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Outline

• Some reminders

• Some new stuff

• Some consequences



Neutrino Mass and Mixing

• Data consistent with non-zero neutrino mass

(Schwetz et al, 2012)

�m2
21 ⇥ 7.6� 10�5 eV2

�m2
31 ⇥ 2.4� 10�3 eV2

Mass splittings sin2 �12 � 0.31

Mixing angles

sin2 ✓23 ' 0.52

sin2 ✓13 ' 0.013

• Evidence for BSM physics

• Number of “known unknowns” remain



Neutrino Mass and Mixing

• Still unknown: mass hierarchy (normal or inverted)
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Fig. 6. Normal (left) vs. inverted (right) mass ordering. The red area denotes the electron content
|Uei|2 in the mass state νi. Accordingly, the yellow and blue areas denote the muon and tau
contents. Taken from109.

inverted for ∆m2
A < 0. The two larger masses for each ordering are given in terms

of the smallest mass and the mass squared differences as

normal: m2 =
√

m2
1 +∆m2

! , m3 =
√

m2
1 +∆m2

A ,

inverted: m2 =
√

m2
3 +∆m2

! +∆m2
A ; m1 =

√

m2
3 +∆m2

A .
(29)

Note that the oscillation data and the possible mass spectra and orderings are
independent on whether neutrinos are Dirac or Majorana particles. The two possible
mass orderings are shown in Fig. 6. Of special interest are the following three
extreme cases:

normal hierarchy (NH): m3 !
√

∆m2
A " m2 !

√

∆m2
! " m1 ,

inverted hierarchy (IH): m2 ! m1 !
√

∆m2
A " m3 ,

quasi-degeneracy (QD): m2
0 ≡ m2

1 ! m2
2 ! m2

3 " ∆m2
A .

(30)

As can be seen from Fig. 5 and Table 7, the current data is well described by so-
called tri-bimaximal mixing117, corresponding to sin2 θ13 = 0× cos2 θ13, sin

2 θ12 =
1
2 × cos2 θ12 and sin2 θ23 = 1× cos2 θ23:
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The application of flavor symmetries to the fermion sector, in order to obtain this
and other possible mixing schemes is a very active field of research. For references
and an overview of flavor symmetry models, see118.

A longstanding issue in oscillation physics is the indication of the presence of
sterile neutrinos. The LSND experiment119 found evidence for νµ → νe transitions

overall mass scale



Still Unknown: Dirac or Majorana

CP CP

Boost (LT)

• Lepton number symmetry conserved

• Distinct anti-particle

⌫L = (⌫L, ⌫̄R) (⌫̄L, ⌫R) = NR

• Dirac: add N_R



CP

Boost (LT)

• No distinct anti-particle: ⌫c / ⌫

• Lepton number symmetry is broken

⌫L = (⌫L, ⌫̄R)

• Majorana: use “what we got”

decay0⌫��

Still Unknown: Dirac or Majorana



Still Unknown: Origin of Mass

• Point of this talk:

• Two main approaches
seesaw models

radiative models

• Masses are very small m⌫ . 0.1 eV ⇠ 10�6 ⇥me

Question:  Why are they so tiny?

seesaw/radiative modelsA new class



The Seesaw Mechanism

•Add heavy sterile neutrino

• Small mass due to heavy partner

L � �⌫LHNR + MRN
c
RNR

MR . 1014 GeV

NR

⌫L

hHi

⌫cL

hHi

m⌫ ' �2
⌫
hHi2

MR



The Seesaw Mechanism

•Add heavy sterile neutrino

• Small mass due to heavy partner

L � �⌫LHNR + MRN
c
RNR

MR . 1014 GeV

NR

⌫L

hHi

⌫cL

hHi

m⌫ ' �2
⌫
hHi2

MR

• Type-III: use fermion triplet ⌃ ⇠ (1, 3, 0) =

✓
⌃0 ⌃+/

p
2

⌃�/
p
2 �⌃0

◆

⌃0

⌫L

hHi

⌫cL

hHi
Foot, Lew, He, Joshi (1989)

L � �⌫L⌃H + M⌃⌃
c⌃



The Type-II Seesaw Mechanism

• Use scalar triplet

VEV seesaw

� ⇠ (1, 3, 2) =

✓
�+ �++

�0 ��+

◆

Heavy scalar can also explain small mass

• Satisfies constraint ⇢ =

M2
W

cos

2 ✓WM2
Z

6= 1

h�i . O(GeV)

⌫L ⌫L

�0

hHi hHi

L � �⌫L
c�L � M2

��
2 + µH�H

m⌫ = �⌫h�i ' �⌫ ⇥ µ hHi2

M2
�

hHi =
r

�µ2
H

�

⌫L ⌫cL

h�i



1

⇤
⇠ 1

MR

1

⇤
⇠ 1

M⌃

1

⇤
⇠ µ

M2
�

•Non-renormalizable operator:

⌫L ⌫L

�0

hHi hHi

⌃0

⌫L

hHi

⌫cL

hHi

NR

⌫L

hHi

⌫cL

hHi

Only Three d=5 Seesaws

d = [O⌫ ] = 5

O⌫ =
1

⇤
(LH)2

Other main mechanism ....



