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Strongly established with interesting shortcomings

Over the decades experiments

and every missing pieces
Verified the facts that
they belong to this family

have found each

Finally at the Large Hadron collider
Higgs has been observed

Its properties must be verified

Few of the very interesting anomalies :
Tiny neutrino mass and flavor mixings
Relic abundance of dark matter . . .

H

SM can not explain them2

Introduction



Birth'of'(a)'new'idea/'s':'genera$on'of'neutrino'
mass'
Weinberg'Operator''in'SM'(d=5),'PRL'43,'1566(1979)'
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within'the'Standard'
'Model'

The'dimension'5'operator'can'be'realized'in'the'following'ways'
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Majorana'mass'term'is'generated'by'the'breaking'of'the'lepton'numbers'by'2'units.'

Birth of a new idea : generation of neutrino mass
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Steven Weinberg : 1933 − 2021



Neutrino
mass

Tree level

Quantum level

SM + Particles

Singlet, triplet fermions
Triplet scalars

Gauge extension

Left − right
general U(1)

Seesaw, inverse seesaw I, II, III

Higher dimensional operators I, II, III . . .

Scenarios
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3 generations of 
SM singlet right handed  
neutrinos (anomaly free)
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Table 1. The particle content of the model including the three generations of the right-handed
neutrinos (N i

R, i = 1, 2, 3) and a new scalar field (�).
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Further more using Eq. 2.1 the solutions to these conditions are listed in Table 1. Finally
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Table 1: Particle content of the minimal U(1)X model, where i, j = 1, 2, 3 are the generation
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group, SU(3)c⇥SU(2)L⇥U(1)Y⇥U(1)X , where U(1)X is realized as a linear combination of the
SM U(1)Y and U(1)B�L symmetry (the so-called non-exotic U(1) extension of the SM [21]).
The particle content of the model is listed in Table 1. The structure of the model is the same
as the minimal B � L model except for the U(1)X charge assignment. In addition to the SM
particle content, this model includes three generations of RHNs required for the cancellation
of the gauge and the mixed-gravitational anomalies, a new Higgs field (�) which breaks the
U(1)X gauge symmetry, and a U(1)X gauge boson (Z 0). The U(1)X charges are defined in
terms of two real parameters xH and x�, which are the U(1)X charges associated with H and
�, respectively. In this model x� always appears as a product with the U(1)X gauge coupling
and is not an independent free parameter, which we fix to be x� = 1 throughout this letter.
Hence, U(1)X charges of the particles are defined by a single free parameter xH . Note that this
model is identical to the minimal B � L model in the limit of xH = 0.

The Yukawa sector of the SM is then extended to include
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where the first and second terms are the Dirac and Majorana Yukawa couplings. Here we
use a diagonal basis for the Majorana Yukawa coupling without loss of generality. After the
U(1)X and the EW symmetry breakings, U(1)X gauge boson mass, the Majorana masses for
the RHNs, and neutrino Dirac masses are generated:
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where gX is the U(1)X gauge coupling, v� is the � VEV, vh = 246 GeV is the SM Higgs VEV,
and we have used the LEP constraint [23, 24] v�2

� vh2.
Let us now consider the RHN production via Z 0 decay. The Z 0 boson partial decay widths

into a pair of SM chiral fermions (fL) and a pair of the Majorana RHNs, respectively, are given
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for the U(1)X (xH = �1.2, x� = 1) and B�L (xH = 0, x� = 1) scenarios respectively.

The corresponding bounds are given in Fig. 1. We finally use these bounds for the further

analysis of the heavy neutrino production from Z
0 in our work. A diagram showing sterile

neutrino production and decay at the LHC considered can be seen in Figure 2. The

production cross-section of the heavy neutrino pair and the decay can be seen in Figure 3.

3 LHC sensitivity with displaced vertex searches (initial part of this

section has to be modified later)

For our study, we produce two UFO [45] models, based on the B�Lmodel in [8]. We adapt

it so that the light-heavy neutrino mixing and the sterile neutrino masses are treated as
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FIG. 10. Heavy neutrino (N) pair production processes at the LHC from the Z
0 with di↵erent

final states. The heavy neutrino (N) decays into di↵erent channels such as same sign dilepton plus

two fat-jets (top, left), trilepton plus missing momentum and a fat-jet (top, right) and four lepton

plus missing momentum signal (bottom) which can produce a lepton jet like signature from each

N . All combination of charges have been considered where they are required.

being normalized by N0 =
P
i

pi,TR where i runs over the constituent particles in the

jet. Here pi,T are the transverse momenta of the constituent particles. �Rik is defined

as
p

(�⌘)2
ik
+ (��)2

ik
which is the ⌘ � � distance between a candidate k-subjet and a

constituent particle i and R is the jet radius. ⌧N tries to quantify if the original jet

consists of N daughter subjets. A low value of ⌧N predicts that the original jet consists

of N or fewer daughter subjets. Hence the information from ⌧N can potentially be

used to identify an object which has an N-prong hadronic decay. It has been shown in

[85, 86] that a better discriminant to tag an N-subjet object is to consider the ratios

⌧N/⌧N�1. For the W-tagging the W yields two subjets which are collimated and hence

the variable of interest is considered to be ⌧
J

21 = ⌧2/⌧1.

