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What is the origin of neutrino mass...

...how to predict and test it?



“A model of leptons” Weinberg ’67

Higgs ’64

mW = g v

mh =
p
� v

mf = y v

A complete theory of mass origin...

h ! v

�h!pp / m2
p

mh ' 125 GeV CMS, ATLAS ’12

...for nearly all elementary particles

a single Higgs-
Weinberg boson

test Br’s once

predictions

introduction by Goran



Neutrino mass
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clear prediction

Effective 
approach

Weinberg ’79

neutrinos can 
be Majorana
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See-saw *naive UV completion
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Minkowski ’77
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Yanagida ’79, Glashow ’79

Gell-Mann, Ramond, Slansky ’79

Magg, Wetterich ’80
Lazarides, Shafi, Wetterich ’81

Mohapatra, Senjanović ’81 
Foot, Lew, He, Joshi ’89

fermion singlets boson triplet fermionic triplets



See-saw ambiguity

toy scenario - addition of fermion singlets or triplets

Casas, Ibarra ’01
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Theory of see-saw

Minkowski ’77
Mohapatra, Senjanović ’79

Glashow ’79
Gell-Mann, Ramond, Slansky ’79

Grand Unified Theories

Left-Right Symmetry

unification of forces

charge quantization

proton decay, monopoles

symmetric interactions

spontaneous parity breaking

new V+A dynamics

SU(5) SO(10)

SU(2)L ⌦ SU(2)R

&

Yanagida ’79 Family Symmetries



Left-Right Symmetry
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Pati, Salam ’74 @ ICTP
Mohapatra, Pati ’75

LR
fermions

LR parity     or 

RH neutrino automatic

L gauged

Minkowski ’77
Mohapatra, Senjanović ’79

Minimal LR model

                  breaks parity and L

gives mass to        and 

�(2, 2, 1), �L(3, 1, 2), �R(1, 3, 2)

contains the SM Higgs

induces a vev WR ⌫RvL ⌘ h�Li

vR ⌘ h�Ri

SU(2)L ⌦ SU(2)R ⌦ U(1)B�L

P C



Parity and Flavor: Quarks
   as LR parity:C fL $ f c

R, � ! �T , �L $ �⇤
R

V q
R = V ⇤

ckm *up to extra phases

Parity fixes flavor of new gauge interactions

Beal, Bander, Soni ’82... ...Maiezza, MN, Nesti, Senjanović ’10

Stringent constraints, K and B mixing

Guarantees production 
at the LHC if WR is light

Lq = Mq QL �QR ) Mq
T = Mq

MWR > 1.8 TeV MWR > 2.5 TeV

Blanke, Buras, Gemmler, Heidsieck ’11
Bertolini, Maiezza, Nesti, Eeg ’12also

many



Neutrino at colliders

p

p

WR
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jreach of ~5-6 TeV for WR Ferrari et al. ’00, Ginenko et al. ’07

same and opposite sign 
di-leptons and two jets, 
no missing energy

Flavor studies

Multi-leptons

Das, Deppisch, Kittel, Valle ’12
Aguilar-Saavedra, Joaquim ’12

Chen, Dev ’12

LNV and Majorana nature of N 
manifest at high energies

talks by del Aguila and Han

Keung, Senjanović ’83



tively. After three years of data-taking at high luminosity
!300 fb!1), these limits can be pushed up to 5.8 and 3.4
TeV/c2, respectively "see Fig. 6!a#$. With more severe cuts
"either m inv(ee)"200 GeV/c2, ET( j1) and ET( j2)
"100 GeV, charge(e1)#charge(e2) or m inv(ee)
"500 GeV/c2, ET( j1) and ET( j2)"250 GeV$, the sensi-
tivity to Ne increases, because the SM background is sup-
pressed for the values of rW close to 1, while the sensitivity
to WR slightly decreases "see Figs. 6!b# and Fig. 6!c#$.
Some improvements are possible in order to further en-

hance the sensitivity of ATLAS to WR and Ne for the low
values of rW . In this latter case, the decay products of the
right-handed Majorana neutrino are difficult to separate in
the detector: the electron coming from Ne is usually not iso-
lated and thus classified as a jet. So, one should rather search
for final states with one high-pT isolated electron and one
high-pT hadronic jet having a large electromagnetic compo-
nent and matching a high-pT track in the inner detector. To
simulate such a situation with the ATLFAST code, we first
search for the electron coming from Ne at the generator level

and we look for the closest hadronic jet !referred to as j0) in
the ATLFAST output. Then, after selecting events with only
one isolated electron !referred to as e0 and assumed to come
from WR), we combine e0 and j0, demanding that their
transverse energies are greater than 1 TeV, in order to recon-
struct WR !no background event survives these cuts#. The
discovery potential associated to these final states is shown
in open circles in Fig. 7, while the discovery potential cor-
responding to the final states with two isolated electrons and
two jets is shown in full circles (L int#300 fb!1).
The search for pp→WR→%N% signals can also be used

to increase the sensitivity of ATLAS. As the muon energy is
measured in a magnetic spectrometer, the mass resolution for
the reconstructed WR and N% is worse than in the case of
pp→WR→eNe . Nevertheless, it is likely to enhance the
sensitivity to the WR boson and the right-handed Majorana
neutrinos, as shown in Fig. 7.

