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Bringing together

• Quest for neutrino mass origin              (New physics)

• Lepton Number Violation                           (Majorana)

• In Higgs decays                    (test generation of masses)

Connection at LHC run II
Thursday, 9 April 2015



The last triumph of the SM

Mass v
ersus

Higgs decays

as expected

H→ττ ATLAS-CONF-2013-108

H→bb ATLAS-HIGG-2013-23-003

H→ττ CMS arXiv:1401.5041

H→bb CMS arXiv:1310.3687

CMS PAS HIG-14-009

7.5 Test for the presence of BSM particles in loops 35
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Figure 12: (Left) Results of likelihood scans for a model where the gluon and photon loop-

induced interactions with the Higgs boson are resolved in terms of the couplings of other SM

particles. The inner bars represent the 68% CL confidence intervals while the outer bars repre-

sent the 95% CL confidence intervals. When performing the scan for one parameter, the other

parameters in the model are profiled. (Right) The 2D likelihood scan for the M and � parame-

ters of the model detailed in the text. The cross indicates the best-fit values. The solid, dashed,

and dotted contours show the 68%, 95%, and 99.7% CL confidence regions, respectively. The

diamond represents the SM expectation, (M, �) = (v, 0), where v is the SM Higgs vacuum

expectation value, v = 246.22 GeV.
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Figure 13: Graphical representation of the results obtained for the models considered in Fig. 12.

The dashed line corresponds to the SM expectation. The points from the fit in Fig. 12 (left)

are placed at particle mass values chosen as explained in the text. The ordinates are differ-

ent for fermions and massive vector bosons to take into account the expected SM scaling of

the coupling with mass, depending on the type of particle. The result of the (M, �) fit from

Fig. 12 (right) is shown as the continuous line while the inner and outer bands represent the

68% and 95% CL confidence regions.
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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
but a surprise: still Higgs may probe the mechanism 

Mν = 0
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• SU(2)L SU(2)R U(1)B-L  Spectrum is symmetric

• Spontaneous parity breaking

The Theory of Neutrino Mass and Parity Breaking
Left-Right symmetry [Pati, Salam ’74] [Mohapatra, Pati ’75]

[Senjanović, Mohapatra ’75]
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• SU(2)L SU(2)R U(1)B-L  Spectrum is symmetric

• Spontaneous parity breaking

• Now, neutral higgses mix:

The Theory of Neutrino Mass and Parity Breaking
Left-Right symmetry [Pati, Salam ’74] [Mohapatra, Pati ’75]

[Senjanović, Mohapatra ’75]
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SM Higgs couplings reduced...

2

nos. The scalar sector of the minimal LRSM [7, 8] fea-
tures a complex bi-doublet Φ ∈ (2L, 2R, 0) and a pair of
triplets ∆L ∈ (3L, 1R, 2), ∆R ∈ (1L, 3R, 2):

Φ =
�

φ0
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2

φ−1 φ0
2

�
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In the minimal LRSM, LR symmetry is restored at
high energies. The scalar potential exhibits spontaneous
breaking and since the original work [13] it has been the
subject of several studies [27, 36–38]. Here we focus on
the mixing between the triplet and the SM-like Higgs and
display the relevant terms:

V =− µ2
1(Φ

†Φ)− µ2
2(�ΦΦ† + �Φ†Φ)− µ2

3(∆
†
R∆R)

+ λ (Φ†Φ)2 + ρ (∆†
R∆R)2 + α(Φ†Φ)(∆†

R∆R) .
(2)

The trace on the parenthesis is implied and �Φ ≡ σ2Φ∗σ2.
The results below hold for both generalized parity P and
charge-conjugation C [28]; a detailed discussion will be
presented in [39].

The parameters µ are fixed by spontaneous breaking in
the usual way, µ2

1 = 2λv2+αv2
R, µ2

2 = 0, µ2
3 = αv2+2ρv2

R,
and neutral scalars develop VEVs. The LR-breaking
scale is set by �δ0

R� = vR and electroweak symmetry
breaking is completed by �φ0

1� = v. For clarity we stick to
the case where φ0

2 does not acquire VEV and we suppress
higher v/vR terms. In what follows the neutral scalars φ
and δ are the fluctuations of �(φ0

1) and �(δ0
R).