(ii) jet mass: After the suitable jet grooming the mass of the fat-jet (MJ) becomes another

important variable which is useful to distinguish the signal from the SM background.

At each iteration in a sequential recombination jet algorithm, in the E-scheme, the

mother proto jet four-momentum is the vector sum of the daughter proto jet four-
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where ` i

L
(i = 1, 2, 3) and H are the SM lepton doublet of the i-th generation and the SM

Higgs doublet, respectively, and the Majorana mass matrix of the right-handed neutrinos is

taken to be diagonal without loss of generality. After the electroweak symmetry breaking,

we obtain the Dirac mass matrix as mD = YDp
2
v, where v = 246 GeV is the Higgs vacuum

expectation value. Using the Dirac and Majorana mass matrices, the neutrino mass matrix

is expressed as

M⌫ =

0

@ 0 mD

mT

D
mN

1

A . (2)

Assuming the hierarchy of |mij

D
/m k

N
| ⌧ 1, we diagonalize the mass matrix and obtain the

seesaw formula for the light Majorana neutrinos as

m⌫ ' �mDm
�1

N
mT

D
. (3)

We express the light neutrino flavor eigenstate (⌫) in terms of the mass eigenstates of the

light (⌫m) and heavy (Nm) Majorana neutrinos such as ⌫ ' N ⌫m + RNm, where R =

mDm
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, N =
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1� 1

2
✏
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UMNS with ✏ = R⇤RT and UMNS is the neutrino mixing matrix which

diagonalizes the light neutrino mass mass matrix as

UT

MNS
m⌫UMNS = diag(m1,m2,m3). (4)

In the presence of ✏, the mixing matrix N is not unitary, namely N †N 6= 1.

In terms of the neutrino mass eigenstates, the charged current interaction can be written
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmnν̄mγ
μPLνn

þ ðU†VÞmnν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn'

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2

64π
M3

N

M2
W

"
1−

M2
W

M2
N

#
2
"
1þ 2M2

W

M2
N

#
;

ð5Þ

ΓðN → νlZÞ ¼
g2jVlN j2

128π
M3

N

M2
W

"
1 −

M2
Z

M2
N

#
2
"
1þ 2M2

Z

M2
N

#
;

ð6Þ

ΓðN1 → νlhÞ ¼
jVlN j2

128π
M3

N

M2
W

"
1 −

M2
h

M2
N

#
2

: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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possible to produce
@lepton collider, however,

We consider xΦ = 1

e−e+ → Z′￼ → N N at 250 GeV collider : Jurina Nakajima′￼s poster, 1812.11931

We will consider the production
of RHNs through mixing

1207.3734
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Production of right handed neutrinos in electron colliders



Heavy neutrino searches at different coliders

prompt/boosted/long − lived

from the heavy resonance induced
pair production

Bossted objects like : W, Higgs
displaced decay of the heavy neutrino
discriminator : leptons insde the jet cone

Such sceanrios will appear in pair

rare to find from SM

paired displaced RHN decay
is possible in this scenario

small to heavy mass range
can be successfully probed

when produced from the heavy resonance

studying the tracks

Production : Mixing suppressed and direct

9 Prompt, boosted in this talk
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Production cross sections of RHNs in electron positron colliders

SM Backgrounds :
νeW, WW, ZZ → ννjj, ZZ → eejj, tt̄

Signal :ℓ + ν + J

PJ
T > 150(250) GeV

Pℓ
T > 100(200) GeV

MJ > 70 GeV
|cos θℓ(e) | ≤ 0.85

Cuts : s = 1(3)TeV

2304.06298
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Limits on the mixing angle from electron positron collider
2304.06298
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e± + 4j, s = 250 GeV e±e± + 2j, s = 250 GeV

RHN production inelectron photon collider 2304.06298
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Conclusions
We are looking for a scenario where which can explain
a variety of beyond the SM sceanrios .

The proposal for the generation of the tiny neutrino
mass, from the seesaw mechanism, under investigation
at the energy frontier .

The motivations of these works is to find a new particle,
a new force carrier as a part of the of the new
physics search including various BSM aspects .

Mnay aspects can be addressed in these scenarios

14

including the right handed neutrino searches at e−e+ colliders .

in electron − positron and electron photon colliders .


