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The	minimal	Z’model

Luigi	Delle Rose,	UoS and	RAL

Ø Gauge	sector
𝑆𝑈(3)&	×	𝑆𝑈(2)*	×	𝑈(1),	×	𝑈(1)-

Ø Fermion	sector
SM-singlet	right-handed	neutrinos	𝜈/
required	by	anomaly	cancellation

Ø Scalar	sector
SM-singlet	scalar	𝜒
required	by	SSB	of	U(1)’	
provides	Majorana masses	for	𝜈/

• Z’	naturally	arises	from	many	GUT	scenarios	such	as	SO(10),	E6,	L-R,	string-theory	
constructions,	KK	theories,	etc.

• Interesting	phenomenology	potentially	accessible	at	colliders:	
Z’	usually	accompanied	by	extra	degrees	of	freedom	(seesaw	can	be	implemented)

Ø New	states:	Z’	gauge	boson,	3	heavy	
neutrinos,	1	real	scalar

Ø New	parameters:
	𝑔′3, 𝑔5,	𝑀7-, 𝛼,𝑚:;,𝑚<=
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the U(1)R extension is realised by the condition g̃ = �2g0
1

while the U(1)� arising from
SO(10) unification is described by g̃ = �4/5g0

1

.
Therefore, a continuous variation of the mixing coupling g̃ allows to span over the entire
class of anomaly-free Abelian extensions of the SM with three RH neutrinos. We stress
that there is no loss of generality in choosing the U(1)B�L gauge group to parameterise this
class of minimal Z 0 models because the charges of an arbitrary U(1)

0 symmetry can always
be written as a linear combination of Y and YB�L, as a result of the anomaly cancellation
conditions.

The scalar sector is described by the potential

V (H,�) = m2

1
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which is the most general renormalisable scalar potential of a SU(2) doublet H and a
complex scalar �. The stability of the vacuum, which ensures that the potential is bounded
from below, is achieved by the following conditions

�
1

> 0 , �
2

> 0 , 4�
1

�
2

� �2

3

> 0 , (2.4)

obtained by requiring the corresponding Hessian matrix to be definite positive at large field
values.
After spontaneous EWSB, the mass eigenstates H

1,2 of the two scalars are defined by the
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where the scalar mixing angle ↵ is given by
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and the masses of the physical scalars are
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with mH2 > mH1 and H
1

identified with the 125.09 GeV Higgs boson.
Eqs. (2.6)–(2.7) can easily be inverted as
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relations which can be used to define the initial conditions on the quartic couplings through
the physical masses mH1,2 , the VEVs v, x and the mixing angle ↵. Notice that the light
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x provides the mass to the new neutral gauge boson Z 0 and the Majorana mass to the
RH neutrinos through a Yukawa coupling. The latter dynamically implements the type-I
seesaw mechanism.
The presence of two abelian gauge groups allows for a gauge invariant kinetic mixing oper-
ator of the corresponding abelian field strengths. For the sake of simplicity, the mixing is
removed from the kinetic Lagragian through a suitable transformation (rotation and rescal-
ing), thus restoring its canonical form. It is, therefore, reintroduced, through the coupling
g̃, in the gauge covariant derivative which thus acquires a non-diagonal structure

Dµ = @µ + . . .+ ig1Y Bµ + i
�
g̃Y + g0YB�L

�
B0

µ (2.1)

where Y and YB�L are, respectively, the hypercharge and the B � L quantum numbers,
while Bµ and B0

µ are the corresponding abelian fields. Other parameterisations, with a non-
canonical diagonalised kinetic Lagrangian and a diagonal covariant derivative, are, however,
completely equivalent. The details of the kinetic mixing and its relation to the Z�Z 0 mix-
ing, which we omit in this work, can be found in [8, 21, 22]. Here we comment on some the
features of the model.
The mixing angle in neutral gauge sector is strongly bounded by EW Precision Tests (EW-
PTs) and LHC data [22–24] to small values |✓0| . 10

