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What is at the essence of the SM?

•Gauge principle + SSB

•Parity violation } Deeply connected

The crux of it all 
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Maximal parity violation 
Lee, Yang  ‘56

Wu et al  ‘56

V-A

Gauge ew theory

Marshak, Sudarshan  ‘57

fermions (and gauge bosons) massless

Weinberg  ‘09

“V-A was the key”



 needs a Higgs doublet - 
and it suffices

gives mass to all: 
W, Z, Higgs, charged fermions

Higgs in SM
Weinberg  ‘67

masses = dynamical parameters - 
related to physical processes

charged fermion mass mf
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vector-like world massive neutrino

Breaking P spontaneously is natural

LR asymmetry a blessing - but  a curse too neutrino = massless



WL

neutrino is massive
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III. NEUTRINO MASS: THEORY

A. Left-handed world: Standard Model

The Standard Model (SM) grew out of an attempt to make a gauge theory of weak interactions, by analogy with
the QED theory of the electro-magnetic ones. It is an SU(2)L ⇥ UY (1) gauge theory with the gauge couplings g and
g
0 corresponding to SU(2)L and U(1)Y respectively. It has the following fermionic assignment [27]
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where we have omitted the color index for quarks. There is also the scalar doublet responsible for the Higgs mechanism
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where h stands for the physical Higgs boson, discovered at the LHC whose detailed properties are being probed, and
v is its vacuum expectation value. In particular one has MW = MZ cos ✓W = g

2v where ✓W is the weak mixing angle,
defined through tan ✓W = g

0
/g.

From the formula for the electromagnetic charge

Q = T3 + Y/2 (10)

the usual electric charges are reproduced with appropriate values of hyper-charge Y . Unlike the pure SU(2) theory,
the SM does not predict charge quantisation.

The hyper-charge of the left-handed fermions has a physical meaning YL = B � L, as opposed to its analog YR

of the right-handed fermions. The B � L symmetry of the SM is selected out: it is an anomaly free combination
of accidental global symmetries B and L. In other words, B � L can be gauged. We will often come back to this
important and suggestive fact.

Finally, fermionic masses in the SM stem from the Yukawa interactions with the Higgs doublet

LY = yu q̄Li�2�
⇤
uR + yd q̄L�dR + yl l̄L�eR + h.c. (11)

where the generation index is suppressed for simplicity. This gives the relation between Yukawa couplings and the
fermion masses
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g
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which in turns allows one to predict Higgs boson decays in fermion anti-fermion pair

�(h ! ff̄) =
GF
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p
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2
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In a similar fashion one can compute Higgs decay into gauge bosons. This is the beauty of the Higgs-Weinberg
program that we mentioned in in the Section II: we can verify the Higgs mechanism and probe the origin of particle
masses by measuring Higgs branching ratios.

The maximal parity violation in the usual charged weak interactions is characterized by the maximal asymmetry
between left and right: only left-handed fermions interact with the W

± gauge boson. On top of that, the minimality
assumption implies: no right-handed neutrinos, since they have never been seen in nature. Hence a clear prediction:
neutrinos are massless. This has turned out to be the only failure of otherwise extremely successful theory.

The SM is often criticised for not having a dark matter candidate, or for being unable to provide inflation or
baryo(lepto)genesis. But the Standard Model was not meant to be the theory of these phenomena, only a theory of
weak interactions and as such a theory of neutrino and its mass. Neutrino mass is thus arguably the best window
into new physics, the one we will keep pursuing here. We stress once again the essential feature of the SM that led to
a massless neutrino: its left-right asymmetric structure.

B. God maybe left-handed, but not invalid: LR symmetry

We said before that in their classic paper Lee and Yang dream of a left-right symmetric theory of weak interactions
at the fundamental level. Such theory, the LR symmetric model, emerged in the 70’s [3]. It is based on the SU(2)L⇥

7

III. NEUTRINO MASS: THEORY

A. Left-handed world: Standard Model

The Standard Model (SM) grew out of an attempt to make a gauge theory of weak interactions, by analogy with
the QED theory of the electro-magnetic ones. It is an SU(2)L ⇥ UY (1) gauge theory with the gauge couplings g and
g
0 corresponding to SU(2)L and U(1)Y respectively. It has the following fermionic assignment [27]

qR ⌘
✓

u

d

◆

R

, uR, dR `R ⌘
✓

⌫

e

◆

R

, eR (8)

where we have omitted the color index for quarks. There is also the scalar doublet responsible for the Higgs mechanism

� ⌘
✓

G
+

v + h+ iG
0

◆
(9)

where h stands for the physical Higgs boson, discovered at the LHC whose detailed properties are being probed, and
v is its vacuum expectation value. In particular one has MW = MZ cos ✓W = g

2v where ✓W is the weak mixing angle,
defined through tan ✓W = g

0
/g.

