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Is the 126 GeV SM-like boson the end of the road
or is it the Great Guide to the road ahead?

Is the 126 GeV object the long-sought-after SM Higgs or is it an
impostor?

If the 126 GeV object ”turns out” to be THE SM Higgs, it is rather
”too light”. The SM vacuum is METASTABLE. But don’t worry...

A very unsatisfactory situation. Many unanswered questions: Origin
of mass hierarchy and mixing, origin of neutrino masses, the origin
of electroweak symmetry breaking, the so-called hierarchy problem...
The ”answers” to these questions obviously lie Beyond the SM.

Window into BSM: Neutrino masses.

Window into BSM at the LHC: EW-scale νR ’s and accompanying
BSM Higgses.

In any event, properties of the 126 GeV boson which are being
revealed put severe constraints on any BSM.
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Outline

Motivations for EW-scale νR : seesaw at the LHC,....plus other
theoretical motivations.

Construction of a model of EW-scale νR : Mirror quarks and leptons
plus extended Higgs sector: Higgs doublets and triplets.

Constraints from electroweak precision parameters on the mirror
fermion and scalar sectors.

Implications of the EW νR model on the 126 SM-like boson.

Implication on the lepton mixing matrix.

Epilog
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Why are neutrinos so light?

Experimental summaries: ∆m2
atm ∼ 10−3eV 2; ∆m2

solar ∼ 10−5eV 2;
Cosmology:

∑
i mi < (0.17− 2.0)eV ; Cosmology + Oscillation:

0.04eV < mheaviest < (0.07− 0.7)eV .

Simplest realization: Add SM-singlet (sterile) νR ’s to the SM.
Neutrino masses from gν l̄Lφ̃νR where lL = (νL, eL) and
φ̃ = (φ0∗,−φ−) ⇒ mν ≈ gν(175GeV ) ⇒ gν < 10−11.

Nothing wrong but gν < 10−11 is ”unnatural” (theoretical
prejudice).

Most elegant ”explanation” for mν < O(eV ): Seesaw mechanism.

Light ν masses: |mν | ∼ m2
D/MR coming from

Lepton-number conserving Dirac mass term: mD(ν†L νR + h.c .)

Lepton-number violating Majorana mass term: MRν
T
R σ2νR .

”Standard” expectations: mD ∝ ΛEW and MR ∝ MWR
in Left-Right

model and MR ∝ ΛGUT in GUT theories.
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Why are neutrinos so light?

A direct test of the seesaw mechanism (and hence a clearer window
onto BSM) will be the detections of νR ’s.

Maybe with L-R model? Hopeless with GUT version.

What if MR ∝ ΛEW ?

In fact, there is no reason (other than GUT prejudice) to think that
νR ’s should be SM singlets.

Important criterion: It has to be experimentally testable.
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What is the EW-scale νR model and why?

EW-scale νR model: Model in which right-handed neutrinos have
Majorana masses of O(ΛEW ) naturally. How?

For naturalness, MR has to be related to the breaking scale of the
SM ⇒ νR ’s cannot be a singlet of the SM ⇒ Simplest picture: νR is
a member of a doublet of SU(2) along with a mirror charged lepton
also right-handed ⇒ Mirror fermions. νR ’s are non-sterile.

Mirror fermions under SU(2): Right-handed doublets and
Left-handed singlets (the reverse for SM fermions).

Advantages? MR ∼ O(ΛEW ) and νR ∈ SU(2) doublets ⇒ νR can be
produced at the LHC with electroweak cross sections ⇒ Direct
evidence for the seesaw mechanism such as e.g. like-sign dilepton
events coming from νR ’s decays. Bonus: Very interesting Higgs
sector.

Other ”less-practical motivations” for Mirror fermions?
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What is the EW-scale νR model and why?

Lee and Yang: ”If such asymmetry is indeed found, the question
could still be raised whether there could not exist corresponding
elementary particles exhibiting opposite asymmetry such that in the
broader sense there will still be over-all right-left symmetry..”

Electroweak phase transition: Intrinsically non-perturbative! . Study
non-perturbative phenomena through lattice regularization. Cannot
put a chiral gauge theory such as the SM on the lattice without
violating gauge invariance. A gauge-invariant formulation of the SM
on the lattice is possible if one introduces mirror fermions Montvay.

