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Journey

• Neutrino masses already are New Physics

• Majorana? 

• What is the mechanism? 

• Probable Theories?

• Connection with LHC?
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Lesson of simplicity 
from the SM

• Fundamental mass generation in the SM
correlates two measures:

• Masses generated by higgs couplings

• Couplings can be checked

Indeed
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The triumph of the SM

University of Illinois at Urbana-Champaign
Philip Chang

Coupling as a function of mass
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CMS PAS HIG-14-009

Thursday, 2 October 2014



Anything similar for neutrino masses?

• We measure neutrino mass differences (oscillations)
            ...thus nonzero neutrino mass.

• SM has only LH neutrinos...
                   ...no Higgs coupling
                    

Need to go Beyond the SM... 

Mν = 0
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but which BSM theory

•  Dirac neutrinos: requires light states, "R     (no LHC)

• Majorana neutrinos: requires heavy states (≫M")

Need new states...

Al theories rely in some way on building blocks
Seesaws - single particle tree-level UV completions,  
realizing Weinberg effective operator (LH)(LH)/M: 

Minkowski ’77 
Mohapatra, Senjanović ’80 
Yanagida ’79, Glashow ’79 
Gell-Mann + ’79

II

Magg Wetterich ’80,
Lazarides + ’81
Mohapatra, Senjanović ’81

I

Foot + ’89

III
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• No direct link m" - phenomenology. And of course full parameter 
scan impossible, only benchmarks...

• Neutrino is massless in the 
MSSM with exact R-parity.

• Relax R-parity, allow LNV
        LHu, LiLjek, LiQjdk 
(+soft terms)

• Neutrino masses: “sneutrino 
VEV seesaw”, loops (mixed!)

• Superpartners unconstrained 
(even asking for DM)             [Bajc+ ’10]

• A certain link between 0"2#  
and slepton production
             [Allanach, Kom, Pas ’09]

SUSY

(need to wait and hope? And a% this for naturalness?)

3

FIG. 3: Example of single selectron production at the LHC,
followed by subsequent cascade decay.

LHC. Neglecting finite width effects, the color and spin-
averaged parton total cross section of a single slepton
production is [16]

σ̂ =
π

12ŝ
|λ′

111|
2δ(1 −

m2

l̃

ŝ
), (12)

where ŝ is the partonic center of mass energy, and ml̃ is
the mass of the resonant slepton. Including effects from
parton distribution functions, we find that the total cross
section for σ(pp → l̃) ∝ |λ′

111|
2/m3

l̃
to a good approxima-

tion in the parameter region of interest.
At low slepton masses, the stringent bound in Eq. 10

from 0νββ renders such a process unobservable at the
LHC. We believe that this has precluded any study of
single slepton production of the first generation at the
LHC via λ′

111. However, from eq. (10), we see that, ap-
plying the bound on λ′

111 coming from non-observation
of 0νββ, σ < cΛ2

SUSY where c is a constant, and so at
higher values of the supersymmetric masses, larger cross-
sections may be allowed due to a much larger allowable
λ′

111. It is this possibility that we exploit here.
A closely related process, LHC second generation slep-

ton production, followed by decay into like-sign di-muon
pairs, was studied in Ref. [17]. Such a process is pre-
dicted by the superpotential term λ′

211L̂2Q̂D̂c, where L2

is a chiral superfield containing the second generation
left-handed lepton doublet. λ′

211 does not predict 0νββ
and so it may take a somewhat larger value than λ′

111

for a given set of supersymmetric particle masses. LHC
detectors do not have wildly differing acceptances and
efficiencies for electrons as compared with muons, and so
we use the results of Ref. [17] (which does not include de-
tector effects anyway) as an estimate for the search reach
for first generation single slepton production, followed by
decay into like-sign electrons, by simply making the re-
placements λ′

211 → λ′
111 and µ → e. A Feynman diagram

leading to our signal (like-sign di-electron pairs and two
hard jets, with no missing energy) is shown in Fig. 3.