From the formula for the electromagnetic charge

Q = T3 + Y/2 (10)

the usual electric charges are reproduced with appropriate values of hyper-charge Y . Unlike the pure SU(2) theory,
the SM does not predict charge quantisation.

The hyper-charge of the left-handed fermions has a physical meaning YL = B � L, as opposed to its analog YR

of the right-handed fermions. The B � L symmetry of the SM is selected out: it is an anomaly free combination
of accidental global symmetries B and L. In other words, B � L can be gauged. We will often come back to this
important and suggestive fact.

Finally, fermionic masses in the SM stem from the Yukawa interactions with the Higgs doublet

LY = yu q̄Li�2�
⇤
uR + yd q̄L�dR + yl l̄L�eR + h.c. (11)

where the generation index is suppressed for simplicity. This gives the relation between Yukawa couplings and the
fermion masses

yf =
g

2

mf

MW
(12)

which in turns allows one to predict Higgs boson decays in fermion anti-fermion pair

�(h ! ff̄) =
GF

4
p
2⇡

mhm
2
f (13)

In a similar fashion one can compute Higgs decay into gauge bosons. This is the beauty of the Higgs-Weinberg
program that we mentioned in in the Section II: we can verify the Higgs mechanism and probe the origin of particle
masses by measuring Higgs branching ratios.

The maximal parity violation in the usual charged weak interactions is characterized by the maximal asymmetry
between left and right: only left-handed fermions interact with the W

± gauge boson. On top of that, the minimality
assumption implies: no right-handed neutrinos, since they have never been seen in nature. Hence a clear prediction:
neutrinos are massless. This has turned out to be the only failure of otherwise extremely successful theory.

The SM is often criticised for not having a dark matter candidate, or for being unable to provide inflation or
baryo(lepto)genesis. But the Standard Model was not meant to be the theory of these phenomena, only a theory of
weak interactions and as such a theory of neutrino and its mass. Neutrino mass is thus arguably the best window
into new physics, the one we will keep pursuing here. We stress once again the essential feature of the SM that led to
a massless neutrino: its left-right asymmetric structure.

B. God maybe left-handed, but not invalid: LR symmetry

We said before that in their classic paper Lee and Yang dream of a left-right symmetric theory of weak interactions
at the fundamental level. Such theory, the LR symmetric model, emerged in the 70’s [3]. It is based on the SU(2)L⇥

7

III. NEUTRINO MASS: THEORY

A. Left-handed world: Standard Model

The Standard Model (SM) grew out of an attempt to make a gauge theory of weak interactions, by analogy with
the QED theory of the electro-magnetic ones. It is an SU(2)L ⇥ UY (1) gauge theory with the gauge couplings g and
g
0 corresponding to SU(2)L and U(1)Y respectively. It has the following fermionic assignment [27]

qL ⌘
✓

u

d

◆

L

, uR, dR `L ⌘
✓

⌫

e

◆

L

, eR (8)

where we have omitted the color index for quarks. There is also the scalar doublet responsible for the Higgs mechanism

� ⌘
✓

G
+

v + h+ iG
0

◆
(9)

where h stands for the physical Higgs boson, discovered at the LHC whose detailed properties are being probed, and
v is its vacuum expectation value. In particular one has MW = MZ cos ✓W = g

2v where ✓W is the weak mixing angle,
defined through tan ✓W = g

0
/g.

From the formula for the electromagnetic charge

Q = T3 + Y/2 (10)

the usual electric charges are reproduced with appropriate values of hyper-charge Y . Unlike the pure SU(2) theory,
the SM does not predict charge quantisation.

The hyper-charge of the left-handed fermions has a physical meaning YL = B � L, as opposed to its analog YR

of the right-handed fermions. The B � L symmetry of the SM is selected out: it is an anomaly free combination
of accidental global symmetries B and L. In other words, B � L can be gauged. We will often come back to this
important and suggestive fact.

Finally, fermionic masses in the SM stem from the Yukawa interactions with the Higgs doublet

LY = yu q̄Li�2�
⇤
uR + yd q̄L�dR + yl l̄L�eR + h.c. (11)

where the generation index is suppressed for simplicity. This gives the relation between Yukawa couplings and the
fermion masses

yf =
g

2

mf

MW
(12)

which in turns allows one to predict Higgs boson decays in fermion anti-fermion pair

�(h ! ff̄) =
GF

4
p
2⇡

mhm
2
f (13)

In a similar fashion one can compute Higgs decay into gauge bosons. This is the beauty of the Higgs-Weinberg
program that we mentioned in in the Section II: we can verify the Higgs mechanism and probe the origin of particle
masses by measuring Higgs branching ratios.