Mirror fermions are incorporated and needed in a model of
Luminogenesis where at the end of inflation dark matter was first
created, followed by the conversion of ∼ 15% of its mass density
into luminous matter. P. Frampton and PQH.
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The EW-scale νR model

PQH, 2007

Gauge group: SU(3)C × SU(2)× U(1)Y

Lepton doublets:

SM: lL =

(
νL
eL

)
; Mirror: lMR =

(
νR
eMR

)
Lepton singlets:
SM: eR ; Mirror: eML
Quark doublets:

SM: qL =

(
uL
dL

)
; Mirror: qMR =

(
uMR
dM
R

)
Quark singlets:
SM: uR , dR ; Mirror: uML , dM
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The EW-scale νR model

How to obtain MR ν
T
R σ2 νR : From (lepton-number violating)

lM,TR σ2 l
M
R = eM,TR σ2 e

M
R + νTR σ2 νR coupled to a triplet Higgs, χ̃

with Y /2 = 1. Why?

A little group theory from undergraduate quantum mechanics. Use 2
to denote a doublet of SU(2). 2 x 2 = 1 +3: A product of 2
doublets is equal to the sum of a singlet and a triplet! A non-zero
VEV of a Higgs singlet would break electric charge conservation
because it carries Q = Y /2 = 1. That leaves a triplet Higgs to be
the choice.

χ̃ = 1√
2
~τ .~χ =

(
1√
2
χ+ χ++

χ0 − 1√
2
χ+

)
Look at the Yukawa term: gM νTR σ2 νRχ

0. 〈χ0〉 = vM ⇒
MR = gM vM .

Z width constraint (3 light neutrinos) ⇒ MR > MZ/2 ∼ 46GeV .
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The EW-scale νR model

vM ∼ O(ΛEW ) ⇒ A ”large” triplet VEV would spoil ρ = 1 at tree
level! Recall ρ = M2

W /M
2
Z cos2 θW .

ρ = (
∑

i [T (T + 1)− T 2
3 ]iv

2
i cT ,Y )/(2

∑
i T

2
3iv

2
i ). ρ = 1/2 for a

complex triplet. ρ = 1 for a complex doublet.

Need to restore the Custodial Symmetry! Another triplet Higgs
scalar ξ = (3,Y /2 = 0) such that

χ =

 χ0 ξ+ χ++

χ− ξ0 χ+

χ−− ξ− χ0∗


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The EW-scale νR model

The potential has a global SU(2)L × SU(2)R symmetry: χ
transforms as (3, 3) and the doublet Φ as (2, 2) . (Chanowitz,
Golden; Georgi, Machazek)

Vacuum alignment dictates 〈χ〉 =

 vM 0 0
0 vM 0
0 0 vM

 and

〈Φ〉 =

(
v2/
√

2 0

0 v2/
√

2

)
⇒ SU(2)L × SU(2)R → SU(2)D

(custodial).
MZ = MW / cos θW , with v =

√
v2
2 + 8 v2

M ≈ 246GeV
Lots of Higgses! The nature of electroweak symmetry breaking is
intrinsically linked to the Majorana mass of non-sterile right-handed
neutrinos!
What about the Dirac mass mD? It will come from a product of 2
doublets i.e. mD(ν†L νR + h.c .). What Higgs?
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The EW-scale νR model

Simplest choice: A SU(2)-singlet and electrically neutral scalar φS
with LS = gSl l̄L φS l

M
R + H.c . ⇒ mD = gSl vS

If gSl ∼ O(1), this implies that vS ∼ O(105 eV )

The very light (∼ 100keV or so) singlet scalar could have interesting
cosmological implications. Mass-varying neutrino scenario:
vS ∼ O(ΛEW ) but now mD = gSlφ

classical
S with φclassicalS ∼ 105eV →

vS ∼ O(ΛEW ) in the distant future. A scenario for Dark Energy.

The model has to satisfy the electroweak precision data because
extra chiral doublets can do damage to the S parameter for example!
This is where the Higgs sector of the model comes in.

Note: The magnitude of the magnetic moment for the electron or
muon is µ = (1 + a) q

2m where a = g−2
2 . a(4) ∼ 1

45 ( m
mheavy

)2(απ )2. For

mheavy ∼ 200GeV , a
(4)
e ∼ 10−18 and a

(4)
µ ∼ 10−14.
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The EW-scale νR model: The Higgs sector

The EW-scale νR model contains one Higgs doublet, two Higgs
triplet and one Higgs singlet.

