
A Genuine Type-V Seesaw Model:
Phenomenological Introduction

Saiyad Ashanujjaman
Institute of Physics, Bhubaneswar

IIT Hyderabad

Based on arXiv:2012.15609[hep-ph] by S. Ashanujjaman and K. Ghosh

S. Ashanujjaman, K. Ghosh Genuine Type-V Seesaw Model February 10, 2021 1 / 35



Weinberg Operator

The lowest dimensional non-renormalizable operator

Ld=5 ∝
1

Λ
LLHH

Majorana neutrino mass

mν ∝
v2

Λ
“Majorana seesaw formula”

Three tree level realisations of Weinberg operator: type-I, type-II and
type-III seesaw

S. Weinberg, Phys.Rev.Lett. 43, 1566 (1979) , R.Foot, H.Lew, X.G.He and G.C.Joshi, Z.Phys. C44, 441 (1989) ,
Ernest Ma, Phys.Rev.Lett. 81, 1171 (1998) , Ernest Ma and Utpal Sarkar, Phys.Rev.Lett. 80, 5716 (1998)

S. Ashanujjaman, K. Ghosh Genuine Type-V Seesaw Model February 10, 2021 2 / 35



Generalisation of Weinberg Operator

Ld=5+2n ∝
1

Λ2n+1
LLHH (H†H)n

mν ∝ ε×
(

1

16π2

)#loops

×
(v

Λ

)d−5
× v2

Λ

For O5 at tree level
1 Y ∼ O(1), Λ ∼ (1014 − 1015) GeV
⇒ Direct tests impossible.

2 Λ ∼ O(1) TeV, Y ∼ O(10−12)
⇒ Philosophically displeasing.

For Od≥9: High-dimensional operators
brings down Λ to TeV even for large
enough Yukawa ⇒ Testable at collider.
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Genuine Models

In general
L = LSM + Ld=5︸ ︷︷ ︸

dominant

+ Ld=7︸ ︷︷ ︸
subdominant

+ ...

How can we make the higher dimensional contribution(s) to neutrino
masses dominant?

Introduce a discrete symmetry to forbid the lower order operator
Choose the particle content of the model such a way that it does not
allow to complete the lower order operator

A model is considered to be genuine at dimension d , if all lower
dimensional contributions to neutrino masses are automatically
absent, without the need for additional discrete symmetries.

S.Kanemuraa & T.Ota, Phys.Lett.B 694 (2010) 233
Cepedello et al JHEP 1707 (2017) 079, JHEP 1801 (2018) 009

Anamiati,G. et al., JHEP 1812 (2018) 066, and ...
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Genuine Models (cntd.)

Mass operator of dimension d

Ld ∝
1

Λ(d−4)
LLHH (H†H)(d−5)/2

The very same operators will always lead to lower order loop models

1

Λ(d−4)
LLHH(H†H)(d−5)/2 → 1

16π2

1

Λ(d−6)
LLHH(H†H)(d−7)/2

For the d-dimensional tree-level contribution to dominate over the
(d − 2)-dimensional 1-loop one, Λ/v < 4π, i.e. Λ < 3 TeV .
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Example of a Non-Genuine Model

The following model generates a d = 9 tree-level diagram (on the
left) via the four scalar vertex λ4(4S1/2)†HHH†

Kumericki, Picek, & Radovcic, Phys.Rev.D 86, 013006 (2012)

Connecting the two quadruplet scalars via a quartic interaction
λ5(4S1/2)†(4S1/2)†HH allows one to draw the 1-loop d = 5 diagram on
the right
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Example of a Genuine Model

The following model generates a d = 7 tree-level diagram via the four
scalar vertex λ4(4S3/2)†HHH.

(BNT model)
Babu, Nandi & Tavartkiladze, Phys. Rev. D 80, 071702 (2009)
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A brief idea about the existing literature

In the literaure

d = 5 neutrino masses at tree, 1-loop, 2-loop and 3-loop level

d = 7 neutrino masses at tree and 1-loop level

have been extensively studied.

Bonnet, Hernandez, Ota & Winter, JHEP 0910 (2009) 076
Bonnet, Hirsch, Ota & Winter, JHEP 1207 (2012) 153

Sierra, Degee, Dorame & Hirsch, JHEP 1503 (2015) 040, ...

Also, few models at d = 9 tree level have been studied, but all those
models are non-genuine in our sense.