�3. In this case we find

✓0 ' g̃
MZ v/2

M2
Z0 �M2

Z

, (2.2)

which can be satisfied by either g̃ ⌧ 1 or MZ/MZ0 ⌧ 1, the latter allowing for a generous
interval of allowed values for g̃.
It is also worth mentioning that a continuos variation of g̃ allows to span over an entire
class of anomaly-free Abelian extension of the SM with three RH neutrinos. For instance,
specific models, often studied in the literature, can be recover by particular choices of the
two gauge couplings g0, g̃. For example, the pure B � L is reproduced by g̃ = 0, which
corresponds to the absence of mixing at the EW scale, the Sequential SM is obtained by
g0 = 0, the U(1)R extension is described by the relation g̃ = �2g01 while the U(1)�, gener-
ated at low scale in the SO(10) scenario, is realised by g̃ = �4/5g01.
Moreover, there is no loss of generality in choosing the U(1)B�L as a reference gauge symme-
try because an arbitrary U(1)

0 gauge group can always be recast into a linear combination
of the U(1)Y and U(1)B�L.

After spontaneous symmetry breaking, two mass eigenstates H1,2, with masses mH1,2 ,
are obtained from the orthogonal transformation of the neutral components of H and �.
The mixing angle of the two scalars is denoted by ↵. Moreover we choose mH1  mH2

and we identify H1 with the 125.09 GeV Higgs. The light (heavy) scalar couples to the
SM particles proportionally to cos↵ (sin↵), while the interaction with the extra states
introduced by the Abelian extension, namely the Z 0 and heavy neutrinos, is controlled by
the complementary angle sin↵ (cos↵).

Finally, the Yukawa Lagrangian is

LY = LSM
Y � Y ij

⌫ Li
˜H ⌫jR � Y ij

N (⌫iR)
c ⌫jR �+ h.c. (2.3)
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Dirac	mass Majorana mass

Mass	spectrum

Z’

H2

O(1	TeV)

𝜈>

O(100	GeV)

O(10	GeV)

where LSM
Y is the SM contribution. The Dirac mass mD = 1/

p
2 vY⌫ and the Majorana

mass for the RH neutrinos, M =

p
2xYN , are dynamically generated through the spon-

taneous symmetry breaking and, therefore, the type-I seesaw mechanism is automatically
realised. Notice that M can always be taken real and diagonal without loss of generality.
For M � mD, the masses of the physical eigenstates, the light and the heavy neutrinos,
are respectively given by m⌫l ' �mT

DM
�1mD and m⌫h ' M . The light neutrinos are

dominated by the left-handed SM components with a very small contamination of the RH
neutrinos, while the heavier ones are mostly RH. The contribution of the RH components
to the light states is proportional to the ratio of the Dirac and Majorana masses. After
rotation into the mass eigenstates the charged and neutral currents interactions involving
one heavy neutrino are given by

L =

g2p
2

V↵i
¯l↵�

µPL⌫hi W
�
µ +

gZ
2 cos ✓W

V↵�V
⇤
↵i ⌫̄hi�

µPL⌫l� Zµ (2.4)

where ↵,� = 1, 2, 3 span on the light components while i = 1, 2, 3 on the heavy ones. The
sum over repeated indices is understood. In particular V↵� corresponds to the PMNS matrix
while V↵i describes the suppressed mixing between the light and heavy states. Notice also
that the Z⌫h⌫h vertex is ⇠ V 2

↵i and, therefore, highly dumped. These interactions are
typical of a type-I seesaw extension of the SM. The existence of a scalar field generating
the Majorana mass to RH neutrinos through a Yukawa coupling, which is a characteristic
feature of the Abelian extensions of the SM, allows for a new and interesting possibility to
produce a heavy neutrino pair from the SM-like Higgs (besides the obvious heavy Higgs
mode). The corresponding interaction Lagrangian is given by

L = � 1p
2

Y k
N sin↵H1 ⌫̄hk

⌫hk
= �g0

m⌫h,k

MZ0
sin↵H1 ⌫̄hk

⌫hk
(2.5)

where we have used x ' MZ0/(2g0) in the last equation. Notice that the interaction vertex
is not suppressed by the mixing angle V↵i but is controlled by the Yukawa coupling YN and
the scalar mixing angle ↵.

For illustrative purposes we assume that the PMNS matrix is equal to the identity
matrix and that both neutrino masses, light and heavy, are degenerate. In this case the
elements of the neutrino mixing matrix V↵i are simply given by mD/M '

p
m⌫l/m⌫h .