With respect to SU(2), the two triplets and one doublet sum up to
13 degrees of freedom, 3 of which are Nambu-Goldstone bosons
absorbed by W’s and Z ⇒ 10 physical degrees of freedom. Which
are they?
Under the custodial symmetry group SU(2)D , these 10 physical
degrees of freedom decompose as

five-plet (quintet) → H±±5 , H±5 , H
0
5 ;

triplet → H±3 , H
0
3 ;

two singlets → H0
1 , H

0′
1
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The EW-scale νR model: The Higgs sector

These scalars are expressed in terms of the original fields as

H++
5 = χ++, H+

5 = ζ+, H+
3 = cHψ

+ − sHφ
+,

H0
5 =

1√
6

(
2ξ0 −

√
2χ0r

)
, H0

3 = ı
(
cHχ

0ı + sHφ
0ı
)
,

H0
1 = φ0r , H0′

1 =
1√
3

(√
2χ0r + ξ0

)

ζ± = 1√
2

(χ± − ξ±); ψ± = 1√
2

(χ± − ξ±)

sH = 2
√
2 vM
v , cH = v2

v
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The EW-scale νR model: The Higgs sector

The phenomenology of this sector has been studied by Aranda,
Hernandez-Sanchez, PQH and will be updated.

These scalars make important contributions to the electroweak
precision parameters which offset those of the mirror fermions!
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Electroweak precision constraints on the EW-scale νR model

Vinh Hoang, PQH, Ajinkya Kamat

Why should we care? Because we now have extra chiral fermion
doublets. For 3 families, we have extra 9 RH quark doublets (for 3
colors) and 3 RH lepton doublets.

Each chiral doublet contributes a positive amount of 1/2π for quarks
and 1/6π for leptons to the S parameter. One needs to cancel it
against some other contributions.

The new Physics contributions to the S and T parameters are
constrained to be S̃ = −0.02± 0.14; T̃ = 0.06± 0.14

Big problems for any model with a lot of chiral fermions. That was
one of the reasons why Running Technicolor ⇒ Walking Technicolor
⇒ Stopping Technicolor?.

P. Q. Hung Non-sterile electroweak-scale right-handed neutrinos and a panorama of implications



Electroweak precision constraints on the EW-scale νR model

Vinh Hoang, PQH, Ajinkya Kamat

Why should we care? Because we now have extra chiral fermion
doublets. For 3 families, we have extra 9 RH quark doublets (for 3
colors) and 3 RH lepton doublets.

Each chiral doublet contributes a positive amount of 1/2π for quarks
and 1/6π for leptons to the S parameter. One needs to cancel it
against some other contributions.

The new Physics contributions to the S and T parameters are
constrained to be S̃ = −0.02± 0.14; T̃ = 0.06± 0.14

Big problems for any model with a lot of chiral fermions. That was
one of the reasons why Running Technicolor ⇒ Walking Technicolor
⇒ Stopping Technicolor?.

P. Q. Hung Non-sterile electroweak-scale right-handed neutrinos and a panorama of implications



Electroweak precision constraints on the EW-scale νR model

Vinh Hoang, PQH, Ajinkya Kamat

Why should we care? Because we now have extra chiral fermion
doublets. For 3 families, we have extra 9 RH quark doublets (for 3
colors) and 3 RH lepton doublets.

Each chiral doublet contributes a positive amount of 1/2π for quarks
and 1/6π for leptons to the S parameter. One needs to cancel it
against some other contributions.

The new Physics contributions to the S and T parameters are
constrained to be S̃ = −0.02± 0.14; T̃ = 0.06± 0.14

Big problems for any model with a lot of chiral fermions. That was
one of the reasons why Running Technicolor ⇒ Walking Technicolor
⇒ Stopping Technicolor?.

P. Q. Hung Non-sterile electroweak-scale right-handed neutrinos and a panorama of implications



Electroweak precision constraints on the EW-scale νR model

Vinh Hoang, PQH, Ajinkya Kamat

Why should we care? Because we now have extra chiral fermion
doublets. For 3 families, we have extra 9 RH quark doublets (for 3
colors) and 3 RH lepton doublets.