K.L.McDonald, JHEP 1307 (2013) 020, JHEP 1311 (2013) 131
I.Picek and B.Radovcic, Phys.Lett.B 687 (2010) 338, ...
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Genuine Models at d = 9 tree level

There are only two diagrams that lead to genuine models.
G. Anamiati, O. Castillo-Felisola, R.M. Fonseca, J.C. Helo &
M. Hirsch, JHEP 12 (2018) 066

 

The model associated with the first diagram is a fermion-only
extension of the SM, which is of our interest.
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Exotic contents of the Model

Gauge: SU(3)C × SU(2)L ×U(1)Y

ΣL,R =

Σ++

Σ+

Σ0


L,R

∼ (1, 3, 1)

∆L,R =


∆++

∆+

∆0

∆−


L,R

∼ (1, 4,
1

2
)

ΦR =


Φ++

Φ+

Φ0

Φ−

Φ−−


R

∼ (1, 5, 0)
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Genuine Type-V Seesaw Model: is the name apt?

Genuine: X
Seesaw: X

Type: ?

If one follows the convention of labeling a seesaw model with the size
of the SU(2)L representation of the seesaw anchor or, more precisely,
the field which yields lepton number violation (LNV) , then one may
call this model a Type-V or quintuplet seesaw model.

Is this convention consistent with the widely studied classical seesaws?

Type-I: LNV results via Majorana mass for singlet neutrino(s). X
Type-III: LNV results via Majorana mass for triplet neutrino(s). X
Type-II: Two potential sources of LNV — HT iσ2∆†H and LTCiσ2∆L.
However, the former one will break the lepton number spontaneously
once ∆ acquires a vev. ⇒ LNV results via SM lepton doublet(s). X
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Neutrino Mass and Casas-Ibarra Parametrisation

−LYuk = Y` LiH
i
`R + Y23

(
ΣL
)i
j
H j L̃i + Y34

(
∆R
)
ijk

(ΣL)ij′ H
∗
k′ ε

jj′
ε
kk′ + Y ′34

(
∆L
)
ijk

(ΣR )ij′ H
∗
k′ ε

jj′
ε
kk′

+ Y45
(

∆L
)
ijk

(
ΦR
)ijk` H`

′
ε``′ + Y ′45

(
∆R
)
ijk

(
Φ̃R
)

i′ j′k′` H` εii
′
ε
jj′
ε
kk′ ;

−Lmass = MΣ
(

ΣR
)i
j

(
ΣL
)j
i

+ M∆
(

∆R
)
ijk

(
∆L
)ijk +

MΦ

2

(
Φ̃R

)ijk` (
ΦR
)i′ j′k′`′

εii′ εjj′ εkk′ ε``′ ;

Light neutrino mass matrix

mν ≈
v2

2
Y †23M−1Y ∗23(

M−1 =
v4

24
M−1

Σ Y ′†34M
−1
∆ Y ′45M

−1
Φ Y ′T45 M

−1
∆ Y ′∗34M

−1
Σ

)
Casas-Ibarra parametrisation

Y ∗23 =

√
2

v
UM

√
M̂R

√
m̂νV

†
PMNS (RTR = 1)

Casas and Ibarra, Nucl. Phys. B 618 (2001) 171
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A Simplified Model for Collider Study

We assume

MΣ = mΣ I3×3 , M∆ = m∆ I3×3 and MΦ = mΦ I3×3 ;

Y ′34 = y ′34 I3×3 and Y ′45 = y ′45 I3×3 ;

we further assume that R = I3×3 :

Y23 =

√
48

v3

mΣm∆m
1/2
Φ

y ′34y
′
45

√
m̂νV

T
PMNS .
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Lepton Flavour Violating Decays: `α → `βγ

Figure: Vertex-type diagrams. ni ,fi and ki symbollically stand for any of the
neutral, singly-charged and doubly-charged fermions, respectively.

Also, there are 14 self-energy diagrams (not shown for brevity).
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Lepton Flavour Violating Decays: `α → `βγ (cntd.)

Br(`α → `βγ) =
48π3α

G 2
Fm

2
α

∣∣∣σβαR ∣∣∣2 × Br(`α → `β ν̄βνα)︸ ︷︷ ︸
1 for µ→eγ and 0.1784 for τ→`γ (`=e,µ)

,

σ
βα
R

=
GF√

2

1

4π2
mα

3∑
i=1

[
{(I + λ)VPMNS}βi

{(
V
†
PMNS

)
iα

F1(wνi )−
{
V
†
PMNS(I + λ)

}
iα

F2(wνi )
}

+

v2
(
YT

23M
−1
Σ

)
βi

(
M−1

Σ Y∗23

)
iα

{
F3(wΣi

) + F6(zΣi
) + F7(hΣi

)
}

+ 4λβα

{
F4(z`i

) + F5(z`i
) sin2

θw

}]
.

