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SEARCH FOR NEUTRINOS FROM THE SUN*

Raymond Davis, Jr. , Don 8. Harmer, t and Kenneth C. Hoffman
Brookhaven National Laboratory, Upton, New York 11973

(Received 16 April 1968)

A search was made for solar neutrinos with a detector based upon the reaction Cls~(v,
)Ar3~. The upper limit of the product of the neutrino flux and the cross sections for

all sources of neutrinos was 3x10 3 sec per C13 atom. It was concluded specifical-
ly that the flux of neutrinos from 8 decay in the sun was equal to or less than 2x 106
cm 2 sec ~ at the earth, and that less than 9' of the sun's energy is produced by the
carbon-nitrogen cycle.

Recent solar-model calculations have indicated
that the sun is emitting a measurable flux of neu-
trinos from decay of Be in the interior. The
possibility of observing these energetic neutri-
nos has stimulated the construction of four sepa-
rate neutrino detectors. ' This paper will pre-
sent the results of initial measurements with a
detection system based upon the neutrino capture
reaction Cls7(v, e )Ar". It was pointed out by
Bahcall" that the energetic neutrinos from 8'
would feed the analog state of Ar" (a superal-
lowed transition) that lies 5.15 MeV above the
ground state. The importance of the contribution
of the 8' neutrino flux is readily seen from the
neutrino-capture cross sections and the solar
neutrino fluxes given in Table I. The tabulated
fluxes were taken from the calculations of Bah-
call and Shaviv, ' who studied the effect of errors
in the parameters —solar composition, luminos-
ity, opacity, and nuclear reaction cross sections.
These authors have placed a probable error of
60%%uo on the calculated 8' flux. Their predicted
8' flux for mean values of the various parame-
ters agrees well with the independent calcula-
tions of Ezer and Cameron. ' On the basis of
these predictions, the total solar-neutrino-cap-
ture rate in 520 metric tons of chlorine mould be
in the range of 2 to 7 per day.

The detector design. —A detection system that
contains 390000 liters (520 tons chlorine) of liq-
uid tetrachloroethylene, C2C1~, in a horizontal
cylindrical tank was built along the lines pro-
posed earlier. " The system is located 4850 ft
underground [4400 m (w.e.)] in the Homestake
gold mine at Lead, South Dakota. It is essential
to place the detector underground to reduce the
production of Ar" from (P, n) reactions by pro-
tons formed in cosmic-ray muon interactions.
The rate of Ar" production in the liquid by cos-
mic-ray muons at this location is estimated to
be 0.1 Ar" atom per day. " Background effects
from internal n contaminations and fast neutrons
from the surrounding rock wall are low. The to-
tal Ar" production from all background process-
es is less than 0.2 Ar" atom per day, which is
mell below the rate expected from solar neutri-
nos.
Neutrino detection depends upon removing the

Ar" from a large volume of liquid contained in a
sealed tank, and observing the decay of Ar" (35-
day half-life) in a small proportional counter
(0.5 cm'). lt is therefore necessary to have an
efficient method of removing a fraction of a cu-
bic centimeter of argon from 390000 liters of
CSC14. The Ar" activity is removed by purging
with helium gas. Liquid is pumped uniformly

Table I. Solar neutrino fluxes and cross sections for the reaction Cl 7(v, e )Ar

Neutrino source
Cross sectiona~

(cm2)

Neutrino flux
at the earth
(cm 2 sec ~)

10350 cp
(sec ~)

H+H+e —D+ v
Be7 decay
B8 decay
N~3 decay
0~5 decay

1.72x1O 4'
2.9 x 10-46
1.35 x 1O-4'
2.1x 10-46
7.8x 10—46

1 7x 108
3.9x 10'

1.3(1~0.6)x 107
1.0x 10~
1.O x 1O'

0.03
0.11

1.8(1+0.6)
0.02
0.08

Qgo =2.0(l+ 0.6)x 10 35 sec

Ref. 4. bRef. 10. cRef. 8.
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More	
  Mysteries	
  	
  
Super-­‐	
  Kamiokande,	
  Sudbury	
  Neutrino	
  Observatory	
  	
  1999	
  ,	
  
Neutrino	
  oscilla$on	
  between	
  mass	
  and	
  flavor	
  eigenstates	
  

Neutrinos	
  are	
  very	
  special	
  	
  

Neutrino mass

16

NEWSPAPER HEADLINES AROUND THE WORLD PROCLAIMED THAT

NEUTRINOS
HAD MASS, BUT...

a different kind of neutrino has emerged ...

The New York Times, June 6, 1998.
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Neutrino oscillations: theory and phenomenology 1

E K Akhmedov 2

Department of Theoretical Physics, Royal Institute of Technology, AlbaNova University

Center, SE-106 91 Stockholm, Sweden

E-mail: akhmedov@ictp.trieste.it

Abstract. A brief overview of selected topics in the theory and phenomenology of neutrino

oscillations is given. These include: oscillations in vacuum and in matter; phenomenology

of 3-flavour neutrino oscillations and effective 2-flavour approximations; CP and T violation

in neutrino oscillations in vacuum and in matter; matter effects on νµ ↔ ντ oscillations;

parametric resonance in neutrino oscillations inside the earth; oscillations below and above

the MSW resonance; unsettled issues in the theory of neutrino oscillations.

1. A bit of history...
The idea of neutrino oscillations was first put forward by Pontecorvo in 1957 [1]. Pontecorvo
suggested the possibility of ν ↔ ν̄ oscillations, by analogy with K0K̄0 oscillations (only one
neutrino species – νe – was known at that time). Soon after the discovery of muon neutrino,
Maki, Nakagawa and Sakata [2] suggested the possibility of neutrino flavour transitions (which
they called “virtual transmutations”).

Figure 1. Bruno Pontecorvo (1913 - 1993), Shoichi Sakata (1911 - 1970), Ziro Maki (1929 –
2005) and Masami Nakagawa (1932 - 2001).

2. Theory
2.1. Neutrino oscillations in vacuum
Neutrino oscillations are a manifestation of leptonic mixing. For massive neutrinos, weak
(flavour) eigenstates do not in general coincide with mass eigenstates but are their linear
1

Talk given at the XXII International Conference on Neutrino Physics and Astrophysics “Neutrino 2006”, Santa

Fe, June 13-19, 2006
2

On leave from the National Research Center “Kurchatov Institute”, Moscow, Russia
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Other unresolved issues
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3σ allowed range from a recent global fit: [Particle Data Group (2014)]

sin2 θ12 = 0.259 − 0.359; sin2 θ23 = 0.34 − 0.64; sin2 θ13 = 0.015 − 0.036.

Is δ �= 0? (Mild indications for δ � −π/2 at T2K and NOvA)

Is θ23 smaller, larger or equal to 45◦? (may be resolved within the next few

years by T2K+NOvA, PINGU, DUNE,....)

Can we ever measure α1,2? (Some ambitious proposals)

Is the 3-neutrino mixing matrix unitary??
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with two additional phases if the neutrinos are Majorana in nature

UPMNS =





c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ

c12c23 − s12s23s13e
iδ

s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ
c23c13





×diag

�
1, e

iρ
, e

iφ
�
, (1.46)

where sij = sin θij, cij = cos θij, δ is the Dirac CP- violating phase and ρ , φ are

the Majorana CP-violating phases. Therefore, for the Dirac neutrinos we have

seven free parameters which includes three neutrino masses, three mixing angles

and the Dirac CP-violating phase. For Majorana neutrinos we have additional

two Majorana phases.

Now using the unitary matrix one can transform Eq. 1.44 into the mass basis

(or mass eigenstate) of the neutrinos as

Lmass
CC =

g√
2
Σα=e,µ,τΣı=1,2,3eαLγ

µ
U ν̃iLW

−
µ +H.c. (1.47)

We can write the Quantum Mechanical equation of the neutrinos in the mass basis

i
∂ν̃j

∂t
= (U

†
HU)ν̃j (1.48)

where H is the free Hamiltonian and according to relativistic theory H ∼ E(1 +

m2
j

2E2 ) and solving Eq. 1.48 we write

˜ν(t)j = e
−iE(1+

m2
j

2E2 )t ˜ν(0). (1.49)
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−iδ

−s12c23 − c12s23s13e
iδ

c12c23 − s12s23s13e
iδ

s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ
c23c13





×diag

�
1, e

iρ
, e

iφ
�
, (1.46)

where sij = sin θij, cij = cos θij, δ is the Dirac CP- violating phase and ρ , φ are

the Majorana CP-violating phases. Therefore, for the Dirac neutrinos we have

seven free parameters which includes three neutrino masses, three mixing angles

and the Dirac CP-violating phase. For Majorana neutrinos we have additional

two Majorana phases.

Now using the unitary matrix one can transform Eq. 1.44 into the mass basis

(or mass eigenstate) of the neutrinos as

Lmass
CC =

g√
2
Σα=e,µ,τΣı=1,2,3eαLγ

µ
U ν̃iLW

−
µ +H.c. (1.47)

We can write the Quantum Mechanical equation of the neutrinos in the mass basis

i
∂ν̃j

∂t
= (U

†
HU)ν̃j (1.48)

where H is the free Hamiltonian and according to relativistic theory H ∼ E(1 +

m2
j

2E2 ) and solving Eq. 1.48 we write

˜ν(t)j = e
−iE(1+

m2
j

2E2 )t ˜ν(0). (1.49)

14

	
  	
  	
  	
  Bruno	
  	
  
Pontecorvo	
   Ziro	
  Maki	
   	
  Masami	
  	
  	
  	
  	
  	
  

Nakagawa	
  
Shoichi	
  Sakata	
  



Neutrino	
  Mass	
  :	
  What	
  Type	
  

Eeore	
  Majorana	
  ,	
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   Paul	
  Dirac,	
  FRS	
  (1902-­‐1984)	
  

or

Lmass = mνν
c
LνL (Majorana mass) (1.43)

The detailed discussion on neutrino mass generation will be given in the next

section.

The current experiments with the solar, atmospheric, reactor and accelerator

neutrinos give very strong evidences of the neutrino flavor oscillations [22], [23],

[24], [25], [26]. This tells us about the existence of the neutrino mass and the

flavor mixing. The LEP analysis provides a very strong bound on the number of

neutrino generations as Nν = 2.980 ± 0.0082 ∼ 3 [27, 28]. Using the flavor basis

we can write the Charged Current (CC) interaction in the lepton sector in the

flavor basis as

LCC =
g√
2
Σα=e,µ,ταLγ

µ
ναLW

−
µ +H.c. (1.44)

The particles propagate as their mass eigenstates. The SM neutrinos are trans-

formed from the flavor basis (ναL) into the mass basis (ν̃iL) as

ναL = U ν̃ıL (1.45)

where U is 3× 3 unitarity matrix. Commonly known as the neutrino mixing ma-

trix as described by UPMNS where PMNS stands for Pontecorvo-Maki-Nakagawa-

sakata [29, 30]. UPMNS is parameterized by three Euler angles and a phase along

13
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where sij = sin θij, cij = cos θij, δ is the Dirac CP- violating phase. The experi-

mental value of the VCKM is well measured and given as

VCKM =





0.97428± 0.00015 0.2253± 0.0007 0.00347+0.00016
−0.00012

0.2252± 0.0007 0.97345+0.00015
−0.00016 0.0410+0.0011

−0.0007

0.00862+0.00026
−0.00020 0.0403+0.0011

−0.0007 0.999152+0.000030
−0.000045





(1.40)

at the 95% C. L [21]. The quarks masses obtained experimentally are given as

mu = 2.3 MeV,

md = 4.8 MeV,

ms = 95 MeV,

mc = 1.275 GeV,

mb = 4.18 GeV,

mt = 173.21 GeV.

(1.41)

This kind of mixing can not take place in the lepton sector because the SM

neutrinos are considered to be massless.

1.2 Neutrino mass and oscillation

Since neutrino mass generation will be discussed in detail in the following

section, we may simply consider the neutrino mass term here

Lmass = mννRνL (Dirac mass) (1.42)
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Inverse seesaw Mechanism

• Model accounting for neutrino masses and mixing
•Lmass ⊃ −µN̄c

LNL −MN̄RNL −mDN̄RνL,

νL →
!

mD

NR →
"

M

NL →
#

µ

← NL "

M

← NR !

mD

← νL

• The light neutrino Majorana mass matrix

mν = (mDM
−1)µ(mDM

−1)T (1)

•If µ is very small, O (mν), the mixing mDM
−1 ∼ O(1)

→Large mixing between light and heavy neutrinos
→Heavy neutrino can be produced at high energy colliders

•It will be discussed later that due to the phenomenological constraints
mDM

−1 & 1, but not so small .
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N N
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MD =
YDv√
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0 MD
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D mN
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The neutrino mass matrix is

Mν =





0 mD 0
mT

D 0 m
0 mT µ



 (5)

The Dirac mass mD

mD =
YD√
2
v (6)

YD is the Dirac Yukawa couplig. v is the Higgs vacuum expectation
value.
Assuming mDm

−1 " 1, diagonalising Mν we get the light neutrino mass
for a very small µ

mν = (mDM
−1)µ(mDM

−1)T (7)

• µ is very small, O (mν), the mixing mDM
−1 ∼ O(1)

→Large mixing between light and heavy neutrinos
→Heavy neutrino can be produced at high energy colliders
•It will be discussed later that due to the phenomenological constraints
mDM

−1 " 1, but not so small .
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produced	
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• Assuming, R = mDM
−1 << 1

•The flavour eigenstate (ν) in terms of the mass eigenstates

ν ! Nνm +RNm, N = (1 − 1

2
R∗RT )UMNS (8)

•UMNS is the usual neutrino mixing matrix to diagonalize mν as

W+
µ

Nm

− g√
2
γµPLR

em

Z 0

Nm

− g
2cW

γµPLN †R

νm

LCC = − g√
2
Wµemγ

µPL (Nνm +RNm) + h.c ., (9)

LNC = − g

2cw
Zµ

[

νmγ
µPL(N †N )νm + Nmγ

µPL(R†R)Nm

]

− g

2cw
Zµ

[

νmγ
µPL(N †R)Nm + h.c .