Each chiral doublet contributes a positive amount of 1/2π for quarks
and 1/6π for leptons to the S parameter. One needs to cancel it
against some other contributions.

The new Physics contributions to the S and T parameters are
constrained to be S̃ = −0.02± 0.14; T̃ = 0.06± 0.14

Big problems for any model with a lot of chiral fermions. That was
one of the reasons why Running Technicolor ⇒ Walking Technicolor
⇒ Stopping Technicolor?.

P. Q. Hung Non-sterile electroweak-scale right-handed neutrinos and a panorama of implications



Electroweak precision constraints on the EW-scale νR model

Fortunately, in the EW-scale νR model, the positive contributions to
S from mirror fermions cancel against the negative contributions
from the scalar sector, in particular the Higgs triplets.

The total sum generates points in the parameter space of the model
which fall inside the 1σ and 2σ ellipses as shown
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Electroweak precision constraints on the EW-scale νR model
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Figure: Total T̃ versus S̃ with the 1 and 2 σ experimental contours
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Electroweak precision constraints on the EW-scale νR model
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Electroweak precision constraints on the EW-scale νR model
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Electroweak precision constraints on the EW-scale νR model
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Electroweak precision constraints on the EW-scale νR model
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The EW-scale νR model and the 126 GeV boson

Where does the 126 GeV boson fit in all this?

Beside the existence of charged scalars (including doubly-charged
Higgses), there are 4 neutral scalars:

H0
5 =

1√
6

(
2ξ0 −

√
2χ0r

)
, H0

3 = ı
(
cHχ

0ı + sHφ
0ı
)
,

H0
1 = φ0r , H0′

1 =
1√
3

(√
2χ0r + ξ0

)

Since the 126 GeV object ”looks” very much like the SM Higgs, the
main production is through gluon fusion.
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The EW-scale νR model and the 126 GeV boson
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Figure: Generic gluon fusion
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The EW-scale νR model and the 126 GeV boson

Since the Higgs fields χ and ξ do not couple to SM and mirror
quarks, H0

5 and H0′
1 could not be candidates. This leaves H0

3 , a
CP-odd boson, and H0

1 a CP-even boson.

Could H0
1 be the 126 GeV?

gH0
1 tt

= −ı mt g

2 MW cos θH
; gH0

1q
MqM = −ı

mqM g

2 MW cos θH

Since the mirror quarks are assumed to be ”heavy” i.e.
mqM/126GeV > 1, one can make a back-of-the-envelop estimate
σ
(
gg → H0

1

)
∼ 49× 1

cos2 θH
σSM

(
gg → H

)
Way too large! H0

1 is Out! (BR are taken into account) (similar to
the factor of 9 too large for SM4 with one Higgs)
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The EW-scale νR model and the 126 GeV boson

Could H0
3 be the 126 GeV?

gH0
3 tt

= ı
mt g sin θH

2 MW cos θH
γ5 ; gH0

3u
M
i uM

i
= −ı

muM
i

; g sin θH

2 MW cos θH
γ5 ;

g
H0

3d
M
i d

M
i

= ı
mdM

i
g sin θH

2 MW cos θH
γ5

σ
(
gg → H0

3

)
∼ tan2 θH σSM

(
gg → H

)
tan2 θH ∼ 1 is allowed precision data (previous slides) so, in principle,
H0

3 could be a candidate when one works out the branching ratios?

Unfortunately, recent spin-parity analysis of the 126 GeV object
seemed to favor the CP-even 0+ and disfavor by 3 σs or so (although
not completely rule out) the CP-odd 0−. What does one do next?
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Extension of the minimal EW-scale νR model

The extension which can mimic the SM Higgs while preserving all
previous features of the minimal EW-scale νR model is actually
rather attractive.

Mimicking the SM Higgs in a minimal way: Do it in such a way that
the product of the production cross section and the branching ratios
is not too different from that for the SM case. In particular, an
important experimental quantity: The signal strength
µ = σh BRh→i/σhSM BRhSM→i

Minimal EW-scale νR model: One Higgs doublet couples to both
SM and Mirror fermion doublets.

