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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
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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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Heavy	neutrino	interactions

• 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

Luigi	Delle Rose,	RAL	and	UoS

Dirac	mass Majorana mass

• Heavy	neutrino	interactions	with	the	Z’ gauge	boson
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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 =
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2
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¯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
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m⌫h,k

MZ0
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(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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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)
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Heavy	neutrino:	proper	decay	length

mnl = 0.001 eV
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• Long	Lived	(LL)	heavy	neutrino	for	m?@ ≲ 	MC
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	~	10J;K 	− 	10J3K GeV
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Heavy	neutrino	(main)	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
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which may correspond to an allowed point defined by MZ0

= 4 TeV and g0 = 0.5, provides
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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
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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)
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= 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
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0 extension of the SM in which, we recall, the vacuum expectation value
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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,
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Heavy	neutrinos	from	the	Exotic	SM	Higgs	decay

Luigi	Delle Rose,	RAL	and	UoS
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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

– 6 –

BR(max)	≈ 0.77%

H1

𝜈P

𝜈P

𝑊±

𝑊±

𝑙

𝑙

𝑙
𝜈T
𝑞
𝑞′

Warsaw,	2	December	2017Scalars	2017



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	

Luigi	Delle Rose,	RAL	and	UoS Warsaw,	2	December	2017Scalars	2017



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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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	𝑒J_/ab distribution
4. using	the	generated	momentum,	determine	the	position	of	the	DV

H1

𝜈P

𝜈P
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
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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
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> 26 GeV for two leading muons, p
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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
𝑝d > 26, 26 GeV 9.65 4.64 0.79 33.16 18.2 2.79

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

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

𝑝d > 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
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Conclusions

Luigi	Delle Rose,	RAL	and	UoS

Ø Displaced	vertices	and	tracks	are	typical	signatures	of	long-lived	heavy	
neutrinos	(𝑚<= ≲ 	𝑀7) that	can	be	observed	in	the	(heavy)	Higgs	decay

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

Ø New	(soft)	physics	may	be	hidden	by	the	trigger	thresholds!	
it	would	be	extremely	important	to	develop	dedicated	triggers
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