Like Ref. [17], we assume 10 fb−1 of LHC integrated
luminosity at a centre of mass energy of 14 TeV. Fig. 4
shows regions of the M0 − M1/2 plane where single slep-
ton production may be observed via like-sign electrons
plus two jets, including backgrounds from both the Stan-
dard Model and from sparticle pair production. The
cuts are as in Ref. [17]. In the white region, single slep-
ton production by λ′

111 could not be observed without

M0/GeV
M

1
/
2
/G
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FIG. 4: mSUGRA parameter space in which single slepton
production may be observed at the LHC for tan β = 10,
A0 = 0 and 10fb−1 of integrated luminosity. In the top left-
hand black triangle, the stau is the LSP, a case not covered by
this analysis. The bottom black region is ruled out by direct
search constraints. The labelled contours are extracted from
Ref. [17], and show the search reach given by the labelled
value of λ′

111. The white, dark-shaded and light-shaded re-
gions show that observation of single slepton production at
the 5σ level would imply T 0νββ

1/2
(76Ge) < 1.9 · 1025yrs, 100 >

T 0νββ
1/2

(76Ge)/1025yrs > 1.9 and T 0νββ
1/2

(76Ge) > 1 × 1027yrs,
respectively.

violating the current bound upon T 0νββ
1/2

(76Ge). The
darker shaded region shows where the observation of
single slepton production at 5σ above background im-
plies that 0νββ is within the reach of the next gen-
eration of experiments, which should be able to probe
T 0νββ

1/2
(76Ge) < 1 × 1027yrs [3, 4]. Conversely, if 0νββ

is discovered by the next generation of experiments, we
should expect single slepton production to be observable
and test the λ′

111 hypothesis. We do not expect A0 or
tan β to affect the shape of the regions much, since they
have a negligible effect on the selectron mass and the
couplings in the relevant Feynman diagrams. In the light
shaded (upper) region, a 5σ single slepton discovery at
the LHC implies that the next generation of experiments
would not be able to observe 0νββ. Conversely, if 0νββ is
within reach of the next generation of experiments, the
LHC would see single slepton production signal in this
region at greater than 5σ significance.

We show in Fig. 5 the variation of the discovery reach
of λ′

111 with M0 along the line M1/2 = 300 GeV+0.6M0

in Fig. 4. Above the dotted light line, single slepton pro-
duction will be observed at the LHC. We see from the
figure that for nearly all of the parameter space where
0νββ can be measured by the next generation of exper-
iments, the LHC would provide a confirmation of the
supersymmetric origin of the signal by observing single
slepton production at the 5σ level.

In summary, we have discussed the interplay between

!0"2#
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Neutrino with naturalness

• Want naturalness from N down to EW scale?

• Easy - say SUSI: Super Singlets      

         sterile neutrino + sterile scalar (singlet) 

• Improve naturalness

• And gives neutrino a mass

• The scalar may be a DM candidate (w/ tuning)

However, naturalness is a high scale concern... 
hardly testable if at high scale -- weak argument if at low

 [Fabbrichesi Petcov ’14] 
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Radiative neutrino masses

• Tree level neutrino masses forbidden by some tuning 
(assumption of Z2, etc)

• LN broken typically by some VEV ! radiative " mass

• More (discrete) symmetries lead to more sophisticated/
realistic textures of mass matrices. 

• Typically a number of fields, some/many brought at TeV

• So, a number of LHC predictions, very model specific.

We have pileup of modeling of neutrinos

[after Zee ’80]
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Seesaws

http://www.zazzle.co.uk/

Thursday, 2 October 2014
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• Add 3 fermion singlets N (or two)

• Small M" from large Majorana mass MN , and Dirac mass MD

• scenario of large                                          (quite unobservable)

• Dirac mass (Yukawa) is ambiguous, orthogonal complex O
                                                                                [Casas Ibarra]

MD = i
√

mNO
√

mν

MN ∼ 1010 GeV

Mν � −M t
D M−1

N MD

Seesaw type I
 Sterile Neutrinos

Sti% MN can be at weak scale...
Thursday, 2 October 2014



• BUT: N couples via Dirac mass, tiny if mN ~ TeV.
• Hard to see at LHC, need to boost O [Kersten, Smirnov ’07]

• LHC reach 100 GeV [Aguila+ ’07, ’08]

Seesaw type I
 Sterile Neutrinos

W+
N

!−

!−

j

j

W−
[Keung, Senjanović ’83] 
as in LR, see below.