3 Production and decay

Here we focus on the heavy neutrino production cross section from a SM-like Higgs at the
LHC. This can be written as

�(pp ! H1 ! ⌫h⌫h) = cos

2 ↵�(pp ! H1)
SM

�(H1 ! ⌫h⌫h)

cos

2 ↵�

tot

SM

+ �(H1 ! ⌫h⌫h)
, (3.1)

where �(pp ! H1)
SM

and �

tot

SM

are, respectively, the production cross section and the total
width of the SM Higgs, while �(H1 ! ⌫h⌫h) is the partial decay width of the SM-like H1

into to heavy neutrinos (summed over the three families) which reads as

�(H1 ! ⌫h⌫h) =
3

2

m2
⌫h

x2
sin

2 ↵
mh1
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1�

4m2
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m2
h1

!3/2

, (3.2)
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The	Majorana mass	is	dynamically	generated	through	SSB

H1125	GeV

M =

 
0 mT

D

mD M

!
(4.4)
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is not suppressed by the mixing angle V↵i but is controlled by the Yukawa coupling YN and
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For illustrative purposes we assume that the PMNS matrix is equal to the identity
matrix and that both neutrino masses, light and heavy, are degenerate. In this case the
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where LSM
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where LSM
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↵i and, therefore, highly dumped. These interactions are
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the Majorana mass to RH neutrinos through a Yukawa coupling, which is a characteristic
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mode). The corresponding interaction Lagrangian is given by

L = � 1p
2

Y k
N sin↵H1 ⌫̄hk

⌫hk
= �g0

m⌫h,k

MZ0
sin↵H1 ⌫̄hk

⌫hk
(2.5)

where we have used x ' MZ0/(2g0) in the last equation. Notice that the interaction vertex
is not suppressed by the mixing angle V↵i but is controlled by the Yukawa coupling YN and
the scalar mixing angle ↵.

For illustrative purposes we assume that the PMNS matrix is equal to the identity
matrix and that both neutrino masses, light and heavy, are degenerate. In this case the
elements of the neutrino mixing matrix V↵i are simply given by mD/M '

p
m⌫l/m⌫h .

3 Production and decay

Here we focus on the heavy neutrino production cross section from a SM-like Higgs at the
LHC. This can be written as

�(pp ! H1 ! ⌫h⌫h) = cos

2 ↵�(pp ! H1)
SM

�(H1 ! ⌫h⌫h)

cos

2 ↵�

tot

SM

+ �(H1 ! ⌫h⌫h)
, (3.1)

where �(pp ! H1)
SM

and �

tot

SM

are, respectively, the production cross section and the total
width of the SM Higgs, while �(H1 ! ⌫h⌫h) is the partial decay width of the SM-like H1

into to heavy neutrinos (summed over the three families) which reads as

�(H1 ! ⌫h⌫h) =
3

2

m2
⌫h

x2
sin

2 ↵
mh1

8⇡

 
1�

4m2
⌫h

m2
h1

!3/2

, (3.2)

– 4 –

where LSM
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that the Z⌫h⌫h vertex is ⇠ V 2

↵i and, therefore, highly dumped. These interactions are
typical of a type-I seesaw extension of the SM. The existence of a scalar field generating
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feature of the Abelian extensions of the SM, allows for a new and interesting possibility to
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The	Majorana mass	is	dynamically	generated	through	SSB

where LSM
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while V↵i describes the suppressed mixing between the light and heavy states. Notice also
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the scalar mixing angle ↵.

For illustrative purposes we assume that the PMNS matrix is equal to the identity
matrix and that both neutrino masses, light and heavy, are degenerate. In this case the
elements of the neutrino mixing matrix V↵i are simply given by mD/M '

p
m⌫l/m⌫h .

