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A	minimal	Z’model

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/

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

Ø New	parameters:
	𝑔′3, 𝑔5,	𝑀7-, 𝛼,𝑚:;,𝑚<=

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
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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
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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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A	very	common	scenario	naturally	accounting	for	heavy	neutrinos	

the	gauged	B-L	is	an	
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The	(type-I)	seesaw	mechanism

Dirac	mass Majorana mass

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)
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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

into to heavy neutrinos (summed over the three families) which reads as
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– 4 –
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where LSM
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M =

 
0 mT

D

mD M

!
(4.4)

5 Conclusions
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• p
T

> 26 GeV for two leading muons, p
T

> 5 GeV for all the others

• |⌘| < 2

• �R > 0.2

• L
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< 5 m, L
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> 12 with �
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' 3 cm
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' 2 cm

• cos ✓
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• p
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> 26 GeV for two leading muons, p
T

> 5 GeV for all the others

• |⌘| < 2

• �R > 0.2

• 0.1m < L
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< 0.5m

• |d0|/�
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> 12 with �
d

' 20µm

• cos ✓
µµ

> �0.75
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1

The	observation	of	neutrino	oscillations	has	provided	a	clear	evidence	for	BSM

but	neither	the	details	of	this	new	physics	nor	its	scale	are	known

the	simplest	and	minimal	way	to	account	for	neutrino	masses	is	

the	(type-I)	seesaw	mechanism	

if	the	seesaw	scale	is	in	the	TeV range	we	could	have	the	opportunity	

to	disclose	its	dynamics	at	the	LHC
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Heavy	neutrino	interactions

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
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¯l↵�

µPL⌫hi W
�
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gZ
2 cos ✓W

V↵�V
⇤
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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
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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

into to heavy neutrinos (summed over the three families) which reads as
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• Heavy	neutrino	interactions	with	the	SM	gauge	bosons	(typical	of	type-I	seesaw)

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

p
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p
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• Heavy	neutrino	interactions	with	the	SM-like	and	Heavy	Higgses

the	complex	scalar	acts	as	a	portal	for	heavy	neutrino	interaction	with	the	SM-like	Higgs
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Others	scenarios
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• Different	seesaw	realisations

• Left-right	symmetric	models,	GUT	inspired	models,	….

• Scalar	+	RH	neutrino	extended	models	(no	need	of	extra	gauge	symmetry)

• Model	independent	approaches	using	effective	field	theory

RH	neutrinos	allow	for	a	new	
d=5	operator,	besides	the	
well-known	Weinberg	operator,	
inducing	exotic	Higgs	decay arXiv:1704.08721
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Heavy	neutrino:	decay	modes
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Figure 1. Significance analysis for the di-lepton (l = e, µ) channel at the LHC for different Z 0

masses.

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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𝐵𝑅 𝑞𝑞𝑙 	~	50%								𝐵𝑅 𝑙𝑙𝜈F ~	21%
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mνh (GeV) mνl (eV) cτ0 (m) σνhνh (fb)

BP1 40 0.075 1.5 332.3

BP2 50 0.02 2.0 248.3

BP3 45 0.065 1.0 310.2

BP4 50 0.082 0.5 248.3

Table 1. Definition of the BPs leading to DVs from the heavy neutrinos produced by the SM-like
Higgs decay. From left to right, the columns display the values of heavy RH neutrino mass, light
neutrino mass, proper decay length of the heavy neutrinos and production rate of heavy neutrino
pairs coming from the decay of the SM-like Higgs produced via gluon fusion.

at CMS for both the muons reconstructed in the muon chamber and the leptons identified

in the inner tracker. These results suggest that a dedicate trigger with a lower lepton pT
threshold would be particularly useful for the analysis of rather soft and long-lived particles.

We consider the process pp → H1 → νhνh with the two heavy neutrinos decaying

into two to four muons for the analysis of DVs in the muon chamber and into two to four

leptons (electrons and muons) for the corresponding analysis in the inner tracker. We do

not reconstruct jets in the event. The individual decay chains of the heavy neutrino are

summarised as follows:

• νh → l∓W± → l∓l′±νl′

• νh → l∓W± → l∓qq̄′

• νh → νl′Z → νl′l+l−

• νh → νl′Z → νl′qq̄

• νh → νl′Z → νl′νlνl

where l = e, µ, τ and q can be one of five flavours (q = d, u, c, s, b). The τ lepton can decay

into e, µ and hadrons. When considering the decay of the heavy neutrino pair, one can

have signatures with two same-sign leptons of same or different flavour, signatures with

two opposite-sign leptons of same or different flavour and signatures with more than two

leptons.

For each event, we evaluate the length cτ in the laboratory for the two RH neutrinos.

This length depends on the heavy neutrino speed via the relativistic factor βγ. We then

randomly sample the distance L travelled by each of the two heavy neutrinos from the

exponential distribution exp(−x/cτ). Using the simulated momentum of the two heavy

neutrinos (or the scattering angles), we can then determine the position of the two DVs.