]

(10)

em, νm, Nm are the three generations of the leptons in the vector form.
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Interac$on	
  of	
  the	
  heavy	
  neutrinos	
  with	
  W	
  and	
  Z	
  
bosons	
  
• Assuming, R = mDM

−1 << 1
•The flavour eigenstate (ν) in terms of the mass eigenstates

ν ! Nνm +RNm, N = (1 − 1
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R∗RT )UMNS (8)
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2cW
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Wµemγ

µPL (Nνm +RNm) + h.c ., (9)

LNC = − g

2cw
Zµ

[

νmγ
µPL(N †N )νm + Nmγ
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  small	
  



Phenomenological	
  Constraints	
  on	
  

mN ≤ 1 TeV ,
MDm

−1
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Mν =
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0 mD 0
mT

D 0 M
0 MT µ


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N (7)
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
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N (7)

2

Phenomenological constraints on N

•The Lepton Flavour Violating (LFV) decays(li → ljγ; i , j = e, µ, τ)

µ−
N e−

W+ W+

γ

and the Z → l+i l−i (LEP) constrain the NN † suct that

|NN †| =







0.994± 0.00625 < 1.5× 10−5 ↗µ→eγ

< 8.76356× 10−3

< 1.5× 10−5 0.995± 0.00625 < 1.046× 10−2

< 8.76356× 10−3 < 1.046× 10−2 0.995± 0.00625






(11)

The severe most constraint comes from the recent MEG result for
µ → eγ
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The analysis of a combined data set, totaling 3:6" 1014 stopped muons on target, in the search for the

lepton flavor violating decay !þ ! eþ" is presented. The data collected by the MEG experiment at

the Paul Scherrer Institut show no excess of events compared to background expectations and yield a new

upper limit on the branching ratio of this decay of 5:7" 10#13 (90% confidence level). This represents a

four times more stringent limit than the previous world best limit set by MEG.

DOI: 10.1103/PhysRevLett.110.201801 PACS numbers: 13.35.Bv, 11.30.Hv, 11.30.Pb, 12.10.Dm

The lepton flavor violating !þ ! eþ" decay is pre-
dicted to have an unobservable low rate within the standard
model (SM) of elementary particle physics, despite the
existence of neutrino oscillations [1]. Conversely, the
majority of new physics models [2–5] beyond SM (BSM),
particularly in view of the recent measurements of a large
#13 at reactor [6–8] and accelerator [9] experiments, predict
measurable rates for this decay. An observation of the
!þ ! eþ" decay would therefore represent an unambig-
uous sign of BSM physics, whereas improvements in the
branching ratio upper limit constitute significant con-
straints on the parameter space, complementary to those
obtainable at high-energy colliders.

The present best upper limit on the !þ ! eþ" decay
branching ratio B (B< 2:4" 10#12 at 90% C.L.) was set
by the MEG experiment [10] with an analysis of the data
taken in the years 2009–2010, for a total number of 1:75"
1014 positive muons stopped on target.
In this Letter we present an updated analysis of the 2009–

2010 data sample, based on recently improved algorithms
for the reconstruction of positrons and photons together
with the analysis of the data sample collected in 2011
with a beam intensity of 3" 107 !þ=s, which corresponds
to 1:85" 1014 stopped muons on target. Furthermore the
combined analysis of the full 2009–2011 statistics is
presented.
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The analysis of a combined data set, totaling 3:6" 1014 stopped muons on target, in the search for the

lepton flavor violating decay !þ ! eþ" is presented. The data collected by the MEG experiment at

the Paul Scherrer Institut show no excess of events compared to background expectations and yield a new

upper limit on the branching ratio of this decay of 5:7" 10#13 (90% confidence level). This represents a

four times more stringent limit than the previous world best limit set by MEG.
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The lepton flavor violating !þ ! eþ" decay is pre-
dicted to have an unobservable low rate within the standard
model (SM) of elementary particle physics, despite the
existence of neutrino oscillations [1]. Conversely, the
majority of new physics models [2–5] beyond SM (BSM),
particularly in view of the recent measurements of a large
#13 at reactor [6–8] and accelerator [9] experiments, predict
measurable rates for this decay. An observation of the
!þ ! eþ" decay would therefore represent an unambig-
uous sign of BSM physics, whereas improvements in the
branching ratio upper limit constitute significant con-
straints on the parameter space, complementary to those
obtainable at high-energy colliders.

The present best upper limit on the !þ ! eþ" decay
branching ratio B (B< 2:4" 10#12 at 90% C.L.) was set
by the MEG experiment [10] with an analysis of the data
taken in the years 2009–2010, for a total number of 1:75"
1014 positive muons stopped on target.
In this Letter we present an updated analysis of the 2009–

2010 data sample, based on recently improved algorithms
for the reconstruction of positrons and photons together
with the analysis of the data sample collected in 2011
with a beam intensity of 3" 107 !þ=s, which corresponds
to 1:85" 1014 stopped muons on target. Furthermore the
combined analysis of the full 2009–2011 statistics is
presented.
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2010 data sample, based on recently improved algorithms
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• Assuming, R = mDM
−1

•The flavour eigenstate (ν) in terms of the mass eigenstates,

ν ! Nνm +RNm, N = (1 +
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em, νm, Nm are the three generations of the leptons in the vector form.
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em, νm, Nm are the three generations of the leptons in the vector form.
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Fixing the Matrices N and R
•We consider the two generations of heavy neutrinos

UMNS =





c12c13 s12c13 s13e
iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13
s12s23 − c12c23s13e

iδ −c12s23 − s12c23s13e
iδ c23c13





×diag(1, e iρ, 1)

•We fix the parameters by the following neutrino oscillation data

sin2θ12 = 0.87, sin2θ23 = 1.0, sin2θ13 = 0.092(DayaBay) (12)

∆m2
12 = m2

2 −m2
1 = 7.6× 10−5eV 2,∆m2

23 = |m2
3 −m2

2| = 2.4× 10−3eV 2 (13)

•We study the Normal and Inverted hierarchies.
•The lightest mass eigenstate is massless. The diagonal mass matrices in
the NH and IH cases are

DNH = diag

(

0,
√

∆m2
12,

√

∆m2
12 +∆m2

23

)

, (14)

DIH = diag

(

√

∆m2
23 −∆m2

12,
√

∆m2
23, 0

)

. (15)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

(1, 2) element is constrained by µ → eγ
(1, 3) element is constrained by τ → eγ
(2, 3) element is constrained by τ → µγ

Diagonal elements are constrained by LEP experiment

sin2 θ12 0.87
sin2 θ23 1.00
sin2 θ13 0.092

∆m2
12 = m2

2 −m2
1 7.6× 10−5eV2

∆m2
23 = |m2

3 −m2
2| 2.4× 10−3eV2
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N " 1
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0 mD 0
mT

D 0 M
0 MT µ



 (6)

N (7)

mν =
µ

M 2
mDmD = U∗

MNSDNH/IHU
†
MNS (8)

mD =
M
√
µ
U∗
MNS

√

DNH/IH (9)

NRj
, NLj

; j = 1, 2 (10)

M →
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M 0
0 M
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µ 0
0 µ
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FND	
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  non-­‐diagonal	
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µhasFlavorstructure

2

has	
  Flavor	
  structure	
  

The neutrino Dirac mass matrix is

mD =
M
√
µ
U∗
MNS

√

DNH/IH . (18)

The matrices
√

DNH/IH are defined as

√

DNH =





0 0
(∆m2

12)
1
4 0

0 (∆m2
23 +∆m2

12)
1
4



 , (19)

√

DIH =





(∆m2
23 −∆m2

12)
1
4 0

0 (∆m2
23)

1
4

0 0



 . (20)

• FD case : mν = (mD

M
)2µ = U∗

MNSDNH/IHU
†
MNS
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Heavy neutrino signal at LHC
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Total Charge +1

•For like sign dilepton(ee and µµ) out of the tri-lepton signals, l− = e, µ;
Ni → l−β W+, W+ → l+γ ν

•Mass of the heavy neutrino: 100 GeV,
√
s = 14 TeV

•Parameter scan imposing LFV and LEP constraints:δ, ρ ∈ [−π,π], y ∈
[0, 1].
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(ee or !!) to have transverse momentum pT > 30 GeV.
The decay mode N ! "Z, followed by Z ! ‘þ‘", is
rejected by a cut for the invariant mass of the charge
neutral dilepton. After elaborate selections, it has been
concluded [24] that the heavy neutrino coupling to the
muon could be observed at the LHC through the trilepton
final states.

In our analysis, we follow the procedure in [24]. Since
we are considering the general case with R and N con-
sistent with the updated experimental data, the production
cross sections of the heavy neutrinos are different from
the ones in [24]. Figure 3 shows the signal cross section
providing trilepton final states with ee or !! for the FND
(left panel) and FD (right panel) cases, as a function of

the heavy neutrino mass. In the left panel, the dashed and
solid lines correspond to the NH and IH cases, respectively.
The upper solid (dashed) line shows the cross sections with
ee (!!).
We adopt the same efficiency for the signal events and

the SM background events as found in [24]. The number of
events for trilepton final states with ee and !!, respec-
tively, are listed in Table II, for the luminosity 30 fb"1.
Unfortunately, the number of events for the FND case are
found to be too small. This is because the component ofR
is severely constrained to be small by the current experi-
ments. On the other hand, the FD case results in a large
number of signal events, especially in the !! case, with a
significance of more than 5-#. If we naively estimate the
significance by S=

ffiffiffiffi
B

p
, the luminosity of 25 fb"1 (11 fb"1)

is required to achieve 5-# significance for the (!!) final
states.

B. Heavy neutrino signal at the ILC
with simple parametrizations

The signature of heavy neutrinos at the ILC has been
studied in detail based on the realistic Monte Carlo simu-
lations in [26]. In those studies, a five-dimensional model
with bulk right-handed neutrinos [27] is considered, and its
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FIG. 4 (color online). The production cross sections for the process eþe" ! "N, followed by the decays N ! ‘W (‘ ¼ e, !, $)
andW ! q !q0, as a function of the heavy neutrino mass. The upper-left panel shows the results for the FND case with

ffiffiffi
s

p ¼ 500 GeV.
The upper-right panel is the same as the upper-left panel but for the case with

ffiffiffi
s

p ¼ 1 TeV. The results for the FD case are shown in
the lower panel for

ffiffiffi
s

p ¼ 500 GeV (solid line) and
ffiffiffi
s

p ¼ 1 TeV (dashed line), respectively.

TABLE II. Number of events at the LHC with
ffiffiffi
s

p ¼ 14 TeV
and 30 fb"1 luminosity, for the heavy neutrino mass M ¼
100 GeV.

ee !!

FND (NH) 0.254 1.61
FND (IH) 7.00 3.38
FD 58.7 56.2
SM background 116.4 45.6
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where O is a general orthogonal matrix expressed as

O ¼
cos! sin!

" sin! cos!

 !
¼

cosh y i sinh y

"i sinh y cosh y

 !
cos x sin x

" sin x cosh x

 !
; (30)

with a complex number ! ¼ xþ iy, and the general form of the neutrino mixing matrix,

UMNS ¼
C12C13 S12C13 S13e

i"

"S12C23 " C12S23S13e
i" C12C23 " S12S23S13e

i" S23C13

S12S23 " C12C23S13e
i" "C12S23 " S12C23S13e

i" C23C13

0
BB@

1
CCA

1 0 0

0 ei# 0

0 0 1

0
BB@

1
CCA: (31)

Here, Cij ¼ cos$ij, Sij ¼ sin $ij, " is the Dirac phase, and
# is the Majorana phase. Thus, in this general parametri-
zation, we have

%ð";#; yÞ ¼ R&RT

¼ 1

&
UMNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
O&OT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q T
Uy

MNS: (32)

Note that

O&OT ¼ cosh 2yþ sinh 2y "2i cosh y sinh y

2i cosh y sinh y cosh 2yþ sinh 2y

 !
(33)

is independent of x, and hence the % matrix is a function of
", # and y.

In the next section, we perform a parameter scan under
the experimental constraints and identify an allowed region
for the parameter set f";#; yg. Then, we calculate the heavy
neutrino production cross section for the parameter set
and examine how much the production cross section is
enhanced, satisfying the experimental constraints.

V. COLLIDER SIGNATURES
OF HEAVY NEUTRINOS

Let us now investigate the collider signatures of the
heavy neutrinos with the information of R and N deter-
mined in the previous sections. In Sec. III, we have already
given the formulas used in our analysis in the limit ofR ¼
N ¼ 1. It is easy to generalize the formulas with the

concrete R and N . The production cross section of
the ith generation heavy neutrino at the LHC, through
the process q !q0 ! ‘Ni (u !d ! ‘þ!Ni and !ud ! ‘"!Ni), is
given by

'ðq !q0 ! ‘!NiÞ ¼ 'LHCjR!ij2; (34)

where 'LHC is the cross section given in Eq. (13).
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.

•Elaborate cut procedure discussed in F. del Aguila and J. A. Aguilar-
Savedra, Phys. Lett. B 672(2009) 158-165

Events after Cut SM background after cut

ee NH 1.1 116.4

IH 1.05
µµ NH 10.4 45.6

IH 1.0

Table: Maximum events for the ee and µµ cases

Cut: Transverse momentum pT > 30 GeV The decay mode, N → νZ ,
followed by Z → �+�− is rejected by a cut for the invariant mass of the

charge neutral di-lepton.

•Significance is too low in each case.

• 8 TeV LHC case even lower than 14 TeV LHC case.
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General	
  Parameteriza$on	
  We use general parameterization,

R(δ, ρ, x , y) =
1
√
µ
U∗
MNS

√

DNH/IHO (24)

O =

(

cos(x + iy ) sin(x + iy)
−sin(x + iy ) cos(x + iy)

)

. (25)

Now R∗RT - matrix is expressed as

R∗RT (δ, ρ, y) =
1

µ
UMNS

√

DNH/IHO
∗OT

√

DNH/IH

T

U†
MNS (26)

where

O∗OT (y) =

(

cosh2y + sinh2y −2icoshysinhy
2icoshysinhy cosh2y + sinh2y

)

(27)

which is independent of x . Now

NN † # 1−R∗RT (28)

R∗RT is constrained by the LFV and LEP data.
•The Dirac phase (δ) can be measured in future.
•Majorana phase (ρ) and y are independent of the oscillation data.
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FIG. 5 (color online). Signal cross sections providing the trilepton final states as a function of the Dirac phase (!) and y for the heavy
neutrino mass of 100 GeV, at the LHC with

ffiffiffi
s

p ¼ 14 TeV. Each dot satisfies the experimental constraints on all the elements in the "
matrix. The first (second) column corresponds to the results for the NH (IH) case. The first two rows are for the final states with two
electrons, while the last two are for the final states with two muons.
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FIG. 5 (color online). Signal cross sections providing the trilepton final states as a function of the Dirac phase (!) and y for the heavy
neutrino mass of 100 GeV, at the LHC with

ffiffiffi
s

p ¼ 14 TeV. Each dot satisfies the experimental constraints on all the elements in the "
matrix. The first (second) column corresponds to the results for the NH (IH) case. The first two rows are for the final states with two
electrons, while the last two are for the final states with two muons.
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Here, Cij ¼ cos$ij, Sij ¼ sin $ij, " is the Dirac phase, and
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is independent of x, and hence the % matrix is a function of
", # and y.