3 Production and decay

Here we focus on the heavy neutrino production cross section from a SM-like Higgs at the
LHC. This can be written as

�(pp ! H1 ! ⌫h⌫h) = cos

2 ↵�(pp ! H1)
SM

�(H1 ! ⌫h⌫h)

cos

2 ↵�

tot

SM

+ �(H1 ! ⌫h⌫h)
, (3.1)

where �(pp ! H1)
SM

and �

tot

SM

are, respectively, the production cross section and the total
width of the SM Higgs, while �(H1 ! ⌫h⌫h) is the partial decay width of the SM-like H1

into to heavy neutrinos (summed over the three families) which reads as

�(H1 ! ⌫h⌫h) =
3

2

m2
⌫h

x2
sin

2 ↵
mh1

8⇡

 
1�

4m2
⌫h

m2
h1

!3/2

, (3.2)

– 4 –

• Heavy	neutrino	interactions	with	the	SM	gauge	fields	(typical	of	type-I	seesaw)
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where LSM
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is not suppressed by the mixing angle V↵i but is controlled by the Yukawa coupling YN and
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where LSM
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sum over repeated indices is understood. In particular V↵� corresponds to the PMNS matrix
while V↵i describes the suppressed mixing between the light and heavy states. Notice also
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mode). The corresponding interaction Lagrangian is given by

L = � 1p
2

Y k
N sin↵H1 ⌫̄hk

⌫hk
= �g0

m⌫h,k

MZ0
sin↵H1 ⌫̄hk

⌫hk
(2.5)

where we have used x ' MZ0/(2g0) in the last equation. Notice that the interaction vertex
is not suppressed by the mixing angle V↵i but is controlled by the Yukawa coupling YN and
the scalar mixing angle ↵.

For illustrative purposes we assume that the PMNS matrix is equal to the identity
matrix and that both neutrino masses, light and heavy, are degenerate. In this case the
elements of the neutrino mixing matrix V↵i are simply given by mD/M '

p
m⌫l/m⌫h .

3 Production and decay

Here we focus on the heavy neutrino production cross section from a SM-like Higgs at the
LHC. This can be written as

�(pp ! H1 ! ⌫h⌫h) = cos

2 ↵�(pp ! H1)
SM

�(H1 ! ⌫h⌫h)

cos

2 ↵�

tot

SM

+ �(H1 ! ⌫h⌫h)
, (3.1)

where �(pp ! H1)
SM

and �

tot

SM

are, respectively, the production cross section and the total
width of the SM Higgs, while �(H1 ! ⌫h⌫h) is the partial decay width of the SM-like H1

into to heavy neutrinos (summed over the three families) which reads as

�(H1 ! ⌫h⌫h) =
3

2

m2
⌫h

x2
sin

2 ↵
mh1

8⇡

 
1�

4m2
⌫h

m2
h1

!3/2

, (3.2)

– 4 –

where LSM
Y is the SM contribution. The Dirac mass mD = 1/
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2 vY⌫ and the Majorana

mass for the RH neutrinos, M =

p
2xYN , are dynamically generated through the spon-

taneous symmetry breaking and, therefore, the type-I seesaw mechanism is automatically
realised. Notice that M can always be taken real and diagonal without loss of generality.
For M � mD, the masses of the physical eigenstates, the light and the heavy neutrinos,
are respectively given by m⌫l ' �mT

DM
�1mD and m⌫h ' M . The light neutrinos are

dominated by the left-handed SM components with a very small contamination of the RH
neutrinos, while the heavier ones are mostly RH. The contribution of the RH components
to the light states is proportional to the ratio of the Dirac and Majorana masses. After
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where ↵,� = 1, 2, 3 span on the light components while i = 1, 2, 3 on the heavy ones. The
sum over repeated indices is understood. In particular V↵� corresponds to the PMNS matrix
while V↵i describes the suppressed mixing between the light and heavy states. Notice also
that the Z⌫h⌫h vertex is ⇠ V 2

↵i and, therefore, highly dumped. These interactions are
typical of a type-I seesaw extension of the SM. The existence of a scalar field generating
the Majorana mass to RH neutrinos through a Yukawa coupling, which is a characteristic
feature of the Abelian extensions of the SM, allows for a new and interesting possibility to
produce a heavy neutrino pair from the SM-like Higgs (besides the obvious heavy Higgs
mode). The corresponding interaction Lagrangian is given by

L = � 1p
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Y k
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⌫hk
= �g0
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where we have used x ' MZ0/(2g0) in the last equation. Notice that the interaction vertex
is not suppressed by the mixing angle V↵i but is controlled by the Yukawa coupling YN and
the scalar mixing angle ↵.