In the limit MΣ >> mW ,Z ,h,

Br(`α → `βγ) ≈ 3α

2π

∣∣∣∣51 + 16 sin2 θw
12

λβα

∣∣∣∣2 × Br(`α → `β ν̄βνα) ,

where λ = v2

8 Y T
23M

−2
Σ Y ∗23 .
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Lepton Flavour Violating Decays: `α → `βγ (cntd.)

Using the current experimental bounds on `α → `βγ:

∣∣λeµ(eτ)[µτ ]

∣∣ =

∣∣∣∣∣
(
v2

8
Y T

23M
−2
Σ Y ∗23

)
eµ(eτ)[µτ ]

∣∣∣∣∣
≤ 2.3× 10−6 (1.5× 10−3) [1.8× 10−3] .

These limits are more constraining (∼ 2.5×) than those in type-III seesaw:

In this model, there is a LFV contribution from diagrams with a
doubly charged lepton, a W -boson and/or a ‘would-be Goldstone
boson’ circulating in the loop.

The LFV contribution from diagrams with a heavy neutral lepton, a
W -boson and/or a ‘would-be Goldstone boson’ circulating on the
loop is absent in the present model upto O(Y 2v2/Λ2), which is not
the case with the type-III seesaw model.
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Other Lepton Flavour Violating Decays (cntd.)

We numerically evaluate the LFV observables using SARAH, SPheno and
FlavorKit .

In the simplified scenario, using the experimental bounds from various
LFV decays, we constrain the model parametre space.

The most stringent bounds result from µ→ e conversion on Gold
from SINDRUM-II collaboration.

For brevity, we avert to quote the numbers here, instead we consider
the following BPs:

BP1:m∆,mΦ ∼ 1 TeV and y ′34, y
′
45 ∼ 0.05 and m1 = 10−5 eV ,

BP2:m∆,mΦ ∼ 1 TeV and y ′34, y
′
45 ∼ 0.15 and m1 = 10−5 eV ,

While BP2 is allowd by all the LFV decays, BP1 is ruled out by µ→ e
conversion on Gold.
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Production of Exotic Fermions at the LHC

Pair productions via the Drell-Yan processes:

q q′ → γ/Z → χ++χ−−/χ+χ−/χ0χ0 , q q′ →W± → χ±±χ∓/χ±χ0 ,

where χ stands for the heavy fermionic multiplets Σ, ∆ and Φ.
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Production of Exotic Fermions at the LHC (cntd.)

Pair productions via photon-photon fusion:

γ

γ

f ++/f +
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Decays of Exotic Fermions

Their decays can be classified into two categories:

Category I: the decays of the heavier exotics to the lighter ones

χQ → χQ−1π+, χQ−1K+, χQ−1`+ν, χQ−1π+ρ

Category II: two-body decays into a SM lepton and a boson
χ++
i → `+

j W
+

χ+
i → `+

j Z/h and χ+
i → νW+

χ0
i → `±j W

∓ and χ0
i → νZ/h

It is not possible to distinguish among the degenerate copies of a given
multiplet at the LHC. Therefore, instead of branching ratios for individual
copies, we consider the average branching ratios of them:

BRavg

(∑
i

χi → XY

)
=

1

3

3∑
i=1

BR (χi → XY ) ,

where XY is a generic decay mode of χi .
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Decays of Exotic Fermions (cntd.)

Doubly-charged triplet fermions:
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For m1(m3) > 10−9 eV, BRavg(Σ++ → `+W+) ∼ 100/3%

Lepton flavour universality of the average leptonic branching ratios of
Σ++’s breaks down below m1(m3) ∼ 10−9 eV.
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Decays of Exotic Fermions (cntd.)

Singly-charged triplet fermions:
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For m1(m3) > 10−9 eV,
BRavg(Σ+ → `Z) ∼ 25/3%

BRavg(Σ+ → `h) ∼ 25/3%

BRavg(Σ+ → νW+) ∼ 50%

Same as type-III seesaw.

Lepton flavour universality of the average leptonic branching ratios of Σ+’s
breaks down below m1(m3) ∼ 10−10 eV.
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Decays of Exotic Fermions (cntd.)

Only possible decay modes for the neutral fermions are the SM two-body
decays.