Figure 1: Bounds on the mixing between the electron neutrino and a (single) heavy neutrino as obtained from

Eq. 15. The upper thin black line corresponds to the result of ref. [45], the thick black one to ref. [44], while the

lower thin black line is an attempt to convey a conservative assessment on the residual uncertainty. See text for

details.

• The limits from 0ν2β which has been derived using the result of [44] and presented in Fig. 1, are significantly

tighter than the previous limits on mass and mixing given in [45] (the result of [45] has also been adopted

in recent global analysis [46]). Conversely, the impact of other constraints, in particular those from meson

decays, becomes relatively less important: See again [46] (and in particular their Fig. 2) where full reference

to the original literature is provided.

3 Type I seesaw and the nature of the 0ν2β transition

Type I seesaw is in many regards the simplest extension of the standard model: only heavy sterile neutrino states

are added to the spectrum of the SU(3)C×SU(2)L×U(1)Y theory [40, 42, 43, 41], with a primary purpose to account

for light neutrino masses in a renormalizable gauge model. However, these heavy states might lead to measurable

effects, in particular, for the neutrinoless double beta decay.

In this section we discuss the nature of 0ν2β transition within the Type I seesaw [39, 38], emphasizing the

possibility discussed occasionally in the literature that the heavy neutrino exchange contribution plays the main

role for 0ν2β. In the present study, we analyze in greater detail the parameter space of Type I seesaw.

Let us describe in detail the outline and scope of this section. First, we recall the basic notations for the model

(Sect. 3.1). In Sect. 3.2 we provide a precise formulation of a naive and widespread expectation: within Type I

seesaw, the contribution of the heavy neutrino states to the 0ν2β decay is smaller than the one due to light neutrino

states. Actually, for one generation this naive estimation works perfectly well (see Sect. 3.2.1) but for more than one

generation, it is possible to obtain a large and dominant contribution to 0ν2β from the heavy neutrino states, which

is not necessarily inherently linked with the light neutrino contribution. This will be discussed in detail, after the

mathematical premise of Sect. 3.3, aimed at outlining the cases when the light neutrino masses are much smaller

than suggested by the naive expectations from seesaw. Finally, we discuss in Sect. 3.4 the possible cases when

7

LNV@LHC!

MD = i
√

mNO
√

mν

• Signals in 0"2# [Atre + ’09] 
[Mitra+ ’11]

[CMS 1207.6079]
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Seesaw type II
Scalar Triplet

• Describes small neutrino via the coupling to a Scalar 
$L with small VEV <H>2/M

• Neutrino mass matrix drives decay into leptons:
Yukawa connection with LHC

• Production 
practically only pairwise

• Search limited by kinematics, to <~TeV

Triplet bosons also possible in SU(5)

15H = (1, 3)2� �� �
∆L

+(3, 2)1/3 + (6, 1)−4/3

Glashow ’79

Minimal SU(5) with 15H Doršner, Fileviez-Perez ’05

no prediction of see-saw scale, consistent with TeV

∆++

!i

!j

Mν = vLY∆

Direct connection to neutrino mass Chun, Lee, Park ’03

Garayoa, Schwetz ’07

Kadastik, Raidal, Rebane ’07

∆0

∆0

W+

∆+ W+

→ π+

→ "̄ ν

→ jj
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[Melfo, Nemevšek, FN, Senjanović, Zhang ’11]

Cascade Decay
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Seesaw type II
But... cascade decays!  Depends on mass splitting in triplet

∆++

∆+

W+

∆0

W+

f ′

f

ν

ν

f ′

f

Type II Seesaw at LHC: the Roadmap

Alejandra Melfo,1, 2 Miha Nemevšek,2, 3 Fabrizio Nesti,2 Goran Senjanović,2 and Yue Zhang2