For illustrative purposes we assume that the PMNS matrix is equal to the identity
matrix and that both neutrino masses, light and heavy, are degenerate. In this case the
elements of the neutrino mixing matrix V↵i are simply given by mD/M '

p
m⌫l/m⌫h .

3 Production and decay

Here we focus on the heavy neutrino production cross section from a SM-like Higgs at the
LHC. This can be written as
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and �
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are, respectively, the production cross section and the total
width of the SM Higgs, while �(H1 ! ⌫h⌫h) is the partial decay width of the SM-like H1
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where we have safely neglected the contribution proportional to neutrino Dirac mass. The
H1 production cross section scales with cos

2 ↵ with respect to the SM case, the latter being
recovered by ↵ = 0 in which case we have �(pp ! H1)

SM

= 43.92 pb (gluon channel) [25].
The total width of the SM Higgs is �

tot

SM

= 4.20⇥ 10

�3 GeV [26].
The cross section in Eq. 3.1 depends on three parameters, namely, the mixing angle in the
scalar sector, the mass of the heavy neutrinos and the vacuum expectation value of the
extra scalar (or, equivalently, the Yukawa coupling YN ). The processes we are considering
and the expression of the corresponding � remain unaffected in every extension of the SM in
which the Majorana mass of the heavy neutrinos are dynamically generated by a SM-singlet
scalar field sharing a non-zero mixing with the SM Higgs doublet. This scenario is naturally
realised in the U(1)

0 extension of the SM in which, we recall, the vacuum expectation value
x is related to the mass of the Z 0 through x = MZ0/(2g0). These parameters are obviously
constrained by searches of Z 0 resonances at the LHC. We show in Fig. 1 the exclusion limits
at 95% confidence level from a Drell-Yan analysis at

p
S = 13 TeV and L = 13.3 fb�1. We

plot in Fig. 2(a) the � ⇥ BR for the process pp ! H1 ! ⌫h⌫h at the LHC at 13 TeV as a
function of the heavy neutrino mass and for ↵ = 0.3. The chosen value of the scalar mixing
angle complies with the exclusion bounds from LEP, Tevatron and LHC searches and is
compatible with the measured signals of the discovered 125.09 GeV Higgs in most of the
interval 150GeV  mH2  500GeV [22]. The previous constraints are enforced using the
HiggsBounds [27–31] and HiggsSignals [32] tools. As an example, three values of x have
been chosen according to the bounds discussed above. For instance, the value x = 4 TeV,
which may correspond to an allowed point defined by MZ0

= 4 TeV and g0 = 0.5, provides
a cross section of 300 fb.

Being interested in masses m⌫h  mh1/2, the heavy neutrinos undergo the following
decay processes: ⌫h ! l±W⌥⇤ and ⌫h ! ⌫l Z⇤ with off-shell gauge bosons. In principle,
⌫h ! ⌫l h⇤1,2 and ⌫h ! ⌫l Z

0⇤ could also be activated but they are extremely small in the
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where LSM
Y is the SM contribution. The Dirac mass mD = 1/

p
2 vY⌫ and the Majorana

mass for the RH neutrinos, M =

p
2xYN , are dynamically generated through the spon-

taneous symmetry breaking and, therefore, the type-I seesaw mechanism is automatically
realised. Notice that M can always be taken real and diagonal without loss of generality.
For M � mD, the masses of the physical eigenstates, the light and the heavy neutrinos,
are respectively given by m⌫l ' �mT

DM
�1mD and m⌫h ' M . The light neutrinos are

dominated by the left-handed SM components with a very small contamination of the RH
neutrinos, while the heavier ones are mostly RH. The contribution of the RH components
to the light states is proportional to the ratio of the Dirac and Majorana masses. After
rotation into the mass eigenstates the charged and neutral currents interactions involving
one heavy neutrino are given by