The maximal parity violation in the usual charged weak interactions is characterized by the maximal asymmetry
between left and right: only left-handed fermions interact with the W

± gauge boson. On top of that, the minimality
assumption implies: no right-handed neutrinos, since they have never been seen in nature. Hence a clear prediction:
neutrinos are massless. This has turned out to be the only failure of otherwise extremely successful theory.

The SM is often criticised for not having a dark matter candidate, or for being unable to provide inflation or
baryo(lepto)genesis. But the Standard Model was not meant to be the theory of these phenomena, only a theory of
weak interactions and as such a theory of neutrino and its mass. Neutrino mass is thus arguably the best window
into new physics, the one we will keep pursuing here. We stress once again the essential feature of the SM that led to
a massless neutrino: its left-right asymmetric structure.

B. God maybe left-handed, but not invalid: LR symmetry

We said before that in their classic paper Lee and Yang dream of a left-right symmetric theory of weak interactions
at the fundamental level. Such theory, the LR symmetric model, emerged in the 70’s [3]. It is based on the SU(2)L⇥

7

III. NEUTRINO MASS: THEORY

A. Left-handed world: Standard Model

The Standard Model (SM) grew out of an attempt to make a gauge theory of weak interactions, by analogy with
the QED theory of the electro-magnetic ones. It is an SU(2)L ⇥ UY (1) gauge theory with the gauge couplings g and
g
0 corresponding to SU(2)L and U(1)Y respectively. It has the following fermionic assignment [27]

qL ⌘
✓

u

d

◆

L

, uR, dR `L ⌘
✓

⌫

e

◆

L

, eR (8)

where we have omitted the color index for quarks. There is also the scalar doublet responsible for the Higgs mechanism

� ⌘
✓

G
+

v + h+ iG
0

◆
(9)

where h stands for the physical Higgs boson, discovered at the LHC whose detailed properties are being probed, and
v is its vacuum expectation value. In particular one has MW = MZ cos ✓W = g

2v where ✓W is the weak mixing angle,
defined through tan ✓W = g

0
/g.

From the formula for the electromagnetic charge

Q = T3 + Y/2 (10)

the usual electric charges are reproduced with appropriate values of hyper-charge Y . Unlike the pure SU(2) theory,
the SM does not predict charge quantisation.

The hyper-charge of the left-handed fermions has a physical meaning YL = B � L, as opposed to its analog YR

of the right-handed fermions. The B � L symmetry of the SM is selected out: it is an anomaly free combination
of accidental global symmetries B and L. In other words, B � L can be gauged. We will often come back to this
important and suggestive fact.

Finally, fermionic masses in the SM stem from the Yukawa interactions with the Higgs doublet

LY = yu q̄Li�2�
⇤
uR + yd q̄L�dR + yl l̄L�eR + h.c. (11)

where the generation index is suppressed for simplicity. This gives the relation between Yukawa couplings and the
fermion masses

yf =
g

2

mf

MW
(12)

which in turns allows one to predict Higgs boson decays in fermion anti-fermion pair

�(h ! ff̄) =
GF

4
p
2⇡

mhm
2
f (13)

In a similar fashion one can compute Higgs decay into gauge bosons. This is the beauty of the Higgs-Weinberg
program that we mentioned in in the Section II: we can verify the Higgs mechanism and probe the origin of particle
masses by measuring Higgs branching ratios.

The maximal parity violation in the usual charged weak interactions is characterized by the maximal asymmetry
between left and right: only left-handed fermions interact with the W

± gauge boson. On top of that, the minimality
assumption implies: no right-handed neutrinos, since they have never been seen in nature. Hence a clear prediction:
neutrinos are massless. This has turned out to be the only failure of otherwise extremely successful theory.

The SM is often criticised for not having a dark matter candidate, or for being unable to provide inflation or
baryo(lepto)genesis. But the Standard Model was not meant to be the theory of these phenomena, only a theory of
weak interactions and as such a theory of neutrino and its mass. Neutrino mass is thus arguably the best window
into new physics, the one we will keep pursuing here. We stress once again the essential feature of the SM that led to
a massless neutrino: its left-right asymmetric structure.