Radiative Neutrino Mass

• Add extra scalars (Zee, Babu)

ar
X

iv
:h

ep
-p

h
/0

3
0
9
2
7
0
v
2
  
8
 O

ct
 2

0
0
3

Evaluating The Two Loop Diagram Responsible For

Neutrino Mass In Babu’s Model

K. L. McDonald∗ and B. H. J. McKellar†

School of Physics, Research Centre for High Energy Physics,

The University of Melbourne, Victoria, 3010, Australia

(Dated: February 1, 2008)

Babu studied the neutrino spectrum obtained when one adds a charged singlet and a doubly charged singlet

to the standard model particle spectrum. It was found that the neutrinos acquire a mass matrix at the two-loop

level which contains one massless eigenstate. The mass matrix of Babu’s model depends on an integral over the

undetermined loop momenta. We present the exact calculation of this integral.

PACS numbers: 14.60.Pq, 14.60.St

I. INTRODUCTION

Zee observed that the addition of a charged singlet and addi-

tional Higgs doublets to the Standard Model particle spectrum

resulted in radiatively generated neutrino mass at the one-loop

level [1]. It was consequently noted that if only one doublet

couples to the leptons, the mass matrix takes a simple form

and produces one mass eigenstate much lighter than the other

two [2]. Babu studied the neutrino spectrum obtained when

one retains Zee’s charged singlet and adds a doubly charged

singlet [3]. It was found that the neutrinos develop a mass ma-

trix at the two-loop level, which contains one massless eigen-

state, to lowest order. The mass matrix depends on an integral

over the undetermined loop momenta of the two-loop diagram

responsible for the neutrino mass, for which Babu gave an ap-

proximate form. We present the exact calculation of this in-

tegral. The analytic evaluation of related integrals, occurring

when doublet neutrinos acquire mass at the two-loop level via

the exchange of W± bosons in the presence of singlet neutri-

nos [4, 5], can be found in [6].

In Sec. II we briefly review Babu’s model for the generation

of neutrino mass. Sec. III contains the analytic evaluation of

the integral which sets the scale for the massive neutrinos in

Babu’s model. The leading terms of this integral are presented

in Sec. IV for the relevant hierarchies of mass parameters

involved.

II. BABU’S MODEL

Babu’s model [3] includes two SU(2)L singlet Higgs

fields; a singly charged field h+ and a doubly charged field

k++. The addition of these singlets gives rise to the Yukawa

couplings:

LY = fab(ΨaL)CΨbLh+ + hab(laR)C lbRk++ + h.c. (1)

∗Electronic address: k.mcdonald@physics.unimelb.edu.au
†Electronic address: b.mckellar@physics.unimelb.edu.au

where fab = −fba and hab = hba. Gauge invariance pre-

cludes the singlet Higgs fields from coupling to the quarks.

The Higgs potential contains the terms:

V (φ, h+, k++) = µ(h−h−k++ + h+h+k−−) + ...... (2)

which violate lepton number by two units and give rise to neu-

trino Majorana mass contributions at the two-loop level (see

Figure 1). The neutrino masses are calculable and to lowest

order the mass matrix takes the form:

Mab = 8µfach̃cdmcmdIcd(f
†)db, (3)

where h̃ab = ηhab with η = 1 for a = b and η = 2 for a "= b.

mc,d are the charged lepton masses and:

Icd =

∫

d4p

(2π)4

∫

d4q

(2π)4
1

(p2 − m2
h)

1

(p2 − m2
c)

1

(q2 − m2
h)

×
1

(q2 − m2
d)

1

(p − q)2 − m2
k

. (4)

If one defines:

Kcd = 8µh̃cdmcmdIcd,

where no summation is implied by the repeated indices, the

mass matrix may be written as Mab = (fKf †)ab. Thus

DetM = |Det f |2DetK = 0 for an odd number of gener-

ations (due to the anti-symmetry of f ) and to lowest order the

FIG. 1: Two-loop diagram responsible for neutrino mass in the Babu

model.