Standard acceptance requirements are imposed on the transverse and longitudinal decay

lengths of the heavy neutrinos Lxy and Lz, respectively. As stated in [53], in order to

identify muons in the muon chambers, each of the reconstructed muon tracks must satisfy

|Lz| < 8 m, Lxy < 5 m and Lxy/σLxy > 12. The resolution σLxy on the transverse decay

length is approximately 3 cm. Thus the geometrical constraints are 0.36m < Lxy < 5

m, globally. The lower and upper bounds ensure that the muons are generated in a region

– 12 –
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Heavy	neutrino:	proper	decay	length
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• Long	Lived	(LL)	heavy	neutrino	for	mHI ≲ 	ML
Displaced	vertices	appear	in	the	detector
(almost	background-free)

• very	LL	heavy	neutrinos	(𝑚<= ≲ 15 − 20 GeV)	may	
also	decay	outside	the	detector

• short	lived	heavy	neutrinos	for	𝑚<= ≳ 𝑀7
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The	total	decay	width	can	be	extremely	
small	due	to	the	smallness	of	the			

(gauge)	heavy	neutrino	interactions

Γ	~	10P;Q 	− 	10P3Q GeV

6 Conclusions
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Heavy	neutrino:	production	mechanisms

1. Heavy	neutrino	production	from	the	SM-like	Higgs

2. Heavy	neutrino	production	from	the Heavy	Higgs

3. Heavy	neutrino	production	from	the	Z’
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Heavy	neutrinos	from	the	Exotic	SM	Higgs	decay
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Figure 1. Significance analysis for the di-lepton (l = e, µ) channel at the LHC for different Z 0

masses.
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H1 production cross section scales with cos
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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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in	an	abelian	extension	of	the	SM,	
the	vev x	is	fixed	by	the	Z’	mass	

LHC	@
	13	TeV

x = 4 TeV
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x = 9 TeV
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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 LH SM components with a very small contamination of the RH neutri-
nos, 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⌫h
i

W�
µ +

gZ
2 cos ✓W

V↵�V
⇤
↵i ⌫̄h

i

�µPL⌫l
�

Zµ (2.4)

where ↵,� = 1, 2, 3 for the light neutrino components and i = 1, 2, 3 for the heavy ones. The
sum over repeated indices is understood. In particular V↵� corresponds to the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix while V↵i describes the suppressed mixing between
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 for 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 of producing 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 ⌫̄h

k

⌫h
k

= �g01
m⌫

h,k

MZ0
sin↵H1 ⌫̄h

k

⌫h
k

, (2.5)

where, in the last equation, we have used x ' MZ0/(2g01). This expression for the VEV
of H2, x, neglects the sub-leading part that is proportional to g̃. For our purposes, this
approximation can be safely adopted [13]. The interaction between the light SM-like Higgs
and the heavy neutrinos 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 flavour. 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

In this section, we focus on the production of heavy neutrino pairs coming from the decay
of the light SM-like Higgs, H1, at the LHC. The corresponding cross section 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 the production cross section and total decay width of
the SM Higgs state, respectively, while �(H1 ! ⌫h⌫h) is the partial decay width of the
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SM-like H1 boson into two heavy neutrinos (summed over the three families). The partial
decay width which reads as

�(H1 ! ⌫h⌫h) =
3

2

m2
⌫
h

x2
sin

2 ↵
mH1

8⇡

 
1�

4m2
⌫
h

m2
H1

!3/2

, (3.2)

where we have safely neglected the contribution proportional to the neutrino Dirac mass. As
intimated, it can be seen that the H1 production cross section scales with cos

2 ↵ with respect
to the SM, where the SM is recovered for ↵ = 0, in which case we have �(pp ! H1)

SM

=

43.92 pb (gluon channel) [33]. The total width of the SM Higgs is �

tot

SM

= 4.20⇥ 10

�3 GeV
[34].

To a large extent, the cross section in Eq. (3.1) depends upon three parameters, namely,
the mixing angle in the scalar sector, ↵, the mass of the heavy neutrinos, m⌫

h

, and the VEV
of the extra scalar, x (or, equivalently, the Yukawa coupling YN ). The dependence on g̃ is
in fact negligible. 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 is dynamically generated by a SM-singlet scalar field sharing a non-zero
mixing with the SM-like Higgs doublet. This scenario is naturally realised in the U(1)

0

extension of the SM in which, we recall, the VEV x is related to the mass of the Z 0 through
x = MZ0/(2g0). These parameters are obviously constrained by the Z 0-boson direct search
at the LHC. For this reason, in Fig. 2, we show the exclusion limits at 95% Confidence
Level (CL) that have been extracted from the Drell-Yan (DY) analysis at the LHC withp
S = 13 TeV and L = 13.3 fb�1. In order to derive these limits, we take into account the

pure Z 0-boson signal along with its interference with the SM background as suggested in
Refs. [17, 35–39]. We closely follow the validated procedure given in Refs. [17, 19] where
we have included the acceptance times efficiency factors for the electron and muon DY
channels quoted by the CMS analysis [40]. We have combined the two channels and used
Poisson statistics to extract the 95% CL bounds in the g̃, g01 plane for different Z 0-boson
masses. See also [41, 42] for related analyses. Taking the allowed values of g01 and MZ0 , we
can then compute x. For three x benchmark values and for ↵ = 0.3, in Fig. 3(a), we plot
the � ⇥ Branching Ratio (BR) for the process pp ! H1 ! ⌫h⌫h at the 13 TeV LHC as a
function of the heavy neutrino mass. 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 SM-like Higgs state (hereafter, taken to have a mass of
125 GeV) in most of the interval 150GeV  mH2  500GeV [28]. The previous constraints
are enforced using the HiggsBounds [43–47] and HiggsSignals [48] tools. A high heavy
neutrinos production rate can be obtained for low x-values. These values correspond to large
g01 couplings, which are more likely to be allowed for higher Z 0 masses. As an example, for
x = 4 (corresponding to an allowed point defined by MZ0 = 4 TeV and g01 = 0.5), we get a
cross section of 307 fb. The cross section goes down by decreasing the scalar mixing angle.
The BR of the light SM-like Higgs into heavy neutrinos decreases with decreasing mixing
angle ↵, while its gluon-induced production rate increases. The net effect is that the cross
section �(pp ! H1 ! ⌫h⌫h) diminishes with ↵. For the same parameter point above (MZ0
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BR(max)	≈ 0.77%