In the next section, we perform a parameter scan under
the experimental constraints and identify an allowed region
for the parameter set f";#; yg. Then, we calculate the heavy
neutrino production cross section for the parameter set
and examine how much the production cross section is
enhanced, satisfying the experimental constraints.

V. COLLIDER SIGNATURES
OF HEAVY NEUTRINOS

Let us now investigate the collider signatures of the
heavy neutrinos with the information of R and N deter-
mined in the previous sections. In Sec. III, we have already
given the formulas used in our analysis in the limit ofR ¼
N ¼ 1. It is easy to generalize the formulas with the

concrete R and N . The production cross section of
the ith generation heavy neutrino at the LHC, through
the process q !q0 ! ‘Ni (u !d ! ‘þ!Ni and !ud ! ‘"!Ni), is
given by

'ðq !q0 ! ‘!NiÞ ¼ 'LHCjR!ij2; (34)

where 'LHC is the cross section given in Eq. (13).
Similarly, the production cross section at the ILC is

'ðeþe" ! (!NiÞ ¼ 'ILCjR!ij2; (35)

where 'ILC is given in Eq. (15), and we have used the
approximation N yR ’ Uy

MNSR because j%!)j ' 1, as
discussed in the previous section. The partial decay widths
for the process Ni ! ‘"!W

þ=(!Z=(!h are obtained by
multiplying Eq. (14) by the factor jR!ij2.

A. Heavy neutrino signal at the LHC
with simple parametrizations

As has been studied in Ref. [24] (see also [25] for the
study of the left-right symmetric model), the most prom-
ising signal of the heavy neutrino productions at the LHC
is obtained by the final state with three charged leptons
(‘(‘(‘) with the total charge (1) through the process
q !q0 ! N‘( followed by N ! ‘(W) and W) ! ‘)(. In
this work, detailed studies have been performed for the
signal of the heavy neutrino with a 100 GeV mass, which
couples with either the electron or the muon. The events
were preselected for two like-sign charged leptons
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FIG. 3 (color online). Signal cross sections providing the trilepton final states for the FND (left panel) and FD (right panel) cases, at
the LHC with

ffiffiffi
s

p ¼ 14 TeV.
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(ee or !!) to have transverse momentum pT > 30 GeV.
The decay mode N ! "Z, followed by Z ! ‘þ‘", is
rejected by a cut for the invariant mass of the charge
neutral dilepton. After elaborate selections, it has been
concluded [24] that the heavy neutrino coupling to the
muon could be observed at the LHC through the trilepton
final states.

In our analysis, we follow the procedure in [24]. Since
we are considering the general case with R and N con-
sistent with the updated experimental data, the production
cross sections of the heavy neutrinos are different from
the ones in [24]. Figure 3 shows the signal cross section
providing trilepton final states with ee or !! for the FND
(left panel) and FD (right panel) cases, as a function of

the heavy neutrino mass. In the left panel, the dashed and
solid lines correspond to the NH and IH cases, respectively.
The upper solid (dashed) line shows the cross sections with
ee (!!).
We adopt the same efficiency for the signal events and

the SM background events as found in [24]. The number of
events for trilepton final states with ee and !!, respec-
tively, are listed in Table II, for the luminosity 30 fb"1.
Unfortunately, the number of events for the FND case are
found to be too small. This is because the component ofR
is severely constrained to be small by the current experi-
ments. On the other hand, the FD case results in a large
number of signal events, especially in the !! case, with a
significance of more than 5-#. If we naively estimate the
significance by S=

ffiffiffiffi
B

p
, the luminosity of 25 fb"1 (11 fb"1)

is required to achieve 5-# significance for the (!!) final
states.

B. Heavy neutrino signal at the ILC
with simple parametrizations

The signature of heavy neutrinos at the ILC has been
studied in detail based on the realistic Monte Carlo simu-
lations in [26]. In those studies, a five-dimensional model
with bulk right-handed neutrinos [27] is considered, and its
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FIG. 4 (color online). The production cross sections for the process eþe" ! "N, followed by the decays N ! ‘W (‘ ¼ e, !, $)
andW ! q !q0, as a function of the heavy neutrino mass. The upper-left panel shows the results for the FND case with

ffiffiffi
s

p ¼ 500 GeV.
The upper-right panel is the same as the upper-left panel but for the case with

ffiffiffi
s

p ¼ 1 TeV. The results for the FD case are shown in
the lower panel for

ffiffiffi
s

p ¼ 500 GeV (solid line) and
ffiffiffi
s

p ¼ 1 TeV (dashed line), respectively.

TABLE II. Number of events at the LHC with
ffiffiffi
s

p ¼ 14 TeV
and 30 fb"1 luminosity, for the heavy neutrino mass M ¼
100 GeV.

ee !!

FND (NH) 0.254 1.61
FND (IH) 7.00 3.38
FD 58.7 56.2
SM background 116.4 45.6
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four-dimensional effective theory provides the Kaluza-
Klein tower of heavy neutrinos having sizable coupling
to the weak gauge bosons through mixings with the SM
light neutrinos. This structure of the couplings between the
heavy neutrinos and the SM particles in the five-
dimensional model is similar to the one in our inverse
seesaw model. Thus, we apply the results in [26], in
particular, the signal and background selection procedure,
to our model.

According to [26], we focus on the two-jet signal and one
isolated lepton signal with large missing energy at the ILC:
eþe" ! !N, followed by the decays N ! ‘W and W !
q !q0, through which the heavy neutrino production cross
sections and the heavy neutrino mass can be reconstructed.
The production cross sections for the process eþe" ! !N,
followed by the decays N ! ‘W (‘ ¼ e, ", #) and W !
q !q0, as a function of the heavy neutrino mass are depicted in
Fig. 4. The upper-left panel shows the results for the FND
case with

ffiffiffi
s

p ¼ 500 GeV. The dashed lines from top to
bottom denote the signal cross sections for ‘ ¼ #, " and
e, respectively, in the NH case. The two lines corresponding
to ‘ ¼ # and " overlap well. The solid lines from top to
bottom denote the signal cross sections for ‘ ¼ e, # and ",
respectively, in the IH case. The two dashed lines corre-
sponding to ‘ ¼ " and # overlap well. The upper-right
panel is the same as the upper-left panel but for the case
with

ffiffiffi
s

p ¼ 1 TeV. The results for the FD case are shown in
the lower panel for

ffiffiffi
s

p ¼ 500 GeV (dashed line) and
ffiffiffi
s

p ¼
1 TeV (solid line), respectively. Here, ‘ is either e, " or #.

For the ILC with
ffiffiffi
s

p ¼ 500 GeV and the luminosity
L ¼ 500 fb"1, the signal and background events are listed
on Table III. Here, the final state of one electron and two
jets with missing energy from antineutrinos is considered,
and we have adopted the efficiencies found in [26], for
M ¼ 150 GeV. The main backgrounds are e!W ! e!q !q
and WW ! ‘!q !q, which are dramatically reduced by the
selection using an isolated-electron track with a require-
ment for its energy range, 10 GeV $ Ee $ 200 GeV, the
requirement of the reconstructed dijet mass to be consistent

with the W hypothesis, etc. (see [26] for details). The
signal and background events for

ffiffiffi
s

p ¼ 1 TeV and the
same luminosity L ¼ 500 fb"1 are listed on Table IV.
For completeness, we have also listed the signal events
(without cuts) for the case of ‘ ¼ " and #.
In both

ffiffiffi
s

p ¼ 500 GeV and 1 TeV, the signal to back-
ground ratio is large (> 5-$) for the FND (IH) and FD
cases, while the significance is negligible for the FND
(NH) case. If we naively expect a similar efficiency for
the ‘ ¼ " case, the heavy neutrinos can be observed with a
large significance for both the FND and FD cases. In [26],
the ‘ ¼ # case is also analyzed in detail. In this case, the
signal N ! !eWðW ! q !q0Þ is considered as the back-
ground, and the analysis depends on the number of signal
events; hence, we cannot simply adopt the results in [26].
However, since the main backgrounds are e!W ! e!q !q
andWW ! ‘!q !q0 also for this case, we can expect that the
efficiency for our case is similar to the one obtained in [26],
which is roughly the same as in the ‘ ¼ e case. Thus, we
expect, for the ‘ ¼ # case, a large significance for the
signal events in both the FND and the FD cases.

C. Heavy neutrino signal with the
general parametrization

In the general parametrization for the FND case, R is a
function of the Dirac phase (%), the Majorana phase (&)
and y in the general orthogonal matrix. In order to identify
a region for these parameters satisfying the constraint on
the ' matrix, we perform a parameter scan by varying
"( $ %, & $ ( with an interval of (

20 and 0 $ y $ 1
with an interval of 0.02.3 Then, for the identified parame-
ters, we calculate the production cross section of the ith
generation heavy neutrino at the LHC through the process
q !q0 ! ‘Ni (u !d ! ‘þ)Ni and !ud ! ‘")Ni) given by

$ðq !q0 ! ‘)NiÞ ¼ $LHCjR)ið%;&; yÞj2; (36)

TABLE III. The number of events at the ILC with
ffiffiffi
s

p ¼
500 GeV and luminosity 500 fb"1, for the heavy neutrinos
with mass 150 GeV. We have adopted the efficiencies for the
signal and the SM background found by the realistic
Monte Carlo simulations in [26].

Events before cuts Events after cuts

FND (NH) 123.7 84.04
FND (IH) 2397 1363
FD 102210 69189.7
SM background 3210500 23346
FND (NH, ‘ ¼ ") 847.5
FND (NH, ‘ ¼ #) 887.0
FND (IH, ‘ ¼ ") 1261
FND (IH, ‘ ¼ #) 1266

TABLE IV. The same as Table III, but with
ffiffiffi
s

p ¼ 1 TeV.

Events before cuts Events after cuts

FND (NH) 162 52.0
FND (IH) 3133 776.1
FD 133605 42671.3
SM background 5476408 10500
FND (NH, ‘ ¼ ") 1108
FND (NH, ‘ ¼ #) 1160
FND (IH, ‘ ¼ ") 1648
FND (IH, ‘ ¼ #) 1655

3The Dirac mass matrix elements grow exponentially as we
raise jyj. For a value y > 1, the neutrino oscillation data are
realized under the fine-tuning between the large elements.
Although the neutrino oscillation data are correctly reproduced
for any values of y in the general parametrization, we only
consider y $ 1 to avoid the fine-tuning.
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FIG. 6 (color online). The production cross sections for the process eþe" ! !N, followed by the decays N ! ‘W (‘ ¼ e, ") and
W ! q !q0, as functions of the Dirac phase (#) and y, at the ILC with

ffiffiffi
s

p ¼ 500 GeV. Here, we have fixed the heavy neutrino mass to be
150 GeV. Each dot satisfies the experimental constraints on all the $-matrix elements. The first (second) column shows the results for
the NH (IH) case. In the first (second) row, the results are shown as a function of # (y) for the case of ‘ ¼ e, while the corresponding
results for the case of ‘ ¼ " are shown in the third and fourth rows.
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• For simplicity we assume that mD and M are diagonal.

• In the final events we have considered the Opposite Sigh Same Flavor (OSSF)
leptons (like the recent CMS search).

• We consider the two benchmark cases : a ) Single Flavor (SF) and b ) Flavor
Diagonal (FD)

• SF: One heavy neutrino couples with one flavor.
Signal Example: pp → Nµ,N → Wµ,W → !ανα

• FD: Two degenerate heavy neutrinos couple with two lepton flavors individually.
The cross section is twice larger than that of the SF case.
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final states e±e∓e± and e±e∓µ∓ , along with the two final 
states of the benchmark case (a). Thus the total trilepton sig-
nal cross section in case (b) is twice larger than that in case 
(a), and as a result, the limit on |BlN |2 derived in case (b) will 
be roughly twice stronger than the corresponding limit in case 
(a) for a given value of mN .

4. Data analysis and results

For each of the above benchmark cases, the trilepton signal 
events were generated for 

√
s = 8 TeV LHC by implementing the 

new interaction vertices given by (9) and (10) in MadGraph5 [33]. 
The parton level cross sections were obtained using the CTEQ6L
parton distribution functions [34]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [35] and a 
fast detector simulation was done using DELPHES3 [36]. Hadrons 
were clustered into jets using the anti-kT algorithm as imple-
mented in FastJet2 [37] with a distance parameter of 0.5. In 
the detector simulation, we have considered the signal events con-
taining three leptons accompanied by n-jets (with n = 1–4), after 
incorporating the MLM matching prescription [38] to avoid dou-
ble counting of jets. For the generated signal events, we adopt the 
following basic selection criteria, as used in the CMS trilepton anal-
ysis [27]:

(i) The transverse momentum of each lepton: plT > 10 GeV.

(ii) The transverse momentum of at least one lepton: pl,leadingT >
20 GeV.

(iii) The jet transverse momentum: p j
T > 30 GeV.

(iv) The pseudo-rapidity of leptons: |ηl| < 2.4 and of jets: |η j | <
2.5.

(v) The lepton–lepton separation: "Rll > 0.1 and the lepton-jet 
separation: "Rlj > 0.3.

(vi) The invariant mass of each OSSF lepton pair: ml+l− < 75 GeV
or > 105 GeV to avoid the on-Z region which was ex-
cluded from the CMS search. Events with ml+l− < 12 GeV are 
rejected to eliminate background from low-mass Drell–Yan 
processes and hadronic decays.

(vii) The scalar sum of the jet transverse momenta: HT <
200 GeV.

(viii) The missing transverse energy: /ET < 50 GeV.