• Mass at one- (Zee) or two-loop level (Zee, Babu)

h � (1, 1, 2) k � (1, 1, 4)

• New physics *can* be light (ie observable)

• No more complex than Type-I (or III) seesaw

Two new scalars Two new fermions

Radiative mass or seesaw? Only experiment can tell.

m⌫ ⇠ f2�

(16⇡2
)

2

µ

mk

m2
`

mk
log(m2

k/m
2
h)



• Type-I and -III are similar:

Generalized Seesaws

NR

⌫L

hHi

⌫cL

hHi

⌃0

⌫L

hHi

⌫cL

hHi

F F

⌫L

hHi

⌫cL

hHi



F F

⌫

hS1i

⌫c

hS2i

• Type-I and -III are similar:

Generalized Seesaws

NR

⌫L

hHi

⌫cL

hHi

⌃0

⌫L

hHi

⌫cL

hHi

• Generalize to generic diagram

• Simple minded question:  Are there more seesaws?

Apparently not answered ....

F F

⌫L

hHi

⌫cL

hHi



F F

⌫

hS1i

⌫c

hS2i

Generalized Seesaws

• Generic diagram

- Two external scalars
- Heavy intermediate fermion
- Mass insertion on internal line

• Features:

Majorana
Dirac

m⌫ ' �1�2
hS1ihS2i

MF
• Neutrino mass



Rules of The Game

• Minimal particle extension

•Don’t rely on new symmetries

•Small VEV’s are naturally suppressed

F F

⌫

hS1i

⌫c

hS2i

VEV seesaw

(cf Type-II)

•Determine all possibilities



Results

• Six with d<=9

But that’s all!

Model S
1

F S
2

Mass Insertion [O⌫ ] Ref.

(a) (1, 2, 1) (1, 1, 0) � Majorana d = 5 Type I

(b) (1, 2, 1) (1, 3, 0) � Majorana d = 5 Type III

(c) (1, 4,�3) (1, 3, 2) (1, 2, 1) Dirac d = 7 Babu et al (2009)

(d) (1, 4, 1) (1, 5, 0) � Majorana d = 9 Kumericki et al (2012)

(e) (1, 3, 0) (1, 4,�1) (1, 5,�2) Dirac d = 9 KM (2013)

(f) (1, 4,�3) (1, 5, 2) (1, 4, 1) Dirac d = 9 Picek et al (2011)

Table 3: Natural Seesaw Models with a Heavy Intermediate Fermion.

8

• Two more with d=11



Tree-Level Seesaws with d>5

Figure 4: A new tree-level seesaw involving the real scalar triplet S
1

⇠ (1, 3, 0), the fermion
quadruplet F ⇠ (1, 4,�1), and the scalar quintuplet S

2

⇠ (1, 5,�2).

The seesaw suppressed neutrino mass is

m⌫ ⇠ hS
1

ihS
2

i
MF

⇠ hS
1

i2hHi2
MF M2

2

⇠ µ2

MF

hHi6
M4

1

M2

2

. (18)

The first form for m⌫ demonstrates the relation to the more familiar seesaw expressions. If
the dimensionful parameters MF , M1,2, and µ are denoted by an approximate common scale
M , the final expression gives m⌫ ⇠ hHi6/M5. Neutrino masses are therefore produced by
an e↵ective operator in the low-energy theory with mass dimension d = 9, namely O⌫ =
L2H6/M5. It is clear that the new fields can have masses of O(TeV), and we again see
the payo↵ for the additional complexity in these models; though less minimal, they have
the advantage of being experimentally testable. For completeness we present the tree-level
diagram showing the d = 9 nature of this model in Figure 4.

This example shows how realistic seesaw models are constructed with the above informa-
tion. We will not present the process for the other cases but instead simply list the results
in Table 2. Of these six models, model (A) is the aforementioned minimal variant [13],
and model (C) was presented in Ref. [15]. The four remaining models are, to the best of
our knowledge, presented here for the first time. Note that one of these models [(F)] is
non-minimal, as neutrino mass is generated by two distinct tree-level diagrams, though the
particle content is no more elaborate. This model gives rise to a d = 9 diagram due to the
particle content listed but also generates the tree-level diagram of model (A).8

8
Additional non-minimal models can be obtained by combining the particle content in models (C) and

(D), or models (D) and (E). We do not include these in the table as they are “more non-minimal,” requiring

more than three distinct beyond-SM multiplets.

11

FR FL

S2

⌫L ⌫cL

hHi

hHi

hHi

hHi

FR Fc
R

⌫L

hHi

⌫cL

hHi

FR

S1

Fc
R

S1

⌫L

hHi

hHi

⌫cL

hHi

hHi

hHi hHi

d=5 d=7

d=9 d=9
FR

S1

FL

S2

⌫L

hHi

hHi

⌫cL

hHi

hHi

hHi hHi

d=9

F F

⌫

hS1i

⌫c

hS2i



Tree-Level Seesaws with d>5

Figure 4: A new tree-level seesaw involving the real scalar triplet S
1

⇠ (1, 3, 0), the fermion
quadruplet F ⇠ (1, 4,�1), and the scalar quintuplet S

2

⇠ (1, 5,�2).