Expansion of the potential (2) around the minimum
gives the following mass matrix for φ and δ

M2 = 2
�

2λ v2 α vvR

α vvR 2ρ v2
R

�
. (3)

Its diagonalization leads to the masses of the physical
particles m2

h = 4λv2 − α2v2/ρ, m2
∆ = 4ρ v2

R. Here h =
φ cos θ−δ sin θ is identified with the SM Higgs boson and
∆ = δ cos θ+φ sin θ with the further neutral state. Their
mixing angle is given by

θ �
�

α

2 ρ

� �
v

vR

�
. (4)

Since δ is a SM singlet, this mixing leads to a universal
reduction of the SM-like Higgs couplings. Recent stud-
ies [35] allow for sin θ < 0.44 at 2σ CL, nearly indepen-
dently of the singlet mass.

Heavy Neutrino from Higgs decay. In the LRSM the
above mixing leads to a new type of Higgs decay, with
the fascinating possibility of probing LNV and neutrino
mass generation via Higgs physics.

After spontaneous breaking, the Yukawa term L∆ =
YNLT

R∆RLR + h.c., which couples the RH leptonic dou-
blet LR to the triplet Higgs, generates the heavy neutrino
mass matrix. This is directly proportional to the LR scale

MN = 2YN vR , MWR = g vR , (5)

where g = gL,R is the SU(2)L,R gauge coupling constant.
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FIG. 2. Decay rate of the SM Higgs to a pair of heavy neu-

trinos N , normalized to the leading h→ bb channel.

To probe the spontaneous origin of N mass, one should
observe ∆ → NN decays and establish that Γ∆→NN ∝
m2

N . While the production of ∆ in the absence of mixing
is small, due to the large LR scale, in the presence of θ the
gluon fusion production appears. Still, ∆ may be heavy
enough to be elusive, in fact from (4) and perturbativity
of α,λ � 1, one finds m∆ � 5 TeV(0.1/ sin θ). More
importantly, the SM Higgs can now decay to NN . We
thus come to the conclusion that the origin of Majorana
neutrino masses may be probed by the SM Higgs boson.

It is useful to normalize this decay rate to the leading
SM channel h → bb. At tree level one gets

ΓNN

Γbb

� θ2

3

�
mN

mb
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�2 �
1− 4m2
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m2
h

� 3
2

, (6)

neglecting the bb̄ phase space. Including the QCD run-
ning and NLO corrections [40], the ratio in Eq. (6) is
enhanced by a factor ≈ 2 and is shown on Fig. 2.

The number of N pairs produced at the 13TeV LHC
run with 100 fb−1 luminosity is simple to estimate. Tak-
ing the Higgs gluon fusion cross-section [41] σ(gg → h) =
45 pb and Br(bb̄) = 57%, one gets 500 (2000) h → NN
events for mN = 40GeV and θ = 10% (20%). This is
sufficient motivation for an in-depth collider study.

Lepton number violating Higgs decay at the LHC.

After pair-production from Higgs decay, each N will de-
cay further to a charged lepton and two jets via WR,
with a RH charged current quark flavour structure es-
sentially identical to the left-handed one [42]. Due to the
Majorana nature of N , 50% of events will result in a fi-
nal state of two same-sign leptons and four jets with no
missing energy, explicitly signalling lepton number non-
conservation.

In order to assess the LHC sensitivity, we extend [34]
the FeynRules [43] implementation of the LRSM [44] to
include the mixing (4) together with Higgs gluon fusion
production. Parton level events are simulated with Mad-
Graph 5 [45], hadronized with Pythia 6 [46] and passed to
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In the minimal LRSM, LR symmetry is restored at
high energies. The scalar potential exhibits spontaneous
breaking and since the original work [13] it has been the
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The trace on the parenthesis is implied and �Φ ≡ σ2Φ∗σ2.
The results below hold for both generalized parity P and
charge-conjugation C [28]; a detailed discussion will be
presented in [39].