Note that there are additional contributions to the trilepton sig-
nal from N → Zν, hν , followed by Z , h decay to l+l− . However, 
the Z contributions are suppressed after we impose the mll cut to 
reduce the SM Z background, whereas the h contributions are ad-
ditionally suppressed due to small Yukawa coupling of electrons 
and muons. The CMS analysis [27] has given the number of ob-
served events and the corresponding SM background expectation 
for various ranges of /ET and HT that are sensitive to different 
kinematical and topological signatures. However, for our trilepton 
signal (4), the set of selection cuts listed above turn out to be the 
most efficient ones among those considered in the CMS analysis.

It is important to note here that in order to make a direct com-
parison of our signal events with the CMS results for the observed 
events and the SM background, we must include at least one jet 
with pT > 30 GeV and |η j | < 2.5 in the final state. The simplest 
trilepton final state shown in Fig. 1 does not contain any jets at 
the parton-level, but initial state radiation (ISR) effects could give 
rise to final states with nonzero jets, though they are usually ex-
pected to be soft. However, there are additional diagrams involving 

relatively large |BeN |2 is still allowed, except in special cases where the 0νββ am-
plitude could be enhanced [32].

Fig. 2. The trilepton + one jet + missing transverse energy signal of a heavy Dirac 
neutrino at the LHC.

Fig. 3. The ‘inclusive’ parton-level cross sections for the processes pp → Nl+ + N̄l−

(thick, red) and pp → Nl+ j + N̄l− j (thin, blue) at √s = 8 TeV (solid) and 14 TeV 
(dashed) LHC. The results are shown for the single flavor (SF) case. For the flavor 
diagonal (FD) case, the numbers should be multiplied by a factor of two. For the Nlj
case, we have imposed p j

T > 30 GeV. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)

quark–gluon fusion, such as those shown in Fig. 2, which give rise 
to hard jets in the final state. The inclusive production cross sec-
tion of the processes pp → Nl+(N̄l−) + 1 j is only a factor of 2–4 
smaller than the original pp → Nl+(N̄l−) + 0 j process shown in 
Fig. 1. This is due to the fact that, although the three-body final 
state Nlj is phase-space suppressed compared to the two-body fi-
nal state Nl, there is a partially compensating enhancement at the 
LHC due to a much larger gluon content of the proton, as com-
pared to the quark content [1]. The numerical values of the two 
production cross sections, normalized to |BlN |2 = 1, are shown in 
Fig. 3 for both 

√
s = 8 and 14 TeV LHC as a function of the light-

est heavy neutrino mass mN . Here we have shown the values for 
the SF case; for the FD case, the cross sections are enhanced by 
a factor of two. Note that for the Nl + 1 j case, we must use a 
nonzero p j

T cut to avoid the infrared singularity due to massless 
quarks in the t-channel. Here we have used the p j

T > 30 GeV cut, 
following the CMS analysis, to get a finite result. Using a lower 
value of p j,min

T could enhance the Nl + 1 j cross section, thereby 
improving the signal sensitivity. Moreover, for a lower p j,min

T , other 
processes such as pp → Nlj j mediated by a t-channel photon ex-
change [5] and gg → Nlj j mediated by t-channel quarks, could 
give additional enhancement effects. A detailed detector-level sim-
ulation of these infrared-enhanced processes for different selection 
criteria than those used by the current CMS analysis is beyond the 
scope of this Letter, and will be presented in a separate commu-
nication. In this sense, the bounds on light-heavy neutrino mixing 
derived here can be treated as conservative bounds.

To derive the limits on |BlN |2, we calculate the normalized sig-
nal cross section σ /|BlN |2 at 

√
s = 8 TeV LHC as a function of the 

lightest heavy neutrino mass mN for both SF and FD cases, after 
imposing the CMS selection criteria listed above. The correspond-
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term. After the electroweak symmetry breaking, the Lagrangian (1)
gives rise to the full neutrino mass matrix in the flavor basis 
{νC

L,l, NR,α, SCL,β}, as follows:

Mν =
( 0 MD 0
MT

D 0 MT
N

0 MN µ

)

≡
(

0 MD
MT

D MN

)
, (2)

where MD = (MD , 0) and MN =
( 0 MT

N
MN µ

)
. Diagonalizing (2) leads 

to the light neutrino mass matrix of the form

Mν = MDM
−1
N µM−1T

N MT
D +O

(
µ3), (3)

whereas the heavy neutrinos form quasi-Dirac pairs (Ni, N̄i) with 
masses roughly given by the eigenvalues of MN ∓ µ/2. It is im-
portant to note that the smallness of the light neutrino masses is 
guaranteed by the smallness of µ, irrespective of the Dirac masses 
MD and MN . In the limit µ → 0, lepton number symmetry is 
restored, and the light neutrinos are exactly massless. In other 
words, the smallness of µ is technically natural in the ’t Hooft 
sense. Such a small mass term may be generated from some other 
new physics, e.g. spontaneous breaking of lepton number [9], ra-
diative corrections [10] or extra dimensions [11]. Similarly, the 
Dirac mass matrix MN and the inverse seesaw structure in (2)
could be explained in various extensions of the minimal inverse 
seesaw model [12–14]. Note that a nonzero Majorana mass term 
µR N̄RNC

R could still be allowed in (1) if NR is a gauge singlet. This 
will contribute to the light neutrino mass matrix in (3) at one-loop 
level [15] from standard electroweak radiative corrections [16]. In 
this case, both µ and µR contributions can be combined to de-
fine an effective Majorana mass µeff , while keeping the remaining 
structure in (3) unchanged.

The general feature of the inverse seesaw mechanism, i.e. a 
small lepton number breaking, allows large neutrino Yukawa cou-
plings Ylα up to O(1) even for an electroweak scale heavy neutrino 
mass MN , without introducing any fine-tuning or cancellations in 
the light neutrino mass matrix (3). This leads to a number of 
interesting phenomenological consequences, such as large lepton 
flavor violation (LFV) [17], non-unitarity of the leptonic mixing ma-
trix [13,18], light DM candidate [19] and modifications to the SM 
Higgs observables [12,20,21]. In this Letter, we will mostly focus 
on the collider signatures of this low-scale seesaw mechanism.

2. Trilepton signature at the LHC

As far as the direct collider tests of the inverse seesaw mech-
anism are concerned, a large Yukawa coupling enhances the on-
shell production of electroweak-scale heavy neutrinos at the LHC. 
However, due to the small lepton number breaking in these scenar-
ios, the heavy neutrinos are pseudo-Dirac, and hence, the ‘smoking 
gun’ collider signature of same-sign dilepton final states is sup-
pressed. As the opposite-sign dilepton signal l±l∓ j j is swamped 
with a large SM background, mainly from pp → Z j j, the ‘golden’ 
channel for probing heavy Dirac neutrinos at the LHC is the trilep-
ton final state [22]:

pp → l+1 N → l+1 l
−
2 W+ → l+1 l

−
2 l

+
3 ν,

pp → l−1 N̄ → l−1 l
+
2 W− → l−1 l

+
2 l

−
3 ν̄, (4)

as shown in Fig. 1.1 Here N denotes a generic heavy neutrino mass 
eigenstate, which is typically the lightest SM-singlet fermion in a 

1 In a supersymmetric version of the inverse seesaw model, the same trilepton 
plus missing transverse energy final state as in (4) can also be obtained from a 
pair-production of charginos and neutralinos [23].

Fig. 1. The trilepton plus missing transverse energy signal of a heavy Dirac neutrino 
at the LHC.

given seesaw model. From (2), we see that for ‖µ‖ & ‖MN‖, the 
heavy neutrino masses given by the eigenvalues of MN can be 
approximated by degenerate pairs of the eigenvalues of MN . The 
small mass splitting between the quasi-Dirac pairs induced by the 
small lepton number breaking parameter µ is irrelevant for their 
collider studies, as long as µ is much smaller than their decay 
widths. This is a valid approximation in our case since we re-
quire relatively large neutrino Yukawa couplings in order to have 
a sizable collider signal and a very small µ to satisfy the neutrino 
oscillation data [cf. (3)]. Thus, we can treat the heavy neutrinos 
to be Dirac particles for our subsequent collider analysis. It is im-
portant to note here that the trilepton signal does not vanish in 
the µ → 0 limit. This is in contrast with the collider signature of 
heavy Majorana neutrinos in the minimal setup, where the same-
sign dilepton signal must vanish in the limit of exact degeneracy.

The discovery potential of the trilepton channel (4) at the LHC, 
along with a detailed SM background analysis, was performed 
in [22] for a single-flavor electroweak-scale heavy neutrino. A sim-
ilar study in the context of Left–Right symmetric theory was pre-
sented in [24]. A more general heavy neutrino flavor structure was 
considered in [25], and it was shown that a 5σ statistical signifi-
cance of the signal events over the SM background can be achieved 
at 

√
s = 14 TeV LHC with 11 fb−1 luminosity in the flavor-diagonal 

case. Similar sensitivities can also be achieved at the planned ILC 
with 

√
s = 500 GeV–1 TeV. Note that, at an electron–positron col-

lider, the dominant heavy neutrino production channel is e+e− →
νN , which leads to one isolated lepton and two jets with large 
missing energy signature [25,26], irrespective of the Dirac/Majo-
rana nature of the heavy neutrinos.

Meanwhile, the CMS collaboration has presented a model-
independent search for anomalous production of events with at 
least three isolated charged leptons using the 19.5 fb−1 data at √
s = 8 TeV LHC [27]. They have adopted a general search strategy 

which is applicable to a wide range of possible scenarios beyond 
the SM giving rise to a multilepton signal, including the pseudo-
Dirac neutrino case discussed above. With this observation, we 
perform a collider simulation of the trilepton signal for a generic 
pseudo-Dirac heavy neutrino scenario with the same selection cri-
teria as used in the CMS analysis, and compare our signal events 
with the CMS observed data. Using the fact that the experimental 
results are consistent with the SM expectations, we derive the first 
direct limits on the pseudo-Dirac heavy neutrino mass and mixing 
with the light neutrinos.

The inclusive cross section for the trilepton final state given by 
(4) in a generic seesaw model can be written as

σ (pp → l1l2l3 + /ET ) = σprod
(
pp → W ∗ → Nl1

)

× BR(N → l2W )BR(W → l3ν). (5)

Here we assume that the heavy neutrinos are heavier than the 
W -boson so that the two-body decay N → lW is kinematically al-
lowed, followed by an on-shell W -decay to SM leptons. In general, 
the final state charged leptons l1,2,3 can be of any flavor combi-
nation. However, since it is rather challenging to reconstruct the 
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CMS Criteria

(i) The transverse momentum of each lepton: p!T > 10 GeV.

(ii) The transverse momentum of at least one lepton: p!,leadingT > 20 GeV.

(iii) The jet transverse momentum: pjT > 30 GeV.
(iv) The pseudo-rapidity of leptons: |η!| < 2.4 and of jets: |ηj | < 2.5.
(v) The lepton-lepton separation: ∆R!! > 0.1 and the lepton-jet separation:

∆R!j > 0.3.
(vi) The invariant mass of each OSSF lepton pair: a) m!+!− < 75 GeV and b)

m!+!− > 105 GeV.
(vii) The scalar sum of the jet transverse momenta: HT < 200 GeV.
(viii) The missing transverse energy: /ET < 50 GeV.

•Case I : m!+!− < 75 : CMS has observed 510 events with the SM background
expectation 560±87 events . Upper limit of 510− (560− 87) =37 events.
•Case II: m!+!− > 105 : CMS has observed 178 events with the SM background
expectation 200±35 events. Upper limit of 178− (200− 35) =13 events.
• These set a 95 % CL on the mixing parameter as a function of the heavy
neutrino mass.
• The upper bound in FD case is twice stronger than that in the SF case as it was
expected.

Direct Bounds on Electroweak Scale Pseudo-Dirac Neutrinos from
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s = 8 TeV LHC Data
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Search for anomalous production of events with three or more leptons in pp
collisions at
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A search for physics beyond the standard model in events with at least three leptons is presented. The
data sample, corresponding to an integrated luminosity of 19.5 fb−1 of proton-proton collisions with
center-of-mass energy

ffiffiffi
s

p
¼ 8 TeV, was collected by the CMS experiment at the LHC during 2012. The

data are divided into exclusive categories based on the number of leptons and their flavor, the presence or
absence of an opposite-sign, same-flavor lepton pair (OSSF), the invariant mass of the OSSF pair, the
presence or absence of a tagged bottom-quark jet, the number of identified hadronically decaying τ leptons,
and the magnitude of the missing transverse energy and of the scalar sum of jet transverse momenta. The
numbers of observed events are found to be consistent with the expected numbers from standard model
processes, and limits are placed on new-physics scenarios that yield multilepton final states. In particular,
scenarios that predict Higgs boson production in the context of supersymmetric decay chains are examined.
We also place a 95% confidence level upper limit of 1.3% on the branching fraction for the decay of a
top quark to a charm quark and a Higgs boson (t → cH), which translates to a bound on the left- and
right-handed top-charm flavor-violating Higgs Yukawa couplings, λHtc and λHct, respectively, offfiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

jλHtcj2 þ jλHctj2
p

< 0.21.