1Universidad de Los Andes, Mérida, Venezuela
2International Center for Theoretical Physics, Trieste, Italy

3J. Stefan Institute, Ljubljana, Slovenia
(Dated: October 7, 2011)

In this Letter we revisit the type-II seesaw mechanism based on the addition of a weak triplet scalar to
the standard model. We perform a comprehensive study of its phenomenology at the LHC energies,
complete with the electroweak precision constraints. We pay special attention to the doubly-charged
component, object of collider searches for a long time, and show how the experimental bound on its
mass depends crucially on the particle spectrum of the theory. Our study can be used as a roadmap
for future complete LHC studies.

Introduction. The modern day understanding of the ori-
gin and the smallness of neutrino mass is based on the
see-saw mechanism [1]. The most natural source for this
mechanism is provided by the Left-Right symmetric the-
ories [2], which require the existence of the SU(2)L (and
SU(2)R) triplets with hypercharge Y = 2. Left-Right
symmetry can be realized either at low scale, or em-
bedded in a grand unified theory such as SO(10). It
turns out that once the see-saw mechanism is turned
on, the SU(2)L triplet gets a small vacuum expectation
value, even if it is very heavy. One can even contemplate
the possibility that this triplet is the only low-energy
remnant of the new physics beyond the standard model
(SM),1 in which case one talks of the Type II see-saw
mechanism [6].

An appealing feature of what could otherwise be seen
as an ad-hoc hypothesis is the minimality and the predic-
tivity of this scenario, namely, the fact that the Yukawa
couplings determine the neutrino mass matrix. This
would become particularly important if the triplet were
to lie in the TeV region, for then its decays could directly
probe the neutrino masses and mixings.

The doubly charged component of the triplet has been
the focus of attention due to its possibly spectacular sig-
natures at colliders [7]: if Yukawa couplings are suffi-
ciently large, it will decay predominantly into same-sign
charged leptons which is a clear signature of Lepton Num-
ber Violation (LNV). The same sign leptons at colliders
are a generic high energy analogue of the neutrinoless
double beta decay as a probe of LNV, envisioned in [8].

Both, CDF and D0 performed a search of the doubly
charged component [9]. However, only the pair produc-
tion of the doubly charged components was considered.
The latest search at CMS [10] takes into account the as-
sociated production with the singly charged component
but assumes the triplet spectrum to be degenerate. None
of them have taken into account the full complexity of its
production and decay modes. An attempt in this direc-

1 For instance, in the case of left-right symmetry, it is known that
the scale must be MWR

� 2.5 TeV [3] on theoretical grounds and
1.7 TeV [4, 5] on experimental grounds.

tion was made in [11]. Here we provide a global view of
the phenomenological implications of the Type II seesaw
scenario at hadron colliders, in particular at the LHC.

We perform the first electroweak high precision study
and demonstrate the strong dependence of the above
CMS limit on the spectrum of the scalar triplet. In
particular we find that the quoted limit on the order of
250−300 GeV can go down all the way to 100 GeV for the
mass split around 20−30 GeV. In what follows we discuss
and quantify our results.

The model. Let us start by summarizing the salient
features of the Type II see-saw mechanism. Besides the
usual SM particle content, the model requires the exis-
tence of a Y = 2 SU(2)L triplet ∆. When its neutral
component ∆0 acquires a vev v∆, it generates a Majo-
rana mass for the neutrinos through the Yukawa term

M ij

ν

v∆
LT

i
Ciσ2∆Lj + h.c. , (1)

where Li is a left-handed lepton doublet, C the charge
conjugation operator and

Mν = U∗ mν U† , (2)

is the neutrino mass matrix in the basis where the
charged lepton masses are diagonal. Here mν stands for
the neutrino masses and U is the PMNS leptonic mixing
matrix. The complete potential for the scalars, including
the Higgs doublet H, is

V = −m2
H

H†H + m2
∆Tr∆†∆ + (µHT iσ2∆∗H + h.c.) +

+ λ1(H†H)2 + λ2(Tr∆†∆)2 + λ3Tr(∆†∆)2 +
+ α H†H Tr∆†∆ + β H†∆∆†H , (3)

and the triplet vev is v∆ = µ v2/
√

2 m2
∆, where v is the

SM Higgs vev. Thus a small v∆ is technically natural,
as its size is controlled by the µ parameter which is only
self-renormalized. A non-vanishing v∆ spoils the ρ pa-
rameter, which requires v∆ smaller than a few GeV.