The parameters µ are fixed by spontaneous breaking in
the usual way, µ2
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2 does not acquire VEV and we suppress
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particles m2

h = 4λv2 − α2v2/ρ, m2
∆ = 4ρ v2
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φ cos θ−δ sin θ is identified with the SM Higgs boson and
∆ = δ cos θ+φ sin θ with the further neutral state. Their
mixing angle is given by
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Since δ is a SM singlet, this mixing leads to a universal
reduction of the SM-like Higgs couplings. Recent stud-
ies [35] allow for sin θ < 0.44 at 2σ CL, nearly indepen-
dently of the singlet mass.

Heavy Neutrino from Higgs decay. In the LRSM the
above mixing leads to a new type of Higgs decay, with
the fascinating possibility of probing LNV and neutrino
mass generation via Higgs physics.

After spontaneous breaking, the Yukawa term L∆ =
YNLT

R∆RLR + h.c., which couples the RH leptonic dou-
blet LR to the triplet Higgs, generates the heavy neutrino
mass matrix. This is directly proportional to the LR scale

MN = 2YN vR , MWR = g vR , (5)

where g = gL,R is the SU(2)L,R gauge coupling constant.
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FIG. 2. Decay rate of the SM Higgs to a pair of heavy neu-

trinos N , normalized to the leading h→ bb channel.

To probe the spontaneous origin of N mass, one should
observe ∆ → NN decays and establish that Γ∆→NN ∝
m2

N . While the production of ∆ in the absence of mixing
is small, due to the large LR scale, in the presence of θ the
gluon fusion production appears. Still, ∆ may be heavy
enough to be elusive, in fact from (4) and perturbativity
of α,λ � 1, one finds m∆ � 5 TeV(0.1/ sin θ). More
importantly, the SM Higgs can now decay to NN . We
thus come to the conclusion that the origin of Majorana
neutrino masses may be probed by the SM Higgs boson.

It is useful to normalize this decay rate to the leading
SM channel h → bb. At tree level one gets
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neglecting the bb̄ phase space. Including the QCD run-
ning and NLO corrections [40], the ratio in Eq. (6) is
enhanced by a factor ≈ 2 and is shown on Fig. 2.

The number of N pairs produced at the 13TeV LHC
run with 100 fb−1 luminosity is simple to estimate. Tak-
ing the Higgs gluon fusion cross-section [41] σ(gg → h) =
45 pb and Br(bb̄) = 57%, one gets 500 (2000) h → NN
events for mN = 40GeV and θ = 10% (20%). This is
sufficient motivation for an in-depth collider study.

Lepton number violating Higgs decay at the LHC.

After pair-production from Higgs decay, each N will de-
cay further to a charged lepton and two jets via WR,
with a RH charged current quark flavour structure es-
sentially identical to the left-handed one [42]. Due to the
Majorana nature of N , 50% of events will result in a fi-
nal state of two same-sign leptons and four jets with no
missing energy, explicitly signalling lepton number non-
conservation.

In order to assess the LHC sensitivity, we extend [34]
the FeynRules [43] implementation of the LRSM [44] to
include the mixing (4) together with Higgs gluon fusion
production. Parton level events are simulated with Mad-
Graph 5 [45], hadronized with Pythia 6 [46] and passed to
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...allowed Higgs mixing? 

[ Pruna+ PRD ʼ13; Profumo+ PRD ʼ15; Chen+ PRD ʼ15 ; Robens+ EPJC ʼ15
Martin-Lozano+ 1501.03799; Falkowski Gross Lebedev 1502.01361; Godunov+ 1503.01618 ]

[Falkowski Gross Lebedev]

sinθ~40%

possible 
(95%CL)

32 7 Compatibility of the observed data with the SM Higgs boson couplings
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Figure 9: Results of 2D likelihood scans for the κV and κf parameters. The cross indicates the
best-fit values. The solid, dashed, and dotted contours show the 68%, 95%, and 99.7% CL
confidence regions, respectively. The diamond shows the SM point (κV, κf) = (1, 1). The left
plot shows the likelihood scan in two quadrants, (+,+) and (+,−). The right plot shows the
likelihood scan constrained to the (+,+) quadrant.
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[CMS PAS HIG-14-009]

Yesterday’s Lebedev talk
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• gives Majorana neutrino mass, to check by Δ decay

