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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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Neutrino conncetion
Scientists build partcile acclerators to explore high energy

scale to explore new phenomena after the subatomic collisions .

Highly intense beams from accelerators are used to
to investigate the ultra rare processes of nature .

Astrophysicists use the cosmos as the laboratory
to investigate the fundamental laws of physics from a complementary
point of view of particle accelerator .

Cosmic frontier :

Intensity frontier :

Energy frontier :
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Proton Decay
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of the universe

Unification of the
forces

New physics
Beyond the Standard

Model

CMS ATLAS
LHC

ILC

DUNE

SHiP

NA62

IecCube/PINGU

Hyper − K

FASER MATHUSLA

Space Telescopes (FermiLAT)

CMB/WMAP

Inflation

Interferometers
LIGO/ DECIGO

Ground based telescopes

Future Circular Collider − hh/ee/eP

LFV(MEG, BaBaR)

evolution

T

6



3 generations of 
SM singlet right handed  
neutrinos (anomaly free)

SU(3)c SU(2)L U(1)Y U(1)X
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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 (�).

The Yukawa sector of the model can be written in a gauge invariant way as
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2
H

⇤ and C is the charge conjugate. Due to the gauge invariance the Yukawa

interactions impose
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Further more using Eq. 2.1 the solutions to these conditions are listed in Table 1. Finally

we obtain that the charges of the particles are controlled by the two parameters, xH

and x� only. Hence we conclude that the U(1)X gauge group can be defined as a linear
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Table 1: Particle content of the minimal U(1)X model, where i, j = 1, 2, 3 are the generation
indices. Without loss of generality, we fix x� = 1.

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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where g
0 is the U(1)X gauge coupling, v� is the VEV of � and vSM = 246 GeV is the

SM Higgs VEV. Using the LEP constraints from [37, 38] we use v� >> vSM. In this

model through the U(1)X symmetry breaking, the Majorana mass terms of the RHNs are

generated which induce the seesaw mechanism to generate the light neutrino mass. Hence

the neutrino mass matrix is obtained as
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Due to the nonzero U(1)X charges the Z 0 boson interacts with the particles in the same way

as it does in the B�L scenario [22, 25, 29, 34, 39–44], however, the CV and CA components

of the interactions between the Z
0 and the other particles in the model will depend upon

the xH and x� parameters. As we have already used x� = 1, the corresponding partial

decay widths of Z 0 into the fermions will depend upon xH .

The interaction between the Z
0 with the quarks can be written as
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for the left (right) handed lepton. All these charges are given in Tab. 2.1. After writing
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0
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respectively to generate the light neutrino mass though the seesaw mechanism. The neutrino
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which is the so-called

seesaw mechanism, however, in this paper the neutrino mass generation is not the main

motivation. Therefore we are not investigating the properties of the light and heavy neutrinos

in this article. The mass of the Z 0 and the U(1)X gauge coupling are constrained by the
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bound MZ0/g0 & 6.9 TeV at 95% CL for the B�L case assuming v2
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Due to the presence of the general U(1)X charges, the Z 0 boson interacts with the fermions
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q

xR
PRq)Z
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µ
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where PL and PR are the left and right projections and defined as 1+�5
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2
respectively.

The corresponding interaction Lagrangian between the lepton sector and Z 0 can be written

as
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PRe)Z
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µ
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The quantities qq,`
xL

and qq,`
xR

are the corresponding U(1)X charges of the up, down type quarks

and leptons which are given in Tab. I. Using Eq. 9 and 10 we can calculate the partial decay

widths of Z 0 into the SM fermions. The partial decay width of the Z 0 into a pair of a single

generation of charged fermions can be written as
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24⇡

⇣
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i2⌘
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where Nc = 1 for the leptons and 3 for the quarks and gf
L(R)

h
g0, xH , x�

i
is the coupling of

the Z 0 with left (right) handed charged fermions of the model. The partial decay width of

the Z 0 into a pair of single generation light neutrinos can be written as

�(Z 0 ! 2⌫) =
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24⇡
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L
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i2
(12)

g⌫
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h
g0, xH , x�

i
is the coupling of the Z 0 with left handed neutrinos of the model. 1 The

couplings between the Z 0 and the left handed and right handed SM fermions can be defined as