Extension of minimal EW-scale νR model: One Higgs doublet
couples to SM left-handed fermion doublets and another one to
Mirror right-handed fermion doublets. To do that, invent a global
symmetry U(1)SM × U(1)MF such that...
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Extension of the minimal EW-scale νR model

U(1)SM : Φ1 → eıαSM Φ1

(qSML , lSML ) → eıαSM (qSML , lSML ) ,

U(1)MF : Φ1M → eıαMF Φ1M

(qMR , l
M
R ) → eıαMF (qMR , l

M
R ) .

φS → e−ı(αMF−αSM ) φS

χ̃, ξ → e−2ıαMF χ̃, ξ

All other fields are singlets under U(1)SM × U(1)MF .
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Extension of the minimal EW-scale νR model

One extra Higgs doublet ⇒ 4 more degrees of freedom ⇒ physical
states of custodial SU(2)D : a five-plet H±±,±,05 , two triplets H±,03,1 ,

H±,03,2 and three singlets H0
1 , H0

1M , H0′
1

Two 0+ states, H0
1 and H0

1M , which couple to SM and Mirror
fermions respectively.
Couplings to heavy quarks:

gH0
1 tt

= −ı mt g

2 MW (vL
1 /v)

; gH0
1MqMqM = −ı

mqM g

2 MW (vR
2 /v)

Three CP-even states: H0
1 = φ0r2 , H0

1M = φ0r2M ,

H0′
1 = 1√

3

(√
2χ0r + ξ0

)
Mass eigenstates from mixings of three singlets H0

1 , H0
1M , H0′

1 : H̃0
1

H̃0
1M

H̃0′
1

 =

 a1,1 a1,1M a1,1′
a1M,1 a1M,1M a1M,1′
a1′,1 a1′,1M a1′,1′

 H0
1

H0
1M

H0′
1


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Extension of the minimal EW-scale νR model

Let us assume that H̃0
1 is the lightest CP-even scalar, namely the

126-GeV boson. First look at the case where the dominant
component of H̃0

1 is H0
1 .

Due to additional contributions to the loop in the process H̃0
1 → γγ,

one may expect some deviation from the SM prediction, the amount
of which will depend on parameter choices. We choose to fit
H̃0

1 → γγ to the experimental value of the signal strength and
predict the signal strengths for other decay modes.

In the next slides, plots showing the predicted signal strengths with
the corresponding experimental values.
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Extension of the minimal EW-scale νR model
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Extension of the minimal EW-scale νR model
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Extension of the minimal EW-scale νR model
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Extension of the minimal EW-scale νR model
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Extension of the minimal EW-scale νR model

Some examples.

H̃ ∼ H0
1 : Almost SM-like.

σSM ∼ σEWνR and BRSM ∼ BREWνR ⇒ µ ∼ 1 for
H̃ →WW ,ZZ , bb̄, τ τ̄ , γγ

H̃ ∼ H0′
1 : 126 is an impostor.

σSM ∼ 0.66σEWνR and BRSM ∼ 1.6BREWνR⇒ µ ∼ 0.94 for
H̃ → γγ for example.
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Extension of the minimal EW-scale νR model
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The figure shows predictions of µ(H̃ →W+W−, ZZ , bb̄, τ τ̄) by EWνR
model in H̃ ∼ H0

1M/H
0′
1 scenario.

P. Q. Hung Non-sterile electroweak-scale right-handed neutrinos and a panorama of implications



Extension of the minimal EW-scale νR model

H̃0
1M? Look at the LHC constraint for µ(H̃0

1M →W+W−)

 (GeV)0

1MH
~m

200 300 400 500 600

S
M

σ
 / σ

B
es

t f
it 

95
%

 C
L 

-110

1

M
In

cr
ea

si
n

g
 Y

u
ka

w
a 

co
u

p
lin

g
 t

o
 q

P. Q. Hung Non-sterile electroweak-scale right-handed neutrinos and a panorama of implications



Extension of the minimal EW-scale νR model

To find out about the TRUE nature of the 126-GeV SM-like boson,
one has to do more than just relying on the signal strengths!

What break(s) the electroweak symmetry?
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Lepton-number violating processes at the LHC and ILC

νR is a Majorana particle and is its own anti particle

Production of νR :
q + q̄ → Z → νR + ν̄R : 50 %
q + q̄ → Z → νR + νR : 50 %
e+ + e− → Z → νR + ν̄R : 50 %
e+ + e− → Z → νR + νR : 50 %
Lepton number violation!