• with Δ-h mixing, now the Higgs can decay to NN

and Higgs probing neutrino masses

a new SM Hi#s decay, checks RH neutrino mass 

Lyuk = y∆LRLR∆R

MN = y∆vR Γ(∆→ NN) ∝ y2
∆

N

N

h

y∆ sin θ
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h → NN - large decay rate
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2

nos. The scalar sector of the minimal LRSM [7, 8] fea-
tures a complex bi-doublet Φ ∈ (2L, 2R, 0) and a pair of
triplets ∆L ∈ (3L, 1R, 2), ∆R ∈ (1L, 3R, 2):
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√
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In the minimal LRSM, LR symmetry is restored at
high energies. The scalar potential exhibits spontaneous
breaking and since the original work [13] it has been the
subject of several studies [27, 36–38]. Here we focus on
the mixing between the triplet and the SM-like Higgs and
display the relevant terms:

V =− µ2
1(Φ

†Φ)− µ2
2(�ΦΦ† + �Φ†Φ)− µ2

3(∆
†
R∆R)

+ λ (Φ†Φ)2 + ρ (∆†
R∆R)2 + α(Φ†Φ)(∆†

R∆R) .
(2)

The trace on the parenthesis is implied and �Φ ≡ σ2Φ∗σ2.
The results below hold for both generalized parity P and
charge-conjugation C [28]; a detailed discussion will be
presented in [39].

The parameters µ are fixed by spontaneous breaking in
the usual way, µ2

1 = 2λv2+αv2
R, µ2

2 = 0, µ2
3 = αv2+2ρv2

R,
and neutral scalars develop VEVs. The LR-breaking
scale is set by �δ0

R� = vR and electroweak symmetry
breaking is completed by �φ0

1� = v. For clarity we stick to
the case where φ0

2 does not acquire VEV and we suppress
higher v/vR terms. In what follows the neutral scalars φ
and δ are the fluctuations of �(φ0

1) and �(δ0
R).

Expansion of the potential (2) around the minimum
gives the following mass matrix for φ and δ

M2 = 2
�

2λ v2 α vvR

α vvR 2ρ v2
R

�
. (3)

Its diagonalization leads to the masses of the physical
particles m2

h = 4λv2 − α2v2/ρ, m2
∆ = 4ρ v2

R. Here h =
φ cos θ−δ sin θ is identified with the SM Higgs boson and
∆ = δ cos θ+φ sin θ with the further neutral state. Their
mixing angle is given by

θ �
�

α

2 ρ

� �
v

vR

�
. (4)

Since δ is a SM singlet, this mixing leads to a universal
reduction of the SM-like Higgs couplings. Recent stud-
ies [35] allow for sin θ < 0.44 at 2σ CL, nearly indepen-
dently of the singlet mass.

Heavy Neutrino from Higgs decay. In the LRSM the
above mixing leads to a new type of Higgs decay, with
the fascinating possibility of probing LNV and neutrino
mass generation via Higgs physics.

After spontaneous breaking, the Yukawa term L∆ =
YNLT

R∆RLR + h.c., which couples the RH leptonic dou-
blet LR to the triplet Higgs, generates the heavy neutrino
mass matrix. This is directly proportional to the LR scale

MN = 2YN vR , MWR = g vR , (5)

where g = gL,R is the SU(2)L,R gauge coupling constant.
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FIG. 2. Decay rate of the SM Higgs to a pair of heavy neu-

trinos N , normalized to the leading h→ bb channel.

To probe the spontaneous origin of N mass, one should
observe ∆ → NN decays and establish that Γ∆→NN ∝
m2

N . While the production of ∆ in the absence of mixing
is small, due to the large LR scale, in the presence of θ the
gluon fusion production appears. Still, ∆ may be heavy
enough to be elusive, in fact from (4) and perturbativity
of α,λ � 1, one finds m∆ � 5 TeV(0.1/ sin θ). More
importantly, the SM Higgs can now decay to NN . We
thus come to the conclusion that the origin of Majorana
neutrino masses may be probed by the SM Higgs boson.

It is useful to normalize this decay rate to the leading
SM channel h → bb. At tree level one gets

ΓNN

Γbb

� θ2

3

�
mN

mb

�2 �
MW

MWR

�2 �
1− 4m2

N

m2
h

� 3
2

, (6)

neglecting the bb̄ phase space. Including the QCD run-
ning and NLO corrections [40], the ratio in Eq. (6) is
enhanced by a factor ≈ 2 and is shown on Fig. 2.