DOI: 10.1103/PhysRevD.90.032006 PACS numbers: 12.60.-i, 14.65.Ha, 14.80.Bn

I. INTRODUCTION

The recent discovery of a Higgs boson [1–3] at the
relatively low mass of about 125 GeV implies that physics
beyond the standard model (BSM) may be observable at
energy scales of around 1 TeV. Supersymmetry (SUSY) is a
prominent candidate for BSM physics because it provides a
solution to the hierarchy problem, predicts gauge-coupling
unification, and contains a “natural” candidate for dark
matter [4–6]. Supersymmetry postulates the existence of
fermionic superpartners for each standard model (SM)
boson, and of bosonic superpartners for each SM fermion.
For example, gluinos, squarks, and winos are the super-
partners of gluons, quarks, and W bosons, respectively.
The superparter of a lepton is a slepton. In R-parity [7]
conserving SUSY models, supersymmetric particles are
created in pairs, and the lightest supersymmetric particle
(LSP) is stable. If the LSP interacts only weakly, as in the
case of a dark matter candidate, it escapes detection, leading
to missing transverse energy (Emiss

T ). Here, R-parity is
defined by R ¼ ð−1Þ3BþLþ2s, with B and L the baryon
and lepton numbers, and s the particle spin. All SM particles
have R ¼ þ1 while all superpartners have R ¼ −1.
Awide range of BSM scenarios predict multilepton final

states [8], where by “multilepton,” we mean three or more

charged leptons. Since multilepton states are relatively rare
in the SM, searches in the multilepton channel have good
potential to uncover BSM physics.
Given the rich SUSY particle spectrum, multilepton final

states in SUSYevents take on multiple forms. For example,
a cascade of particles initiated by the decay of a heavy
gluino can proceed through intermediate squarks, winos,
and sleptons to produce a final state that is democratic in
lepton flavor, i.e., equally likely to contain electrons,
muons, or τ leptons. Direct pair production of the super-
partners of the electron and muon (selectron and smuon,
respectively) can yield a multilepton state dominated by
τ leptons should the superpartner of the τ lepton (stau) be
substantially lighter than the selectron and smuon, as is
expected in some models. Another path to a multileptonic
final state arises from top-squark production in which the
top squark decays to leptonically decaying third-generation
quarks and to a Z boson that yields an opposite-sign same-
flavor (OSSF) lepton pair. In these latter events, bottom-
quark jets (b jets) might also be present. Similarly, many
other multileptonic signatures are possible.
Besides SUSY, other BSM scenarios can yield multi-

leptonic final states, such as t → cH transitions, with t a top
quark, c a charm quark, and H a Higgs boson. The t → cH
process is extremely rare in the SM but can be enhanced
through the production of new particles in loops [9,10]. The
top quark is the heaviest SM particle, and is thus the SM
particle that is most strongly coupled to the Higgs boson.
Since the t → cH process directly probes the flavor-
violating couplings of the top quark to the Higgs boson,
it provides a powerful means to search for BSM physics

* Full author list given at the end of the article.
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Fig. 4. The 95% CL upper limit on the light-heavy neutrino mixing parameter |BlN |2
as a function of the heavy Dirac neutrino mass mN , derived from the CMS trilep-
ton data at √s = 8 TeV LHC for 19.5 fb−1 luminosity [27]. The exclusion (shaded) 
regions are shown for two benchmark scenarios: (i) single flavor (SF) and (ii) flavor 
diagonal (FD), with two choices of the selection cut ml+l− < 75 GeV (thick dotted) 
and > 105 GeV (thick solid). The corresponding conservative projected limits from √
s = 14 TeV LHC data with 300 fb−1 integrated luminosity are shown by thin solid 

lines (SF 14 and FD 14). Some relevant existing upper limits (all at 95% CL) are also 
shown for comparison: (i) from a χ2-fit to the LHC Higgs data [20] (Higgs), (ii) from 
a direct search at LEP [26] (L3), valid only for the electron flavor, (iii) ATLAS limit 
from √s = 7 TeV LHC data [6] (ATLAS 7), valid for a heavy Majorana neutrino of the 
muon flavor, and (iv) indirect limit from a global fit to the electroweak precision 
data [40] (EWPD), for both electron (solid) and muon (dotted) flavors. (For inter-
pretation of the references to color in this figure, the reader is referred to the web 
version of this article.)

ing number of signal events passing all the cuts is then compared 
with the observed number of events for 19.5 fb−1 luminosity [27]. 
For the selection criteria listed above, the CMS experiment ob-
served (a) 510 events with the SM background expectation of 
560 ±87 events for ml+l− < 75 GeV and (b) 178 events with the SM 
background expectation of 200 ± 35 events for ml+l− > 105 GeV. 
Thus, for case (a), we have an upper limit of 37 signal events, and 
for case (b) an upper limit of 13 signal events. This sets a direct 
upper bound on the light-heavy neutrino mixing parameter |BlN |2
for a given value of mN , as shown in Fig. 4 for both cases (a) and 
(b) discussed above (thick dashed and solid lines, respectively). The 
case (b) becomes more efficient for higher values of mN , thus set-
ting a more stringent limit on |BlN |2. We have shown the 95% CL 
exclusion regions for both benchmark scenarios, namely SF and FD 
cases (red and blue shaded regions, respectively). As expected, the 
upper bound in the FD case is roughly twice as stronger than that 
in the SF case. In our analysis, we have considered heavy neutrino 
masses only above MZ , since for mN < MZ , the existing LEP limits 
from Z -decay [39] are more stringent.

For comparison, we also show the 95% CL indirect upper limit 
on |BlN | < 0.030 (0.041) for l = µ (e) derived from a global fit to 
the electroweak precision data [40] (EWPD), which is independent 
of mN for mN > MZ , as shown by the horizontal dotted (solid) line 
in Fig. 4. We find that the direct bounds on |BlN |2 derived here are 
comparable to the indirect ones for mN ∼ 100 GeV, but get weaker 
at higher masses due to the suppression in the heavy neutrino pro-
duction cross section (cf. Fig. 3). Similar but somewhat weaker in-
direct bound could also be obtained from non-unitarity of the lep-
tonic mixing matrix and lepton flavor universality constraints [30]. 
In addition, 95% CL constraints on the Yukawa coupling, and hence, 
on the mixing parameter |BlN |2 could be obtained from a χ2-fit to 
the LHC Higgs data [20], as shown by the orange solid line (Higgs) 
in Fig. 4. This limit turns out to be the strongest one for mN ! Mh , 
but becomes ineffective for larger mN as N becomes off-shell in 
the Higgs decay h → Nν → 2l2ν .

Finally, we also compare the direct limits derived here with the 
existing collider bounds. The 95% CL LEP limit on |BeN |2, derived 
from the search channel e+e− → Neνe → eW νe [26], is shown by 
the pink solid line (L3) in Fig. 4. For a small range of the parame-
ter space, this limit is stronger than the LHC trilepton limit derived 
here. However, the LEP limit is only applicable to the electron fla-
vor, whereas the trilepton limit derived here is equally applicable 
to both electron and muon flavors. Moreover, the trilepton final 
states are also applicable to the heavy Majorana neutrino case, al-
though the smoking gun collider signature in the Majorana case 
will be the same-sign dilepton final state, which is dominant over 
the trilepton signal. For completeness, we have shown the corre-
sponding limits from a same-sign dimuon search by ATLAS using 
the 

√
s = 7 TeV LHC data for 4.7 fb−1 [6]. These limits are com-

parable to the trilepton limits derived here; however, a dedicated 
search optimized for the trilepton signal could lead to a more 
stringent limit than that presented here.

In light of the above results and the noncompetitiveness of the 
direct bounds obtained here with the existing indirect limits, it 
might be useful to derive the projected direct limits anticipated 
from the 

√
s = 14 TeV LHC data. Assuming that the signal ef-

ficiency is the same as that obtained for the 
√
s = 8 TeV data 

analysis with ml+l− > 105 GeV selection cut, and using the produc-
tion cross sections given in Fig. 3, we obtain the projected upper 
limits on |BlN |2 for both SF and FD cases at the 

√
s = 14 TeV LHC 

with 300 fb−1 integrated luminosity, as shown by the thin solid 
red (SF 14) and blue (FD 14) lines in Fig. 4. These limits should be 
treated as conservative limits, since the signal-to-background se-
lection efficiency at 

√
s = 14 TeV LHC is expected to be at least as 

good as that in the 
√
s = 8 TeV case. Thus, we find that the direct 

limits on the heavy-light neutrino mixing parameter are expected 
to improve significantly (by at least one order of magnitude) at the √
s = 14 TeV LHC.

5. Conclusion

In this Letter, we have derived the first direct collider bounds 
on electroweak-scale pseudo-Dirac heavy neutrinos, which could 
be naturally motivated in inverse seesaw models to explain the ob-
served smallness of active neutrino masses by a small lepton num-
ber breaking. The derived upper bound on the light-heavy neutrino 
mixing parameter |BlN |2 is about 2 × 10−3 for mN ∼ 100 GeV, and 
is comparable to the existing best limit from electroweak precision 
tests. Our analysis provides the first direct limits on the mixing 
parameter |BlN |2 up to mN = 500 GeV or so. The bounds derived 
here should be considered as conservative bounds, since optimiz-
ing the experimental analysis for our particular trilepton channel, 
and including the infrared enhancement effects due to t-channel 
quarks and photons, will yield a much stronger bound. We hope 
the experimental community will seriously consider this possibil-
ity. Finally, the collider bounds could significantly improve with 
more data from the upcoming LHC run-II with 

√
s = 13–14 TeV.
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To derive the limits on |BN!|2, we calculate the normalized signal cross section σ
|BN!|2

LHC

as a function of the lightest heavy neutrino mass mN for both SF and FD cases, after imposing

the CMS selection criteria listed above. The corresponding number of signal events passing all

the cuts is then compared with the observed number of events at the 19.5 fb−1 luminosity [24]

For the selection criteria listed above, the CMS experiment observed (a) 510 events with

the SM background expectation of 560±87 events for m!+!− < 75 GeV and (b) 178 events with

the SM background expectation of 200±35 events for m!+!− > 105 GeV. Thus, for case (a),

we have an upper limit of 37 signal events, and for case (b) an upper limit of 13 signal events.

This sets a direct upper bound on the light-heavy neutrino mixing parameter |BN!|2 for a given

value of mN , as shown in Figure (??) for both SF and FD cases discussed above. The FD case

becomes more efficient for higher values of mN , thus setting a more stringent limit on |BNL|2.

6.2 Same-sign di-lepton signal

For the same-sign dilepton signal we follow the follwoing production channels for the DY process

pp → N!±, N → !∓jj (9)

with all the possible QED and QCD vertices. In the previous section we have noticed that

the processes in Eqs. (2, (3), (4) and (5) have a great impact on the Majorana type heay

neutrino production. We consider these channels for the same-sign dilepton production. We

separately generate these events using MadGraph5aMC@NLO followed by the hadronization

and the detector simulation with the MLM matching scheme and xqcut=20 GeV. We used

QCUT=25 GeV in Pythia for the hadrnization according to MadGraph prescription with the

MLM scheme[6]-[10]. These processes are given by

pp → N!±j, N → !±jj, (10)

pa → N!±j, N → !±jj, (11)

pp → N!±jj, N → !±jj, (12)

pp → N!±jj, N → !±jj(QED) (13)

We put the upper bound on the mixing angle of the Majorana type heaby neutrino according

to an 8 TeV ATLAS alalysis at 20 fb−1 luminosity for the same-sign dilepton signal for the DY

case. In this case we consider the same-sign di-muon signal (! = µ).
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We first consider the LO DY process to produce the Majorana heavy neutrino at
√
s =8 TeV

and 14 TeV LHC. Which can be given as

qq′ → N!± (1)

and the relevant Feynman diagrams for this process is shown in the Figure (1). In this context

we mention that the LO DY production processes of the pseudo-Dirac heavy neutrino has been

discussed in [1].

At the LHC the important production channel of the Majorana type heavy neutrino could
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qq′ → N!±j. (2)
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at the t-channel process with a single radiated gluon.

Figure 3: Production of the Majorana heavy neutrino (N) at the LO quark- gluon fusion. The
left and right panels show the s-channel and the t-channel Feynman diagrams respectively.

the anomalous multipelton search at the 8 TeV. These processes contain 1-jet at the parton

level. The other important production process of the Majorana heavy neutrino is given by

qq′ → N!±jj (3)

which includes the the gluon-gluon (gg) fusion along with the qq and qg processes. All these

processes will contain 2-jets at the parton level. The relevant Feynman diagrams of these

processes are given in Figures (4)-(6). We generate the processes in the Eqs. (1, 2, 3)

separately with all the QED and the QCD interactios. To do this we implement our model in the

signal generator MadGraph5-aMC@NLO [4],[5]. We first calculate the cross sectionnormalized

by the square of the mixing for Eq. (1) at the parton level. Then for 1-jet and the 2-jet parton

level processes we calculate the inclusive cross sections normalized by the square of the mixing

for the three casese where the transverse momentum of the jet (pjT ) is greater than 10 GeV,

20 GeV and 30 GeV. While generating the events we use the same amount of the Xqcut in

MadGraph with the MLM matching scheme (ickkw=1)[6]- [10] for both at the
√
s =8 TeV
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Figure 5: The decomposition of the cross section for the individual initial states for different pjT cuts such that

pjT > 10 GeV (solid), pjT > 20 GeV (dashed) and pjT > 30 GeV (dot-dashed). The cross sections at the 8 TeV

LHC are shown in the left panel where as those at the 14 TeV LHC are shown in the right panel.

Figure 6: Sample Feynman diagrams for N�jj production processes from the qq�
initial state.

in MadGraph with the MLM matching scheme (ickkw= 1) [62]- [66]. The left panel shows the

results for
√
s =8 TeV, while

√
s =14 TeV LHC results are shown in the right panel. The N�j

cross section dominates over the production, while for a higher pjT cut the N� cross section

dominates.

We show in Fig. 5 the decomposition of the cross sections shown in Fig. 4 for individual final

states. The left panel shows the results for
√
s =8 TeV, while

√
s =14 TeV results are shown

in the right panel. The cross section from the qq� initial state dominates over the one from the

qg initial state for the cut of pjT > 10 GeV. With the increase of the pjT cut the cross section

from the qg initial state becomes dominant for the small mass region of the heavy neutrino, as

pointed out in [26]. This is because the parton distribution function (PDF) of gluon is much

larger than the PDFs of quarks at the low Bjorken scaling parameter. As the heavy neutrino

mass becomes larger, the cross section from qq� takes over the one from qg because the gluon

PDF sharply drops toward the high Bjorken scaling parameter.

3.2. N�jj production processes from qq�, qg and gg initial states

Next we consider the N�jj final state which comes from the qq�, qg and gg initial states.

The relevant Feynman diagrams with the initial qq�, qg and gg states are shown in Figs. 6-8.
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Figure 7: Sample Feynman diagrams for N�jj production processes from the qg fusion.

Figure 8: Sample Feynman diagrams for N�jj production processes from the gg fusion.

Figure 9: The left panel shows the cross sections as a function of mN normalized by the square of the mixing

angle for the N�jj final state for pjT > 10 GeV (dashed), pjT >20 GeV (dot-dashed) and pjT > 30 GeV (dotted)

from the qq�
, qg and gg initial states and the N� final state from the qq�

initial state (solid) at the 8 TeV LHC.

The right panel shows the results for the 14 TeV LHC.
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this we perform

pp → N!±jj, N → !∓!±ν! (6)

switching on all the QED and QCD interactions. We also include the tripelton signal from the

t-channel photon mediated process (pp → N!±jj, N → !∓!±ν!). For this channel we need to

use all the QED interactions only. We consider the trilepton signal from

pa → N!±j, N → !∓!±ν! (7)

We also include the 2-jet QED processes using the folling process

pp → N!±jj, N → !∓!±ν!(QED) (8)

switching on only the QED processes.