B. God maybe left-handed, but not invalid: LR symmetry

We said before that in their classic paper Lee and Yang dream of a left-right symmetric theory of weak interactions
at the fundamental level. Such theory, the LR symmetric model, emerged in the 70’s [3]. It is based on the SU(2)L⇥

Left-Right Symmetric Model

WR

MWR
≫ MWL

Mohapatra, GS ‘75

Pati, Salam ‘74

Neutrino mass long before experiment

GLR = SU(2)L ⇥ SU(2)R ⇥ U(1)B�L
Mohapatra, Pati ‘74



True theory in a sense of Feynman 

Minimal formulation  
based on guess

Leave it  
so we can compute predictions

Unambiguous predictions = self-contained theory 

Make a guess 
say, gauge principle 

Experiment 
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�LSU(2)L SU(2)R

P broken spontaneously

   = massive WR

GS ’79

Mohapatra, GS ‘75



• &  =  triplets, Y = 2ΔL ΔR SU(2)L,R

Higgs sector of LRSM

•  = bi-doublet (L&R doublet), Y=0Φ
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I should stress that there is confusion to this day re-
garding the issue of naturalness of small vL, and it is
even argued that parity ought to be broken at the high
scale (with a gauge singlet) in order to make �L heavy
enough, and e↵ectively decouple it from the physics of
the LR theory. However, large scales only add a hierarchy
problem and thus make things worse. A small, protected
coupling is definitely more natural than a large ratio of
mass scales. Moreover, breaking parity through a singlet
vev is physically equivalent to the soft breaking, and is a
step backward towards the original formulation when it
was claimed that parity had to be broken softly. The soft
breaking (or the large scale spontaneous breaking) allevi-
ates the infamous domain wall problem of spontaneously
broken discrete symmetries, but this may not be such a
problem after all. Among various ways out, it turns out
that even tiny symmetry breaking gravitational e↵ects
suppressed by the Planck scale su�ce to destabilise the
domain walls [21].

Before we move on, a comment is called for. By the
early eighties the LR theory was fully developed, and yet
most of us stopped working on it until the LHC came
along. The reason is that it became clear already in 1981
that the LR scale had to be large, on the order of TeV,
from the KL � KS mass di↵erence [22]. In the recent
years, the limit got sharpened [23], around 3TeV, but
not out of the LHC reach of about 5� 6 TeV [24, 25].

VI. LRSM IS A THEORY OF NEUTRINO MASS

Let us see more carefully what happens with neutrino
mass in this theory, and how we could probe directly its
origin.

The simple thing to realise is that now we need to mea-
sure both LH and RH neutrino masses and mixings. We
are slowly but surely doing the job for the light neutri-
nos and it is only a matter of time to complete it. In
the case of RH neutrinos, we need to produce them at
colliders, and LHC is the custom-fit machine for this,
with spectacular manifestation of the LNV in the form
of same sign charged di-lepton pairs accompanied by two
jets [17], shown in the Fig. 1.

This process allows for the possibility of establishing
directly the Majorana nature of N since then both same
and opposite sign charged leptons decay products occur
with the same probability. It should be stressed that this
has become the paradigm for LNV at the hadronic col-
liders, and it occurs in basically any theory that leads
to Majorana neutrinos. Moreover, there is a deep con-
nection between lepton number violation at LHC and in
neutrinoless double decay [26].

In the LR model the dominant LNV e↵ect is through
the on-shell production of WR; it could also occur
through the small ⌫ � N mixing and the usual W ex-
change, but that requires huge MD [27]. In this manner,
the smallness of neutrino mass would be a complete ac-
cident, nothing to do with the seesaw.
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FIG. 1. The KS production process of lepton number violat-
ing same sign di-leptons through the production and subse-
quent decay of N .

In the limit of small vL, chosen only for the sake of
illustration, the Majorana neutrino mass matrix is given
by the usual seesaw expression

M⌫ = �M
T
D

1

MN
MD, (11)

where MD is the neutrino Dirac mass matrix, while
MN / MWR is the symmetric Majorana mass matrix
right-handed neutrinos. The smallness of neutrino mass
is the consequence of near maximality of parity violation
in beta decay, and in the infinite limit for the WR mass
one recovers massless neutrinos of the SM.
The case of C as the LR symmetry is rather illus-

trative, since it implies symmetric Dirac mass matrix
MD = M

T
D , which eliminates the arbitrary complex or-

thogonal matrix O that obscures [28] the usual seesaw
mechanism of the SM with N . This provides the funda-
mental di↵erence between the naive seesaw and the LR
symmetric theory, since in LR Dirac mass matrix MD

can be obtained [2] directly from (11)

MD = iMN

q
M

�1
N M⌫ , (12)

and thereby one can determine the mixing between light
and heavy neutrinos.
I cannot over-stress the importance of this result. One

often invokes discrete symmetries in order to obtain in-
formation on Dirac Yukawa couplings, but this is com-
pletely unnecessary since the theory itself predicts it, just
as the knowledge of charged fermion masses predicts the
corresponding Yukawas in the SM. The LR model is a
self-contained predictive theory of neutrino mass, as title
of this sections says.
The crucial thing is that N , besides decaying through

virtual WR as discussed above, decays also into the left-
handed charged lepton through MD/MN [27, 29]. In a
physically interesting case when N is heavier than WL,
the decay into left-handed leptons proceeds through the
on-shell production of WL. For the sake of illustration
we choose an example of VR = V