L =

g2p
2

V↵i
¯l↵�

µPL⌫hi W
�
µ +

gZ
2 cos ✓W

V↵�V
⇤
↵i ⌫̄hi�

µPL⌫l� Zµ (2.4)

where ↵,� = 1, 2, 3 span on the light components while i = 1, 2, 3 on the heavy ones. The
sum over repeated indices is understood. In particular V↵� corresponds to the PMNS matrix
while V↵i describes the suppressed mixing between the light and heavy states. Notice also
that the Z⌫h⌫h vertex is ⇠ V 2

↵i and, therefore, highly dumped. These interactions are
typical of a type-I seesaw extension of the SM. The existence of a scalar field generating
the Majorana mass to RH neutrinos through a Yukawa coupling, which is a characteristic
feature of the Abelian extensions of the SM, allows for a new and interesting possibility to
produce a heavy neutrino pair from the SM-like Higgs (besides the obvious heavy Higgs
mode). The corresponding interaction Lagrangian is given by

L = � 1p
2

Y k
N sin↵H1 ⌫̄hk

⌫hk
= �g0

m⌫h,k

MZ0
sin↵H1 ⌫̄hk

⌫hk
(2.5)

where we have used x ' MZ0/(2g0) in the last equation. Notice that the interaction vertex
is not suppressed by the mixing angle V↵i but is controlled by the Yukawa coupling YN and
the scalar mixing angle ↵.

For illustrative purposes we assume that the PMNS matrix is equal to the identity
matrix and that both neutrino masses, light and heavy, are degenerate. In this case the
elements of the neutrino mixing matrix V↵i are simply given by mD/M '

p
m⌫l/m⌫h .

3 Production and decay

Here we focus on the heavy neutrino production cross section from a SM-like Higgs at the
LHC. This can be written as

�(pp ! H1 ! ⌫h⌫h) = cos

2 ↵�(pp ! H1)
SM

�(H1 ! ⌫h⌫h)

cos

2 ↵�

tot

SM

+ �(H1 ! ⌫h⌫h)
, (3.1)

where �(pp ! H1)
SM

and �

tot

SM

are, respectively, the production cross section and the total
width of the SM Higgs, while �(H1 ! ⌫h⌫h) is the partial decay width of the SM-like H1

into to heavy neutrinos (summed over the three families) which reads as

�(H1 ! ⌫h⌫h) =
3

2

m2
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2 ↵
mh1
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that the Z⌫h⌫h vertex is ⇠ V 2
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typical of a type-I seesaw extension of the SM. The existence of a scalar field generating
the Majorana mass to RH neutrinos through a Yukawa coupling, which is a characteristic
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where we have used x ' MZ0/(2g0) in the last equation. Notice that the interaction vertex
is not suppressed by the mixing angle V↵i but is controlled by the Yukawa coupling YN and
the scalar mixing angle ↵.

For illustrative purposes we assume that the PMNS matrix is equal to the identity
matrix and that both neutrino masses, light and heavy, are degenerate. In this case the
elements of the neutrino mixing matrix V↵i are simply given by mD/M '
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3 Production and decay

Here we focus on the heavy neutrino production cross section from a SM-like Higgs at the
LHC. This can be written as
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where we have safely neglected the contribution proportional to neutrino Dirac mass. The
H1 production cross section scales with cos

2 ↵ with respect to the SM case, the latter being
recovered by ↵ = 0 in which case we have �(pp ! H1)

SM

= 43.92 pb (gluon channel) [25].
The total width of the SM Higgs is �

tot

SM

= 4.20⇥ 10

�3 GeV [26].
The cross section in Eq. 3.1 depends on three parameters, namely, the mixing angle in the
scalar sector, the mass of the heavy neutrinos and the vacuum expectation value of the
extra scalar (or, equivalently, the Yukawa coupling YN ). The processes we are considering
and the expression of the corresponding � remain unaffected in every extension of the SM in
which the Majorana mass of the heavy neutrinos are dynamically generated by a SM-singlet
scalar field sharing a non-zero mixing with the SM Higgs doublet. This scenario is naturally
realised in the U(1)