in	other	scenarios	x	is	a	free	
parameter	and	larger	BR	can	
be	obtained

the	small	BR	is	compensated	by	
the	large	Higgs	production	𝜎
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Heavy	neutrino:	signatures

Luigi	Delle Rose,	RAL	and	UoS

𝑚:Y𝑀7

Long-lived	neutrinos Short-lived	neutrinos

Typical	mass	hierarchy:

Typical	
signatures

displaced	vertices prompt	decays	with	standard	
leptonic or	semi-leptonic signatures

boosted	final	states,
fat	jets	

𝑚:Z 𝑀7-

𝑚<=
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What	signatures	can	we	observe?
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What	signatures	can	we	observe?

leptons	and/or	jets	
reconstructed	using	
tracker	information
Trigger	requirements	on	jet	pt make	the	analysis	insensitive	to	
125	GeV	Higgs	mediated	processes	
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What	signatures	can	we	observe?

muons	reconstructed	using	only	
the	muon	chambers

leptons	and/or	jets	
reconstructed	using	
tracker	information

Luigi	Delle Rose,	RAL	and	UoS

Trigger	requirements	on	jet	pt make	the	analysis	insensitive	to	
125	GeV	Higgs	mediated	processes	
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What	signatures	can	we	observe?

muons	reconstructed	using	only	
the	muon	chambers

leptons	and/or	jets	
reconstructed	using	
tracker	information

Luigi	Delle Rose,	RAL	and	UoS

Trigger	requirements	on	jet	pt make	the	analysis	insensitive	to	
125	GeV	Higgs	mediated	processes	

no	DVs	…
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CMS	detector	geometry
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Approximate	description	of	
the	CMS	detector

The	horizontal	(R1)	and	vertical	(R2)	
hatched	areas	correspond	to	
optimised regions	for	DV	

observations	in	the	muon	chambers	
and	tracker	respectively
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|⌘| < 1.2

r � � z

z

R1

R2

𝑅;[\] = 0.1	𝑚 𝑅;[_` = 0.5	𝑚 𝑧; < 1.4	𝑚

𝑅3[\] = 0.5	𝑚 𝑅3[_` = 5.0	𝑚 𝑧3 < 8.0	𝑚
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Exotic	SM	Higgs	decay:	benchmark	points

Signatures:
• Displaced	muons	reconstructed	using	only	the	MC

• Displaced	leptons	reconstructed	using	the	tracker

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

parameters	comply	with	
Higgs	searches	

(HiggsBounds,	HiggsSignals)
and	Drell-Yan	analyses

𝒎𝝂𝒉 (GeV) 𝒄𝝉𝟎 (m) 𝝈𝝂𝒉𝝂𝒉 (fb)

BP1 40 1.5 332.3

BP2 50 0.5 248.3

Luigi	Delle Rose,	RAL	and	UoS

Simulation	procedure:
1. generate	events	with	CalcHEP or	MadGraph
2. for	each	event	compute	the	decay	length	in	the	lab.	c𝜏 for	the	two	heavy	neutrinos
3. randomly	sample	the	distance	L according	to	𝑒P`/op distribution
4. using	the	generated	momentum,	determine	the	position	of	the	DV

H1

𝜈R

𝜈R
SM

SM

cross	section	normalised	with	
σ =	43.92	fb	(LHCHXSWG)
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Event	selection	– muons	in	the	muon	chambers

Luigi	Delle Rose,	RAL	and	UoS

• p
T

> 26 GeV for two leading muons, p
T

> 5 GeV for all the others

• |⌘| < 2

• �R > 0.2

• L
xy
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xy

/�
L

xy

> 12 with �
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' 3 cm

• |d0|/�
d

> 4 with �
d

' 2 cm

• cos ✓
µµ

> �0.75

1

 [GeV]
T

p
0 5 10 15 20 25 30 35 40 45 50

)-1
Ev

en
ts

/G
eV

 (L
 =

 1
00

 fb

0

50

100

150

200

250

T
Muon p BP1selection	according	to	CMS	PAS	EXO-14-012

The	𝑝r threshold is	
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Event	analysis	– muons	in	the	muon	chambers

Luigi	Delle Rose,	RAL	and	UoS

• p
T

> 26 GeV for two leading muons, p
T

> 5 GeV for all the others

• |⌘| < 2

• �R > 0.2

• L
xy

< 5 m, L
xy

/�
L

xy

> 12 with �
L

xy

' 3 cm

• |d0|/�
d

> 4 with �
d

' 2 cm

• cos ✓
µµ

> �0.75

1

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
selection	according	to	CMS	PAS	EXO-14-012
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Event	selection	and	analysis	– leptons	in	the	inner	tracker