⇤
L , which leads to the

expression for the N ! W ` decay given in (3) of the
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We opt for charge conjugation C as LR symmetry, with
the fields transforming as fL $ (fR)c, � ! �T and
�L $ �⇤

R (the case of parity will be discussed else-
where). The mass matrices then satisfy

ML =
vL

vR
MN , (5)

MD = M
T
D , (6)

where vR ⌘ h�0
Ri sets the large scale (e.g.: MWR = g vR)

and vL ⌘ h�0
Li is naturally suppressed by the large scale

and can be shown that vL  O(10 GeV) [15]. For the
complex issues related to determining vL, we refer the
reader to [16].

In the case of C, there is a theoretical lower bound on
the LR scale MWR & 2.5 TeV [17, 18], coming essentially
from K�K mixing. It is noteworthy that direct searches
for WR at LHC are now probing this scale [19, 20].

III. From Majorana to Dirac. The above seesaw for-
mula seemingly obfuscates the connection between heavy
and light neutrinos and common lore was that this con-
nection cannot be unravelled [6]. However, since the
Dirac mass matrix must be symmetric, it can be obtained
directly from (4)

MD = MN

r
vL

vR
�

1

MN
M⌫ , (7)

and thereby one can determine the mixing between
light and heavy neutrinos. The square root of an
n-dimensional matrix always has 2n discrete solutions
which can be found in [21] (ambiguities might arise in
singular points of the parameter space).

The above expression o↵ers a unified picture of the
low energy phenomena such as lepton flavour violation,
lepton number violation through the neutrinoless double
beta decay, electric dipole moments of charged leptons,
neutrino transition moments, neutrino oscillations and
neutrino cosmology. Some examples are discussed be-
low, while the rest will be dealt with in a forthcoming
publication.

It should be mentioned that the determination of the
RH neutrino mass matrix as a function of the Dirac
Yukawa coupling was studied before in [22, 23]. This
approach requires additional theoretical structure such
as quark lepton symmetry and SO(10) unified theories
[23].

Here we wish to show, on the contrary, that without
any new assumption the LRSM is a complete theory of
neutrino masses and mixings, in the sense that the mea-
surements of the heavy sector at colliders can determine
and inter-connect the low energy phenomena, including
those which proceed via Dirac Yukawa couplings. Thus
our program is in the same spirit as the SM: to pre-
dict the couplings with the Higgs-Weinberg boson as a
function of the basic fermion properties such as masses
and gauge mixings. It may take a long time before these
Dirac Yukawa couplings are measured; the essential point

is the capacity of the theory to relate them to the basic
measurable quantities.

On the absence of ambiguity of MD. As expressed
in (2), in the conventional seesaw mechanism MD is un-
determined. On the other hand, in this case (equivalent
to setting vL = 0 in (7)), one gets

MD = iMN

q
M

�1
N M⌫ . (8)

The crucial point here is that MD is symmetric and from
this requirement the matrix O can be shown to be fixed
in terms of physical parameters m⌫ ,mN , VL and VR (un-
like in the case of seesaw in the SM, VR is a physical
parameter as defined in (3))

O =
p
mN

q
m

�1
N V

†
RV

⇤
Lm⌫V

†
LV

⇤
R V

T
R VL

p
m

�1
⌫ . (9)

As can be seen from above, the elements of O take at
most values of order one. Moreover, this parametrisation
o↵ers an alternative method of computing MD which will
be discussed elsewhere.
The case with nonzero vL is completely analogous (see

[24]) and similarly, the matrix O is a function of physical
observables only.

MN from LHC. The mass matrix of light neutrinos

M⌫ = V
⇤
Lm⌫V

†
L (10)

is being probed by low energy experiments, while the one
of heavy neutrinos2

MN = VRmNV
T
R (11)

on the other hand, can be determined at high energy
colliders through the KS reaction [11]. This amounts to
producing WR at the usual Drell-Yan resonance, with
a reach of 5.8 TeV for WR mass and 3.4 TeV for the
N mass at the LHC [25, 26]. One can also verify the
chirality of the new charged gauge boson [25, 27]. Unlike
in the case of WL, where neutrinos act as missing energy,
here the decays of heavy RH neutrinos lead to a lepton
number violating final state of two same-sign leptons and
two jets. Moreover, one can directly probe the Majorana
nature of RH neutrinos through their equal branching
ratios into charged leptons and anti-leptons [11]. Due to
the absence of missing energy in the final state, one can
fully reconstruct the heavy neutrino masses mN from the
invariant mass of one of the leptons and two jets in the
final state [17, 19], together with mixings VR by tagging
the flavour of the final state leptons [28].
While waiting for the LHC to provide this information,

the reader may find it useful to have a simple working
example

VR = V
⇤
L . (12)

2
The mass matrix of charged leptons, being symmetric, can be

taken diagonal without loss of generality.