1 The partial decay width of the Z 0 into a pair of heavy neutrinos can be written as

�(Z 0 ! 2N) =
MZ0

24⇡
gNR
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M2
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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-

20

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-

20

W

ℓ

Z

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-

20

|VℓN |2

|VℓN |2

|VℓN |4

Y2
N( =

VℓNMN

v )
2

Direct interaction of the RHNs

Production modes of the RHNs at the colliders :

Z

Z′ 

N

N

gN
R [gx, xH] = (0 xH + (−1))gx

ν

e−

e−

ℓ−

ℓ−

N

N

(1)
(2)

(3)
(4)

(5)

(6)

W

W

W

W

|VℓN |2

|VℓN |2

|VℓN |2

|VℓN |2possible to produce
@LHC, however,
|VℓN |4 suppressed

possible to produce
@LHC, however,

|VℓN |4
suppressed

|VeN |4 suppressed

pp, e−e+, e−p

Seesaw Mechanism
right-handed neutrinos N j

R
(j = 1, 2). The relevant part of the Lagrangian is written as

L � �
3X

i=1

2X

j=1

Y ij

D
` i

L
HN j

R
� 1

2

2X

k=1

m k

N
NkC

R
Nk

R
+H.c., (1)

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
�1

N
, N =

⇣
1� 1

2
✏
⌘
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

as

LCC = � gp
2
Wµ`↵�

µPL

�
N↵j⌫mj +R↵jNmj

�
+H.c., (5)

where `↵ (↵ = e, µ, ⌧) denotes the three generations of the charged leptons, and PL =

(1� �5)/2. Similarly, the neutral current interaction is given by

LNC = � g

2 cos ✓W
Zµ

h
⌫mi�

µPL(N †N )ij⌫mj +Nmi�
µPL(R†R)ijNmj

+
n
⌫mi�

µPL(N †R)ijNmj +H.c.
oi

, (6)
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diagonalizing

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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Properties of the model and phenomenology
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Limits on the model parameters Considering the limit MZ′ > > s and appling effective theory we find the limits on
MZ′ 

g′ using LEP − II (1302.3415) and (prospective) ILC (1908.11299) :

Shows limits on MZ′ 
vs g′ for

LEP − II, ILC250, ILC500 and ILC1000

FIG. 2. Total decay width of Z 0 as a function of xH (upper left), total decay width of Z 0 as a

function of MZ0 (upper right) and the branching ratio of Z 0 (bottom) into the single generation

charged fermions as a function of xH for MZ0 = 7.5 TeV. In the first two cases we normalize the

total decay width by g02. In this analysis we fix x� = 1.

LHC considering �

m
= 3%. We calculate the bound on the U(1)X coupling g0 using

g0 =

s

g2
Model

⇣�Obs.

ATLAS

�Model

⌘
(15)

where gModel is the coupling considered to calculate �Model for di↵erent xH .

To estimate the bounds on g0 for di↵erent MZ0 , now we consider the latest CMS result

[91] where dilepton final state is considered. The electrons are considered as the final state

at 137 fb�1 and the muons are considered at 140 fb�1. In this analysis CMS considered the

ratio R� of the pp ! Z 0+X ! 2`+X to pp ! Z+X ! 2`+X. Taking R� for the electron

and muon final states and calculating pp ! Z +X ! 2`+X for 60 GeV< m`` < 120 GeV

we obtain the Z 0 production cross section in the dilepton mode for the SSM scenario. Hence

using Eq. 15 we calculate the bounds on the g0 vs MZ0 plane replacing the observed ATLAS

cross section with the observed CMS cross section using RObs

�
⇤ �(pp ! Z +X ! 2`+X).

