclusion

These models

I explain small neutrino mass and mixing.

I provide a Majorana DM candidate at different mass ranges.

I are not in conflict with different experiemental constraints such as
LFV.

I could lead to a strong first order phase transition.

I provide intersting signatures at both leptonic and hadronic colliders.

Thank you for your attention.
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