Nemevsek, GS, Tello  ‘12

LR = C  
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I should stress that there is confusion to this day re-
garding the issue of naturalness of small vL, and it is
even argued that parity ought to be broken at the high
scale (with a gauge singlet) in order to make �L heavy
enough, and e↵ectively decouple it from the physics of
the LR theory. However, large scales only add a hierarchy
problem and thus make things worse. A small, protected
coupling is definitely more natural than a large ratio of
mass scales. Moreover, breaking parity through a singlet
vev is physically equivalent to the soft breaking, and is a
step backward towards the original formulation when it
was claimed that parity had to be broken softly. The soft
breaking (or the large scale spontaneous breaking) allevi-
ates the infamous domain wall problem of spontaneously
broken discrete symmetries, but this may not be such a
problem after all. Among various ways out, it turns out
that even tiny symmetry breaking gravitational e↵ects
suppressed by the Planck scale su�ce to destabilise the
domain walls [21].

Before we move on, a comment is called for. By the
early eighties the LR theory was fully developed, and yet
most of us stopped working on it until the LHC came
along. The reason is that it became clear already in 1981
that the LR scale had to be large, on the order of TeV,
from the KL � KS mass di↵erence [22]. In the recent
years, the limit got sharpened [23], around 3TeV, but
not out of the LHC reach of about 5� 6 TeV [24, 25].

VI. LRSM IS A THEORY OF NEUTRINO MASS

Let us see more carefully what happens with neutrino
mass in this theory, and how we could probe directly its
origin.

The simple thing to realise is that now we need to mea-
sure both LH and RH neutrino masses and mixings. We
are slowly but surely doing the job for the light neutri-
nos and it is only a matter of time to complete it. In
the case of RH neutrinos, we need to produce them at
colliders, and LHC is the custom-fit machine for this,
with spectacular manifestation of the LNV in the form
of same sign charged di-lepton pairs accompanied by two
jets [17], shown in the Fig. 1.

This process allows for the possibility of establishing
directly the Majorana nature of N since then both same
and opposite sign charged leptons decay products occur
with the same probability. It should be stressed that this
has become the paradigm for LNV at the hadronic col-
liders, and it occurs in basically any theory that leads
to Majorana neutrinos. Moreover, there is a deep con-
nection between lepton number violation at LHC and in
neutrinoless double decay [26].

In the LR model the dominant LNV e↵ect is through
the on-shell production of WR; it could also occur
through the small ⌫ � N mixing and the usual W ex-
change, but that requires huge MD [27]. In this manner,
the smallness of neutrino mass would be a complete ac-
cident, nothing to do with the seesaw.
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FIG. 1. The KS production process of lepton number violat-
ing same sign di-leptons through the production and subse-
quent decay of N .

In the limit of small vL, chosen only for the sake of
illustration, the Majorana neutrino mass matrix is given
by the usual seesaw expression

M⌫ = �M
T
D

1

MN
MD, (11)

where MD is the neutrino Dirac mass matrix, while
MN / MWR is the symmetric Majorana mass matrix
right-handed neutrinos. The smallness of neutrino mass
is the consequence of near maximality of parity violation
in beta decay, and in the infinite limit for the WR mass
one recovers massless neutrinos of the SM.
The case of C as the LR symmetry is rather illus-

trative, since it implies symmetric Dirac mass matrix
MD = M

T
D , which eliminates the arbitrary complex or-

thogonal matrix O that obscures [28] the usual seesaw
mechanism of the SM with N . This provides the funda-
mental di↵erence between the naive seesaw and the LR
symmetric theory, since in LR Dirac mass matrix MD

can be obtained [2] directly from (11)

MD = iMN

q
M

�1
N M⌫ , (12)

and thereby one can determine the mixing between light
and heavy neutrinos.
I cannot over-stress the importance of this result. One

often invokes discrete symmetries in order to obtain in-
formation on Dirac Yukawa couplings, but this is com-
pletely unnecessary since the theory itself predicts it, just
as the knowledge of charged fermion masses predicts the
corresponding Yukawas in the SM. The LR model is a
self-contained predictive theory of neutrino mass, as title
of this sections says.
The crucial thing is that N , besides decaying through

virtual WR as discussed above, decays also into the left-
handed charged lepton through MD/MN [27, 29]. In a
physically interesting case when N is heavier than WL,
the decay into left-handed leptons proceeds through the
on-shell production of WL. For the sake of illustration
we choose an example of VR = V

⇤
L , which leads to the

expression for the N ! W ` decay given in (3) of the

Untangling seesaw

MT
D = MD

compare with naive seesaw:

MD =
p
mN O

p
M⌫ O-arbitrary complex orthogonal

YD = MD/v
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charged fermions (ii) the analytic expression for the right-
handed quark mixing matrix [3], a challenge that lasted
some forty years. Moreover, there has been a furry of ac-
tivity devoted to the LHC potential and the low energy
processes such as neutrinoless doubleta decay, lepton fla-
vor violation and such.

