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Region of interest for

20 GeV . m� . 170 GeV

� ! NN

Decay length

c⌧0N ' 0.1 mm

✓
40 GeV

mN

◆5 ✓ MWR

5 TeV

◆4

Leads to two DV with LNV
`± j

j

`±j

DV

decays�

resol. O(10)µm



‘Right-handed’ Higgs

single

pair & 
associated �̂gg!�S ' c2✓

64⇡(1 + ��S)
ŝ
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Tri-linear Higgs couplings
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LHC projections

(Higgs mediated LNV)
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‘Majorana’ Higgses at LHC
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Detector simulation
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 data from CMS
mumu 1501.05566

ee, emu 1603.02248
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fakes
select 806 4 5 26 1241 87 147 16 1.5 2651
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Signal features

characteristic mass peaks

displacedangular separation

soft leptons



Sensitivity
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Sensitivity
h ! �� ! NNNN

electrons

muons
SM background ~zero (ttZ, tth,WZZ, V V V V, tttt, V V tt)

@3�, s✓ = 0.2

bit less feasible

backgrounds optimal spectacular

�L = 4

}
�L ' 3

geometric & 
kinematic acceptance



Sensitivity

h ! �� ! NNNN

displaced 0.01 mm - >1m

discovery reach beyond 
direct searches

connection to 0⌫2�

Combined h ! NN � ! NN �� ! NNNN

GERDA, Neutrino ’16

KamLAND-Zen ’16



Leptonic colliders



Leptonic colliders
Dominant production modes

e+e� ! Zh,Z� e+e� ! ⌫⌫h, ⌫⌫�
p
s ' 500 GeV

LEP

LEP low energy and luminosity



Leptonic colliders
Dominant production modes

e+e� ! Zh,Z� e+e� ! ⌫⌫h, ⌫⌫�
p
s ' 500 GeV

ILC, CLIC, CEPC, FCC-ee, ?

high energy and/or luminosity
no triggers, good energy 
resolution low pT



LNV Higgs candidates

Spontaneous B-L SU(2)L ⇥ U(1)R ⇥ U(1)B�L

Graesser ’07 
Caputo, Hernandez, Lopez-Pavon ’17EFT from SM + h + N

SM + h + N + singlet scalar Shoemaker,  Petraki, Kusenko ’10 

RPV Susy

Banks, Carpenter Fortin ’08 

h ! ⌫4⌫4
Pilaftsis ’92 

Carpenter ’11

LNV disfavored

needs post-LHC revision

other

ml̃ ' m⌫̃

No-go for vanilla see-saw(s)

Fourth generation



Summary

Improvements

LFV and tau final states, displaced em-jets, include �L = 0

improved detector simulation, vertexing, sophisticated searches 
(MVA, BDT), backgrounds from data

leptonic colliders promising

Conclusions

Higgs sectors are a new frontier for neutrino mass models

Sensitive probe of the origin of neutrino mass within LRSM

No-go for vanilla see-saw(s)



Thank you
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Neutrino Mass at LHC

Keung, Senjanović ’83LNV @ hadron colliders

Unambiguous seesaw MN, Senjanović, Tello ’12}
MD = iMN

p
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1.64`

23

4

1000 1500 2000 2500 3000
1

5

10

50

100

500

1000

MWR @GeVD

M
N

e
@Ge

V
D

CMS e + Missing Energy

e + Displaced Vertex

e + jetêEM activity
tN~1 mm

tN~5 m

0n2bHHML

D
0
:
d
i
j
e
t
s

L=33.2pb-1

in 
Te

V

in TeV

m
N

MWR



Neutrino Mass at LHC

LNV @ hadron colliders

}
MD = iMN

p
MN

�1M⌫

minv
`jj = mN

flavor measures      ,VR MN = V T
R mNVR

Low energies:          , eEDM, LFV0⌫2�

Tello, MN, Nesti, Senjanović, Vissani ’10
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Tello, MN, Nesti, Senjanović, Vissani ’10