With maximum luminosity and energy at the LHC, νR pairs :
N ∼ 30, 000/year .

Also: e−L + e−L → e−,MR + e−,MR by the exchange in the t-channel of
the singlet scalar φS .
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Lepton-number violating processes at the LHC

Signals

Suppose some νR are heavier than some eMR :
νRi → eMRj + W+ followed by eMRj → eLk + φS .

νR i + νRi → eLk + eLl + W+ + W+ + φS + φS with k = l or k 6= l

Like-sign dileptons eLk + eLl plus 2 jets (from W ) plus missing
energies (from φS) ⇒ Lepton-number violating signals!

The appearance of like-sign dileptons
(e−e−, µ−µ−, τ−τ−, e−µ−, ...) could be at a displaced vertex or
near the beam pipe depending on the size of gSl .

Also: e−L + e−L → e−,MR + e−,MR → e−L + e−L + φS + φS . The final
polarized electrons are not back-to-back!
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Lepton-number violating processes at the LHC

Signals

Also from H++
5 :

W+ + W+ → H++
5 → eM+

R + eM+
R → l+L + l+L + φS + φS

For MH++
5
∼ 400GeV : N ∼ 3× 105/year .

For H++
5 : Only forward and backward jets from colliding hadrons.

For νRνR : Forward and backward jets from colliding hadrons plus 2
jets or leptons from the 2 Ws’.

Decay of H++
5 ⇒ gM ⇒ Implications of νR mass MR = gMvM .

Phenomenology of mirror quarks and leptons under study with Vinh
Hoang, PQH, Ajinkya Kamat, Alfredo Aranda.
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A new view on UPMNS and the charged-lepton mass matrix

Experimentally

|UPMNS | =

 0.779...0.848 0.510...0.604 0.122...0.190
0.183...0.568 0.385...0.728 0.613...0.794
0.200...0.576 0.408...0.742 0.589...0.775



Compared with the CKM matrix
|VCKM | = 0.9743± 0.0002 0.2255± 0.0024 (5.10± 0.47)× 10−3

0.230± 0.011 1.006± 0.023 (40.9± 1.1)× 10−3

(8.4± 0.6)× 10−3 (42.9± 2.6)× 10−3 0.89± 0.07


Why are the mixing matrices of the quark and lepton sectors so
different from one another?
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A new view on UPMNS and the charged-lepton mass matrix

The Higgs structure of the EW-scale νR model allows us to use the
discrete symmetry group A4 on the Dirac mass matrix part of the
neutrinos involving the Higgs singlets φS to reproduce UPMNS

without running into trouble with what we know about the
properties of the 126-GeV Higgs boson.

This in turns has an interesting implication on the charged lepton
mass matrix. With this result, we manage to extract Ml M

†
l .

Paper under preparation with Trinh Le.
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Conclusions

The EW-scale νR model which satisfies the electroweak precision
constraints provides a glimpse into the physics BSM which is
responsible for part of the masses for the light neutrinos: The
Majorana mass of the right-handed neutrinos.

The potential discovery of EW-scale νR ’s through lepton-number
violating signals such as like-sign dilepton events e.g. at the LHC or
the planned Linear Collider would be an important step in
understanding the seesaw mechanism.
The discovery of the 126 GeV boson gives an interesting guidance
on the Higgs structure of the EW-scale νR model.
Is there anything beyond the 126 GeV boson? We hope so....
Furthermore, the PMNS mixing matrix is obtained in this model
using the discrete A4 symmetry in a very different way than the
previous scenarios where a ”large” number of Higgs doublets was
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Conclusions

Can we construct a model in which, at the end of inflation, only
Dark Matter was created followed by the ”appearance” of an
asymmetry which gets converted into a lepton asymmetry which, in
turn, gets converted into a baryon asymmetry through the EW
sphaleron? Yes and the construction of the model requires the
incorporation of mirror fermions of the EW-scale νR model. P. F.
Frampton and P. Q. Hung. Self-interacting dark matter ⇒
Resolution to the problems of dwarf-galaxy structures and
dark-matter cusps at the centers of galaxies associated with WIMPS.

Dark matter gets confined when the coupling of its gauge group
SU(4) becomes of order unity at a scale ΛDM ⇒ DM dynamical
mass. ΛDM depends on the inflation scale. Tight constraints. PQH,
Kevin Ludwick.
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