The triplet components then follow the sum rules

m2
∆+ −m2

∆++ � m2
∆0 −m2

∆+ � β v2/4 , (4)
mS � mA = m∆0 , (5)

-$M=
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Direct search
LHC 980 pb�1�v��10�7GeV�

Sum Rule
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Z width
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Even in such a simple model: a three-parameters space.

[Melfo, Nemevšek, FN, Senjanović, Zhang ’11]

Seesaw type II
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E.g.  realistic SU(5) GUT + Fermion Masses + Safe p-decay ...
 ...predictes seesaw type-III with a Fermionic Triplet at TeV

[Bajc, Nemevšek, Senjanović ’07] 

p

p W
−

T0

T−

W
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!
±
j

W
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i

j

j

j

j

Triplet fermions at LHC

Production

σ � O(100) fb
significant but kinematically bounded below TeV

W
± → T

±T
0

(Z, γ
∗ ) → T

+T
−

Decays via Dirac couplings probes see-saw

�

�

mT0

mT−

Radiative split small mT− � mT0 + .17 GeV

Bajc, MN, Senjanović ’07

Majorana nature of T
LNV @ LHC [Nemevšek]

LHC reach below TeV 
(14TeVcom)
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CMS collaboration 1210.1797

low luminosity, generic limit of 200 GeV

Franceschini, Hambye, Strumia, ’08 

Arhrib, Bajc, Ghosh, Han, Huang, 

Puljak, Senjanović ’09
Collider studies

Lifetime small unless non-minimal

LHC reach is ~700 GeV

[C
M

S 1207.1797]

[Franceschini+ ’08]

[Arhrib+  ’09]

Limit now 2-300 GeV

Seesaw type III
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A complete theory: Left-Right Symmetry
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• Spectrum has to be symmetric

• Spontaneous parity breaking is understood

• Neutrino are massive via seesaws:
& no ambiguity [Nemevšek+ PRL ’13]

• Genuine LNV, collider can say something

A complete theory: Left-Right symmetryLeft-Right Symmetry

LL =

�
ν
�

�

L

WL

LR =

�
ν
�

�

R

WR

Left-Right Symmetry

LL =

�
ν
�

�

L

WL

LR =

�
ν
�

�

R

WR

Left-Right Symmetry

LL =

�
ν
�

�

L

WL

LR =

�
ν
�

�

R

WR

Left-Right Symmetry

LL =

�
ν
�

�

L

WL

LR =

�
ν
�

�

R

WR

Te%o’s talk tomorrow a'ernoon
[Pati, Salam ’74] [Mohapatra, Pati ’75]

[Senjanović, Mohapatra ’75]

Vasquez’ talk this a'ernoon
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A complete theory: Left-Right symmetry

• On shell WR and "R.

• Invariant masses reconstruct W and " masses.

• Probe of lepton flavour structure.

• LNV: Same sign leptons, 50%! 

• Almost backgroundless

• Searches ongoing...
500 1000 1500 2000 2500 3000 3500
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l!l!jj or l"l"jj: ll"jj invariant mass

WR

νR

"−

"−

j

j
WR

[Keung Senjanović  ‘83]

MνR � m�jj

MWR � m��jj

LNV@LHC!

[Ferrari ’00]
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     Recent Evidence    :-)

“The excess in the electron channel 
at approximately 2 TeV has a local 
significance of 2.8σ for a WR boson 
candidate with a mass of 2.1 TeV.”