We generate the 1-jet parton level and the 2-jet parton level processes separately in Mad-

Graph and then gradually hadronize and reform detecor simulations with Xqcut= 30 GeV and

QCUT=36 GeV for the hadronization. In our analysis we use the matched cross section after

the detector level analysis. After the signal events are generated we adopt the follwing basic

criteria, as used in the CMS trilepton analysis [24]:

(i) The transverse momentum of each lepton: p!T > 10 GeV.

(ii) The transverse momentum of at least one lepton: p!,leadingT > 20 GeV.

(iii) The jet transverse momentum: pjT > 30 GeV.

(iv) The pseudo-rapidity of leptons: |η|! < 2.4 and of jets: |η|j < 2.5 .

(v) The leptonlepton separation: ∆R!! > 0.1 and the lepton-jet sepration : ∆R!j > 0.3 .

(vi) The invariant mass of each opposite sign same flavor (OSSF) lepton pair: m!+!− < 75 GeV

or > 105 GeV to avoid the on-Z region which was ex- cluded from the CMS search. Events

with m!+!− < 12 GeV are rejected to eliminate background from low-mass DrellYan processes

and hadronic decays.

(vii) The scalar sum of the jet transverse momenta: HT < 200 GeV.

(viii) The missing transverse energy: Emiss
T < 50 GeV.

The additional trilepton contributions come from the N → Zν, hν, follwoed by the Z, h decay

into a pair of OSSF leptons. However, the Z contribution is rejected after the implementation

of the invariant mass cut for the OSSF leptons to suppress the SM background and the h

contribution is suppressed due to very small Yukawa couplings of electrons and muons. Using

different values of the Emiss
T and the HT the CMS analysis provides [24] different number of

observed events and the corresponding SM background expectations. For our analysis the set

of cuts listed above are the most efficient ones as implemented by the CMS analysis [24]

9

Figure 11: The photon mediated elastic and/ or inelastic processes for the N!j final state.

Figure 12: The photon mediated deep-inelastic processes for the N!jj final state.
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Figure 8. Observed and expected 95% confidence level upper limits on the cross-section times
branching ratio for the production of mTISM heavy Majorana neutrinos as a function of the heavy
neutrino mass for (a) the ee channel and (c) the µµ channel. The limits on the mixing between the
heavy Majorana neutrinos and the SM neutrinos are shown in (b) and (d). Values larger than the
solid black line are excluded by this analysis.

7.2 Results in the LRSM signal region

The observed and expected numbers of events for the LRSM signal regions are shown in

table 5. There are no excesses observed above the expected numbers of background events.

The LRSM signal is expected to produce a peak in the invariant mass of the decay

products of the heavy gauge boson. This would be observed in the invariant mass distribu-

tionm!!j(j) (m!!jj(jj)) in theWR (Z ′) signal regions, as described in section 4. The observed

and predicted distributions are shown in figures 9 and 10. Binned likelihood fits are per-

formed to the invariant mass distributions and the profile-likelihood test statistic is used to

assess the compatibility of the data with the background-only and signal-plus-background

hypotheses. No significant excess is observed in the data compared to the background ex-

pectation and 95% CL upper limits on the cross-section of the production of heavy gauge

bosons decaying to heavy neutrinos within the LRSM are set using the CLs method. The

expected and observed cross-section exclusion limits as a function of the masses of the heavy

gauge bosons and heavy neutrino are shown for example mass points for both channels, ee
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Table 3
Observed event yields and estimated backgrounds for each Majorana neutrino mass point (mN). The background predictions from the irreducible SM 
backgrounds (SM Bkgd.), misidentified muon background (Misid. Bkgd.) and total background (Total Bkgd.) are shown in columns 2–4, while column 5 
shows the number of events observed in data. The uncertainties shown are respectively the statistical and systematic components. As discussed in the text, 
the search was divided into low-mass (mN ≤ 80 GeV) and high-mass (mN > 80 GeV) regions, and different selection criteria were used in the two regions.
mN (GeV) SM Bkgd. Misid. Bkgd. Total Bkgd. Nobs

40 3.0±0.4±0.6 6.7±0.9±1.9 9.8±1.0±2.0 7
50 3.0±0.4±0.6 6.7±0.9±1.9 9.8±1.0±2.0 7
60 3.0±0.4±0.6 6.7±0.9±1.9 9.8±1.0±2.0 7
70 3.0±0.4±0.6 6.7±0.9±1.9 9.8±1.0±2.0 7
80 3.0±0.4±0.6 6.7±0.9±1.9 9.8±1.0±2.0 7
90 8.7±0.7±1.7 12.6±1.1±3.5 21.3±1.3±3.9 19

100 8.7±0.7±1.7 11.7±1.0±3.3 20.4±1.2±3.7 19
125 7.9±0.6±1.5 5.9±0.7±1.6 13.8±0.9±2.2 8
150 6.4±0.5±1.2 3.6±0.6±1.0 9.9±0.8±1.6 7
175 4.4±0.4±0.8 1.6±0.4±0.5 6.0±0.6±1.0 7
200 3.4±0.4±0.7 0.8±0.3±0.2 4.2±0.5±0.7 5
250 1.9±0.3±0.3 0.6±0.2±0.2 2.5±0.3±0.4 3
300 0.9±0.2±0.2 0.1±0.2±0.0 1.0±0.3±0.2 1
350 0.9±0.2±0.2 0.1±0.2±0.0 1.0±0.3±0.2 1
400 0.9±0.2±0.2 0.1±0.2±0.0 1.0±0.3±0.2 1
500 0.9±0.2±0.2 0.1±0.2±0.0 1.0±0.3±0.2 1

Fig. 4. Exclusion region at 95% CL in the cross section times branching fraction, as a 
function of the heavy Majorana neutrino mass. The long-dashed black curve is the 
expected upper limit, with one and two standard deviation bands shown in dark 
green and light yellow, respectively. The solid black curve is the observed upper 
limit. The region above the exclusion curves is ruled out. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of 
this article.)

energy of 8 TeV, using a data set corresponding to an integrated 
luminosity of 19.7 fb−1. No excess of events beyond the standard 
model background prediction is found. Upper limits at 95% CL are 
set on |VµN|2, as a function of heavy Majorana neutrino mass mN, 
where VµN is the mixing element of the heavy neutrino N with 
the standard model muon neutrino.

These are the first direct upper limits on the heavy Majo-
rana neutrino mixing for mN > 200 GeV. The limits for mN be-
tween 45 GeV and 90 GeV are comparable to the best limits from 
LEP [20,21], which are derived from Z → ν"N and are restricted 
to masses below approximately 90 GeV. The limits reported here 
extend well beyond this mass and are significantly better than pre-
vious LHC limits obtained at a center-of-mass energy of 7 TeV. For 
mN = 90 GeV we find |VµN|2 < 0.00470. Furthermore, the direct 
limits on |VµN| have been extended from mN ≈ 200 GeV up to 
mN ≈ 500 GeV. At mN = 200 GeV the limit is |VµN|2 < 0.0123, and 
at mN = 500 GeV the limit is |VµN|2 < 0.583.

Acknowledgements

We would like to thank Juan Antonio Aguliar-Saavedra, Fran-
cisco del Aguila, and Tao Han for assistance with Monte Carlo 

Fig. 5. Exclusion region at 95% CL in the square of the heavy Majorana neutrino 
mixing parameter times branching fraction of the N to a W boson and a muon, 
as a function of the heavy Majorana neutrino mass: (|VµN|2B(N → W±µ∓) vs. 
mN). The long-dashed black curve is the expected upper limit, with one and two 
standard deviation bands shown in dark green and light yellow, respectively. The 
solid black curve is the observed upper limit. The regions above the exclusion curves 
are ruled out. The lower panel shows an expanded view of the region 40 GeV <

mN < 250 GeV. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)

generators and calculations of the heavy neutrino branching frac-
tions, as well as for advice on the theoretical interpretations of our 
results.

We congratulate our colleagues in the CERN accelerator depart-
ments for the excellent performance of the LHC and thank the 
technical and administrative staffs at CERN and at other CMS in-
stitutes for their contributions to the success of the CMS effort. 
In addition, we gratefully acknowledge the computing centers and 

JHEP	
  07	
  (2015)	
  162	
  
Physics Letters B 748 (2015) 144–166

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Search for heavy Majorana neutrinos in µ±µ± + jets events 

in proton–proton collisions at
√
s = 8 TeV

.CMS Collaboration !

CERN, Switzerland

a r t i c l e i n f o a b s t r a c t

Article history:
Received 22 January 2015
Received in revised form 15 May 2015
Accepted 28 June 2015
Available online 2 July 2015
Editor: M. Doser

Keywords:
CMS
Physics
Heavy neutrino

A search is performed for heavy Majorana neutrinos (N) using an event signature defined by two muons 
of the same charge and two jets (µ±µ±jj). The data correspond to an integrated luminosity of 19.7 fb−1

of proton–proton collisions at a center-of-mass energy of 8 TeV, collected with the CMS detector at 
the CERN LHC. No excess of events is observed beyond the expected standard model background and 
upper limits are set on |VµN|2 as a function of Majorana neutrino mass mN for masses in the range of 
40–500 GeV, where VµN is the mixing element of the heavy neutrino with the standard model muon 
neutrino. The limits obtained are |VµN|2 < 0.00470 for mN = 90 GeV, |VµN|2 < 0.0123 for mN = 200 GeV, 
and |VµN|2 < 0.583 for mN = 500 GeV. These results extend considerably the regions excluded by 
previous direct searches.
 2015 CERN for the benefit of the CMS Collaboration. Published by Elsevier B.V. This is an open access 

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The non-zero masses of neutrinos and mixing between flavors 
have been well established by neutrino oscillation experiments and 
provide evidence for physics beyond the standard model (SM) [1]. 
The most compelling way of explaining the smallness of the neu-
trino masses is the “seesaw” mechanism, which can be realized in 
several different schemes [2–11]. In the simplest model, the SM 
neutrino mass is given by mν ≈ y2ν v

2/mN, where yν is a Yukawa 
coupling of ν to the Higgs field, v is the Higgs vacuum expecta-
tion value in the SM, and mN is the mass of a new heavy neutrino 
state (N). In this scheme, N is a Majorana particle (which is its own 
antiparticle), so processes that violate lepton number conservation 
by two units are possible.

In this paper we describe a search for heavy Majorana neutrinos 
using a phenomenological approach [12–19]. We follow the studies 
in Refs. [17–19] and consider a heavy neutrino that mixes with 
the SM muon neutrino, with mN and VµN as free parameters of 
the model. Here VµN is a mixing element describing the mixing 
between the heavy Majorana neutrino and the SM muon neutrino.

Early direct searches for heavy Majorana neutrinos based on 
this model were reported by the L3 [20] and DELPHI [21] experi-
ments at LEP. They searched for Z → ν#N decays, where ν# is any 

! E-mail address: cms-publication-committee-chair@cern.ch.

SM neutrino (# = e, µ, or τ ), from which limits on |VµN|2 as a 
function of mN can be derived for Majorana neutrino masses up 
to approximately 90 GeV. More recently, the CMS experiment at 
the CERN LHC extended the search region up to about 200 GeV 
[22]. Several experiments have obtained limits in the low-mass re-
gion (mN < 5 GeV), including LHCb [23] at the LHC. The searches 
by L3, DELPHI, and LHCb allow for a finite heavy neutrino life-
time such that it decays with a vertex displaced from the inter-
action point, while in the search reported here it is assumed that 
the N decays with no significant displacement of the vertex. Pre-
cision electroweak measurements can be used to constrain the 
mixing elements, resulting in indirect 90% confidence level lim-
its of |VµN|2 < 0.0032 independent of heavy neutrino mass [24]. 
Other models with heavy neutrinos have also been examined. AT-
LAS and CMS at the LHC have reported limits on heavy Majorana 
neutrino production [25,26] in the context of the Left–Right Sym-
metric Model. ATLAS have also set limits based on an effective 
Lagrangian approach [26].

We report an updated search for the production of a heavy 
Majorana neutrino in proton–proton (pp) collisions at a center-
of-mass energy of 

√
s = 8 TeV at the LHC with a data set corre-

sponding to an integrated luminosity of 19.7 fb−1 collected with 
the CMS detector. We assume that the heavy Majorana neutrino 
is produced by s-channel production of a W boson, which de-
cays via W+ → Nµ+ . The N is assumed to be a Majorana particle, 
so it can decay via N → W−µ+ with W− → qq̄′ , resulting in a 

http://dx.doi.org/10.1016/j.physletb.2015.06.070
0370-2693/ 2015 CERN for the benefit of the CMS Collaboration. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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Figure 27: Figure shows the square of the mixing angle as a function of mN using the ATLAS
data at the 8 TeV [87]. The 0-jet (0-jet8, 20.3 fb−1) result is compared with the ATLAS bounds
(ATLAS8). The improved results with 1-jet ((dashed), (0+1)-jet@8TeV, 20.3 fb−1) and 2-jet
(thick, solid,(0+1+2)-jet@8, 20.3 fb−1) are shown with respect to the bounds obtained by
ATLAS [87]. These bounds are compared to (i) the χ2-fit to the LHC Higgs data [81] (Higgs),
(ii) from a direct search at LEP [82](L3), valid only for the electron flavor, (iv) CMS limits
from

√
s =8 TeV LHC data [88] (CMS8), for a heavy Majorana neutrino of the muon flavor

and (v) indirect limit from a global fit to the electroweak precision data [83, 84, 85] (EWPD),
for both electron (solid, EWPD- e) and muon (dotted, EWPD- µ) flavors.
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Figure 29: Figure shows the square of the mixing angle as a function of mN using the CMS
data at the 8 TeV [88]. The 0-jet (0-jet@8TeV, 19.7 fb−1) result is compared with the CMS
bounds (CMS8). The improved results with 1-jet ((0+ 1)- jet@8TeV, 19.7 fb−1) and 2-jet ((0+
1+ 2)-jet@8TeV, 19.7 fb−1) are shown with respect to the CMS data from [88]. The bounds
are compared to (i) the χ2-fit to the LHC Higgs data [81] (Higgs), (ii) from a direct search at
LEP [82](L3), valid only for the electron flavor, (iv) ATLAS limits from