The seesaw suppressed neutrino mass is
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The first form for m⌫ demonstrates the relation to the more familiar seesaw expressions. If
the dimensionful parameters MF , M1,2, and µ are denoted by an approximate common scale
M , the final expression gives m⌫ ⇠ hHi6/M5. Neutrino masses are therefore produced by
an e↵ective operator in the low-energy theory with mass dimension d = 9, namely O⌫ =
L2H6/M5. It is clear that the new fields can have masses of O(TeV), and we again see
the payo↵ for the additional complexity in these models; though less minimal, they have
the advantage of being experimentally testable. For completeness we present the tree-level
diagram showing the d = 9 nature of this model in Figure 4.

This example shows how realistic seesaw models are constructed with the above informa-
tion. We will not present the process for the other cases but instead simply list the results
in Table 2. Of these six models, model (A) is the aforementioned minimal variant [13],
and model (C) was presented in Ref. [15]. The four remaining models are, to the best of
our knowledge, presented here for the first time. Note that one of these models [(F)] is
non-minimal, as neutrino mass is generated by two distinct tree-level diagrams, though the
particle content is no more elaborate. This model gives rise to a d = 9 diagram due to the
particle content listed but also generates the tree-level diagram of model (A).8

8
Additional non-minimal models can be obtained by combining the particle content in models (C) and

(D), or models (D) and (E). We do not include these in the table as they are “more non-minimal,” requiring

more than three distinct beyond-SM multiplets.

11

d=9

[O⌫ ] = d �! O⌫ =
1

Md�4
L2 Hd�3

�! m⌫ ⇠ hHid�3

Md�4

d = 5 �! m⌫ ⇠ hHi2

M
�! M . 1014 GeVFor example:

M ⇠ TeV �! � ⇠ 10�6or:

d = 9 �! m⌫ ⇠ hHi6

M5
�! M . 107 GeV

or: M ⇠ TeV �! � ⇠ 10�2

Larger d means: Will be probed/ruled-out first



Loop Masses

V (H,S1, S2) � �S1 S2 HH• All the new models have:

F F

⌫

hS1i

⌫c

hS2i

⌫L

S2S1

FR FL ⌫cL

hHi hHi

• Neutrino mass: M
⌫

= M tree + M loop

They are seesaw/radiative models



Seesaw/Radiative Models

• All have doubly charged fields

⌃ ⇠ (1, 3, 2) = (⌃++, ⌃+, ⌃0)

• Some have triply charged fields (!)

• Consider the d=7 model (Babu et al, 2009)

Beyond SM fields:

� ⇠ (1, 4, 3) = (�+++, �++, �+, �0)

lepton flavour violation in this model. This is reflected in the effective vertex (Φ!!), as

shown in appendix D.

In our analysis we consider vΦ and MΦ0 to be independent parameters with λ5 < 0.

In table 1 we present the typical values of vΦ used in our analysis and the corresponding

values of y and y′ in order to generate correct order of magnitude for the neutrino mass

for the representative values of MΦ0 and MΣ.

3.2 Origin of Neutrino Mass

The tree level diagram from which the neutrino mass originates is given in figure 1(left

panel). After integrating out heavy fermion fields Σ, Σ and scalar field Φ, this diagram

gives rise to a dimension-7 effective Lagrangian

Lκ = −κij

(

lCL
i

aHa′ lj
Lg′ HbHbHg

)

εaa′ εgg′ + h.c. , (3.5)

where

κij = −
(YiY

′

j + Y
′

i Yj)λ5

MΣM2
Φ0

, (3.6)

which after spontaneous symmetry breaking generates the neutrino mass given in eq. 3.4.

The details of the calculation for obtaining eq. 3.6 are given in the appendix C.

(lL)Cia

Hb

ΣLa′b ΣR
a′b

Φa′bg

(lL)Cjg′

Ha′

Hb

Hg

(lL)Ci

H

ΣL ΣR

Φ

(lL)Cj

H

H

p

k

w = p− k

k
′

q

p
′

q
′

Figure 1. Tree level diagram (left panel) generating dimension-7 seesaw operator and 1-loop
diagram (right panel) generating dimension-5 operator for neutrino masses.

In order to get dominant contribution for neutrino mass from the dimension-7 operator

one needs to forbid the dimension-5 terms. This is ensured by the absence of singlet

fermions, Y = 0 triplet fermions and triplet scalars in the model. However, dimension-5

operator can arise at the 1-loop level through diagram depicted in the right panel of figure

1.