9
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Figure 2: Distribution of the invariant mass Meejj (left) and Mµµjj (right) for events in data

(points with error bars) with M�� > 200 GeV and for background contributions (hatched

stacked histograms) from data control samples (tt) and simulation. The signal mass point

MWR
= 2.5 TeV, MN�

= 1.25 TeV, is included for comparison (open red histogram, and also

as a dotted line for the unbinned signal shape). The numbers of events from each background

process (and the expected number of signal events) are included in parentheses in the legend,

where the contributions from diboson and single top quark processes have been collected in

the “Other” background category. The data are compared with SM expectations in the lower

portion of the figure. The total background uncertainty (light red band) and the background

uncertainty after neglecting the uncertainty due to background modeling (dark blue band) are

included as a function of M��jj for M��jj > 600 GeV (dashed line).

[CMS-EXO-13-008]
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Recent Evidence (...)

Promptly speculated that the signal would be consistent with 
WR, if the RH gauge coupling gR ~ 0.6 gL , which can result in 
GUT from breaking of parity at high scale.

“A Signal of Right-Handed Charged Gauge Bosons at the LHC?” 
                                                                           [Deppisch+  1407.5384]

“Testing Right-Handed Currents at the LHC” 
                                                                        [Heikinheimo +1407.6908]

More thorough analysis:

“A closer look at the possible CMS signal of a new gauge boson” 
                                                       [Aguilar-Saavedra, Joaquim  1408.2456]

...from CMS:: “...In data events with 1.8 < Meejj < 2.2 TeV, we find 
same-sign electrons in only one of the 14 reconstructed events. ...”

Thursday, 2 October 2014
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EXP

...so: Recent Limits
11
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previous analyses, and the neglected contributions of the

self-energy and vertex renormalization diagrams, which

additionally increase the ratio Act/Acc by approximately

a factor 3.

The consequences of this large phase are important:

first, in the regime x� mb/mt where analytical expres-

sions for the phases are available [20], it is straightfor-

ward to see using Eq. (11) that a strong bound emerges

from ε�, which excludes the scenario of low scale P LR

symmetry. One finds:

x� mb

mt

⇒ ε�
LR

ε�
exp

�
�

10 TeV

MWR

�2

(15)

which translates into 14 (10) TeV if one tolerates a

50 (100)% contribution to ε�. As a result, one can exclude

the regime of hierarchic VEVs x = v2/v1 � mb/mt for

low scale P LR symmetry. This has also implications for

the analysis of the leptonic sector [71].

On the other hand, when the ratio of the doublet VEVs

is larger than a percent, the analytic solution in [20] does

not apply, and one expects that for given values of x
and α of order one, the spectrum of the LR phases may

exhibit also large values. In order to address this problem

we performed a full numerical analysis of the K and B

observables here discussed. The procedure consists in a

χ2 fit of the known spectrum of charged fermions masses

and mixings, together with the constraints from ε, ε� and

hd, hs for the B mesons. The results can be summarized

as follows:

1. We confirm that for small x < 0.02 (0.01) � mb/mt

the model can not accommodate at the same time ε
and ε� (the tension being at 2 (3)σ). This confirms

our discussion based on the analytic approximation

of Ref. [20].

2. The tension is resolved only for larger x > 0.02. In

this case, x becomes also irrelevant and good fits

can be found regardless of x. The solution requires
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|hB
d,s| |hK

m| |θc − θt| |θd − θs| θd − θb Mmin
WR

[TeV]

<2σ <0.5 � π/2 � π � π/4 3.1 (3.2)

<1σ <0.3 4.2 (4.1)

TABLE IV. Summary of correlated bounds on the LR scale
(in TeV) in the P-parity case, for two benchmark require-
ments on the hK ’s and hB ’s and the favorite pattern of the
LR phases. With the given uncertainties the limits arising
from the combined numerical fit of ε, ε� and Bd,s mixings are
today competitive with those obtained from ∆MK (round
brackets).

a definite pattern of phases: θc − θt � π/2 (which

reduces the imaginary part in Eq. (13)) together

with θd − θs � π (which is then necessary for ε�,
leading to a cancelation between the two terms in

the first line of Eq. (11)).

