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Motivation

The SM picture: massless neutrinos

Leptons: SU(2)L doublet
Li =

(
νi
`i

)
L

` acquires a mass
interacting with the Higgs
v.e.v. after EWSB:
〈Φ〉 =

(
0
v√
2

)
Dirac mass: `R

−LYukawa ⊃ Y ij
` Li Φ`j

R →
Y ij

l v√
2
`i

L`
j
R

But...
Neutinos change flavor as
they propagate: they have
masses ∼ 0.01eV
One has to go beyond the
SM to get massive
neutrinos.
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Motivation

One step beyond the SM : Weinberg operator
SM as effective theory: non renormalizable operator (dim= 5):
LνSM ⊃ − λij

2ΛLiLjΦΦ

Leads to neutrinos mass (after EWSB): LνSM ⊃ −mij
2 νiνj with

mij
2 = λij

v2

Λ → If Λ� v → mν � mfermions

Lepton number violation (LNV)

Only 3 renormalizable tree-level realizations: the most popular is
sesaw mechanism Type I (Φ and Li combine into SU(2)L scalar)

Needs new “sterile” SU(2)L singlet neutrinos NR:

Lν = LSM − YαiLαΦ̃NRi −
3∑

i,j=1

MNij

2
Nc

iLNjR + h.c.
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Motivation

Type I seesaw: neutrino mixing

Lν = LSM − YαiLαΦ̃NRi −
3∑

i,j=1

MNij

2
Nc

iLNjR + h.c.

ν`L = U`mνm + U`NN

νL − νm mixing→ oscillation
phenomena

The νL − N mixings take
values U`N ' mD

MN
=
√

mν
MN

Light ν with mν = mDM−1
N mT

D .

The Dirac mass (Yukawa)
mD = Y v√

2

mν ' 0.01eV ' Y2 v2

2MN
→

Y ' 10−6 for MN ' 100GeV !!

U`N ' mD
MN

/ 10−5
√

100GeV
MN
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Motivation

Type I seesaw: N decoupling

The νL − N mixing U`N weighs the coupling between
Majorana neutrinos and the standard bosons:

LW = − g√
2

U`NN
c
γµPLlW +

µ + h.c.

LZ = − g
2cθW

νlγ
µU`NPLNZµ + h.c.

The observation of LNV in these models depends only on
the tiny νL − N mixing...
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Effective theory with N

Effective approach [1]

SM+ one heavy Majorana N, mN < Λ (not integrated out...)

NP parameterized with a lagrangian constructed with effective
operators inolving the N and the standard fields, preserving the
SU(2)L × U(1)Y symmetry

Low-energy limit of some unknown ultraviolet theory: suppressed
by inverse powers of the new physics scale Λ:

L = LSM +
∞∑

n=6

1
Λn−4

∑
J
αJO(n)

J

[1] F. del Aguila, S. Bar Shalom, A. Soni y J. Wudka. Phys. Lett. B 670, 399 (2009), 0806.0876
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Effective theory with N

Effective approach [1]

Neglect the νL − N mixing
Dim 5 operator NNcΦ†Φ reabsorbed into N mass mN

N pheno studied to constrain effective couplings αJ

L = LSM +
∞∑

n=6

1
Λn−4

∑
J

αJO(n)
J

[1] F. del Aguila, S. Bar Shalom, A. Soni y J. Wudka. Phys. Lett. B 670, 399 (2009), 0806.0876
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Effective theory with N

Effective operators

N

ONeφ

e−

u, d̄ d, ū

W

Ne−

u, d̄ d, ū

OduNe, OQuNL, OLNQd, OQNLd

The (dim = 6) operators are [1]
(tree-level-generated):
Oi

LNΦ = (Φ†Φ)(Li NΦ̃)

Oi
NNΦ = i(Φ†DµΦ)(NγµN)

Oi
NeΦ = i(ΦT εDµΦ)(Nγµei )

Oi
duNe = (d iγ

µui )(Nγµei )

Oi
LNQd = (Li N)ε(Qi di )

Oi
QuNL = (Qi ui )(NLi )

Oi
QNLd = (Qi N)ε(Li di )

Oi
fNN = (f iγ

µfi )(NγµN)

Oi
LNLe = (Li N)ε(Li ei )

Oi
LN = |Li N|2

Oi
QN = |Qi N|2

[1] F. del Aguila, S. Bar Shalom, A. Soni y J. Wudka. Phys. Lett. B 670, 399 (2009), 0806.0876
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Effective theory with N

Effective operators
One loop generated: suppressed by loop factor α

16π2 [1]

O(5)
NNB = NσµνNcBµν

ONB = (LσµνN)Φ̃Bµν
ONW = (Lσµντ IN)Φ̃W I

µν

ODN = (LDµN)DµΦ̃

ODN = (DµLN)DµΦ̃
A,Z

N

ν̄

[1] F. del Aguila, S. Bar Shalom, A. Soni y J. Wudka. Phys. Lett. B 670, 399 (2009), 0806.0876
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N phenomenology

Bounds on the couplings α(i)
J

We exploit the existing bounds for the U`N mixings taking U`N ' αv2

2Λ2

for Λ = 1TeV

Electroweak precision data
(low energy LFV:
µ→ eγ, mN > mW )