Including the above diagram the total contribution to mν becomes mtotal
ν = mtree

ν +

mloop
ν , where mtree

ν is given by eq. 3.4. The loop contribution to the neutrino mass, mloop
ν ,

can be computed as

(mν)loop
ij =

(

3 +
√

3
)

λ5v2MΣ

(

YiY
′

j + Y
′

i Yj

)

16π2
(

M2
Φ − M2

H

)









M2
Φ log

(

M2

Σ

M2
Φ

)

M2
Σ − M2

Φ

−
M2

H log
(

M2

Σ

M2
H

)

M2
Σ − M2

H









, (3.7)

– 7 –
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Figure 2. Contour plot of the ratio mloop
ν /mtree

ν in the (MΦ − MΣ) plane.

where MH is mass of the SM Higgs.

Note that only Φ0 and Φ+ will contribute to the loop diagrams in figure 1. In deriving

eq. 3.7 we have assumed these two states are degenerate with mass MΦ.

In figure 2 we make a contour plot of the ratio mloop
ν /mtree

ν in the (MΦ − MΣ) plane.

From the plot it is clear that for smaller values of MΦ and MΣ, the dimension-7 contribution

dominates over that coming from the dimension-5 term. This is the region relevant for our

study and thus it suffices to take only the tree level contribution.

3.3 Neutrino Mixing Matrix

The light neutrino mass matrix mν can be diagonalized in the basis where the charged

lepton mass matrix is diagonal as:

UT
P MNSmνUP MNS = mdiag

ν , (3.8)

where mdiag
ν = diag(m1, m2, m3), and UP MNS is the neutrino mixing matrix.

Since in this model the smallest mass is zero, one can express the two other mass

eigenvalues in terms of the mass squared differences (∆m2
ji ≡ m2

j − m2
i ) governing solar

and atmospheric neutrinos as:

• Normal Hierarchy (NH) : m1 << m2 ≈ m3

m1 = 0, m2 =
√

∆m2
21 , m3 =

√

∆m2
32 + ∆m2

21, (3.9)

• Inverted Hierarchy (IH) : m3 << m1 ≈ m2

m3 = 0, m1 =
√

∆m2
13 , m2 =

√

∆m2
21 + ∆m2

13. (3.10)

– 8 –

Seesaw/Radiative Models

M
⌫

= M tree + M loop

(Bambhaniya et al, 2013)

• Similar results for all the new models

• Seesaw region “more accessible” at the LHC



Seesaw/Radiative Models

• Similar results for all the models

• LHC production: controlled by E/W interactions 
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Figure 12: Production cross section for exotic fermion pairs at the LHC for
p
s = 14 TeV.

Entering the specific values of the couplings gives

LZ,0 =
g

cW

n

gZF0F0�µF0 + g⌫⌫L�
µ⌫L

� (⌫c
L U

T
⌫ MS M�1

F �µ F0

R + F0

R M�1

F M†
S �

µ U⇤
⌫ ⌫

c
L)
o

Zµ.

The interaction Lagrangian for the W boson and the leptons is

LW = g

(

r

3

2
F+�µF0 +

p
2F0�µF� +

r

3

2
F��µF�� +

1p
2
⌫L�

µ`L

)

W+

µ . (80)

Rotating the leptons to the mass basis gives

LW = g

(

r

3

2
F+�µF0 +

p
2F0�µF� +

r

3

2
F��µF�� +

1p
2
⌫L�

µ`L

)

W+

µ

+g

(

�
r

3

2
`L m

†
�

M�1

F �µ F��
L +

1p
2
F0

L M�1

F
⇥MT

S � 2m
�

⇤

�µ `L

+
1p
2
⌫L U

†
⌫

h

m†
�

� 2M⇤
�

i

M�1

F �µ F�
L � 1p

2
`cL

hp
3mT

S +M
�

i

M�1

F �µ F0

R

� 1p
2
F+

R M�1

F

hp
3M†

S +m⇤
S

i

�µ U⇤
⌫ ⌫

c
L �

p
2 ⌫c

L U
T
⌫ MS M�1

F �µ F�
R

�
r

3

2
F+

L �µ M�1

F MT
�

U⌫ ⌫L

)

W+

µ . (81)

These expressions for the charged- and neutral-current interactions can be simplified by

30

All necessary Feynman rules used in these calculations are listed in appendix E.
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Figure 4. Figure (a): Production cross-sections for pp −→ Φ+++Φ−−−, Φ++Φ−−, Φ±±±Φ∓∓ at the
LHC with

√
s=14 TeV and ∆M = −2.8 GeV. Figure (b): Dependence of decay Branching Ratio

(BR) of Φ±±± on vΦ for IH and NH. Here ł implies all three charged leptons (e, µ, τ).