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

Luigi	Delle Rose,	RAL	and	UoS

• p
T

> 26 GeV for two leading muons, p
T

> 5 GeV for all the others

• |⌘| < 2

• �R > 0.2

• L
xy

< 5 m, L
xy

/�
L

xy

> 12 with �
L

xy

' 3 cm

• |d0|/�
d

> 4 with �
d

' 2 cm

• cos ✓
µµ

> �0.75

• p
T

> 26 GeV for two leading muons, p
T

> 5 GeV for all the others

• |⌘| < 2

• �R > 0.2

• 0.1m < L
xy

< 0.5m

• |d0|/�
d

> 12 with �
d

' 20µm

• cos ✓
µµ

> �0.75

1

selection	according	to	CMS-B2G-12-024

We	define	three	inclusive	and	disjoint	categories:	2𝑙,	3𝑙,	4𝑙
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Comments	on	tri-lepton	triggers

Luigi	Delle Rose,	RAL	and	UoS

lepton	trigger
BP1 BP2

2	𝑙 3	𝑙 4	𝑙
𝑝r > 26, 26 GeV 9.65 4.64 0.79 33.16 18.2 2.79

𝑝r > 20, 20, 10 GeV - 8.22 1.42 - 38.6 8.11

𝑝r > 20, 15, 15 GeV - 5.31 1.31 - 27.3 6.94

𝑝r > 5 GeV	for	any	subleading leptons

tri-lepton	triggers	have	been	extensively	
used	in	searches	for	supersymmetric	
particles	but	never	employed	in	the	study	
of	displaced	vertices

The	requirement	of	a	least	three	leptons	
can	allow	for	lower	thresholds	on	the	
lepton	transverse	momenta
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Figure 8. Distributions of the leptonic transverse momentum. The colours black, blue, red and
green correspond respectively to the momentum distributions of the four leptons ordered in de-
creasing pT .

5 Heavy neutrinos from the heavy Higgs

In this section, we consider the region of the parameter space in which the long-lived heavy
neutrinos have a mass greater than the threshold for their on-shell production coming from
the 125 GeV Higgs boson decay. In this case, where m⌫

h

> 62.5 GeV, the RH neutrinos
can be produced from the decay of the heavy Higgs with a cross-section given by

�(pp ! H2 ! ⌫h⌫h) =
sin

2 ↵�(pp ! H2)
SM

�(H2 ! ⌫h⌫h)

sin

2 ↵�

tot

SM

(H2) + �(H2 ! ⌫h⌫h) + �(H2 ! H1H1)
, (5.1)

where �(pp ! H2)
SM

and �

tot

SM

(H2) are the production cross section and total width of a
SM-like Higgs state with mass mH2 , respectively, while �(H2 ! ⌫h⌫h) and �(H2 ! H1H1)

are the partial decay widths of the heavy Higgs into two heavy neutrinos (summed over the
three families) and two SM-like Higgs. They are given by

�(H2 ! ⌫h⌫h) =

3

2

m2
⌫
h

x2
cos

2 ↵
mH2

8⇡

 
1�

4m2
⌫
h

m2
H2

!3/2

,

�(H2 ! H1H1) =

 
sin 2↵

v x
(x cos↵+ v sin↵)(

m2
H2

2

+m2
H1

)

!2
1

32⇡mH2

 
1�

4m2
⌫
h

m2
H2

!1/2

(5.2)

Notice that the production cross section mediated by the heavy Higgs in Eq. (5.1) is similar
to that in Eq. (3.1), where the light Higgs is involved, the only difference is its dependence
on the complementary scalar mixing angle and the appearance of the extra decay mode
H2 ! H1H1.

We illustrate in Fig. 9 the BRs of the heavy Higgs as a function of its mass mH2 for
two values of the heavy neutrino mass, namely, (a) m⌫

h

= 65 GeV and (b) m⌫
h

= 95 GeV.
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lepton	pT distributions
lepton	ordered	in	decreasing	pT

Heidelberg,	25	September	2017Flavour and	Dark	Matter



Long-lived	particles:	future	prospects	

Luigi	Delle Rose,	RAL	and	UoS

Possible	geometric	configuration	
for	the	MATHUSLA	surface	
detector	at	the	HL-LHC

MATHUSLA - Massive Timing Hodoscope for	Ultra	Stable	neutraL pArticles
2

challenging. In this case, direct detection of the ULLP decay
might be the only avenue to their discovery. Exotic Higgs
Decays are perhaps the best motivated of these scenarios.2

Searches for exotic decays of the recently discovered 125
GeV Higgs boson are one of the most promising discovery
avenues for new physics [54]. The Higgs is copiously pro-
duced at pp colliders through its coupling to the top quark via
gluon fusion, but its decay width is dominated by the small
bottom quark Yukawa yb ⇠ 0.02. This means that even very
small couplings of the Higgs to new degrees of freedom can
manifest as exotic decay modes with observably large branch-
ing fractions. Such couplings are generic in BSM scenarios,
since new hidden sectors that include neutral LLPs can couple
to the Higgs via portal operators of low effective dimension.