V. POLARIZATION EFFECTS IN THE PRODUCTION
AND THE LEPTONIC DECAYS OF THE WR BOSON

Polarization effects, which appear both in the production
and the leptonic decays of WR bosons, have also been stud-
ied. Since the WR production cross section is dominated by
the collisions involving two partons with low transverse mo-
menta, the WR boson is dominantly longitudinally polarized.
This situation can be understood in the approximation that
the transverse momentum of WR is zero. Thus, its rapidity
!further referred to as y) is easy to derive from the beam
momentum fractions

E#!x1$x2#
!s
2 and pz#!x1!x2#

!s
2

⇒y#
1
2ln! E$pz

E!pz
"#
1
2ln! x1x2" .

FIG. 6. Discovery potential of pp→WR→eNe→ee j j in
ATLAS, for integrated luminosities of 30 and 300 fb!1. The cuts
that have been applied are !a# m inv(ee)"200 GeV/c2, ET( j1) and
ET( j2)"100 GeV, !b# m inv(ee)"200 GeV/c2, ET( j1) and
ET( j2)"100 GeV, charge(e1)#charge(e2), !c# m inv(ee)
"500 GeV/c2 ET( j1) and ET( j2)"250 GeV.

FIG. 7. Improved discovery potential of the WR boson and the
right-handed Majorana neutrinos in ATLAS, for an integrated lumi-
nosity of 300 fb!1. The discovery contour associated to pp→WR
→eNe is shown in dashed !see text for details#. Taking the pp
→WR→%N% signals into account leads to the discovery potential
inside the full line.

SENSITIVITY STUDY FOR NEW GAUGE BOSONS AND . . . PHYSICAL REVIEW D 62 013001

013001-5

ATLAS group Ferrari et al. ’00Realistic experimental study
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talks by Leonidopoulos and Savinov

Heavy N landscape
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Masses and mixings of N obtainable from colliders...

MN = VRmNVR
T

mN = minv
`jj

lepton flavor tagging VR`i

...connect directly to low energies

MWR = minv
``jj

Keung, Senjanović ’83
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Connection to 

Tello, MN, Nesti, Senjanović, Vissani ’10

Mohapatra, Senjanović ’79 and ’81
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Connection to 0⌫2�
�L �R•       negligible,        constrained by LFV
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• LHC and          probe same scales0⌫2�
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 see talks on Thursday

Tello, MN, Nesti, Senjanović, Vissani ’10
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)
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Masses and mixings of N obtainable from colliders...

MN = VRmNVR
T

mN = minv
`jj

lepton flavor tagging VR`i

...are crucial to compute the Dirac couplings

MWR = minv
``jj



Parity and Flavor: Leptons

M⌫ = �MD
TMN

�1MD +ML

C ML =
vL
vR

MN

M⌫ = �MDMN
�1MD +

vL
vR

MN

MD = MN

r
vL
vR

�MN
�1M⌫ MN, Tello, Senjanović ’12

 see also: Falcone ’03
Akhmedov, Frigerio ’05 and ’06
Hosteins, Lavignac, Savoy ’06

L` = M` LL �LR ) M`
T = M`

~to Quarks: Dirac mass symmetric

due to     : (similar for     )P



Neutrino Higgs couplings

MD = MN

r
vL
vR

�MN
�1M⌫

Unambiguously predicted as in the SM

no continuous parameters, discrete ambiguity

colliders oscillations, cosmology?

MN, Tello, Senjanović ’12

colliders, EDMs,         , X-ray, ...0⌫2�

large only with extreme fine-tuning



High energy probe
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chirality Han, Luiz, Ruiz, Si ’12

also Chen, Dev, Mohapatra ’13 
and talk by Dev



Low energies



Electron EDM
T-odd observable, sensitive to CP phases

extremely small in the SM (4 loops)

@ one loop in LR

eL νL N
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Pospelov, Ritz ’05 

Hudson et al. ’11  

Chang, Nieves, Pal ’86
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⇤ ) MD = i VL

⇤pmNm⌫VL
†

T-odd and sensitive to Majorana phases

illustration



More on 0⌫2�
Contributions through mixing
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Chakrabortty, Devi, Goswami, Patra ’11
Barry, Rodejohann ’13, Huang, Lopez-Pavon ’13
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EDM vs.
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sensitive to Majorana CP phases
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Conclusions
Complete theory of neutrino mass origin

see-saw disentangled and Dirac mass predicted

Higgs couplings as in the SM

gives direct testable relations

heavy N decay at the LHC

connects electron EDM,          and X-ray in wDM0⌫2�  see talk by Bezrukov



Thank you