10

Limits on MZ′ 
and g′ can also be obtained from dilepton and dijet searches at the LHC

Indicates a large VEV scale can be probed
from LEP − II to ILC1000 via ILC250 and ILC500

from [137]. Following [127, 138] we calculate the Z 0 exchange matrix element for our process

(g0)2

MZ0
2
� s

[e�µ(x`
0PL + xe

0PR)e][f�µ(xfL
PL + xfR

PR)f ] (17)

where x`
0 and xe

0 are the U(1)X charges of eL and eR which can be found in Tab. II. Similarly

xfL
and xfR

are the U(1)X charges of fL and fR. Matching Eqs. 16 and 17 we find the bounds

as

M2

Z0 � s �
g02

4⇡
|xeA

xfB
|(⇤f±

AB
)2 (18)

taking the case M2

Z0 >> s where
p
s is the LEP-II center of mass energy (209 GeV), we

calculate the bounds on in the g0 �MZ0 plane for di↵erent xH with A,B = L,R. The limits

from the dilepton, dijet, LEP and ATLAS are shown in Figs. 4 for xH  0 and in Fig. 5 for

xH > 0. Following [139, 140] and using Eqs. 16 and 18 we estimate the bounds on MZ0/g0

as a function of xH for the LEP-II using the limits on the composite scale from Tab. III in

Fig. 3 which is represented by the blue solid line and the gray shaded region is ruled out the

LEP-II. Similarly we estimate the prospective reach at the ILC with
p
s = 250 GeV, 500

GeV and 1 TeV by red dotted, purple dashed and green dot-dashed lines. The corresponding

prospective limits on the composite scales are shown in Tab. IV.

Model ⇤�
`+`� (TeV) ⇤+

`+`�(TeV) ⇤�
qq
(TeV) ⇤+

qq
(TeV)

LL 11.8 13.8 4.2 7.2

RR 11.3 13.2 6.3 4.3

LR 10.0 13.5 5.7 4.9

RL 10.0 13.5 8.4 10.8

VV 20.0 24.6 9.4 5.8

AA 18.1 17.8 6.9 10.7

TABLE III. The 95% CL on the scale for constructive (⇤+) and destructive interferences (⇤�)

with the SM, for the contact interaction models from LEP-II [137]. We consider the universal

limits (strongest limits) on the dilepton (`+`�) and diquark (qq) productions from e�e+ ! ff .

Finally we discuss about the prospective limits on g0 as a function of MZ0 could be

obtained from the future e�e+ collider. We consider a
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s = 250 GeV, 500 GeV and 1 TeV

e�e+ collider. We find the limits MZ0/g0 > 7.0 TeV, 48.24 TeV, 81.6 TeV and 137.2 TeV at
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0, 0.5, 1 and 2 respectively and x� = 1 where i represents the family index for three generations
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The corresponding bounds can be found in Figs. 4 and 5 for xH  0 and xH > 0 respectively.

We show the bounds on the g0-MZ0 plane for 1 TeV  MZ0 comparing with the dilepton

searches from ATLAS [90], ATLAS-technical design report (TDR) [134] and CMS [91]. We

also calculate the bounds comparing with the dijet searches from the ATLAS [135] and CMS

[136] with 58% and 70% acceptance respectively using Eq. 15. The bounds for xH  0 are

shown in Fig. 4 and those for xH > 0 are shown in Fig. 5.

In this analysis we have calculated the limits from LEP considering MZ0 greater than the

center of mass energy of LEP-II. The LEP electroweak working group has parametrized the

interactions as [126, 137]

±4⇡

(1 + �ef )(⇤
f±
AB

)2
(e�µPAe)(f�µPBf) (16)

where A,B = L,R for the chirality, �ef = 1, 0 for f = e, f 6= e respectively which can

constrain the high mass e↵ect beyond the SM for s

M
2
Z0

<< 1. The quantities ⇤f±
AB

are taken
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from [137]. Following [127, 138] we calculate the Z 0 exchange matrix element for our process