In particular, this makes exotic Higgs decays one of the
most plausible sources of LLPs. Furthermore, these LLPs
will in general obey the BBN lifetime bound, since their
coupling to the Higgs implies thermal contact with the SM
plasma.3 This is realized, for example, in theories of Neu-
tral Naturalness [55–59], and generic scenarios with Hidden
Valleys [10–15] or dark photons [60–62]. The large rate of
Higgs and hence ULLP production can compensate to some
extent for the low probability of decaying in the detector, but
this is not enough to probe ULLPs with lifetimes near the
BBN bound. This is especially regrettable, since invisible
Higgs decays with ⇠ 10% branching ratios are discoverable
at the High-Luminosity LHC (HL-LHC) [63, 64]. At future
lepton colliders, sub-percent invisible decays can be directly
probed [49, 65]. For all of these MET signals, full characteri-
zation of the produced final state would be invaluable.

It is for these reasons that we advocate in this paper for
the construction of dedicated LLP detectors at hadron collid-
ers. For the purpose of sensitivity estimates, we focus here on
exotic Higgs decays as a benchmark model, where sensitiv-
ity to ULLPs at the BBN lifetime bound would allow for full
coverage of an essentially finite parameter space. However,
extending our sensitivity to long decay lengths is generally
motivated to discover and diagnose many BSM scenarios.

At the HL-LHC, ULLP decays could be detected by in-
strumenting a suitably large volume near the interaction
point, with sufficient shielding to suppress backgrounds from
prompt particles produced in the collision.4 We propose the
MATHUSLA detector concept (MAssive Timing Hodoscope
for Ultra Stable neutraL pArticles), which is located at the sur-
face above and slightly displaced from the interaction point.
This detector extends the lifetime range of LLP searches by
three orders of magnitude compared to the main detector and
could discover ULLPs near the BBN limit. With present tech-
nology and available land above the CMS or ATLAS interac-
tion points, this detector could be constructed in time for the
HL-LHC upgrade.

2 For very light LLPs like sub-GeV sterile neutrinos, fixed target experiments
like SHiP [53] can be sensitive to BBN lifetimes.

3 An exception to this argument may be inflationary scenarios with very low
reheating temperatures.

4 This is similar in spirit to the MilliQan external detector proposed to find
stable milli-charged particles produced at the LHC [66, 67].

20m

200m

100m

100m

Surface Detector

(side view)

FIG. 1. Possible geometric configurations for the MATHUSLA sur-
face detector at the HL-LHC. Gray shading indicates areas assumed
to be sensitive to LLP decays. The surface detector is a 200m square
building, centered along the beam line.

II. MATHUSLA SURFACE DETECTOR FOR THE HL-LHC

We propose constructing a dedicated detector to observe
ULLPs decaying into charged SM particles away from the
main detector. The HL-LHC will produce Nh ⇡ 1.5 ⇥ 108

Higgs bosons. When producing ULLPs in exotic Higgs de-
cays, the number of observed ULLP decays is roughly

N

obs

⇠ Nh · Br(h ! ULLP ! SM) · ✏
geometric

· L

bc⌧

(1)

where L is the linear size of the detector along the ULLP’s
direction of travel, ✏

geometric

is the chance that the ULLP will
pass through the detector (i.e. geometric coverage), and b

is the Lorentz boost |~p|/m of the produced ULLP. Since the
Higgs boson is dominantly produced on threshold, if it decays
to n ULLPs with mass mX , their characteristic boost will be

b ⇠ mh

nmX
, (2)

so typically b . 3 for n = 2 and mX & 20 GeV.5 Assuming
the ULLP decays exclusively to the SM,6 observation of a few
ULLP decays with a lifetime of c⌧ ⇠ 107 m requires

L ⇠ (20 m)

✓
b

3

◆✓
0.1

✏

geometric

◆
0.3

Br(h ! ULLP)
. (3)

Therefore, ULLPs near the BBN lifetime bound arising from
exotic Higgs decays near current limits [68, 69] could be dis-
covered if the detector had a linear size of ⇠20 m in the direc-
tion of travel and ⇠10% geometric coverage. Central to this
estimate is the assumption that the dedicated ULLP detector
operates in a very low background regime. A necessary re-
quirement is that the detector is shielded from the background

5 n > 2 typically implies higher-dimensional operators, cascade decays
in the hidden sector, or a hidden confining gauge group that produces a
shower. We focus on n = 2 which suffices to discuss detector require-
ments.

6 Generically, a coincidence of small widths is required for a ULLP to decay
to both SM and hidden sector particles.
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Conclusions
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Ø Heavy	neutrinos	offer	a	variety	of	signatures	that	can	be	explored	at	the	
LHC:	displaced	vertices,	boosted	objects	and	fat	jets,	…

Ø Displaced	vertices	and	tracks	are	typical	signatures	of	long-lived	heavy	
neutrinos	(𝑚<= ≲ 	𝑀7)

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

Ø Displaced	vertices	characterise long-lived	heavy	neutrinos	with	relative	
small	mass	(new	experiments	will	probe	very	long	lifetime)

Ø New	(soft)	physics	may	be	hidden	by	the	trigger	thresholds!	
it	would	be	extremely	important	to	develop	dedicated	triggers
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The	minimal	Z’model:	a	comment	on	the	kinetic	mixing

Luigi	Delle Rose,	RAL	and	UoS

the most relevant phenomenological features of our B�L scenario at the LHC. Finally, we
draw our conclusions in section 6.