Figure 4(b) demonstrates the decay Branching Ratios (BRs) of the triply-charged

scalars in different modes for both neutrino mass hierarchies NH and IH. This plot is

generated considering neutral scalar mass MΦ0 = 400 GeV together with mass difference

between two successive scalars ∆M = (MΦ±±± − MΦ±±) = −2.8 GeV5. This figure reflects

how the interplay of the two decay channels of Φ±±, for different choices of vΦ, affects the

BRs of Φ±±±. Note that the BRs of Φ±±± closely follow that of Φ±± excepting for an

offsetting factor due to off-shell phase-space production in the decay of the former. From

this figure three clear limits emerge:

• For small vΦ (<∼ 10−6 GeV), Φ±±± mostly decays into łłW with BR nearly equal to

one for both NH and IH.

• On the other hand, in the larger vΦ region (>∼ 10−4 GeV), Φ±±± mostly decays into

3W since large values of vΦ suppress the lepton number violating effective coupling.

• For intermediate values of vΦ, both channels can govern the decay. However, the

exact values of the branching ratios depend on the neutrino mass hierarchies.

The above observations dictate the choice of the benchmark points in our study which

are listed in table 3. It can be noted that for lower values of MΦ and intermediate ranges

of vΦ ∼ O(10−5 − 10−4) total decay width of charged scalar can be sufficiently low to

show displaced vertex at the detector. This can lead to non-pointing multi-lepton signals,

although we are not considering such scenarios in our analysis.

5 Since members of Φ are allowed to have a small mass splitting, mass hierarchies among them, depending

upon sign of λ4, would have little impact on production and phenomenological signatures. So our choice

of ∆M is representative by nature.
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Figure 3. Representative diagrams for production and decay of doubly- and triply-charged scalars
at hadron collider leading to multi-lepton (≥ 3) final states.

The parton level (lowest-order) representative diagrams contributing to these processes at

the LHC are shown in the upper row of figure 3.

Figure 4(a) shows the production cross-section of the charged scalars at the LHC for

center of mass energy
√

s = 14 TeV as a function of the scalar mass parameter MΦ0 .

We consider the triply- and doubly-charged scalars which are expected to give dominant

contribution for the multi-lepton signals that we have studied. We have calculated our

hard-scattering matrix elements for parton level processes by implementing the model in

CalcHEP (version 3.2) [41].

The doubly charged scalar Φ±± can dominantly decay into two W -bosons of same

charge. However, another dominant and in fact remarkable decay channel can be realised

from dimension-7 seesaw operator generating the neutrino mass. This effective vertex,

discussed in appendix D is proportional to neutrino mass matrix elements (mνij ) and Φ±±

couples to lepton pair (!i!j) of same charge leading to lepton number violation. Since this

vertex depends on the neutrino mass matrix elements, one expects relative differences in

the signals for normal and inverted neutrino mass hierarchies.

Interplay of these two decay processes controls the significance of the observed lepton

signal as we will demonstrate later. The triply-charged scalars Φ±±± can decay into dou-

bly charged scalars Φ±± associated with W -boson apart from other 3-body modes which

are suppressed. However, narrow mass difference between charged scalars as discussed in

section 2, typically produces off-shell Φ±± which can decay further4. The lower row of

figure 3 demonstrates these decay modes of the triply-charged scalars. The final decay

products (łłW or W W W ) are determined by the corresponding decay channels of the Φ±±.

4 At this point we note that a significant number of Φ±± are produced off-shell and thus MΦ±± cannot

be reconstructed from the same-sign-di-lepton invariant mass.
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ΣR
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Φ++
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Figure 10. Effective vertex of Φ++!−
i !−

j coupling.

D Lepton Flavour Violating Effective Vertex

There is an interesting lepton number violating vertex which arises in this model from the

diagram in figure 10.

In the limit of small momentum transfer, integrating out the heavy fields Σ, this

diagram gives rise to an effective Φ++l−i l−j vertex, which after the H0 field gets VEV gives
mνij

2
√

3vΦ

. The singly charged and neutral scalar (Φ±, Φ0) can also have similar effective vertex

and can decay to a lepton and a neutrino or two neutrinos.

E Feynman Rules

In this section we tabulate the Feynman rules required in the calculation, involving the

additional particles in the model – namely the the isospin 3/2 scalar and the vector-like

triplet fermions. We also tabulate the Feynman rule corresponding to the dimension-7

effective operator obtained by integrating out the triplet fermions and the isospin 3/2

scalars. The arrows on the fermion lines indicate the direction of the lepton number flow.
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All necessary Feynman rules used in these calculations are listed in appendix E.
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Figure 4. Figure (a): Production cross-sections for pp −→ Φ+++Φ−−−, Φ++Φ−−, Φ±±±Φ∓∓ at the
LHC with

√
s=14 TeV and ∆M = −2.8 GeV. Figure (b): Dependence of decay Branching Ratio

(BR) of Φ±±± on vΦ for IH and NH. Here ł implies all three charged leptons (e, µ, τ).
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scalars in different modes for both neutrino mass hierarchies NH and IH. This plot is

generated considering neutral scalar mass MΦ0 = 400 GeV together with mass difference

between two successive scalars ∆M = (MΦ±±± − MΦ±±) = −2.8 GeV5. This figure reflects

how the interplay of the two decay channels of Φ±±, for different choices of vΦ, affects the

BRs of Φ±±±. Note that the BRs of Φ±±± closely follow that of Φ±± excepting for an

offsetting factor due to off-shell phase-space production in the decay of the former. From

this figure three clear limits emerge:

• For small vΦ (<∼ 10−6 GeV), Φ±±± mostly decays into łłW with BR nearly equal to

one for both NH and IH.