(g0)2

MZ0
2
� s

[e�µ(x`
0PL + xe

0PR)e][f�µ(xfL
PL + xfR

PR)f ] (17)

where x`
0 and xe

0 are the U(1)X charges of eL and eR which can be found in Tab. II. Similarly

xfL
and xfR

are the U(1)X charges of fL and fR. Matching Eqs. 16 and 17 we find the bounds

as

M2

Z0 � s �
g02

4⇡
|xeA

xfB
|(⇤f±

AB
)2 (18)

taking the case M2

Z0 >> s where
p
s is the LEP-II center of mass energy (209 GeV), we

calculate the bounds on in the g0 �MZ0 plane for di↵erent xH with A,B = L,R. The limits

from the dilepton, dijet, LEP and ATLAS are shown in Figs. 4 for xH  0 and in Fig. 5 for

xH > 0. Following [139, 140] and using Eqs. 16 and 18 we estimate the bounds on MZ0/g0

as a function of xH for the LEP-II using the limits on the composite scale from Tab. III in

Fig. 3 which is represented by the blue solid line and the gray shaded region is ruled out the

LEP-II. Similarly we estimate the prospective reach at the ILC with
p
s = 250 GeV, 500

GeV and 1 TeV by red dotted, purple dashed and green dot-dashed lines. The corresponding

prospective limits on the composite scales are shown in Tab. IV.
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`+`�(TeV) ⇤�
qq
(TeV) ⇤+

qq
(TeV)
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RR 11.3 13.2 6.3 4.3

LR 10.0 13.5 5.7 4.9

RL 10.0 13.5 8.4 10.8

VV 20.0 24.6 9.4 5.8

AA 18.1 17.8 6.9 10.7
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Matching the above equations we obtain
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Limits on U(1)X coupling as a function of MZ′ 
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Comparing LHC(2ℓ, 2j from CMS, ATLAS), LEP − II data and prospective ILC bounds
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Pair production of RHN from Z′ 

14 TeV, 27 TeV : 3ab−1 and 100 TeV at 30 fb−1

Cuts : pJ
T > 100 GeV, pℓ1,ℓ2

T > 100 GeV,
jet − mass window 15 GeV, b − veto

FIG. 7. The density plot representing trilepton plus two jet cross section in association with missing

energy on MN � MZ0 plane for Case-I (II) in the upper (lower) panel considering xH = �1.2 at

di↵erent center of mass energies. The bar chart represents the cross sections in fb.

FIG. 8. Heavy neutrino pair production processes at the hadron collider from the Z
0. The heavy

neutrinos (N) decay into the SSDL plus two fat-jets (left) and trilepton plus one fat-jet in associ-

ation with missing energy (right).

VI. SAME SIGN DILEPTON (SSDL) WITH FAT-JETS

The resonant production of the Majorana RHN pair from the Z
0 can show a show a

distinct signature of the lepton number violation at the collider. In this case RHNs will

produce same sign leptons and W bosons. Due to the heavy mass of the RHNs the W boson

will be boosted to produce a fat-jet. The production process is

pp ! Z
0
! NN,N ! `

±
W,N ! `

±
W,W ! j1j2(J1),W ! j1j2(J2) (26)

20

Backgorunds :
W±W±jj, W±Zjj, W±W∓Zj, ttW±, ttz

for Cases-I and II. The leading background is originated from WZ+jets signal whereas the

sub-leading contribution from the background is coming from WWZ signal respectively.

The other backgrounds are two-to-three orders of magnitude smaller than the leading back-

ground. Solving the signal and background relation for a particular significance we can

estimate the luminosity to achieve that significance. We notice that a 5�� significance can

be attained at 2 ab�1 in Case-I whereas the same can be achieved at the 15 fb�1 luminosity

in Case-II.

VIII. BOUNDS ON MN �MZ0 PLANE

3.0 3.5 4.0 4.5

0.6

0.8

1.0

1.2

1.4
1.6

MZ' [TeV]
M
N
[T
eV

]

27 TeV

14 TeV
100 TeV

Case-I, 2-�

FIG. 11. 2�� exclusion at di↵erent hadron colliders on MN�MZ0 plane from SSDL+2J signature.

We consider 3 ab�1 luminosity for 14 TeV and 27 TeV colliders and 30 fb�1 luminosity for 100

TeV respectively.

