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What is the origin of neutrino mass...

...how to predict and test it?

And could LHC help?
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“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

single Higgs field

test Br’s once

prediction
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Neutrino mass
QL =

✓
uL

dL

◆

LL =

✓
⌫L
eL

◆

uR

dR

eR

SM
fermions

charged fermions Dirac particles

neutrinos massless

Effective 
approach

Weinberg ’79

neutrinos neutral, 
can be Majorana

LmD = y v fLfR

LmM = mM ⌫TL⌫L Majorana ’37

yeff
LhLh

⇤
) mM = yeff

v2

⇤
no dynamics, 
impossible to probe

4



See-saw *naive UV completion

ν S

h

ν

h

ν
T 0

h

ν

h

ν ν
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h h

Minkowski ’77
Mohapatra, Senjanović ’80
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
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See-saw ambiguity
toy scenario - addition of fermion singlets or triplets

Casas, Ibarra ’01

Higgs couplings not predicted, measured at best

    arbitrary, disconnected fromO m⌫

�MD
TMS

�1MD = M⌫ = VL
⇤m⌫VL

†

MD = i
p
mS O

p
m⌫ VL

†

Lm = MD⌫LS +MSS
TS

de Gouvea, Huang, Shalgar ’10 
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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

talks by di Luzio 
and Malinsky
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Left-Right Symmetry

QL,R =

✓
u
d

◆

L,R

LL,R =

✓
⌫
e

◆

L,R

Pati, Salam ’74
Mohapatra, Pati ’75

LR
fermions

LR parity P or C

RH neutrino automatic

L is 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
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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, mainly kaon 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

talk by Maiezza

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

see also:
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Neutrino at colliders

p

p

WR

!

N

!

WR

j

j

Keung, Senjanović ’83

reach 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
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Searches at the LHC
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• di-jets

• Light N, missing energy

• t b

ATLAS 1209.4446
CMS 1302.2812

MWR > 2.3 TeV

MWR > 3.3 TeV

MWR > 2.1 TeV

CMS-EXO-PAS-12-059

CMS-PAS-B2G-12-010
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WR
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Keung, Senjanović ’83

)
mN

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
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Connecting to low energies

Tello, MN, Nesti, Senjanović, Vissani ’10

Mohapatra, Senjanović ’81
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Tello, MN, Nesti, Senjanović ’11

talk by Giunti
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Parity and Flavor: Leptons
See-saw in Left-Right

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 matrices are symmetric

due to     :
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Neutrino Higgs couplings

MD = MN

r
vL
vR

�MN
�1M⌫

       from oscillations from colliders

Higgs couplings unambiguously predicted as in the SM

large values only in singular points or large cancellations

no arbitrary complex orthogonal matrix (symmetricity fixes    )

discrete eightfold ambiguity due to the 

O

MNM⌫

MN, Tello, Senjanović ’12

q

MD = 0 M⌫ =
vL
vR

MNif
talk by Giunti
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High energy probe
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       at collidersMD

p

p

WR

!R

N

!L

WL

Direct probe of 
Dirac mass

subdominant, high 
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 o

f 
N

NÆ {±WL°
NÆn Z

NÆn h

MWR=6 TeV
MWR=3 TeV

9 possible channels

allows to check the 
prediction forMD

MN, Tello, Senjanović ’12

L

chiral couplings
Han, Luiz, Ruiz, Si ’12
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Low energies
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Electron EDM
T-odd observable, sensitive to CP phases

extremely small in the SM (4 loops)

arises at one loop in LR

eL νL N

WL

eR

ξLR

γ

current sensitivity

dexpe < 10�27 e cm

dSMe . 10�38 e cm

de =
eGF

4
p
2⇡2

Im
⇥
⇠LRVRF (t)VR

†MD

⇤
ee

F (t) = (t2 � 11t+ 4 + (6t2 log t)/(t� 1))/2(t� 1)