2 The model

The model under study is described by the SM gauge group augmented by a single Abelian
gauge factor U(1)

0 which we choose to be U(1)B�L. We investigate a minimal renormalisable
Abelian extension of the SM with the only minimal matter content necessary to ensure the
consistency of the theory. In practise, in order to satisfy the cancellation of the gauge
and the gravitational anomalies, we enlarge the fermion spectrum by a Right-Handed (RH)
neutrino, one for each generation (we assume universality between the flavour families),
which has B � L = �1 charge and is singlet under the SM gauge group. Concerning the
scalar sector, in addition to the SM-like Higgs doublet H, we introduce a complex scalar
field � to achieve the spontaneous breaking of the extra Abelian symmetry. The new scalar
field is a SM singlet with charge B � L = 2 and its vacuum expectation value x, which
we choose in the TeV range, provides the mass to the Z 0 gauge boson and to the RH
neutrinos. The latter acquire a Majorana mass through the Yukawa interactions and thus
naturally implement the type-I seesaw mechanism. More complex matter configurations,
usually characterised by extra fermionic degrees of freedom or by non-universal charge
assignments, can also be realised but require, consequently, a different charge assignment
for the extra complex scalar.

The details of the model can be found in [11, 30], here we restrict the discussion
on its salient features. The most general kinetic Lagrangian for the two Abelian gauge
fields, allowed by gauge invariance, admits a kinetic mixing between the corresponding field
strengths
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By a suitable redefinition of the gauge fields it is possible to remove the kinetic mixing ,
thus recasting the kinetic Lagrangian into a canonical form. In this basis the Abelian part
of the covariant derivative acting on the charged field is non-diagonal and reads as

Dµ = @µ + ig
1

Y Bµ + i(g̃ Y + g0
1

YB�L)B
0
µ + . . . , (2.2)

where Bµ and B0
µ are the gauge fields of the U(1)Y and U(1)B�L gauge groups, respectively,

while g
1

, Y and g0
1

, YB�L are the corresponding couplings and charges. The mixing between
the two Abelian groups is described by the new coupling g̃. For the sake of simplicity
we choose to work with a canonically normalised kinetic Lagrangian and a non-diagonal
covariant derivative but other parameterisations are nevertheless equivalent.
Usually, an effective coupling and charge are introduced as gE YE ⌘ g̃ Y + g0

1

YB�L and
some specific benchmark models can be recovered by particular choices of the two gauge
couplings at a given scale (usually the EW one). For instance, the pure B � L model is
obtained enforcing g̃ = 0 (YE = YB�L) which implies the absence of mixing at the EW
scale. Moreover, the Sequential SM (SSM) is reproduced by requiring g0

1

= 0 (YE = Y ),
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an	additional	abelian	gauge	factor	can	always	be	described	by	a	linear	
combination	of	the	hypercharge	and	of	the	B-L	quantum	number

• The	most	general	Lagrangian allowed	by	gauge	invariance	admits	a	kinetic	mixing	
between	the	two	abelian	field	strengths

• The	kinetic	Lagrangian can	be	recast	into	a	diagonal	form	
thus	introducing	a	non-diagonal	covariant	derivative	

even	if	absent	at	tree-level	it	can	be	
reintroduced	by	radiative	corrections

• We	can	explore	an	entire	class	of	minimal	Abelian	models	through	the	ratio	
of	the	gauge	couplings	𝑔5/𝑔′3

• Typical	benchmark	models:
𝑔′3 = 0 :	sequential	SM 𝑔5 = −2𝑔′3:	U(1)R
𝑔5 = 0 :	pure	B-L 𝑔5 = −4/5𝑔′3:	U(1)X	from	SO(10)

(heavy) Higgs boson couples to SM particles proportionally to cos↵ (sin↵), while the
interaction with the Z 0 and heavy neutrinos is provided by the complementary angle sin↵

(cos↵).
When the two scalars acquire non-vanishing VEVs, the neutral component of the gauge

sector becomes massive and with mass eigenstates determined by two mixing angles: the
usual Weinberg angle ✓w and a new mixing angle ✓0, for which

tan 2✓0 =
2g̃

p
g2
1

+ g2
2

g̃2 + (4g0
1

x/v)2 � g2
1

� g2
2

, (2.9)

with values in the interval �⇡/4  ✓0  ⇡/4. In contrast, the charged gauge bosons are
unaffected by the presence of the extra Abelian factor and their masses remain as in the
SM.
The mixing angle is completely defined in terms of the mass of the Z 0, through the VEV x

of the singlet scalar, and of its gauge couplings. In general it is always non-vanishing unless
g̃ = 0 which corresponds to the pure B � L model. The EW Precision Tests (EWPTs)
considerably constrain the mixing angle to small values, namely, |✓0| . 10

�3 [9, 36], in
which case

✓0 ' g̃
MZ v/2

M2

Z0 �M2

Z

. (2.10)

This relation can be satisfied provided either g̃ ⌧ 1 or MZ/MZ0 ⌧ 1, the latter condition
allowing a generous range of values for g̃.

Finally, the Yukawa Lagrangian is

LY = LSM
Y � Y ij

⌫ Li
˜H ⌫jR � Y ij

N (⌫iR)
c ⌫jR �+ h.c. (2.11)

where LSM
Y is the SM contribution. Notice that a Majorana mass term for the RH neu-

trinos, M =

p
2xYN , is dynamically generated by the VEV x of the complex scalar �

and, therefore, the type-I seesaw mechanism is automatically implemented through spon-
taneous symmetry breaking. The light physical neutrinos emerge as a combination of the
left-handed SM neutrinos and a highly damped sterile RH component, while the heavier
ones are mostly RH. The damping term in such combinations is proportional to the ratio
of the Dirac and Majorana masses.