The number of N pairs produced at the 13TeV LHC
run with 100 fb−1 luminosity is simple to estimate. Tak-
ing the Higgs gluon fusion cross-section [41] σ(gg → h) =
45 pb and Br(bb̄) = 57%, one gets 500 (2000) h → NN
events for mN = 40GeV and θ = 10% (20%). This is
sufficient motivation for an in-depth collider study.

Lepton number violating Higgs decay at the LHC.

After pair-production from Higgs decay, each N will de-
cay further to a charged lepton and two jets via WR,
with a RH charged current quark flavour structure es-
sentially identical to the left-handed one [42]. Due to the
Majorana nature of N , 50% of events will result in a fi-
nal state of two same-sign leptons and four jets with no
missing energy, explicitly signalling lepton number non-
conservation.

In order to assess the LHC sensitivity, we extend [34]
the FeynRules [43] implementation of the LRSM [44] to
include the mixing (4) together with Higgs gluon fusion
production. Parton level events are simulated with Mad-
Graph 5 [45], hadronized with Pythia 6 [46] and passed to

h to NN first proposed by Graesser as effective operators:
[M.L. Graesser,  PRD 76 (2007) 075006; arXiv:0705.2190] 
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LNV Higgs decay

• 50% same sign dileptons

• light N, i.e. long lifetime

• In LR, N decay WR mediated

• LNVH complementary to 
WR drell-yan production of N
[Keung Senjanović ‘83]

Lepton Number Violation in Higgs Decay

Alessio Maiezza,1, ∗ Miha Nemevšek,2, † and Fabrizio Nesti3, ‡

1IFIC, Universitat de València-CSIC, Apt. Correus 22085, E-46071 València, Spain
2Jožef Stefan Institute, Ljubljana, Slovenia

3Ruđer Bošković Institute, Bijenička cesta 54, 10000, Zagreb, Croatia
(Dated: March 31, 2015)

We show that within the Left-Right symmetric model, lepton number violating decays of the Higgs

boson can be discovered at the LHC. The process is due to the mixing of the Higgs with the triplet

that breaks parity. As a result, the Higgs can act as a gateway to the origin of heavy Majorana

neutrino mass. In order to assess the LHC reach, a detailed collider study of the same-sign di-leptons

plus jets channel is provided. This process is complementary to the existing nuclear and collider

searches for lepton number violation and can probe the scale of parity restoration even above other

direct searches.

PACS numbers: 14.80.Bn, 11.30.-j, 12.60.-i, 13.35.Hb

The discovery of the Higgs boson [1, 2] allows to test
the mechanism of elementary particle mass generation
at the LHC [3]. Compared to this success, the problem
of neutrino mass in the Standard Model (SM) appears
acute. In contrast to charged fermions, neutrinos may
be their own antiparticles [4], in which case lepton num-
ber is violated (LNV). One immediate phenomenological
implication [5] is neutrino-less double beta decay (0ν2β),
the canonical way of searching for LNV, induced either
by light Majorana neutrinos or by new physics [6].

The latter, needed for neutrino mass, can be provided
by the celebrated seesaw mechanism [7–11]. In particu-
lar, Left-Right symmetric models (LRSM) [12], designed
to explain parity violation of weak interactions [13], em-
bed naturally the seesaw [7, 8] and also connect the Ma-
jorana and Dirac masses [14]. With the left-right (LR)
scale in the TeV range, 0ν2β may be dominated by heavy
neutrino (N) exchange [15, 16]. This may even be favored
over light neutrino exchange in view of cosmology [17] in
case a signal is found in the upcoming experiments [18].

A direct strategy for LNV searches at hadron colliders
was suggested in [19] by Keung and Senjanović (KS) [20].
The KS production of heavy Majorana neutrinos would
demonstrate LNV and also relate directly to 0ν2β [16, 21]
and lepton flavor violation (LFV) [22, 23]. The predicted
Dirac mass may then be tested at the LHC through LNV
decays [14], uncovering the underlying seesaw mechanism
and connecting to electric dipole moments [14, 24]. Indi-
rect constraints played [25–29] an important role and the
comprehensive analyses [30, 31] allow the LR scale well
within the ∼ 6 TeV reach of the LHC [32].