0 extension of the SM in which, we recall, the vacuum expectation value
x is related to the mass of the Z 0 through x = MZ0/(2g0). These parameters are obviously
constrained by searches of Z 0 resonances at the LHC. We show in Fig. 1 the exclusion limits
at 95% confidence level from a Drell-Yan analysis at

p
S = 13 TeV and L = 13.3 fb�1. We

plot in Fig. 2(a) the � ⇥ BR for the process pp ! H1 ! ⌫h⌫h at the LHC at 13 TeV as a
function of the heavy neutrino mass and for ↵ = 0.3. The chosen value of the scalar mixing
angle complies with the exclusion bounds from LEP, Tevatron and LHC searches and is
compatible with the measured signals of the discovered 125.09 GeV Higgs in most of the
interval 150GeV  mH2  500GeV [22]. The previous constraints are enforced using the
HiggsBounds [27–31] and HiggsSignals [32] tools. As an example, three values of x have
been chosen according to the bounds discussed above. For instance, the value x = 4 TeV,
which may correspond to an allowed point defined by MZ0

= 4 TeV and g0 = 0.5, provides
a cross section of 300 fb.

Being interested in masses m⌫h  mh1/2, the heavy neutrinos undergo the following
decay processes: ⌫h ! l±W⌥⇤ and ⌫h ! ⌫l Z⇤ with off-shell gauge bosons. In principle,
⌫h ! ⌫l h⇤1,2 and ⌫h ! ⌫l Z

0⇤ could also be activated but they are extremely small in the
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leptons	and/or	jets	
reconstructed	using	
tracker	information
Trigger	requirements	on	jet	pt >	60	GeV	and	HT	>	300	GeV
make	the	analysis	insensitive	to	125	GeV	Higgs	mediated	processes	
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What	signatures	can	we	observe?
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muons	reconstructed	using	only	
the	muon	chambers

leptons	and/or	jets	
reconstructed	using	
tracker	information
Trigger	requirements	on	jet	pt >	60	GeV	and	HT	>	300	GeV
make	the	analysis	insensitive	to	125	GeV	Higgs	mediated	processes	
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Benchmark	points
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Benchmark	points	characterised by	long-lived	heavy	neutrinos

Signatures:

• Displaced	muons	reconstructed	using	only	the	muon	chambers

• Displaced	leptons	reconstructed	using	the	tracker	information

MC	parton level	analysis	at	the	LHC	at	13	TeV and	L	=	100	fb-1

Other	parameters:	MZ’	=	5	TeV,	g’1 =	0.65	and	⍺ =	0.3
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𝒎𝝂𝒉 (GeV) 𝒄𝝉𝟎 (m) 𝝈𝝂𝒉𝝂𝒉 (fb)

BP1 40 1.5 332.3

BP2 50 0.5 248.3
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We	require	(according	to	CMS	PAS	EXO-14-012)
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• pT > 26 GeV for two leading muons, pT > 5 GeV for all the others

• |⌘| < 2
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2	𝜇 3	𝜇 4	𝜇
BP1	(ct0	=	1.5	m) 29.53 3.91 0.18
BP2	(ct0	=	0.5	m) 5.02 0.66 0.014

Displaced	muons	in	the	muon	chambers	
LHC	13	TeV L	=	100	fb-1

• The	“Muon	Chamber”	analysis	is	particularly	sensitive	to	bigger	ct0

We	define	three	inclusive	and	disjoint	categories:	2𝜇,	3𝜇,	4𝜇
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Event	analysis	– leptons	in	the	inner	tracker

Luigi	Delle Rose,	UoS and	RAL

We	require	(according	to	CMS-B2G-12-024)

mh2 (GeV) m⌫
h

(GeV) m⌫
l

(eV) c⌧0 (m) �⌫
h

⌫
h

(fb)
BP5 150 65 0.023 0.5 456.8
BP6 250 95 0.001 0.15 7.45

Table 2. Definition of the BPs leading to displaced vertices from the heavy neutrinos produced
from the heavy Higgs.