3 Constraints from EWPTs and LHC searches

The (g̃, g0
1

) parameter space is subjected to well established bounds coming from EWPTs
extracted from LEP2 data. These bounds can be recast into constraints for a well-defined
set of higher-dimensional operators [36] which describe the effects of new physics. For
the Abelian extension under study, these operators have been computed in [9] in terms
of the Z 0 mass and gauge couplings g̃, g0

1

neglecting, however, the impact of the heavy
neutrinos and of the extended scalar sector. To these constraints we add the one drawn
from the more recent data of the first Run of LHC at 8 TeV and L = 20 fb�1, based on
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Figure 3. (a) Contour plots of the cross section times BR for the process pp ! H1 ! ⌫h⌫h at the
LHC with

p
S = 13 TeV in the (m⌫h ,↵) plane with MZ0

= 5 TeV and g0 ' 0.65. (b) Contour plots
of the cross section times BR for the process pp ! H2 ! ⌫h⌫h at the LHC with

p
S = 13 TeV in

the (m⌫h ,mH2) plane for MZ0
= 5 TeV and g0 ' 0.65. The parameter x is the vev of the extra

scalar.

In Fig. 4, we show the total heavy neutrino production cross section via scalars in the
planes (m⌫h ,mH2) (see plot (a) ) and (m⌫h ,↵) (see plot (b)). As one can see, the two
contributions essentially sum up, being the interference negligible. The total cross section
reaches a maximum of about 700 fb for a light enough extra Higgs, mH2  150 GeV, and a
maximal ↵ value. For m⌫h � 60 GeV, only H2 contributes to the cross section whose value
decreases with the heavy neutrino mass. For m⌫h � 200 GeV, the cross section drops down
to fractions of a fb.

Finally, we consider the quark-antiquark induced channel mediated by the neutral gauge
bosons, qq̄ ! Z,Z 0 ! ⌫h⌫h. As the Z-boson contribution is subdominant, we neglect it.
In Fig. 5, we show the contour plots of the heavy neutrino production cross section via the
Z 0-boson exchange in the plane (g̃, g0) for two values of the Z 0 mass. The black contour with
no label represents the 95% C.L. exclusion limit at fixed MZ0 from Fig. 2. Compared to the
cross section mediated by the scalars, the gauge mediated cross section is generally much
smaller. In this case, one cannot exceed the fraction of a femtobarn, independently of the
heavy neutrino mass. Only in the high mass region of the neutrino spectrum, m⌫h & 200

GeV, this channel can be in principle competitive with the scalar mediated one and for
m⌫h & 300 GeV became the main production mode.

Summarising, we can identify different regions of the heavy neutrino and heavy scalar
spectra where different pair production mechanisms dominate. In the regime where heavy
neutrinos are long-lived, namely m⌫h < MW , we delineate the following categories:

• m⌫h < mH1/2 and mH2 > 2mW
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Figure 9. Branching ratios of the heavy Higgs H2 for (a) mνh = 65 GeV and (b) mνh = 95 GeV.
(c) Heavy neutrino pair production rate as a function of the heavy Higgs mass for two values of the
heavy neutrino mass: mνh = 65 GeV (black line) and mνh = 95 GeV (blue line) .

In both cases, the decay mode H1 → νhνh is kinematically closed and the heavy neutrino

production from H2 becomes the leading production mechanism (the corresponding cross

section mediated by the Z ′ for the same BP is ∼ 0.8 fb). For mνh = 65 GeV, the BR(H2 →
νhνh) can reach 10% in the low mH2 region in which the on-shell decay modes into WW

and ZZ are forbidden. In Fig. 9(c) we plot the heavy neutrino production cross section

through H2 for the same heavy neutrino masses discussed above showing that it can reach

456.8 fb for mνh = 65 GeV and mH2 = 150 GeV.

We repeat the analysis presented in the previous sections for the two BPs given in

Tab. 2. Due to the heavy neutrino masses being bigger than those of the BPs in the

H1-mediated case, the corresponding proper decay lengths are found to be smaller, thus

pointing to the analysis of displaced leptons in the inner tracker as the most sensitive. The

results are shown in Tabs. 10 and 11 for the study of DVs and hits in the muon chambers and

inner tracker, respectively. As expected, we count a larger number of events in both BPs

if we reconstruct the leptons using the information acquired from the tracker. Moreover,

the number of events with displaced objects identified in BP6 is clearly much smaller than

in BP5 due to the very different cross sections. Nevertheless, it is worth noticing that the

overall efficiency in the reconstruction of the displaced tracks is a factor of ∼ 2 greater in

the BP6 case when the analysis in the tracker is concerned because its shorter cτ0 favours

heavy neutrinos decaying in the inner part of the detector.

Summing over the three disjoint categories, the number of expected events after re-

construction and cuts is around 223 within the BP5 scenario, characterised by a rather

low H2 mass. The BP6 scenario is less sensitive, providing a sample of barely 10 events.

Interestingly, in the BP5 case the 4l category could offer the possibility of reconstructing a

visible mass distribution that could give information about mH2 . The signal sample is rich

enough, with 17 events and a negligibly small background contribution.