2, t = (mN/MWL)
2

Pospelov, Ritz ’05 

Hudson et al. ’11  

Chang, Nieves, Pal ’86
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mN1,2,3 = 0.5, 2, 2.5 TeV MN, Tello, Senjanović ’12

VR = VL
⇤ ) MD = i VL

⇤pmNm⌫VL
†

CP-odd observable, sensitive to Majorana phases

illustration:
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More on 0⌫2�
Contributions through mixing

see also: 

mee
⌫N =

✓
⇠LR + ⌘

M2
WL

MWR
2

◆
p
�
MN

�1MD

�
ee

⌘ ⇠ 10�2

p ⇠ 100 MeV

MN, Tello, Senjanović ’12

Chakrabortty, Devi, Goswami, Patra ’11
Barry, Rodejohann ’13
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Doi, Kotani, Takasugi ’85
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EDM vs. 0nu2b
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MN, Tello, Senjanović ’12

typically large contribution to 0nu2b if edm is seen

sensitive to Majorana CP phases
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Conclusions
Complete theory of neutrino mass origin

see-saw can be disentangled in LR and MD predicted 
from physical observables, LR parity is the key

Higgs coupling predicted from masses and mixings, similar to 
charged fermions in the SM

direct testable relations

heavy N decay with subdominant Br at the LHC

connects to electron EDM and 0nu2b
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Thank you
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On the size of MD
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FIG. 4. 95Wo confidence limits for the production
cross section of narrow mass Pp states.

enhanced production expected in n'p reactions.
Figure 4 indicates the 95%-confidence-level
cross-section limit over our mass range. "
In summary, we find no evidence for produc-

tion of narrow pp states produced in &'p - b,t"pp.
In particular, we are unable to confirm the exis-
tence of states at 2.02 and 2.20 GeV jc' reported
in v-P —4f'PP. Those states would appear as &5-
standard-deviation effects in our experiment.
The authors would like to thank the staffs of the

Brookhaven National Laboratory alternating-
gradient synchrotron, the MPS facility, On-Line
Data Facility, Central Scientific Computing Facil-
ity, and the technical staff at Carnegie-Mellon
University. In addition, we are grateful to
G. Bunce and G. Guinther for their help during
the data-taking phase of this experiment. This

work was supported in part by the U. S. Depart-
ment of Energy and the National Science Founda-
tion.
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Neutrino Mass and Spontaneous Parity Nonconservation

Rabindra N. Mohapatra
Department of Physics, City College of Net York, Net York, New York Z0031

and
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In weak-interaction models with spontaneous parity nonconservation, based on the gauge
group SV(2)1.&SV(2)zS V{1), we obtain the following formula for the neutrino mass:
~m /gm+, where +'z is the gauge boson which mediates right-handed weak interactions.
This formula, valid for each lepton generation, relates the maximality of observed parity
nonconservation at low energies to the smallness of neutrino masses.

PACS numbers: 11.30.Er, 11.30.Ly, 12.30.Ez, 14.60.Gh.
It is attractive to suppose that observed parity at high energies. This idea has been implement-

nonconservation in weak interactions is only a ed in unified gauge theories of electroweak inter-
low-energy phenomenon, which ought to disappear actions based on the gauge group SU(2)~423 SU(2)„

912

“Isn’t the TeV scale right-handed neutrino mass in contrast to the original 
see-saw paradigm?”

The original work considered low scale masses with Dirac couplings 
similar to the electron mass.

Dirac mass of few eV radiatively stable Branco, Senjanović ’78
26



On fixing the O

• complex orthogonal matrix: n(n-1)/2 parameters

• symmetricity provides n(n-1)/2 equations

MD = MD
T

2 x 2 example

MD = i
p
mN O

p
m⌫ VL

†

O =

✓
cz sz
�sz cz

◆

tz =

p
mN2m⌫2VL

⇤
12 �

p
mN1m⌫1VL

⇤
21p

mN2m⌫1VL
⇤
11 +

p
mN1m⌫2VL

⇤
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• can be generalized to 3 families and both see-saw contributions
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