• pT > 26 GeV for two leading leptons, pT > 5 GeV for all the others

• |⌘| < 2

• �R > 0.2

• cos↵ > �0.75

• 0.1m < Lxy < 0.5m

• |d0|/�d > 12

�d ' 20µm (5.3)
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2	𝑙 3	𝑙 4	𝑙
BP1	(ct0	=	1.5	m) 9.65 4.64 0.79
BP2	(ct0	=	0.5	m) 33.16 18.2 2.79

Displaced	leptons	in	the	inner	tracker						
LHC	13	TeV L	=	100	fb-1

• The	flavour composition	can	be	easily	scrutinised

• The	“Inner	Tracker”	analysis	is	particularly	sensitive	to	smaller	ct0

We	define	three	inclusive	and	disjoint	categories:	2𝑙,	3𝑙,	4𝑙
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Conclusions

Ø Minimal	Z’	extensions	of	the	SM	
Z’	gauge	boson,	heavy	scalar	and	long-lived	heavy	neutrinos

Ø The	heavy	scalar	represents	a	portal	to	a	sizeable	heavy	neutrino	
production	through	the	125	GeV	Higgs

Ø Long-lived	heavy	neutrinos	provide	displaced	tracks	and	vertices	in	the	
detectors

Ø ”Muon	chambers”	and	“tracker”	analyses	are	complementary	and	sensitive	
to	different	heavy	neutrino	lifetimes
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Heavy	neutrino:	decay	probability

Luigi	Delle Rose,	UoS and	RAL
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the weight is given by the product of the two probabilities P⌫1P⌫2 . The decay probability
depends on heavy neutrino kinematic configuration and on the region of the detector in
which the decay may occur. The region is chosen to provide the possibility of observing
muon tracks in the muon chambers only (Region 1) and displaced vertices in the inner
tracker (Region 2). Both regions can be approximated by a hollow cylinder. Region 1
is characterised by internal and external radii respectively given by R

min

= 0.5 m and
R

max

= 4 m, and longitudinal length, along the z axis, given by |z| < 8 m. The require-
ment r > R

min

ensures that the muons are generated in a region in which the inner tracker
fails to reconstruct them (its efficiency drops to zero after this distance), while r < R

max

guarantees that the heavy neutrinos decay in a region of the muon chambers in which the
track reconstruction efficiency is non zero. On the other hand, Region 2 has R

min

= 0.1 m,
R

max

= 0.5 m and |z| < 3 m. The inner radius corresponds to a distance from the beam
line which we define to be the lower limit, in the transverse plane, of the heavy neutrino
decay vertex in order to safely neglect any source of background from the proton-proton
collisions. Manny, could you please add some references and some comments on the choice
of |z|?
In Fig. 5(a) we depict an approximate description of the CMS detector [35], in particular, we
show the tracker (grey region), the hadronic calorimeter (blue region), the electromagnetic
calorimeter (green region) and the muon chamber (orange region). The tracker has been
described as a cylinder whose central axis coincides with the beam line, while the hadronic
and electromagnetic calorimeter and the muon chamber can be approximated with a hollow
one. The segmented line defining the outer region of the muon chamber reflects the pres-
ence of the endcaps. The vertical and horizontal hatched areas correspond, respectively, to
Region 1 and 2, namely the regions in which the heavy neutrino decay is optimised for the
muon detection in the muon chambers and for leptons and jets identification in the inner
tracker.
On general grounds, the probability for the heavy neutrino decaying in the annulus defined
by the radial distances d1(⌘) and d2(⌘) at the pseudo-rapidity ⌘ is

P =

Z d2(⌘)

d1(⌘)
dx

1

c⌧
exp

⇣
� x

c⌧

⌘
, (4.1)

where c⌧ = ��c⌧0 is the decay length in the lab frame with �� the corresponding relativistic
factor. In order to understand the behaviour of the decay probability as a function of the
proper decay length c⌧0 we consider the average hP i⌘ over an isotropic angular distribution
of the heavy neutrinos. The relativistic factor �� can be estimated assuming that the Higgs
is produced at rest in which case we obtain �� ' 0.75 for m⌫h = 50 GeV. The results are
shown in Fig. 5(b) for the two different decay volumes described above. The solid line with
�� = 1 represents the exact dependence of P on the decay length c⌧ in the laboratory
frame.

4.1 Results

Concerning the MC study of the heavy neutrinos decaying int the muon chambers, we can
classify the events in three categories, defined by the number of identified muons (from 2
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factor. In order to understand the behaviour of the decay probability as a function of the
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is produced at rest in which case we obtain �� ' 0.75 for m⌫h = 50 GeV. The results are
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