√
s =8 TeV LHC data

[87] (ATLAS 8), for a heavy Majorana neutrino of the muon flavor and (v) indirect limit from
a global fit to the electroweak precision data [83, 84, 85] (EWPD), for both electron (solid,
EWPD- e) and muon (dotted, EWPD- µ) flavors.
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Figure 2. Representative Feynman diagrams for the leading order N! production from the qq′

process at hadron collider at the Born process or LO(a). Corresponding NLO diagrams including
Virtual Corrections(b − d) and Real Emissions(e − h) contributing from different initial states are
shown in rest of the diagrams.

extract easily from figure 2. We have computed the LO cross-sections for the fixed mass

with the variation of factorisation scale (µF ). Since the LO cross-section depends only on

the µF through LO PDFs and we varied as

µF = ξmN (3.1)

where ξ is the scale factor varying between 0.1 to 10. Whereas the NLO cross-section

depends on both the scale, namely, the factorization scale (µF ) through PDFs and the

renormalisation scale (µR) through NLO partonic cross-section (mainly due to the couplings

renormalisation). For simplicity, throughout the present analysis we have considered to

vary both these scales as,

µF = µR = ξmN with 0.1 ≤ ξ ≤ 10. (3.2)

We have produced the scale dependent cross-sections normalized by the square of the

mixing angle |V!N |2 for a fixed choice of heavy neutrino mass mN at 100GeV, 400GeV,

800GeV and 1TeV at the 14TeV LHC for the LO and NLO processes with varying ξ

between 0.1 to 10. This scale dependence are shown in figure 3. In the same plot, we

also display the theoretical scale uncertainty in NLO calculation due to µF alone by fixing

the renormalisation scale at the corresponding heavy neutrino mass (µR = mN ). Since

later dependence only enters at the the NLO level in the form of αs(µR), one expects

the µF scale dependence which actually soften in NLO calculation. The other scenario

by fixing the factorization scale at the corresponding heavy neutrino mass (µF = mN )

is also shown by changing only the µR scale in the same plot. For mN = 100GeV, the

leading order cross-section σLO varies sharply and increasing almost monotonically by a

factor of two approximately with increase in scale factor (ξ), which indicates a substantial

amount of theoretical uncertainty present in the LO result. This is because of only the LO

quark-antiquark flux with varying scale factor ξ2. Whereas in NLO, it is three fold - the

scale dependent logarithmic terms present in partonic cross-sections, the NLO PDF fluxes

(namely, quark-antiquark, quark-gluon and antiquark-gluon) as well as strong coupling

constant and hence the strong scale dependent part cancels among themselves. Therefore
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later dependence only enters at the the NLO level in the form of αs(µR), one expects

the µF scale dependence which actually soften in NLO calculation. The other scenario

by fixing the factorization scale at the corresponding heavy neutrino mass (µF = mN )

is also shown by changing only the µR scale in the same plot. For mN = 100GeV, the

leading order cross-section σLO varies sharply and increasing almost monotonically by a

factor of two approximately with increase in scale factor (ξ), which indicates a substantial

amount of theoretical uncertainty present in the LO result. This is because of only the LO

quark-antiquark flux with varying scale factor ξ2. Whereas in NLO, it is three fold - the

scale dependent logarithmic terms present in partonic cross-sections, the NLO PDF fluxes

(namely, quark-antiquark, quark-gluon and antiquark-gluon) as well as strong coupling

constant and hence the strong scale dependent part cancels among themselves. Therefore
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Figure 2. Representative Feynman diagrams for the leading order N! production from the qq′

process at hadron collider at the Born process or LO(a). Corresponding NLO diagrams including
Virtual Corrections(b − d) and Real Emissions(e − h) contributing from different initial states are
shown in rest of the diagrams.
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Figure 3. Scale variation of the heavy neutrino production process pp → !N at the 14TeV
LHC comparing the LO with the NLO estimates at different scale choices. Plots are shown for four
different heavy neutrino mass mN . Cross-sections are shown as normalized with the value of |V!N |2.

this strong scale dependence has been soften by including the NLO calculation which varies

slowly with the scale. At the larger choices of heavy neutrino mass, both the LO and the

NLO cross sections decrease with ξ variation, although the basic feature of softening of

NLO variations are evident in all such examples.

The scale dependent results for 100TeV collider considering mN at 100GeV, 400GeV,

1TeV and 1.5TeV are also shown in figure 4. Here the scale variation of the leading order

cross-section varies rather sharply especially for lower value of mN , which provides the

LO cross-section dominating over the NLO prediction for ξ > 2. This steep rising of LO

cross-section is mainly due to the LO PDF (CTEQ6L1) sets. On the other hand the NLO

cross-sections reduce this PDF scale uncertainty significantly so that the NLO cross-section

remains almost flat with respect to ξ for all mN at the 100TeV hadron collider.

The scale variations of the heavy neutrino production cross-sections, normalized by

the square of the mixing matrix, is further demonstrated as a function of mN at 14TeV

LHC and 100TeV hadron collider in figure 5 and figure 6. In these figures, the blue (red)

bands shows the scale dependence of the σLO (σNLO). It is clear from these figures that the

strong scale dependence reduces significantly at NLO cross-section as compared to LO one.

We also study the next-to-leading order predictions for Nν final state mediated by the

Z boson. The scale dependent cross-sections at 14TeV LHC and 100TeV hadron collider

are given in figure 7. We consider the heavy neutrino mass at 100GeV and 800GeV. We
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this strong scale dependence has been soften by including the NLO calculation which varies

slowly with the scale. At the larger choices of heavy neutrino mass, both the LO and the

NLO cross sections decrease with ξ variation, although the basic feature of softening of

NLO variations are evident in all such examples.

The scale dependent results for 100TeV collider considering mN at 100GeV, 400GeV,

1TeV and 1.5TeV are also shown in figure 4. Here the scale variation of the leading order

cross-section varies rather sharply especially for lower value of mN , which provides the

LO cross-section dominating over the NLO prediction for ξ > 2. This steep rising of LO

cross-section is mainly due to the LO PDF (CTEQ6L1) sets. On the other hand the NLO

cross-sections reduce this PDF scale uncertainty significantly so that the NLO cross-section

remains almost flat with respect to ξ for all mN at the 100TeV hadron collider.

The scale variations of the heavy neutrino production cross-sections, normalized by

the square of the mixing matrix, is further demonstrated as a function of mN at 14TeV

LHC and 100TeV hadron collider in figure 5 and figure 6. In these figures, the blue (red)

bands shows the scale dependence of the σLO (σNLO). It is clear from these figures that the

strong scale dependence reduces significantly at NLO cross-section as compared to LO one.

We also study the next-to-leading order predictions for Nν final state mediated by the

Z boson. The scale dependent cross-sections at 14TeV LHC and 100TeV hadron collider

are given in figure 7. We consider the heavy neutrino mass at 100GeV and 800GeV. We
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this strong scale dependence has been soften by including the NLO calculation which varies

slowly with the scale. At the larger choices of heavy neutrino mass, both the LO and the

NLO cross sections decrease with ξ variation, although the basic feature of softening of

NLO variations are evident in all such examples.

The scale dependent results for 100TeV collider considering mN at 100GeV, 400GeV,

1TeV and 1.5TeV are also shown in figure 4. Here the scale variation of the leading order

cross-section varies rather sharply especially for lower value of mN , which provides the

LO cross-section dominating over the NLO prediction for ξ > 2. This steep rising of LO

cross-section is mainly due to the LO PDF (CTEQ6L1) sets. On the other hand the NLO

cross-sections reduce this PDF scale uncertainty significantly so that the NLO cross-section

remains almost flat with respect to ξ for all mN at the 100TeV hadron collider.

The scale variations of the heavy neutrino production cross-sections, normalized by

the square of the mixing matrix, is further demonstrated as a function of mN at 14TeV

LHC and 100TeV hadron collider in figure 5 and figure 6. In these figures, the blue (red)

bands shows the scale dependence of the σLO (σNLO). It is clear from these figures that the

strong scale dependence reduces significantly at NLO cross-section as compared to LO one.

We also study the next-to-leading order predictions for Nν final state mediated by the

Z boson. The scale dependent cross-sections at 14TeV LHC and 100TeV hadron collider

are given in figure 7. We consider the heavy neutrino mass at 100GeV and 800GeV. We
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this strong scale dependence has been soften by including the NLO calculation which varies

slowly with the scale. At the larger choices of heavy neutrino mass, both the LO and the

NLO cross sections decrease with ξ variation, although the basic feature of softening of

NLO variations are evident in all such examples.

The scale dependent results for 100TeV collider considering mN at 100GeV, 400GeV,

1TeV and 1.5TeV are also shown in figure 4. Here the scale variation of the leading order

cross-section varies rather sharply especially for lower value of mN , which provides the

LO cross-section dominating over the NLO prediction for ξ > 2. This steep rising of LO

cross-section is mainly due to the LO PDF (CTEQ6L1) sets. On the other hand the NLO

cross-sections reduce this PDF scale uncertainty significantly so that the NLO cross-section

remains almost flat with respect to ξ for all mN at the 100TeV hadron collider.

The scale variations of the heavy neutrino production cross-sections, normalized by

the square of the mixing matrix, is further demonstrated as a function of mN at 14TeV

LHC and 100TeV hadron collider in figure 5 and figure 6. In these figures, the blue (red)

bands shows the scale dependence of the σLO (σNLO). It is clear from these figures that the

strong scale dependence reduces significantly at NLO cross-section as compared to LO one.

We also study the next-to-leading order predictions for Nν final state mediated by the

Z boson. The scale dependent cross-sections at 14TeV LHC and 100TeV hadron collider

are given in figure 7. We consider the heavy neutrino mass at 100GeV and 800GeV. We
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Figure 4. Scale variation of the heavy neutrino production process pp → !N at the 100TeV
HC comparing the LO with the NLO estimates at different scale choices. Plots are shown for four
different heavy neutrino mass mN . Cross-sections are shown as normalized with the value of |V!N |2.

used the same scale dependence for the Nν final state as we did in N! final state for LO

and NLO respectively. At 14TeV the LO cross-section at mN = 100GeV increases with

ξ at a faster rate than the NLO process whereas for mN = 800GeV the LO cross-section

decreases with the increase in ξ with a faster rate than that in NLO. On the other hand

at 100TeV collider the LO process at mN = 100GeV takes over the NLO for ξ > 1.9. For

mN = 800GeV the LO cross-section increases with the increase in ξ but the NLO cross-

section remains more or less same for ξ > 0.5. Following our earlier demonstration on N!,

we have also shown in figure 8 the cross-sections for the Nν final state as a function of mN

at 14TeV LHC and 100TeV collider along with the corresponding scale dependence bands.

4 Scale dependent kinematic distributions in trilepton channel

In this section we consider the pseudo-Dirac heavy neutrino production at the hadron

collider and study its decay process for the 14TeV LHC and 100TeV collider. For further

demonstration we choose the heavy neutrino with massmN = 400GeV. Different kinematic

distributions are constructed both for the LO and NLO calculations by choosing both the

factorization scale as well as renormalisation scale varying simultaneously (as in eq. (3.2))

with a scale factor ξ between 0.1 and 10. The pseudo-Dirac heavy neutrino is involved in the

inverse seesaw mechanism to generate the neutrino mass. The collider phenomenology of

inverse seesaw mechanism has been studied in [22–24, 26] for the LO process with trilepton
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at 100TeV collider the LO process at mN = 100GeV takes over the NLO for ξ > 1.9. For

mN = 800GeV the LO cross-section increases with the increase in ξ but the NLO cross-

section remains more or less same for ξ > 0.5. Following our earlier demonstration on N!,

we have also shown in figure 8 the cross-sections for the Nν final state as a function of mN

at 14TeV LHC and 100TeV collider along with the corresponding scale dependence bands.
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collider and study its decay process for the 14TeV LHC and 100TeV collider. For further

demonstration we choose the heavy neutrino with massmN = 400GeV. Different kinematic

distributions are constructed both for the LO and NLO calculations by choosing both the

factorization scale as well as renormalisation scale varying simultaneously (as in eq. (3.2))

with a scale factor ξ between 0.1 and 10. The pseudo-Dirac heavy neutrino is involved in the

inverse seesaw mechanism to generate the neutrino mass. The collider phenomenology of

inverse seesaw mechanism has been studied in [22–24, 26] for the LO process with trilepton
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Figure 5. Heavy neutrino production cross-section from pp → �N at the 14 TeV LHC as a
function of mN . Both LO and NLO predictions are shown with the scale variation effect as
a band. The cross-sections are normalized by the square of the mixing angles. Inset plots
showing with zoomed bands at different masses.

significantly so that the NLO cross-section remains almost flat with respect to ξ for
all mN at the 100 TeV hadron collider.

The scale variations of the heavy neutrino production cross-sections, normalized
by the square of the mixing matrix, is further demonstrated as a function of mN at
14 TeV LHC and 100 TeV hadron collider in Fig. 5 and Fig. 6. In these figures, the
blue (red) bands shows the scale dependence of the σLO (σNLO). It is clear from these
figures that the strong scale dependence reduces significantly at NLO cross-section
as compared to LO one.

We also study the next-to-leading order predictions for Nν final state mediated
by the Z boson. The scale dependent cross-sections at 14 TeV LHC and 100 TeV
hadron collider are given in Fig. 7. We consider the heavy neutrino mass at 100 GeV
and 800 GeV. We used the same scale dependence for the Nν final state as we did
in N� final state for LO and NLO respectively. At 14 TeV the LO cross-section at
mN = 100 GeV increases with ξ at a faster rate than the NLO process whereas for
mN = 800 GeV the LO cross-section decreases with the increase in ξ with a faster
rate than that in NLO. On the other hand at 100 TeV collider the LO process at
mN = 100 GeV takes over the NLO for ξ > 1.9. For mN = 800 GeV the LO cross-
section increases with the increase in ξ but the NLO cross-section remains more or
less same for ξ > 0.5. Following our earlier demonstration on N�, we have also shown
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this strong scale dependence has been soften by including the NLO calculation which varies

slowly with the scale. At the larger choices of heavy neutrino mass, both the LO and the

NLO cross sections decrease with ξ variation, although the basic feature of softening of

NLO variations are evident in all such examples.

The scale dependent results for 100TeV collider considering mN at 100GeV, 400GeV,

1TeV and 1.5TeV are also shown in figure 4. Here the scale variation of the leading order

cross-section varies rather sharply especially for lower value of mN , which provides the

LO cross-section dominating over the NLO prediction for ξ > 2. This steep rising of LO

cross-section is mainly due to the LO PDF (CTEQ6L1) sets. On the other hand the NLO

cross-sections reduce this PDF scale uncertainty significantly so that the NLO cross-section

remains almost flat with respect to ξ for all mN at the 100TeV hadron collider.