• On the other hand, in the larger vΦ region (>∼ 10−4 GeV), Φ±±± mostly decays into

3W since large values of vΦ suppress the lepton number violating effective coupling.

• For intermediate values of vΦ, both channels can govern the decay. However, the

exact values of the branching ratios depend on the neutrino mass hierarchies.

The above observations dictate the choice of the benchmark points in our study which

are listed in table 3. It can be noted that for lower values of MΦ and intermediate ranges

of vΦ ∼ O(10−5 − 10−4) total decay width of charged scalar can be sufficiently low to

show displaced vertex at the detector. This can lead to non-pointing multi-lepton signals,

although we are not considering such scenarios in our analysis.

5 Since members of Φ are allowed to have a small mass splitting, mass hierarchies among them, depending

upon sign of λ4, would have little impact on production and phenomenological signatures. So our choice

of ∆M is representative by nature.
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• Detection: multi-lepton final states (3,4,5,6)

• Including: same sign tri-lepton events

• Some model dependencies: e.g. Branching fractions etc

Detection

•General trend: “Some” signal has little SM background



• The jets are constructed using PYCELL, cone algorithm within PYTHIA. To find

cluster, fixed detector grid of (100× 72) assumed in (η, φ) plane with pseudo-rapidity

|η| < 2.5. With minimum threshold for jet initiator pT as 1.5 GeV, a cluster can be

accepted as jet if minimum summed ET is 20 GeV within cone size 0.7. To include

energy resolution of detector, energy of each cell is also smeared.

• Z veto is implemented to reduce the SM background coming from the processes

like tt̄(Z/γ∗), W(Z/γ∗), (Z/γ∗)(Z/γ∗). Opposite sign but same flavoured lepton pair

invariant mass m!! must be sufficiently away from Z mass, such that |m!!−MZ | ≥ 6ΓZ

GeV. However, signals remain mostly unaffected by this cut.

We have tabulated above mentioned selection criteria in a compact form in table 4.

5.2 Background Estimation

⇓ processes \ multi-lepton channel ⇒ 3$ (fb) SS3$ (fb) 4$ (fb)

tt̄ 18.245 – –

tt̄(Z/γ") 1.121 7.066 × 10−4 0.069

tt̄W ± 0.656 3.836 × 10−3 –

tt̄tt̄ – 1.327 × 10−4 –

tt̄bb̄ – < 10−4 –

W ±(Z/γ") 10.590 – –

(Z/γ")(Z/γ") 1.287 – 0.047

TOTAL 31.899 4.675 × 10−3 0.116

Table 5. Dominant SM background contributions to the multi-lepton channels at the LHC with√
S = 14 TeV after all the cuts discussed in the subsection 5.1. K-factor for tt̄ is taken to be

2.2. Blank portions represent insignificant contributions compared to the leading processes in that
channel. SM backgrounds for all other channels are expected to be negligible. Cross-sections are in
femtobarn(fb).

Using all the cuts discussed in the previous section, we have estimated the SM back-

grounds for different significant processes tabulated in table 5. We have used ALPGEN-2.14

[46] to generate events for the following SM processes: tt̄(Z/γ"), tt̄W ±, tt̄tt̄, tt̄bb̄, W ±(Z/γ")

(with 0jet) at parton level. The ALPGEN output files are fed into PYTHIA to estimate

the cross-sections for these processes. The SM backgrounds that emerge from the processes

tt̄, and (Z/γ")(Z/γ") are estimated using PYTHIA. For tt̄ process we have considered the

K-factor to be 2.2 [47]. Similar kind of analysis are performed to estimate the SM back-

grounds for same-sign-tri-lepton in [48], for tri-lepton in [49, 50] and for four-lepton in [49].

In passing we would like to mention that in our analysis neutral pions (π0) are allowed to

decay.6

6 We have noted that the neutral pion decay on/off affects the background estimation significantly due to

the presence of hadronic activity cut. In case of pion decay one needs to implement lepton-photon isolation

with a minimum pT cut for photons.
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Background for the d=7 Model

• After cuts



Signal Events

5.3 Multi-lepton Signatures

In this section we present the results for 3!, same-sign-3!, 4!, LFV 4!, 5!, and 6! events.