αbound
EWPD . 0.32

Belle and LHCb:
2 GeV . mN . 5 GeV

αbound
Belle . 0.3

Neutrinoless double beta
decay (KamLAND-Zen)

αbound
0νββ . 3.2×10−2

( mN

100GeV

)1/2

u d

O1
duNe O1

QuNL O1
LNQd O1

QNLd

N

e−

O1
Neφ

d u

W

N

e−

(a) (b)
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N phenomenology N decay

N decay

We have studied the N decay channels for sub-EW masses
mN < mW [2] and generally for mN < 1TeV [3]
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[2] L.Duarte, I. Romero, J. Peressutti and O.A.Sampayo, Phys. Rev. D 92, 091301 (2015) 1508.01588
[3] L.Duarte, J. Peressutti and O.A.Sampayo, Eur. Phys. J. C 76, 453 (2016) 1603.08052
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N phenomenology N decay

N decay: N → νγ dominant channel [2] [3]

 

BR
 

0

0,2

0,4

0,6

0,8

1

 
mN [GeV]

0 20 40 60 80

B

Σi(liuidi)

Σi(leptons)i

Σi(υi A)
A

Γ(N→ν(ν̄)γ)

Γ(N→l+ūd)
→

2
15π

(
v

mN

)2
(cW + sW )2

N could be discovered in the LHC
with displaced vertices and
non-pointing photon techniques:
long-lived-neutral particle with
measurable decay length

~lN =
~kN

|~kN |
τNβN =

~kN

|~kN |

(
(EN/mN )2 − 1

)1/2

ΓN

[2] L.Duarte, I. Romero, J. Peressutti and O.A.Sampayo, Phys. Rev. D 92, 091301 (2015) 1508.01588
[3] L.Duarte, J. Peressutti and O.A.Sampayo, Eur. Phys. J. C 76, 453 (2016) 1603.08052
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N phenomenology Not-that-heavy Majorana neutrino signals at the LHC

Not-that-heavy Majorana neutrino signals at the LHC [4]

We study the ss-dilepton and neutrino plus photon processes:

pp → l+
i l+

j + 2 jets
(LNV ∆L = 2)

u

d̄

kN

l+1

l+2

ū
III

d

Tested at LHC for
mN >> 100GeV [5]
Complementary study:
few-GeV mN region

pp → l+
i νγ

ν

d̄

kN

u

l+1
γ

p

k

I II

 

σ 
[p

b]
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10−1

100
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μ+ l+ 2 j + X

μ+ υ γ + X

[4] L.Duarte, J.Peresutti and O.A. Sampayo (2016), 1610.XXXXX
[5] ATLAS 1108.0366, 1203.5420

Lucı́a Duarte (UdelaR-Uruguay) Effective Majorana neutrinos-ph FLASY 2016 16 / 23



N phenomenology Not-that-heavy Majorana neutrino signals at the LHC

Not-that-heavy Majorana neutrino signals at the LHC [4]

 

σ 
[p

b]
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mN [GeV]
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μ+ l+ 2 j + X

μ+ υ γ + X For the few-GeV mN region
the pp → l+

i νγ channel
dominates

To see LNV we take
α1−loop = 0, and focus on
vectorial and scalar operator
effects

[4] L.Duarte, J.Peresutti and O.A. Sampayo (2016), 1610.XXXXX
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N phenomenology Not-that-heavy Majorana neutrino signals at the LHC

pp → l+
i l+

j + 2 jets channel [4]

Exploit the vertex displacement...

For mN ∼ few-GeV :
background from
b leptonic decays→
cuts in pT affect signal

P Px1 x2

l+1

l+2
N

jj

I

IIL

n̂
l
+
1

n̂
l+
2

Cut in Ll+l+
: distance between

both lepton tracks
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/d
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m
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[4] L.Duarte, J.Peresutti and O.A. Sampayo (2016), 1610.XXXXX
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N phenomenology Not-that-heavy Majorana neutrino signals at the LHC

pp → l+
i l+

j + 2 jets channel [4]

Disentangle vectorial (αW , αV0) and
scalar (αS1,2,3) operator’s
contributions:
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[4] L.Duarte, J.Peresutti and O.A. Sampayo (2016), 1610.XXXXX
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N phenomenology Not-that-heavy Majorana neutrino signals at the LHC

pp → l+
i νγ channel [4]

Exploit the vertex displacement...

Non-pointing photon distance
of closest approach to the
beamline: zDCA [6]
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[4] L.Duarte, J.Peresutti and O.A. Sampayo (2016), 1610.XXXXX
[6] ATLAS: 1409.5542, 1304.6310
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Summary

Summary

Take alternative to Seesaw Type I approach: effective
theory with heavy sterile N, neglecting νL − N mixings:
Effective lagrangian with SU(2)LxU(1)Y symmetry
Studied the N decay width and branching ratios
Found interesting channel N → νγ

Currently studying possible N phenomenology in the LHC:
exploit vertex dispacement for low mN
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Summary

Thank you,
and the

FLASY 2016
organizers.
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