The present model:

BRavg(Σ0 → `±j W
∓) ∼ 0%

BRavg(Σ0 → νZ ) ∼ 50%

BRavg(Σ0 → νh) ∼ 50%

Type-III seesaw:

BRavg(Σ0 → `±j W
∓) ∼ 50%

BRavg(Σ0 → νZ ) ∼ 25%

BRavg(Σ0 → νh) ∼ 25%

As m1(m3)→ 0, the decay length of the first(third) generation of heavy
neutral fermions can be arbitrarily large making them long-lived.
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Possible Final State Signatures at Collider

χ++→ `+W+ χ+→ νW+, `+Z , `+h χ0→ `±W∓, νZ , νh
χ−−→ `−W− `−`+W−W + `−νW−W + `−`+W−Z `−`+W−h – – –
χ−→ νW− ν`+W−W + ννW−W + ν`+W−Z ν`+W−h ν`±W−W∓ ννW−Z ννW−h
χ−→ `−Z `−`+ZW + `−νZW + `−`+ZZ `−`+Zh `−`±ZW∓ `−νZZ `−νZh
χ−→ `−h `−`+hW + `−νhW + `−`+hZ `−`+hh `−`±hW∓ `−νhZ `−νhh
χ0→ `±W∓ – `±νW∓W + `±`+W∓Z `±`+W∓h `±`±(∓)W∓W∓(±) `±νW∓Z `±νW∓h
χ0→ νZ – ννZW + ν`+ZZ ν`+Zh ν`±ZW∓ ννZZ ννZh
χ0→ νh – ννhW + ν`+hZ ν`+hh ν`±hW∓ ννhZ ννhh

Some of the final states also allow kinematic reconstruction of the
masses of the exotic fermions: e.g., χ++χ−− → `+`−W+W−.

Multilepton signatures are considered as one of the cleanest channels
to probe new physics scenarios.

SM contributions to multilepton final states

Reducible: processes like Z+jets, tt+jets, etc..
Irreducible: diboson and triboson production and processes like ttW ,
ttZ and Higgs boson production, etc.
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Multilepton Final States Search

A recent CMS multilepton search (137.1 fb−1,
√
s = 13 TeV),

targetted to probe type-III seesaw, excluded triplet fermions below
880 GeV at 95% CL in the flavour democratic scenario. JHEP 03
(2020) 051

The CMS bounds on the type-III seesaw can not be directly applicable
to the multiplets of the present model.

In fact, the CMS limits are not even applicable for a realistic type-III
seesaw model 1.

Therefore, we proceed to derive 95% CL upper limits in type-V
seesaw by closely implementing the aforecited search.

We closely follow the CMS multilepton search strategy for object
reconstruction and selection, defining signal regions and event
selection.

1For a realistic type-III seesaw model, the corresponding limits may vary from 400 to
1100 GeV. S. Ashanujjaman & K. Ghosh, to appear.
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Object Reconstruction and Selection

Jets are reconstructed using the anti-kT algorithm with ∆R = 0.4.

pT threshold and η acceptance:
Jet: pT > 30 GeV and |η| < 2.1
Electron: pT > 10 GeV and |η| < 2.5
Muon: pT > 10 GeV and |η| < 2.4

Relative isolation (I ) and radius (R) of the isolation cone:
Electron: I = 5− 15% [scaling inversely with pT (e)] with R = 0.3

1 Within barrel (|η| < 1.479), I = 0.0478 + 0.506/pT
2 Within endcap (|η| > 1.479), I = 0.0658 + 0.963/pT

Muon: I = 15% with R = 0.4

dz and dxy with respect to primary vertex:
For electron

1 Within barrel, dz < 0.10 and dxy < 0.05
2 Within endcap, dz < 0.20 and dxy < 0.10

For muon, dz < 0.10 and dxy < 0.05
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Event Selection

Final states with three or more leptons (e, µ) are considered only.

Events with at least one electron with pT > 30(35) GeV or at least
one muon with pT > 29(26) GeV are considered.

Events containing a lepton pair with ∆R < 0.4 are rejected. Also,
events containing a same-flavor lepton pair with dilepton invariant
mass below 12 GeV are rejected.

Based on #leptons, #OSSF lepton pairs and the invariant mass of
OSSF pair, the events are categorised into seven signal regions,
namely 4LOSSF0, 4LOSSF1, 4LOSSF2, 3LOSSF0, 3LOSSF below-Z,
3LOSSF on-Z and 3LOSSF above-Z.

3LOSSF on-Z events with trilepton invariant mass within the Z boson
mass window are vetoed.

3LOSSF on-Z events with pmiss
T < 100 GeV are vetoed.

4LOSSF2 events with pmiss
T < 100 GeV are vetoed if both OSSF

lepton pairs are on-Z.
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Event Selection (cntd.)

The signal regions are further classified into 40 statistically
independent signal bins.

LT + pmiss
T is used as the primary kinematic discriminant for all signal

regions except 3L on-Z. In 3L on-Z signal region, the transverse mass
is used as discriminant.