3. This pattern of phases leads then to a well defined

bound from ∆MK (see Eq. (13)). This is illustrated

in figure 9.

4. Bd mixing data then drive θd−θb � π/4, see Fig. 2,

where the data constraint on New Physics (hd) is

weaker.

5. According to this pattern we find MWR > 3.1 TeV

at 2σ C.L. and MWR > 4.2 TeV at 1σ C.L., as

illustrated in Fig. 10.

In summary, hierarchic VEVs x < 0.02 are ruled out

for low scale P LR-symmetry, while for larger x one can

find the allowed region in the MH–MWR plane, according

to Figs. 9–10. Table IV summarizes the results for the

LR scale in the P case, which we find around 3 (4)TeV

for the 2 (1)σ benchmark settings.
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previous analyses, and the neglected contributions of the

self-energy and vertex renormalization diagrams, which

additionally increase the ratio Act/Acc by approximately

a factor 3.

The consequences of this large phase are important:

first, in the regime x� mb/mt where analytical expres-

sions for the phases are available [20], it is straightfor-

ward to see using Eq. (11) that a strong bound emerges

from ε�, which excludes the scenario of low scale P LR

symmetry. One finds:

x� mb
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which translates into 14 (10) TeV if one tolerates a

50 (100)% contribution to ε�. As a result, one can exclude

the regime of hierarchic VEVs x = v2/v1 � mb/mt for

low scale P LR symmetry. This has also implications for

the analysis of the leptonic sector [71].

On the other hand, when the ratio of the doublet VEVs

is larger than a percent, the analytic solution in [20] does

not apply, and one expects that for given values of x
and α of order one, the spectrum of the LR phases may

exhibit also large values. In order to address this problem

we performed a full numerical analysis of the K and B

observables here discussed. The procedure consists in a

χ2 fit of the known spectrum of charged fermions masses

and mixings, together with the constraints from ε, ε� and

hd, hs for the B mesons. The results can be summarized

as follows:

1. We confirm that for small x < 0.02 (0.01) � mb/mt

the model can not accommodate at the same time ε
and ε� (the tension being at 2 (3)σ). This confirms

our discussion based on the analytic approximation

of Ref. [20].

2. The tension is resolved only for larger x > 0.02. In

this case, x becomes also irrelevant and good fits

can be found regardless of x. The solution requires
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today competitive with those obtained from ∆MK (round
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a definite pattern of phases: θc − θt � π/2 (which

reduces the imaginary part in Eq. (13)) together

with θd − θs � π (which is then necessary for ε�,
leading to a cancelation between the two terms in

the first line of Eq. (11)).

3. This pattern of phases leads then to a well defined

bound from ∆MK (see Eq. (13)). This is illustrated

in figure 9.

4. Bd mixing data then drive θd−θb � π/4, see Fig. 2,

where the data constraint on New Physics (hd) is

weaker.

5. According to this pattern we find MWR > 3.1 TeV

at 2σ C.L. and MWR > 4.2 TeV at 1σ C.L., as

illustrated in Fig. 10.

In summary, hierarchic VEVs x < 0.02 are ruled out

for low scale P LR-symmetry, while for larger x one can

find the allowed region in the MH–MWR plane, according

to Figs. 9–10. Table IV summarizes the results for the

LR scale in the P case, which we find around 3 (4)TeV

for the 2 (1)σ benchmark settings.
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IV. WHAT NEXT?

In this work we considered the combined constraints on

the TeV scale minimal LR model, from ∆F = 2 observ-

ables in B and K physics. We showed that the meson

mixing receives significant contributions from diagrams

that were neglected
in past phenomenological analysis,

albeit needed for a gauge invariant result. The complete

calculation together with a more careful assessment of

the relevant QCD renormalization
factors leads to two

main results: i) the exclusion of the scenario of hierar-

chic bidoublet VEVs, x < 0.02 in the case of P-parity. ii)

the competitive or prevailing role of B-mixing data in set-

ting the lower bounds on the LR scale. Only a substantial

progress in the calculation of the KL
-KS

mass difference,

e.g. from lattice studies) may bring the ∆S = 2 observ-

able in the forefront.