In this Letter we show that within the LRSM a new
channel arises, connecting Higgs physics to restoration of
parity. We point out that the SM Higgs can have a size-
able mixing with the triplet that breaks LR symmetry
spontaneously and provides a mass to heavy Majorana
neutrinos. Through this mixing the Higgs decays to a
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FIG. 1. Dominant diagram leading to LNV Higgs decay.

pair of Ns, probing their Yukawa couplings and lead-
ing to a LNV final state with two same or opposite sign
charged leptons and four jets, as shown on Fig. 1. The
possibility of LNV from Higgs decay to RH neutrinos
was suggested in [33] with effective operators. Here the
LNV Higgs decay is directly connected with the origin
of right-handed Majorana neutrino masses. As a result,
the SM Higgs boson may not only test the origin of mass
of known SM fermions but also that of heavy neutrinos.
In this sense, the Higgs would act as a portal to LNV,
complementary to 0ν2β and the KS reaction.

In order to estimate the LHC sensitivity to the signal,
we implement the model [34], perform a simulation of
both the signal and the expected SM background, and
devise cuts to isolate the signal. To further enhance the
search, we simulate the characteristic displaced vertices
arising from N decay and highlight their importance.
Given the current limits on the Higgs mixing [35], a dis-
covery turns out to be possible even if the LR scale is
beyond the reach of other direct searches.

We conclude with a discussion on alternative models
with potential LNV Higgs decays and a short outlook on
the related search at e+e− colliders.

Left-Right symmetry and Higgs mixing. Left-
Right symmetric models [12], based on the gauge group
SU(2)L × SU(2)R × U(1)B−L, contain a right-handed
(RH) gauge boson WR and three RH Majorana neutri-

N is Majorana, thus LNV Higgs decays:

Need to check existing limits...

WR
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masses greater than MWR (yellow shaded region) are not considered in this search.
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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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FIG. 10. Combined constraints on MR and MWR from ε, ε�

Bd and Bs mixings obtained in the P parity case from the
numerical fit of the Yukawa sector of the model.

|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

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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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-

jecte
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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LNV Higgs decay - parton level

• M(lljjjj) reconstructs higgs mass

• M(ljj)  the neutrino mass peak

• Flavour of leptons reconstructs leptonic VR
(NB. Quark and lepton mixing structure predicted in LR 
[Nemevšek Senjanović Tello PRL ’14]  [Senjanović Tello PRL ’15])

• Low typical momenta mh/6~ 20 GeV  

• N lifetime submillimeter to meters:  displaced vertices

h ∆
W±

R

W±
R

j

j

j

j

l±

l±

N

N

Same-sign   l l  + j j j j :
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SM Background, same sign
• Electron channel - forget it:

charge misidentification + photoproduction
need to be experimentally measured

• Muon channel: challenging
- prompt muons from WZ+ZZ+VVjj+ttbar
- nonprompt muons from

QCD jets + 
hadron misidentified 
as a muon

[CMS-EXO12057]

To be measured

in control regions.

We try to estimate it
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Basic cuts and Event count

3

Delphes 3 [47] for detector simulation. We also use Mad-

Analysis 5 [48] for cuts and event counting. Dedicated

software extensions were implemented in each module in

order to study the displaced vertices.

Below we discuss the physical characteristics of the

signal and background sources, and then describe a cut

strategy at detector level to optimize the final sensitivity.

The channel h → �±�±4j carries plenty of physical

information at parton level. The total invariant mass re-

constructs the Higgs mass, while the �jj invariant mass

reconstructs the N peak. Moreover, tagging the fla-

vor of outgoing leptons identifies the RH analog of the

PMNS mixing matrix and the related Majorana mass

matrix [14]. Notice that with such low N masses, LFV

constraints are easily satisfied and one may expect LFV

in Higgs decays.