Finally, the flavour compositions of the events is shown in Tabs. 12 and 13.
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For	𝑚:Z < 160 GeV	(𝑚<= < 80 GeV)	
the	𝐻; → 𝑊𝑊 channel	is	closed	and	the	

𝜎 𝜈R𝜈R can	reach	400	fb
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Figure 5. Contour plots of the cross section times BR for the process pp ! Z 0 ! ⌫h⌫h at the LHC
with

p
S = 13 TeV in the (g̃, g0) plane. The limit m⌫h ⌧ MZ0 has been considered.

• m⌫h < mH2/2 and m⌫h . 300 GeV
The heavy Higgs is the main production mode for the heavy neutrinos with a cross
section of a few fb.

• m⌫h > mH2/2 or m⌫h & 300 GeV
The heavy neutrino production from the H2 is either kinematically forbidden or sup-
pressed with respect to the Z 0 channel. Despite its small cross section, the Z 0 pro-
duction mode through gauge interactions represents the main mechanism.

In Ref. [27], we focused on the low to medium mass region of the heavy neutrino spec-
trum. There, the neutrino is very likely to be a long-lived particle giving rise to displaced
vertices either in the inner tracker or in the muon chamber. The experimental techniques
and the phenomenological analysis have been carried out in Ref. [27]. In this paper, we
address the medium to high mass region of the neutrino spectrum where the particle is
dominantly short-lived. In order to analyse this case, we choose a final state consisting of
three leptons, two jets and missing transverse energy.

4 Short-lived heavy neutrinos: the 3l + 2j + Emiss
T signature

In the region of parameter space where the heavy neutrinos are short-lived, namely for
masses m⌫h & MW GeV, standard reconstruction techniques can be successfully employed.
In this section we present a search for heavy neutrinos decaying into semi-leptonic final
states characterised by three charged leptons (electrons and muons), two jets and missing
energy at the LHC with a Centre-of-Mass energy of

p
S = 13 TeV. The heavy neutrinos

can be pair produced by the heavy Higgs state or by the Z 0 gauge boson, the latter being
a signature proper of abelian extensions of the SM. The study of this signal is particularly
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This	channel	can	be	competitive	to	the	scalar	mediated	mode	only	for	𝑚<= ≳ 200 GeV
For	α ≈ 0,	the	Z’	production	mode	remains	the	main	accessible	channel	despite	its	low	𝜎
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Heavy	neutrino:	decay	probability

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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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

– 9 –Luigi	Delle Rose,	RAL	and	UoS
(a)

Region 1

Region 2

0 2 4 6 8 10

0.0

0.1

0.2

0.3

0.4

0.5

cΤ0 !m"

"
P
#
Η

ΒΓ ' 1

ΒΓ ' 0.75

(b)

Outside MC

Region 1

Region 2

No DV

0 2 4 6 8 10

0.0

0.2

0.4

0.6

0.8

1.0

cΤ0 !m"

"
P
#
Η

(c)

Figure 6. (a) Geometry of the CMS detector as a function of the pseudo-rapidity ⌘. From
bottom to top, one has the inner tracker (grey area), the EM calorimeter (green area), the hadronic
calorimeter (blue area) and the muon chamber (orange area). The horizontal and vertical hatched
areas correspond to Region 1 and 2, respectively (see text). (b) Averaged decay probability of the
heavy neutrino as a function of its proper decay length c⌧0 for two values of the �� relativistic factor
and for Region 1 and 2 of the detector, as explained in the text. (c) Averaged decay probability of
the heavy neutrino for �� = 0.75 in four different regions of the detector.

4 Event simulation

In this section we present a search for long-lived heavy neutrinos decaying into final states
that include charged leptons (electrons and muons). The corresponding DVs can be recon-
structed if the heavy neutrinos decay within the volume of the CMS inner tracker. However,
here we also want to exploit the possibility to identify DVs beyond the region where they
can be reconstructed in the tracker and prior to the muon chambers of the CMS detector
(in this case only muons are taken into account).

In order to highlight the sensitivity of DVs due to the heavy neutrino decays produced
by the 125 GeV Higgs, we present the details of a parton-level Monte Carlo (MC) analysis at
the LHC with a Centre-of Mass (CM) energy of

p
S = 13 TeV and luminosity L = 100 fb�1.

For our simulation we select four Benchmark Points (BPs) characterised by different heavy
neutrino masses and different proper decay lengths. These two quantities unambiguously fix
the light neutrino mass. The other relevant parameters, MZ0 , g01,↵, are as follows: MZ0

= 5

TeV, g01 = 0.65 and ↵ = 0.3. The proper decay length of the heavy neutrinos is chosen to
optimise their observability in different regions of the CMS detector, in particular, BP1 and
BP2 are characterised by heavy neutrinos mostly decaying in the muon chamber, while BP3
and BP4 provide long-lived particles that are better identified in the inner tracker. The
different BPs are defined in Tab. 1. As leptons can originate from the three-body decay
of soft heavy neutrinos, m⌫

h

< mH1/2 ' 62.5 GeV, a cut on their transverse momentum
is found to have the greatest effect among all the kinematic acceptance requirements. We
show in Tab. 3 the efficiencies of the pT cut on leptons for different thresholds in the BP1
scenario. In particular, we report the combined cuts for different thresholds p(1)T on the
two leading leptons and different thresholds p(2)T on the third sub-leading lepton, showing
how the efficiency drops to a few percent for p(1)T ' 26 GeV, which is a trigger requirement
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