The results are summarized in Tables III and IV for

two benchmark settings of hK , hB and LR phases. An

absolute lower bound of 2.9TeV on MWR
emerges at the

95%CL in the case of C. This confirms the possibility

of direct detection of the LR gauge bosons at the forth-

coming 14TeV LHC run, whose sensitivity to WR
is ex-

pected to approach the 6TeV mass threshold [72, 73].

Let us remark that the bounds quoted in the tables are

obtained for MH
� MWR

(still remaining in the per-

turbative regime for the Higgs couplings). In the case

of comparable Higgs and gauge boson masses we find a

lower limit always above 20TeV.

At present, direct searches at LHC provide bounds on

the right-handed W bosons that vary according to the

assumptions on the right-handed neutrinos from 2.0 to

2.9TeV [74–76]. It is remarkable that even the most con-

servative
indirect lower bound from B-meson physics is

still competitive with the direct search.

Sharp improvements in the data are expected from the

second LHCb run [77]. The foreseen
data accumulation

of LHCb and Belle II in the coming years shall improve

on the present sensitivity by a factor of two within the

decade and up to a factor of five by mid 2020s. The

impact of such an experimental improvement on the sen-

sitivity to the LR scale is depicted in Fig. 11, assuming

that the future data on Bd
and Bs

mixings will be cen-

tered on the SM values. The shown σ-contours refer to

the foreseen C.L. on the combination of constraints from

hd
and hs. It is noteworthy that the future sensitivity to

the LR scale will reach 7–8TeV, thus exceeding the reach

of the direct collider search.

The B-physics offers a number of other notable probes

of possible new physics, namely rare flavor changing de-

cays as B → µ+µ− , b → sγ, b → s �+�− , to name a

few, and related CP asymmetries. A comprehensive and

updated analysis of the limits on the minimal P and C

LR models is currently missing, but a preliminary esti-

mate indicates these processes to be much less constrain-

ing, due to higher backgrounds, less enhancements, or

due to the involvement of the leptonic sector, which still

has more freedom in the scales and CP phases. In the
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FIG. 11. Future constrai
nts on MR and MWR

from
the pro-
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d combined limits on hd and hs discussed

in Ref. [77].

Stage
I corre

sponds to a fores
een 7 fb

−1 (5 ab
−1 ) data accu

-

mulatio
n by LHCb (Belle II) by the end of the decad

e. Stage

II assumes 50 fb
−1 (50 ab

−1 ) data by the two experim
ents,

achievab
le by mid 2020

’s.

arena of indirect signatures a promising avenue will be

the confrontation with electric dipole moments (EDM).

Dedicated efforts are ongoing [79, 80] for a reassessm
ent

of the limits from nucleon, atomic and leptonic EDMs.

On the other hand, in the collider arena, in view of

the forthcoming high-energy LHC run, an exhaustive ap-

praisal and exploiting of the various signatures is still

timely and compelling in order to probe the low energy

parameter space of WR
and RH neutrinos.
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Appendix A: The Left-Right Model

a. The gauge lagrangian. The minimal LR symmet-

ric extension of the standard electroweak theory is based

on the gauge group [1–4]

GLR
= SU(2)L

× SU(2)R
× U(1)B−L

,

Left and Right quarks and leptons sit in the fundamental

representations of SU(2)L,R
, QL,R

= (u d)tL,R
, �L,R

=

(ν e)
t

L,R
, with electric charges Q = I3L

+ I3R
+ B−L

2
,

where I3L,R
are the third generators of SU(2)L,R

.
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Outlook

• Neutrino masses exist
                                 and are in search for a theory.

• Low and high energy can be connected 
                                 by Lepton Number Violation

• Challenges to theorists
                                and to experimentalists.

• Nothing else to say...
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