Mohapatra, Senjanović ’79, ’80

Keung, Senjanović ’83

MN, Senjanović, Tello ’12

Neutrino Mass at LHC

LNV @ hadron colliders

}
MD = iMN

p
MN

�1M⌫

flavor measures      ,VR

minv
`jj = mN

MN = V T
R mNVR

 lightest      in eV

   
in 

eV

   
in 

eV

m⌫  lightest      in eVm⌫

|m
e
e

⌫
|

|m
N

e
e
|

MWR = 3.5 TeV

mN = .5 TeV

 [TeV]
RWM

1 1.5 2 2.5 3

 [T
eV

]
eN

M

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2
2.4

RW
 > 

M
eNM

 (8 TeV)-119.7 fb

CMS Observed
Expectedin 

Te
V

in TeV

m
N

MWR

Unambiguous seesaw

Low energies:          , eEDM, LFV0⌫2�



Majorana vs. Dirac

SM a predictive theory of charged fermion mass origin

unique

Type I/III seesaw L⌫ = MD ⌫L hN +MN NN + h.c.

LD =
mf

v
fL h fR �h!ff / mf

2
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N MD = �
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N MD
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N MD| {z }
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Majorana vs. Dirac
Left-Right

LW =
gp
2
`R /W

�
RVRN

gauge interaction defines the basis

MN = V T
R mNVR

LR symmetry constrains the Dirac mass MD = MT
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q
M�1

N M⌫seesaw gives

10�4 0.001 0.01 0.1 1
10�4

0.001

0.01

0.1

1

ligh test neu trino mass in eV

�d e�in
10
�2
7
⌅

e
cm n ormal

⇤LR⇥10�4, vL⇥0

MN, Senjanović, Tello ’12

10 20 50 100 200 500 1000
10-6

10-5

10-4

0.001

0.01

mN in  GeV

BR
 o

f 
N

NÆ {±WL°
NÆn Z

NÆn h

MWR=6 TeV
MWR=3 TeVeE

DM

LHC



1.5 2 3 5 7 10 15 20
10

15

20

30

40

50

60
70

MWR in TeV

m
N
in
G
eV

0n2b

{{ j j jj

1 c
m

10
cm

1m

W'
Æ

{n

sea
rch

5s

3s
2s

s = 13 TeV L = 100 fb-1

sin q = 10%
sin q = 40%

10 20 30 40 50
0.

0.1

0.2

0.3

MWR
=10TeV

MWR
=3TeV

mN

sin
q

5s
3s
2s

KS search

CMS 1407.3683

dijet search

CMS 1501.04198

GERDA I & II

GERDA I 1307.4720

   search

CMS 1408.2745

/E
*

* NME uncertainty

small mixing large mixing decay length

``jj =

jj =

0⌫2� =

W 0 ! `⌫ =



H

� '
✓

h H+

�� H + IA

◆

Tree-level 
FCNCs

All couplings computable with     and   

m2
H,A,H+ ' ↵3v

2
R

Senjanović, 
Senjanović ’80, ...

+
H,A,H+

q

q

q0

q0

WRWL

P C

scalar scattering unitarity

Maiezza, MN, Nesti ’16 

Maiezza, MN, Nesti, Senjanović ’10
Senjanović, Tello ’14 

light        requires large WR ↵3

(conservative)         perturbativityVeff

V 2 ↵3

⇣
�†�

⌘⇣
�†

R�R

⌘



m2
�++

L

�m2
�+

L

M2
W

=
m2

�+
L

�m2
�0

L

M2
W

=

✓
mH

MWR

◆2

> 0

  oblique parameters

  lightest, missing energy at LHC�0
L

cascades dominate for large mass splittings Melfo, MN, Nesti, 
Senjanović, Zhang ’11

partial cancellation with

decouple with

competes with direct searches

s✓

Colliders

m�L

S & T

�L

Maiezza, MN, Nesti ’16 



m2
�++

R
= 4 ⇢2 v

2
R + ↵3 v

2

partial cancellation with

decouples with

competes with direct searches

vR

s✓

tree-level   
   stability

⇢2 > 0
h

�++
R , . . .

�

�, Z

    data from CMS,  ATLAS��

�Z correlated, subdominant

�++
R

Maiezza, MN, Nesti ’16 

V
h ! ��, �Z