Analysis is performed with center of mass energy
√

s = 14 TeV at the LHC with integrated

luminosity 100 fb−1. The multi-lepton signal consists of charged leptons (e and/or µ) +

X, accompanied by missing transverse momentum, where X can be associated jets. We

compute the signal events for MΦ0 = 400 GeV, ∆M = −2.8 GeV, and different choices of

vΦ, mentioned in table 3. For each set of benchmark points we present the results for both

Inverted Hierarchy (figure 5) and Normal Hierarchy (figure 6).
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Figure 5. The coloured histograms for a specific n-lepton signal show the number of events after
implementing successive cuts in (a) łłW , (b) łłW − WWW and (c) WWW dominant modes. The
fourth column (cyan) represents the final multi-lepton signal events. In case of tri-lepton event
the dark (black over cyan) shaded portion accounts for the same-sign-tri-lepton events. The final
number of the respective multi-lepton events are also shown in the plots. The number of events are
computed with MΦ0 = 400 GeV and ∆M = −2.8 GeV for Inverted Hierarchy at the LHC-14 with
integrated luminosity 100 fb−1.

Figure 5(a) corresponds to vΦ = 5 × 10−6 GeV for which Φ −→ łłW branching ratio is

nearly 100%. Figure 5(b) corresponds to vΦ = 5.1 × 10−5 GeV for which Φ −→ łłW and

Φ −→ W W W branching ratios are ∼ 50%, while figure 5(c) corresponds to vΦ = 0.5 GeV for
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• Integrated luminosity: 100 fb^(-1)

• Similar for normal hierarchy

• Note: SS3L --- tiny background

(Bambhaniya et al, 2013)

• Significance > 10 



Mass Hierarchy Dependence

From the plots we find that no six-lepton event survives after we impose the cuts for

all three cases of figure 5. There is no five-lepton event for the W W W dominant mode, but

for the łłW and łłW − W W W modes we get 41 and 7 events respectively. In general the

number of events are more for the łłW mode since the branching ratio is almost 100% for

the chosen value of vΦ. The effective leptonic BR of W W W dominant mode for vΦ = 0.5

GeV is very suppressed. Thus the number of events are suppressed. In our analysis we

include the possible spillover from higher multiplicity events. This is noticeable for the

tri-lepton events in the łłW dominant mode (see figure 5(a)). We find 23 (27) SS3! events

in łłW (łłW − W W W ) dominant modes. For W W W mode there are only 6 SS3! events,

see figure 5(c).

In figure 6 we present the similar histograms corresponding to the multi-lepton signals

for NH. There are 27, 30, 6 same-sign-tri-lepton events in łłW , łłW − W W W , and W W W

dominant modes respectively. The general trend discussed in the context of figure 5 is

reflected here. For both cases we find significant same-sign-tri-lepton, tri-lepton and four-

lepton events over the SM background, as noted from table 5.

If we compare the total number of events for NH and IH for instance in the four-lepton

channel then we see that they are not widely different. However, if one classifies these

events in terms of lepton flavours then for NH and IH one gets relatively different number

of events in each category, as can be noticed in table 6. The trend in the number of events

can be explained to some extent from neutrino mixing. The current values of mixing angles

imply that the heavy states have significant amount of both νe and νµ for IH. Thus one

would expect somewhat similar number of events involving e and µ. This is reflected in

table 6. On the otherhand, for NH the heaviest state has relatively lower fraction of the

νe component because of smaller value of θ13. So the number of electron events are less

because the BRs are pushed in favour of more muonic events. This pattern is observed

in all other multi-lepton channels where Φ!! vertex is involved. However, remember that

combined results are interplay of various factors, like e, µ identification efficiency and

energy resolutions.

4! eeee eeeµ eeµµ eµµµ µµµµ Total events

IH 14 47 69 29 16 175

NH 1 1 23 40 61 126

Table 6. Neutrino mass hierarchy dependency in four-lepton signal in łłW dominant region.

5.4 Lepton Flavour Violating Signal

The multi-lepton events obtained in this model can be of mixed flavours and one can

study the charged lepton flavour violation at the LHC. The interaction which is mainly

responsible for this signal is the effective vertex, Φ±±!∓
i !∓

j , discussed in appendix D. This

is proportional to the light neutrino mass matrix elements mνij , with i, j = e, µ. Of

special importance in this respect are the four-lepton signals. These are not accompanied

by any neutrino in the final state and hence the flavour of all the final state leptons can

be ascertained. Note that these type of signals are originated from the inclusive pair
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• But not all the models have this feature



Conclusion

• Small mass:  Seesaw or radiative

• New models: seesaw/radiative

• Seesaw: d>5 lighter new physics

• Probe at LHC: Multi-lepton signals