Applying the constraints on the g
0
�MZ0 plane we produce the RHN pair from Z

0 using

Cases-I and II. We study the boosted objects from the RHNs. Considering the SSDL final

state manifesting the Majorana nature of the RHNs we perform a scan over 3 TeV  MZ0 < 7

TeV considering 500 GeV  MN <
MZ0
2 . We consider the leading decay mode `W from each

RHN and the heavy mass will boost each W boson from the RHN to produce fat-jet. Hence

we study the SSDL+ 2 J signature at hadron colliders with
p
s = 14 TeV, 27 TeV and

100 TeV respectively. Following the selection and advanced cuts described in Sec. VI we

produce the signal and studying the backgrounds to produce 2 � � exclusion limit in the

35
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`Li eRi NR↵ H �

SU(2)L 2 1 1 2 1

U(1)Y �1/2 �1 0 1/2 0

U(1)X �1
2xH � x� �xH � x� �x�

1
2xH 2x�

TABLE I: The relevant part of the particle content of the general U(1)X scenario where i

and ↵ are the family indices for the three generations.

and singlet scalars respectively. Here gX is the U(1)X gauge coupling. The existence of

such a neutral BSM gauge boson will allow the interactions with the fermions of the model.

The e↵ect of the unequal U(1)X charges of the SM leptons, unlike the B�L theory, will be

manifested by their interaction with the Z
0 as

� L`

int = gX(`LQ
`

X
�
µ
Z

0
µ
`L + `RQ

eR
X
�
µ
Z

0
µ
`R) (1)

where Q
`

X
= �1

2xH � x� and Q
eR
X

= �xH � x� are the U(1)X charges of the left handed

and right handed leptons in terms of the U(1)X charges of the scalar fields. At the DUNE,

the neutrino-electron scattering can be mediated by the SM gauge bosons at the s and t

channels. Additionally a light Z 0 mediated t channel exchange will contribute to the ⌫ � e

scattering as shown in Fig. 1.

FIG. 1: The electron-neutrino scattering by the charged (1) and neutral (2) mediators.

The Z
0 vertices manifest the general U(1)X charges.

The interaction between the light neutrinos and the electrons through the light Z 0 will

4
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Neutrino electron scattering

explicitly manifest the e↵ect of the general U(1)X charges. For example if we fix x� = 1

with xH = �2, �1, xH = 1 and xH = �0.5 we find that there is left handed fermions,

eR, dR and qR respectively have no interaction with the Z
0. The case with xH = 0 will

produce the B�L scenario and xH = �2 is called the U(1)R scenario. We can consider the

B�L as a special case of the general U(1)X scenario when xH = 0 and x� = 1. Finally

the total ⌫ � e scattering cross section will include the corresponding interference between

the SM induced and light Z 0 mediated processes. The breaking of the U(1)X symmetry can

have another important implication in the form of generation of the Majorana mass term

of the heavy neutrinos from the interaction YN↵�NR↵
c
NR↵+H.c. which can generate the

light neutrino mass and the flavor mixing through the seesaw mechanism [7]. We consider

the ⌫ � e scattering at the DUNE near detector facility under the general U(1)X scenario.

Following the scattering processes shown in Fig. 1 we estimate the complete di↵erential

scattering cross section
d�(⌫e)

dT
with respect to the recoil kinetic energy of the outgoing

electron (T ) including the interference e↵ects. The SM cross section for ⌫ � e scattering

mediated by the W and Z bosons is given by

d�(⌫e)

dT

����
SM

=
2G2

F
me

⇡E2
⌫

(a21E
2
⌫
+ a

2
2(E⌫ � T )2 � a1 a2 meT ), (2)

where E⌫ is the energy of the incoming neutrino, GF is the Fermi constant, me is the mass

of electron, and T (0 < T <
2E2

⌫

2E⌫ +me

) is the recoil kinetic energy of the outgoing electron.

The values of a1 and a2 for various flavor of neutrinos (anti-neutrinos) are given in Table.

II.