I give the main results at the outset in order to ease
the pain for the casual reader and to motivate her to keep
reading on.

(i) In the SM the Higgs boson decay rates are com-
pletely determined by the masses of particles in ques-
tion. This is crux of the Higgs mechanism, completed by
Weinberg [5] and GIM [6]. In particular, the one-to-one
correspondence between masses and Yukawa couplings of
charged fermions allows one to predict the Higgs boson
decays into fermion anti-fermion pairs

�(h ! ff̄) / mh

m
2
f

M2
W

. (1)

This is what it means to understand the origin of particle
masses. One can worry why the masses are what they
are, but this question, if it is ever to be answered, comes
after one establishes their Higgs-Weinberg origin.

It is in this sense that the LR symmetric model is the
theory of neutrino mass, as will be discussed in section
VI. In direct analogy with (1) one can predict [2] the
Higgs decay into light and heavy neutrinos, or better,
the decay of heavy right-handed neutrino N (when it is
heavier than the Higgs) into the Higgs and light neutrino.
As an illustration, I give here the relevant expression [4]
for a simplified case described in section VI

�(Ni ! h⌫j) / �ij m⌫i

m
2
Ni

M2
W

. (2)

This would be hard to observe, needles to say; however,
there is an experimentally more accessible decay channel
of right-handed neutrino N into the W boson and charged
lepton [2, 4]

�(Ni ! W `j) / V
2
ijm⌫i

m
2
Ni

M2
W

. (3)

where V is the PMNS leptonic mixing matrix.
In the general case the above expressions look more

complicated, but all the essential features are caught
here. One has a complete analogy with the Standard
Model situation regarding the charged fermions, only
now one has to know the (Majorana) masses and mix-
ings of left and right handed neutrinos separately. More
about it below.

(ii) The right-handed quark mixing matrix VR has a
simple approximate form [3] as a function of the usual
left-handed CKM matrix VL

(VR)ij ' (VL)ij � i✏
(VL)ik(V

†
LmuVL)kj

mdk +mdj

+O(✏2) (4)

where ✏ is a small unknown expansion parameter. It can
be shown that the left and right mixing angles are almost
the same, and right-handed phases depend only on VL

and ✏. A determined reader should go to the section VII
for more details and for some immediate consequences of
(4) regarding the right-handed mixing angles and phases.
The rest of this short review is organised as follows. I

first discuss the salient features of the theory in the next
section, and then try to give a historical development that
took one to the seesaw based version of the model. Thus,
in the section IV I go through the original version of
theory that had Dirac neutrinos and struggled explaining
why their masses were so small. The section V is devoted
to the modern version of the theory with naturally light
Majorana neutrinos. Next, I go over the issues (i) and
(ii) above in the sections VI and VII, respectively, before
o↵ering an outlook for the future. I end with an epilogue,
in order to make the presentation not only LR but also
top-bottom symmetric.

III. LR THEORY: GENERIC FEATURES

The minimal LR symmetric theory is based on the
SU(2)L ⇥ SU(2)R ⇥ U(1)B�L gauge group, augmented
by the symmetry between the left and right sectors [7–9].
Quarks and leptons are then completely LR symmetric

QL,R =

✓
u

d

◆

L,R

, `L,R =

✓
⌫

e

◆

L,R

. (5)

Clearly, the LR symmetry says that if there is a LH
neutrino, there must the RH one too and neutrino cannot
remain massless. A desire to cure the left-right asymme-
try of weak interactions lead automatically to neutrino
mass.
The formula for the electromagnetic charge becomes

Qem = I3L + I3R +
B � L

2
. (6)

which trades the hard to recall hyper-charge of the SM
for B �L, the physical anomaly-free global symmetry of
the SM, now gauged. Both LR symmetry and the gauged
B � L require the presence of RH neutrinos.
b. LR symmetries. It is easy to verify that the only

realistic discrete LR symmetries, preserving the kinetic
terms, are P and C, the generalised parity and charge-
conjugation respectively, supplemented by the exchange
of the left and right SU(2) gauge groups (for a recent
discussion and references, see [10]).
c. Higgs sector. The analog of the SM Higgs doublet

is now a bi-doublet [7, 8]