Reconstruction at detector level is more delicate. The

Higgs is produced with a boost γ(h) ∼ 3 at
√

s = 13 TeV

and the N is further boosted if mN � mh/2. As a result

the two jets from N tend to merge. In addition, the

jets get closer to the charged lepton and typical lepton

isolation cuts may prevent its recognition. Furthermore,

the distribution of transverse momentum of the lepton

(and the jets) peaks at a fairly low value of mh/6 ∼
20 GeV. Typical detector simulation parameters forbid

tight leptons with pT < 10 GeV, causing a loss of the

signal by a factor of 2. Still, the N mass peak can be

clearly observed in the µj invariant mass.

We add that the fairly long lifetime of N , characteristic

for this portion of parameter space [21], can lead to a

measurable displacement of the N decay products. It

ranges from sub-millimeter to a few meters, depending on

mN and MWR . This results in a striking LNV signature

with two displaced vertices.

Background estimation. Since lepton number is con-

served in the SM, there is no background at parton level

for this final state. Nevertheless, there are three distinct

ways in which background arises:

1. Electron charge mis-identification and secondary

photo-production constitute a background that is hard

to understand in absence of real data [49, 50]. Since

at this stage one cannot reliably estimate this experi-

mental effect, we study the muon channel free from such

issues [49, 50].

2. The main prompt muon background comes from

pair-production of electroweak gauge bosons, in partic-

ular WZ, ZZ and W±W±jj, and tt̄ production. These

components also contain non-prompt muons from meson

decays.

3. Significant background is due to non-prompt muons.

This component, likely dominant and not easy to es-

timate, is due to QCD jets when some hadron is mis-

identified as a muon. Even though the mis-identification

probability is small, the huge QCD cross-section still

gives a finite number [49, 50]. A realistic estimate will

require a knowledge of hadron mis-id within the real

detector in the next LHC run. Nevertheless, previous

studies indicate this background behaves similarly to the

Process No cuts
Imposed cuts

µ±µ±+ nj /ET pT mT minv

WZ 2 M 544 143 78 40 20

ZZ 1 M 55 29 16 12 8

W±W±2j 389 115 16 5 3 1

tt 10 M 509 97 40 22 14

Signal (20) 254 11 11 10 9 8

Signal (40) 543 44 43 41 38 37

TABLE I. Number of expected events at the 13TeV LHC

run with 100 fb
−1

collected luminosity after sequential cuts

described in the text. The signal is generated with mN = 20
and 40GeV, sin θ = 10%, MWR = 3 TeV and nj = 1, 2, 3.

WZ + ZZ background (see supplement of [50]). From

that sample, we estimate the QCD mis-id contribution

by multiplying the W Z + Z Z background by 2.5.

Selection criteria and sensitivity. We now turn to

the event selection procedure. We adopt the default

Delphes 3 ATLAS card with muon isolation parameters

in agreement with [49] and the anti-kT jet algorithm with

∆R = 0.4 and pTjmin = 20 GeV. We demand two same-

sign isolated muons and no other leptons, together with

nj jets, where nj = 1, 2, 3. To increase the sensitivity,

we require /ET < 30 GeV and leading muon transverse

momentum pT < 55 GeV. Moreover, we demand the

transverse mass mT
µ/pT

< 30 GeV and invariant masses

mµµ < 80 GeV, mµ/pT
< 60 GeV. The impact of these

selection cuts on the event count is shown in Tab. I.

In addition, for both short and long lived Ns the known

decay length allows us to impose cuts on the muon vertex

transverse displacement dT , shown on Fig. 3. We simu-

late the displacement of signal and background, smearing

the reconstructed vertex with the pT − η dependent res-

olution of 20–40µm, as reported in [51]. Since the typi-

cal background contains one prompt and one secondary

muon, it is very effective to cut on both short and long

0.01 0.1 1 10

0.1

1

10

100

muon dT in mm

�
of
ev
en
ts

signal
mN�40 GeV

signal
mN�20 GeV

background
WZ�ZZ�W�W� jj� tt

s � 13 TeV � � 100 fb�1

Θ � 10� MWR � 3 TeV

FIG. 3. Reconstructed transverse muon displacement after

µ±µ±+nj event selection and before other cuts.

On top, let’s take advantage of vertex displacement...