Label Nleptons NOSSF MOSSF (GeV) pmiss
T (GeV) Variable and range (GeV) Number of bins

3L below-Z 3 1 <76 — LT+pmiss
T [0, 1200] 6

3L on-Z 3 1 76–106 >100 MT [0, 700] 7
3L above-Z 3 1 >106 — LT+pmiss

T [0, 1600] 8
3L OSSF0 3 0 — — LT+pmiss

T [0, 1200] 6
4L OSSF0 ≥4 0 — — LT+pmiss

T [0, 600] 2
4L OSSF1 ≥4 1 — — LT+pmiss

T [0, 1000] 5

4L OSSF2 ≥4 2 —
>100 if both LT+pmiss

T [0, 1200] 6
pairs are on-Z
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Validation of our approach of estimating 95%
CL on the total production cross section

We use a hypothesis tester named ‘Profile Likelihood Number
Counting Combination’ to estimate CL.
We validate our approach by reproducing the CMS expected 95% CL
bound on the total triplet pair production cross-section in simplified
flavor democratic type-III seesaw.
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95% CL Upper Limit on the Total Production
Cross Section of Exotic Fermions
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In the simplified model, the exotic fermion masses below 720, 970,
and 1200 GeV are excluded for triplet, quadrupled and quintuplet.
The exclusion limit on the triplet mass is less stringent than that on
the quintuplet mass.
The limit on the triplets in type-III seesaw is much more stringent
than that in our model.
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95% CL Upper Limit on ... Exotics (cntd.)

The 95% CL limits (in previous slide) are based on the assumption
that the given multiplet is the lightest and the other two multiplets
are too heavy to contribute significantly in the signal bins.
If we relax this assumption then all three multiplets of the type-V
seesaw model start contributing to the multilepton final states:
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Displaced Vertex

Displaced vertices, LLPs, vanishing charge track signature, etc. may result
for smaller values of the lightest neutrino mass.
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A limited region of m1 −mΣ parameters’ space can be probed at MATHUSLA.
For example, mΣ ∼ 1 TeV and m1 ∈ [O(10−19)−O(10−18)] eV give rise to
O(100 m) decay length for 30 and can be probed at MATHUSLA. On the other
hand, 3+ with cτmax ∼ 1 mm decays into very soft poin and 30 and hence, gives
rise to interesting disappearing track signature for m1 < 10−10 eV at future
ep-colliders like LHeC and FCC-he.

S. Ashanujjaman, K. Ghosh Genuine Type-V Seesaw Model February 10, 2021 32 / 35



Displaced Vertex (cntd.)
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4++ and 4+ have cτmax of
∼ 0.22 and 3.6 mm, respec-
tively. So, one would expect
disappearing track signatures
at LHeC and FCC-he for m1 ≤
10−9.
A limited region of m1 −
m∆ parameters’ space can be
probed at MATHUSLA for
both 40 and 4−. For exam-
ple, for m∆ ∼ 1 TeV, m1 ∈
[O(10−13)−O(10−14)] eV can
be probed at MATHUSLA.

S. Ashanujjaman, K. Ghosh Genuine Type-V Seesaw Model February 10, 2021 33 / 35



Displaced Vertex (cntd.)
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5++ and 5+ have cτmax of ∼ 0.43 and 16 mm, respectively. So, one would
expect disappearing track signatures at LHeC and FCC-he for m1 ≤ 10−8.

A limited region of m1 −mΦ parameters’ space can be probed at
MATHUSLA for 50. For example, for mΦ ∼ 1 TeV,
m1 ∈ [O(10−11)−O(10−10)] eV can be probed at MATHUSLA.

S. Ashanujjaman, K. Ghosh Genuine Type-V Seesaw Model February 10, 2021 34 / 35



Summary and Outlook

A genuine model (potentially testable, and hence falsifiable at collider)
generating neutrino masses at tree-level via O9 has been presented.

This model possesses several new SU(2)L fermionic multiplets and
thus a rich phenomenology at the LHC.

LFV arises very naturally in such setup.

Pair production of exotics for masses below 720, 970 and 1200 GeV
are excluded for triplet, quadruplet and quintuplet, respectively.

The exotics of the model could also be long-lived leaving disappearing
track signatures or displaced vertex at the detector.

The final states (including the disappearing tracks and other displaced
vertex signatures) discussed in this work are common to a large class
of (seesaw-inspired) models. Once a positive search is found, one has
to identify whether it corresponds to heavy neutrinos (type-I seesaw),
scalar triplets (type-II seesaw), fermionic triplets (type-III seesaw) or
any other seesaw-inspired model like the present one —type-V seesaw.
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