Scattering Process a1 a2

⌫ee ! ⌫ee sin2 ✓w + 1/2 sin2 ✓w

⌫̄ee ! ⌫̄ee sin2 ✓w sin2 ✓w + 1/2

⌫�e ! ⌫�e sin2 ✓w � 1/2 sin2 ✓w

⌫̄�e ! ⌫̄�e sin2 ✓w sin2 ✓w � 1/2

TABLE II: Values of a1 and a2 in terms of Weinberg angle (✓W ) for di↵erent flavor of

neutrinos (anti-neutrinos) and � corresponds to either µ or ⌧ .

In the presence of U(1)X , the ⌫ � e scattering cross section will be modified by the

additional t channel Z 0 exchange process as

5
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SM : The interactions of the leptons with Z and W bosons

d�(
(�)
⌫↵e)

dT

����
Z0

=
(gX)4(Ql

X
)2me

4⇡E2
⌫
(2meT +m

2
Z0)2

[(2E2
⌫
� 2E⌫T + T

2)(b21 + b
2
2)± 2b1b2(2E⌫ � T )T

� meT (b
2
1 � b

2
2)], (3)

where ↵ 2 (e, µ, ⌧).

The contribution of the new interference term to ⌫ � e scattering from the Z
0 can be

written as

d�(⌫ee)

dT
|
int

=
GF (gX)2Ql

X
mep

2⇡E2
⌫
(2meT +m

2
Z0)

[2E2
⌫
(b1 + b2) + (2E2

⌫
� 2E⌫T + T

2)(b1c1 + b2c2)

+ T (2E⌫ � T )(b1c2 + b2c1)�meT (b1 � b2 + b1c1 � b2c2)], (4)

d�(⌫̄ee)

dT
|
int

=
GF (gX)2Ql

X
mep

2⇡E2
⌫
(2meT +m

2
Z0)

[2(E⌫ � T )2(b1 + b2) + (2E2
⌫
� 2E⌫T + T

2)(b1c1 + b2c2)

� T (2E⌫ � T )(b1c2 + b2c1)�meT (b1 � b2 + b1c1 � b2c2)], (5)

d�(
(�)
⌫� e)

dT

����
int

=
GF (gX)2Ql

X
mep

2⇡E2
⌫
(2meT +m

2
Z0)

[(2E2
⌫
� 2E⌫T + T

2)(b1c1 + b2c2)± T (2E⌫ � T )

⇥ (b1c2 + b2c1)�meT (b1c1 � b2c2)] (6)

where c1 = �1/2 + 2 sin2
✓W , c2 = �1/2 with � 2 (µ, ⌧) and b1 =

Q
`

X
+Q

eR
X

2
and

b2 =
Q

`

X
�Q

eR
X

2
from Eq. 1 followed by Tab. I respectively. The anti-neutrino (⌫i) refers to

the corresponding negative sign in the respective expressions. Finally combining Eqs.2-6 we

find

d�(⌫e)

dT
=

d�(⌫e)

dT

����
SM

+
d�(⌫e)

dT

����
Z0

+
d�(⌫e)

dT

����
int

. (7)

The interference term contributes distinctly for neutrino and anti-neutrino mode for var-

ious values of xH and x� in U(1)X model. For example, in Fig. 2 we show the behavior

of the cross section for muon type neutrino and anti-neutrino as a function of the gauge

coupling strength gX for xH = 0,�1,�3 with x� = 1 and U(1)Lµ�Le . The energy of the
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FIG. 2: Total cross section of
(�)
⌫µ � e scattering for SM and U(1).

III. EXPERIMENTAL DETAILS

Neutrino electron scattering gives us a powerful tool to probe di↵erent U(1)X model

parameters space. Various neutrino experiments could give significant constraints on U(1)X

model. The details description of the experiments are mentioned below.

DUNE ND : DUNE is an upcoming superbeam long-baseline neutrino experiment. It

will also have a near detector complex to measure the neutrino flux precisely. We consider

a 75 tons of liquid Argon near detector for our analysis. The detector will have an excellent

energy and angular resolution for the scattered electron. The predicted fluxes for neutrino

and anti-neutrino modes are shown in Fig. ??. The small amount of contaminated ⌫e (⌫̄e)

flux could produce the background for ⌫ � e scattering via the charged current (CC) in-

teraction if the hadronic activity is below the detector threshold level (⇠ 50 MeV). The

misidentified ⇡
0 could also mimic the signal produced via ⌫A ! ⌫⇡

0
A if one of the photon

is soft and also the hadronic activity is below the threshold. We consider total 7 years of

runs with equally divided both in neutrino and anti-neutrino mode.