• Model implemented w/ Feynrules       (extension of  [Roitgrund+ 1401.3345])
                                          available at https://sites.google.com/site/leftrighthep

• Collider simulation with Madgraph5+Pythia6+Delphes3
• WZ+ZZ+WW2j+ttbar simulated, QCD estimated =*2.5 factor

s:37 vs b:100

already

sensitive

Cuts [GeV]
E < 30

PT(μ) < 55 
M(μμ) < 80

MT (μ pT) < 30

ΔR < 0.4, etc.
min PT(j)=20 

isol μ >0.3
min PT(μ)=10 

/

/
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Simulation and Displaced Vertices 

• Madgraph 5 event generator - updated 
                 (module to add decay time in parton events)

• Pythia 6 hadronization        (writes lifetime in stdhep)

• Delphes 3 detector - updated
       (new module for vertex track resolution smearing)                
                     (extended lhco format to hold vertex info)

• Madanalysis 5 analysis package - updated               
               (to read new formats and treat displacement)

(...becoming a complete suite)
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LNV Higgs - displaced vertices

Track vertex resolution ~ 20 μm

prompt
loose muons

We cut on a sliding window
 function of mN
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Displaced vertices power
• Background: usually one prompt + one loose muon
• Signal: muons are both displaced

                 N lifetime depending on mN and MWR

• Thus we require two displacements,
and employ a sliding window cut:

• Background is greatly reduced:

• For each N mass/lifetime,
we optimize on L.

L/10 < dT < L ∗ 5

0.02 0.2 2. 20. 200.
0
2
4
6
8
10
12

L �mm�

�
ba
ck
gr
ou
nd
ev
en
ts
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displaced
LNVH decay

               + jet(s)h→ µ±µ±
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N lifetime

Study applies to 

generic LNV models 

displaced
LNVH decay

               + jet(s)h→ µ±µ±
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So, the Higgs to neutrino mass 
roadmap

• Find N, check vs yukawa                            (mass generation!)

• Estimate θ mixing.  Perturbativity says:

• Look for Δ and its NN decays       (confirm mass generation)
Look for WR                                             (parity restoration)

• ...if necessary, at a future collider :)
                                                             (e+e- particularly clean)

m∆ � 5 TeV
�

0.4
θ

�

Search for h→NN  :
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Improvements
Challenges

• Relax minimum muon PT below 10GeV?
                                                          (x 2 more signal!)

• Go to tighter missing energy? <20GeV?
                                                                (really hard?)

• Displaced jets                                    (naively doable) 

• Displacements vs larger impact par. problems? 

• Triggering at low pt?

e.g. talk by 

Golling
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LNVH in other models_
• Seesaw type-I and III: h → νN decay may turn into 

h→NN LNV decays, by paying a price of MDirac. 
However, mixing is now excluded [CMS-EXO-12-057]

• SUSY with R-parity violation [Allanach, Kom, Pas ’09] 
Not excluded, need a dedicated study, e.g. [T. Banks,  
JHEP ’08]. Current limits pose a challenge.  

• Scalar singlet + N ok, but no neutrino connection 
[Graesser ’07][Shoemaker+ ’10]

• Simplified model may be B-L spontaneous breaking.

Our analysis applies to generic models / lifetime scenarios.
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Resume - Outlook
• Neutrino masses exist   -    Left-Right natural theory                                             

• Contains Higgs mixing and

• Offers new Lepton Number Violating Higgs decays

• Higgs a gateway to the neutrino mass mechanism

• Can probe parity restoration to ~20 TeV

• Unexplored territory          (e.g. physics of neutral Δ)
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• Offers new Lepton Number Violating Higgs decays

• Higgs a gateway to the neutrino mass mechanism

• Can probe parity restoration to ~20 TeV

• Unexplored territory          (e.g. physics of neutral Δ)
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Backup
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muon PT - before/after cuts 
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3.51 Histogram 41

* Plot: PT ( mu )

Table 40. Statistics table

Dataset Integral Entries / events Mean RMS %Underflow %Overflow

mn20 1.6 2.0 23.2479 10.2 0.0 0.0

mn40 7.9 2.0 22.4912 9.457 0.0 0.0

ks40 0.118 2.0 24.4041 11.68 0.0 0.0

ttbar 0.0 +/- 0.0 0. 0.0 0.0 0.0 0.0

wz 7.84 2.0 25.746 10.68 0.0 0.0

Figure 41.

– 59 –

muon PT - before/after cuts 
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