The scale variations of the heavy neutrino production cross-sections, normalized by

the square of the mixing matrix, is further demonstrated as a function of mN at 14TeV

LHC and 100TeV hadron collider in figure 5 and figure 6. In these figures, the blue (red)

bands shows the scale dependence of the σLO (σNLO). It is clear from these figures that the

strong scale dependence reduces significantly at NLO cross-section as compared to LO one.

We also study the next-to-leading order predictions for Nν final state mediated by the

Z boson. The scale dependent cross-sections at 14TeV LHC and 100TeV hadron collider

are given in figure 7. We consider the heavy neutrino mass at 100GeV and 800GeV. We
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Figure 6. Heavy neutrino production cross-section from pp → �N at the 100 TeV hadron
collider as a function of mN . Both LO and NLO predictions are shown with the scale
variation effect as a band.

in Fig. 8 the cross-sections for the Nν final state as a function of mN at 14 TeV LHC
and 100 TeV collider along with the corresponding scale dependence bands.

4 Scale dependent kinematic distributions in trilepton chan-
nel

In this section we consider the pseudo-Dirac heavy neutrino production at the hadron
collider and study its decay process for the 14 TeV LHC and 100 TeV collider. For
further demonstration we choose the heavy neutrino with mass mN = 400 GeV.
Different kinematic distributions are constructed both for the LO and NLO calcula-
tions by choosing both the factorization scale as well as renormalisation scale varying
simultaneously (as in Eq.3.2) with a scale factor ξ between 0.1 and 10. The pseudo-
Dirac heavy neutrino is involved in the inverse seesaw mechanism to generate the
neutrino mass. The collider phenomenology of inverse seesaw mechanism has been
studied in [22–24, 26] for the LO process with trilepton final state for a fixed scale.
In case of inverse seesaw mechanism the Yukawa coupling could be high enough to
enhance the heavy neutrino production. However, due to the small lepton number
violating parameter2 the heavy neutrino becomes pseudo-Dirac. In this analysis we

2See, [22] for the detailed discussion about the smallness of the lepton number violating param-
eter in case of inverse seesaw mechanism.
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Figure 3. Scale variation of the heavy neutrino production process pp → !N at the 14TeV
LHC comparing the LO with the NLO estimates at different scale choices. Plots are shown for four
different heavy neutrino mass mN . Cross-sections are shown as normalized with the value of |V!N |2.

this strong scale dependence has been soften by including the NLO calculation which varies

slowly with the scale. At the larger choices of heavy neutrino mass, both the LO and the

NLO cross sections decrease with ξ variation, although the basic feature of softening of

NLO variations are evident in all such examples.

The scale dependent results for 100TeV collider considering mN at 100GeV, 400GeV,

1TeV and 1.5TeV are also shown in figure 4. Here the scale variation of the leading order

cross-section varies rather sharply especially for lower value of mN , which provides the

LO cross-section dominating over the NLO prediction for ξ > 2. This steep rising of LO

cross-section is mainly due to the LO PDF (CTEQ6L1) sets. On the other hand the NLO

cross-sections reduce this PDF scale uncertainty significantly so that the NLO cross-section

remains almost flat with respect to ξ for all mN at the 100TeV hadron collider.

The scale variations of the heavy neutrino production cross-sections, normalized by

the square of the mixing matrix, is further demonstrated as a function of mN at 14TeV

LHC and 100TeV hadron collider in figure 5 and figure 6. In these figures, the blue (red)

bands shows the scale dependence of the σLO (σNLO). It is clear from these figures that the

strong scale dependence reduces significantly at NLO cross-section as compared to LO one.

We also study the next-to-leading order predictions for Nν final state mediated by the

Z boson. The scale dependent cross-sections at 14TeV LHC and 100TeV hadron collider

are given in figure 7. We consider the heavy neutrino mass at 100GeV and 800GeV. We
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Figure 16. The prospective upper bounds on the light-heavy neutrino mixing angles |V!N |2
as a function of the heavy pseudo-Dirac neutrino mass mN at 14TeV LHC with 19.5 fb−1(left
panel) and 300 fb−1(right panel) luminosities, derived from the CMS trilepton data at

√
s =8TeV

LHC for 19.5 fb−1 luminosity [113] at 95 % CL. We have considered the scale dependent NLO
case(ξ = 0.1, 1.0, 10.0) for the trilepton plus missing energy final state. Some relevant existing up-
per limits (all at 95% CL) are also shown for comparison: (i) from a χ2-fit to the LHC Higgs
data [100] (Higgs), (ii) from a direct search at LEP [101](L3), valid only for the electron flavor, (iii)
ATLAS limits from

√
s = 7TeV LHC data [122, 123] (ATLAS7) and

√
s =8TeV LHC data [99] (AT-

LAS8), valid for a heavy Majorana neutrino of the muon flavor, (iv) CMS limits from
√
s =8TeV

LHC data [102] (CMS8), for a heavy Majorana neutrino of the muon flavor and (v) indirect limits
from the global fit to the electroweak precision data (EWPD) from [103–105] for electron (cyan,
EWPD-e(old)) and muon (cyan, EWPD-µ(old)) flavors(new values can be found from [106], for tau
(dotted, EWPD- τ) electron (solid, EWPD- e) and muon (dashed, EWPD- µ) flavors). Here SF75

and FD75 are the single flavor and flavor diagonal cases below the Z-pole whereas SF105 and FD105

are the same above the Z-pole.

process with associated light neutrino. We have demonstrated that the heavy neutrino pro-

duction cross-sections at the next-to-leading order QCD accuracy are quite stable against

the scale variations, where as leading order estimated can change substantially. We also

exhibit the scale dependance in different differential distributions related with the leptons

and correlations between them.

We have obtained the prospective scale dependent search reach at the 14TeV LHC and

as well as at the 100TeV collider for the Majorana heavy neutrino through the same sign

dilepton plus dijet final state. Using the pseudo-Dirac heavy neutrinos we have studied

the trilepton plus missing energy final state with jets and obtained the prospective search

reach at the 14TeV. A collider with a higher energy can probe the mixing angle more

precisely improving the 14TeV result up to an order of magnitude or more.
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Figure 15. Figure shows the upper bounds on square of the mixing angles as a function of mN

using the CMS data at the 8TeV [102] at 19.7 fb−1 luminosity for the same sign dileton plus
dijet case. The scale dependent LO and NLO prospective upper bounds at the 100TeV LHC at
20.3 fb−1 luminosity (left panel, upper row), at 300 fb−1 luminosity (right panel, upper row) and
1000 fb−1 (lower row) are given. The bounds are compared to (i) the χ2-fit to the LHC Higgs
data [100] (Higgs), (ii) from a direct search at LEP [101](L3), valid only for the electron flavor, (iv)
ATLAS limits from

√
s =8TeV LHC data [99] (ATLAS 8) and CMS [102], for a heavy Majorana

neutrino of the muon flavor and (v) indirect limits from the global fit to the electroweak precision
data (EWPD) from [103–105] for electron (cyan, EWPD-e(old)) and muon (cyan, EWPD-µ(old))
flavors(new values can be found from [106], for tau (dotted, EWPD- τ) electron (solid, EWPD- e)
and muon (dashed, EWPD- µ) flavors). The shaded region is excluded by the 8TeV data.

(i) The transverse momentum of each lepton: p!T > 10GeV.

(ii) The transverse momentum of at least one lepton: p!,leadingT > 20GeV.

(iii) The jet transverse momentum: pjT > 30GeV.

(iv) The pseudo-rapidity of leptons: |η!| < 2.4 and of jets: |ηj | < 2.5.

(v) The lepton-lepton separation: ∆R!! > 0.1 and the lepton-jet separation: ∆R!j > 0.3.

(vi) The invariant mass of each OSSF (opposite-sign same flavor) lepton pair: m!+!− <

75GeV or > 105GeV to avoid the on-Z region which was excluded from the CMS

search. Events with m!+!− < 12GeV are rejected to eliminate background from

low-mass Drell-Yan processes and hadronic decays.

(vii) The scalar sum of the jet transverse momenta: HT > 200GeV.

(viii) The missing transverse energy: 50GeV< Emiss
T < 100GeV.

– 18 –

JHEP06(2016)019

Figure 15. Figure shows the upper bounds on square of the mixing angles as a function of mN

using the CMS data at the 8TeV [102] at 19.7 fb−1 luminosity for the same sign dileton plus
dijet case. The scale dependent LO and NLO prospective upper bounds at the 100TeV LHC at
20.3 fb−1 luminosity (left panel, upper row), at 300 fb−1 luminosity (right panel, upper row) and
1000 fb−1 (lower row) are given. The bounds are compared to (i) the χ2-fit to the LHC Higgs
data [100] (Higgs), (ii) from a direct search at LEP [101](L3), valid only for the electron flavor, (iv)
ATLAS limits from

√
s =8TeV LHC data [99] (ATLAS 8) and CMS [102], for a heavy Majorana

neutrino of the muon flavor and (v) indirect limits from the global fit to the electroweak precision
data (EWPD) from [103–105] for electron (cyan, EWPD-e(old)) and muon (cyan, EWPD-µ(old))
flavors(new values can be found from [106], for tau (dotted, EWPD- τ) electron (solid, EWPD- e)
and muon (dashed, EWPD- µ) flavors). The shaded region is excluded by the 8TeV data.

(i) The transverse momentum of each lepton: p!T > 10GeV.

(ii) The transverse momentum of at least one lepton: p!,leadingT > 20GeV.

(iii) The jet transverse momentum: pjT > 30GeV.

(iv) The pseudo-rapidity of leptons: |η!| < 2.4 and of jets: |ηj | < 2.5.

(v) The lepton-lepton separation: ∆R!! > 0.1 and the lepton-jet separation: ∆R!j > 0.3.

(vi) The invariant mass of each OSSF (opposite-sign same flavor) lepton pair: m!+!− <

75GeV or > 105GeV to avoid the on-Z region which was excluded from the CMS

search. Events with m!+!− < 12GeV are rejected to eliminate background from

low-mass Drell-Yan processes and hadronic decays.

(vii) The scalar sum of the jet transverse momenta: HT > 200GeV.

(viii) The missing transverse energy: 50GeV< Emiss
T < 100GeV.

– 18 –



CONCLUSIONS	
  
We	
  have	
  studied	
  the	
  general	
  parameter	
  scan	
  for	
  the	
  
Enhancement	
  of	
  the	
  pseudo-­‐Dirac	
  heavy	
  neutrino	
  produc$on	
  
cross	
  sec$on	
  at	
  the	
  LHC.	
  
We	
  have	
  also	
  discussed	
  the	
  poten$al	
  discovery	
  mode	
  of	
  the	
  
pseudo-­‐Dirac	
  heavy	
  neutrino	
  at	
  the	
  ILC	
  (CM	
  energy	
  500	
  GeV)	
  
and	
  enhancement	
  of	
  the	
  cross	
  sec$on	
  by	
  general	
  
parameteriza$on.	
  	
  

Topic-­‐I	
  

Topic	
  -­‐II	
  
We	
  calculated	
  the	
  direct	
  upper	
  bounds	
  on	
  |VlN|2	
  	
  from	
  the	
  
Pseudo-­‐Dirac	
  heavy	
  neutrino	
  using	
  the	
  tri-­‐lepton	
  +	
  MET	
  signal	
  
from	
  	
  the	
  mul$-­‐lepton	
  search	
  from	
  the	
  8	
  TeV	
  CMS	
  data	
  using	
  
quark-­‐	
  gluon	
  fusion.	
  



We	
  used	
  the	
  CMS	
  results	
  @	
  8	
  TeV	
  to	
  improve	
  the	
  upper	
  
bound	
  on|VlN|2	
  from	
  the	
  	
  tri-­‐lepton	
  signal	
  including	
  all	
  the	
  
QED	
  and	
  QCD	
  processes	
  from	
  the	
  pseudo-­‐Dirac	
  heavy	
  
neutrino	
  in	
  the	
  Inverse	
  Seesaw	
  mechanism.	
  	
  	
  	
  

From	
  the	
  same	
  sign	
  di-­‐lepton	
  signal	
  for	
  the	
  Majorana	
  type	
  
Heavy	
  neutrino	
  produc$on	
  in	
  conven$onal	
  seesaw	
  
mechanism	
  we	
  improve	
  the	
  upper	
  bound	
  on	
  the	
  mixing	
  
angles	
  using	
  the	
  CMS	
  and	
  ATLAS	
  results	
  at	
  	
  8	
  TeV.	
  	
  

We	
  studied	
  a	
  variety	
  of	
  ini$al	
  states	
  such	
  as	
  quark-­‐quark,	
  
quark-­‐gluon	
  and	
  the	
  gluon-­‐gluon	
  fusions.	
  

Topic-­‐III	
  



We	
  calculated	
  the	
  prospec$ve	
  upper	
  bounds	
  on	
  |VlN|2	
  	
  from	
  
the	
  Majorana	
  heavy	
  neutrino	
  using	
  the	
  same	
  sign	
  dilepton	
  
plus	
  dijet	
  from	
  the	
  8	
  TeV	
  ATLAS	
  data	
  using	
  the	
  scale	
  
dependent	
  LO	
  and	
  NLO	
  processes	
  at	
  the	
  14	
  TeV	
  LHC	
  at	
  300	
  
q-­‐1.	
  

Topic	
  -­‐IV	
  

We	
  did	
  the	
  same	
  for	
  the	
  pseudo-­‐Dirac	
  heavy	
  neutrino	
  using	
  
the	
  trilepton	
  plus	
  missing	
  energy	
  from	
  the	
  8	
  TeV	
  CMS	
  data	
  for	
  
the	
  anomalous	
  mul$lepton	
  search	
  using	
  the	
  scale	
  dependent	
  
LO	
  and	
  NLO	
  processes	
  at	
  the	
  14	
  TeV	
  LHC	
  at	
  300	
  q-­‐1.	
  

At	
  LO	
  in	
  low	
  mass	
  there	
  is	
  a	
  scale	
  dependence	
  and	
  at	
  NLO	
  
there	
  is	
  almost	
  no	
  scale	
  dependence	
  in	
  conven$onal	
  seesaw	
  ,	
  
however,	
  in	
  case	
  of	
  inverse	
  seesaw	
  there	
  is	
  almost	
  no	
  scale	
  
dependence.	
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