BOREXINO : 7Be solar neutrino (⌫e) of 862 keV energy was measured by BOREXINO

collaboration [9] via the neutrino electron scattering using the liquid scintillator detectors.

The energy range of the recoiled electron is 270� 665 keV.

TEXONO : At the Kuo-Sheng Nuclear Power Station, the elastic ⌫̄e � e scattering was

8
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FIG. 6: 90% CL contour in the gX-Mz0 plane.
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MZ′ [GeV]

gX νμ : Solid, νμ : Dashed

2111.08767 (DUNE), 2206.12676 (Beam dump)



Interesting propspects of neutrinos

Neutrinos can be orginiated from the astrophysical sources
Galactic/ Extragalactic sources
Active galactic nuclei : A compact region at the center of the galaxy with high luminosity
Most luminous source of EM radiation . It has beeen observed in radiowaves and X − rays .

Gamma ray burst : Sudden intense flashes of the gamma rays
Highly energetic Nature is unknown

Are the neutrinos emitted by these sources?distant If emitted then how to study?

To study distant objects we need a telescope .
Basically we built it at the south pole of the earth and put it 1 km under the ground(ice) : IceCube detector .
Neutrios came the distant sources scattered with the electrons in the ice producing Cherenkov light .

In 2013, they detected few PeV neutrinos .
In course of time they have measured high energy cosmic neutrinos between 100 TeV to 10 PeV
from extra galactic sources and cosmic ray muons .

19

In 2018, they observed energetic neutrinos .

Neutrinos are charge neutral : no bending under the electromagnetic field .
So the neutrinos do not scatter and can be directly pointed back to the source .

with ShivaSankar et . al .

(νν̄ → e−e+)

(will appear soon)



Further interesting open aspects for the BSM physics
(1) What is the origin of Dark matter : Cobe, WPMAP, Planck : Relic : Ωh2 ∼ 0.12
Possible solution : Standard Model singlet fermion(Dirac/Majorana), scalars being protected by some symmetryies .
Non baryonic, electric charge neutral, stable τDM > tU

(2) Matter Antimatter asymmetry : anti baryon number density < < baryon number density

Inclusion of the RHN can explain such scenario through leptogenesis .
Fukugita, Yanagida Leptogenesis

RHN decay (out of equilibrium) in the early universe generates lepton asymmetry .
Sphaleron process lepton asymmetry → baryon asymmetry .

(3) Cosmological Inflation : Origin of primordial density fluctuations : scalar field as inflaton .

(4) Strong CP : SM gauge symmetry allows to add a CP violating term (θ) in GμνGμν
Strongly constrained from neutron EDM : Natural origin of smallness
Inclusion of the axion may solve this issue . Axion can be a DM candidate .

20

Future experiment like LUX



Dark matter and neutrinos

Such models can successfully fit
a potential Dark matter candidate (N1/ 3)

Depending upon the model parameters

Relic

Z′ portal, Higgs portal

D
irectsearch

Mono − jet, mono − photon
LHC ILC21

4%

23%

73%

Dark Matter
Ordinary Matter

Dark Energy

Weekly interacting Feebly interacting

adding discrete symmetry Z2

DM abundance is obtained by the
annihilation and decay of the SM particles

DM yield increases with

UV Freeze − in : DM produced by the SM

IR Freeze − in : DM interacts with
visible sector via a renormalizable
operator production dominates at low T

particles mediated by portal

the increase in coupling

Z′ mediated processes

RHN DM

RHN DM in MeV scale
Z′ in TeV scale

Pair produced from Z′ 

RHN DM decays
into positrons to explain

511 keV INTEGRAL anomaly

SM fermions annihilate
into RHN DM through Z′ 



22 will appear soon

B − L



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
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which could connect three interesting frontiers of physics