� =


�
0
1 �

+
2

�
�
1 ��

0⇤
2

�
(7)

in order to provide masses for charged fermions. This
amounts to two SU(2)L doublets, but one of them ends
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1 Introduction

Left–right symmetric models [1–9] (LRSMs) attempt to explain the broken parity symmetry of
the weak interaction in the Standard Model (SM) and can introduce, depending on the form of the
LRSM, right-handed counterparts to the W and Z bosons (WR and ZR), and right-handed heavy
neutrinos (NR). A search for WR boson and NR neutrino production in a final state containing two
charged leptons and two jets (`` j j) with ` = e, µ is presented here. The exact process of interest is
the Keung–SenjanoviÊ (KS) process [10], shown in Figure 1. When the WR boson is heavier than
the NR neutrino (mWR > mNR), the on-shell WR mass can be reconstructed from the invariant mass
of the `` j j system, whereas, when mNR > mWR, the on-shell WR mass can be reconstructed from the
invariant mass of the j j system. Only ee and µµ lepton pairs, coupling respectively to N

e
R and N

µ
R ,

are considered as part of the `` j j final state, since no mixing between flavours is assumed. Left-
and right-handed weak gauge couplings are also defined to be equivalent (gL = gR).

q̄

q

WR

NR

`

W
⇤
R

`

q̄

q

(a)

q̄

q

W
⇤
R

NR

`

WR

`

q̄

q

(b)

Figure 1: The KS process, for (a) the mWR > mNR case and (b) the mNR > mWR case.

In the minimal LRSM containing the type-I seesaw mechanism [6–9], NR neutrinos are Majorana
particles. The type-I seesaw mechanism accounts for the masses of the SM neutrinos by linking
(heavy) NR neutrinos and the SM neutrino masses through a mixing matrix. In this case, both the
SM neutrinos and the hypothetical NR neutrinos are required to be Majorana particles, allowing
lepton-number-violating processes, such as the KS process, to occur. In LRSM variants, including
the inverse seesaw mechanism [11–14], NR neutrinos are pseudo-Dirac particles1 (referred to in this
paper as “Dirac” particles for simplicity). For minimal versions of LRSMs containing the inverse
seesaw mechanism, lepton-number-violating processes are not expected [16]. The Majorana or
Dirac nature of the NR neutrino can be established by comparing the charges of the two final-state
leptons. If the NR neutrinos are Dirac particles, the leptons will always have opposite-sign (OS)
charges. However, if they are Majorana particles, the NR neutrinos are their own anti-particles,

1 A pseudo-Dirac particle is formed by two Majorana particles with identical masses [15].
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KS  
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FIG. 9. Summary plot collecting all searches involving the KS process at LHC, in the electron channel. The green shaded
areas represent the LH sensitivity to the KS process at 300/fb, according to the present work. The rightmost reaching contour
represents the enhancement obtained by considering jet displacement.

Senjanović (KS) process [16], pp ! WR ! `N ! ``jj.
The constraints from direct searches [31, 32], from flavour
changing processes [11, 14] and model perturbativity [12]
point to a scale of the new RH interaction which is now
at the fringe of the LHC reach, so the residual kinemati-
cally accessible range will be probed in the next year of
two.

In this work we reconsider this process and address
the regime of light N (mN . 100GeV) which leads [25]
to long lived RH neutrino and thus to displaced vertices
from its decay to a lepton and jets. This complements
previous studies and gives a comprehensive overview of
the collider reach covering the full parametric space.

To this aim, we classify the signatures resulting from
the KS process, depending on the RH neutrino mass, in
four regions: 1) the standard region where the final state

is ``jj, with half of the cases featuring same-sign leptons,
testifying the lepton number violation. 2) the merged
region, with lighter and more boosted N , in which its
decay products are typically merged in a single jet in-
cluding the secondary lepton. This results in a lepton
and a so called neutrino jet `jN . 3) the displaced region,
for mN ⇠ 10 � 100GeV. in which the merged jet jN
is originated from a N decay vertex at some apprecia-
ble displacement from the primary interaction, typically
from mm to 30 cm where the silicon tracking ends and
detection of displaced tracks becomes unfeasible; 4) the
invisible region, for mN . 40GeV, in which an appre-
ciable number of N decays happens outside the tracking
chambers of even the full detector, leading thus to a sig-
nature of a lepton plus missing energy, `E/.

We assessed the reach in all these regions by scanning

Nemevsek, Nesti, Popara   1801.05813 (hep-ph)
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Scale of LR?
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Neutrinoless double beta: e = RH
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