
1

Overview of neutrino 
Physics at colliders

or
Testing Seesaw

Tao Han, University of Pittsburgh
NTN Workshop on Neutrino NSI

Washington Univ., St. Louis, May 29, 2019 



2

On May 24, 2019:

2010 in Aspen

His “Totalitarian Principle” argument
made a Majorana mass term 

“compulsory” (almost) 



• Particle mass hierarchy

1. Flavor Puzzle is a muchn harder problem

• Patterns of quark-
neutrino-mixings

• Neutrino mass:
Dirac (Higgs) vs.   
Majorana (seesaw)

3

• New CP-violation 
sources

Nu-physics:
One of the best chances 
for Nature to teach us a 

lesson!
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• “Technically natural” in  t’Hooft sense:
small values are protected by symmetry.
At a “new physics” (cut-off) scale Λ : 
“natural”: !mf ~ g2/(16"2) mf ln(Λ2/mf

2)
in contrast to “unnatural”: !mH

2 ~ - yt
2/(8"2) Λ2 

Two ways to generate small values naturally:
• Suppression by integrating out heavy states:

~ g2 E2/M2

the higher dimension 1/Λn, the lower Λ can be.

• Suppression by loop radiative generation:
the higher loops 1/(16"2)n, the lower mν can be. 

à Scale and couplings wide open in theory space.

On the theory side:
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• Will search for ANYTHING
new states of mass M, new couplings/mixings k, Vij … 

• Will search EVERY WHERE
low-energy & high-energy regimes.

On the phenomenology side:

• Today, primarily, 

target on Majorana nature: !L=2

• Equally important, 

charged lepton flavor transition: !L= 0

• Observables ßà Theory connections 
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∆L = 2 Processes at Low Energies

The fundamental diagram:
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for resonant N production.
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2.  The most-wanted process: !L=2

The crossing diagrams 
can probe different 
processes and new 

physics of N/T0, W+
R, H++
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3.  Neutrino-less double-beta decay

(a) (b)

Figure 1. The three active neutrino mass spectra versus the lowest neutrino mass for (a) NH, and (b) IH.

level (CL) [80]
3X

i=1

mi < 0.230 eV. (2.3)

Given this and the measured neutrino mass splittings, we show in Fig. 1 the three active neutrino
mass spectra as a function of the lowest neutrino mass in (a) NH and (b) IH. With the potential
sensitivity of the sum of neutrino masses being close to 0.1 eV in the near future (5�7 years) [81],
upcoming cosmological probes will not be able to settle the issue of the neutrino mass hierarchy.
However, the improved measurement ⇠ 0.01 eV over a longer term (7 � 15 years) [81, 82] would
be sensitive to determine the absolute mass scale of a heavier neutrino spectrum. In addition, there
are multiple proposed experiments aiming to determine the neutrino mass hierarchy. The Deep
Underground Neutrino Experiment (DUNE) will detect neutrino beams from the Long Baseline
Neutrino Facility (LBNF), and probes the CP-phase and the mass hierarchy. With a baseline of
1300 km, DUNE is able to determine the mass hierarchy with at least 5� significance [83]. The
Jiangmen Underground Neutrino Observatory (JUNO) plans to precisely measure the reactor elec-
tron antineutrinos and improve the accuracy of �m

2
21, �m

2
32 and sin

2
✓12 to 1% level [84]. The

Hyper-Kamiokande (Hyper-K) experiment as an update of T2K can measure the precision of � to
be 7

�
� 21

� and reach 3 (5)� significance of mass hierarchy determination for 5 (10) years ex-
posure [85]. Finally, the Karlsruhe Tritium Neutrino experiment (KATRIN) as a tritium � decay
experiment aims to measure the effective electron-neutrino mass with the sensitivity of sub-eV [86].

3 The Type I Seesaw and Lepton Number Violation at Colliders

We begin our presentation of collider searches for lepton number violation in the context of Type I
Seesaw models. After describing the canonical Type I mechanism [8–12] and its phenomenological

– 5 –

arXiv:1902.04097, M. Dolinski, A. Poon, W. Rodejohann

Future expts:
• SNO+
• SuperNEMO
• nEXO
• CUPID
• LEGEND100

Current bound:
<mee> ~ 0.2 eV

Future:
<mee> ~ 0.01 eV
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Already severe bounds:

Remain to be most sensitive: 
• but for ee final state only!
• What about other models?

|M| /

8
>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>:
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(2). N Resonance Production and Decay

The transition rates are proportional to

|M|2 ∝
Γ(N → i) Γ(N → f)

mNΓN
for resonant N production.

Atre, TH, Pascoli, Zhang, arXiv:0901.3589

(2). N Resonance Production and Decay

The transition rates are proportional to

|M|2 ∝
Γ(N → i) Γ(N → f)

mNΓN
for resonant N production.

We calculated† all the τ, K, D, B decays: M+ → ℓ+i ℓ+j M− via N
and compare with the existing experimental bounds.∗

We scan the parameters in the range:

10−10 < |Ve4|2, |Vµ4|2, |Vτ4|2 < 0.2
m4 > 140 MeV, me + mπ threshold;
... ...
m4 > 3.8 GeV, mτ + MD threshold;
m4 ∼ 5.2 GeV, MB kinematics.

†A. Atre, T. Han, S. Pascoli, B. Zhang, arXiv.0901.3589.
∗PDG.

Extension to N Resonance Signals

The transition rates are proportional to†

|M|2 ∝
Γ(N → i) Γ(N → f)

mNΓN
for resonant N production.

• Active searches:∗

τ, K, D, B decays: M+ → ℓ+i ℓ+j M− via N

• Other processes to look for:

D+, B+ → ℓ+ℓ+K∗,

B+ → τ+e+M−, τ+µ+M−, τ+τ+M−.

at Super-B, LHCb.

†A. Atre, T. Han, S. Pascoli, B. Zhang, arXiv.0901.3589.
∗LHCb Collaboration: arXiv:1201.5600 [hep-ex]; PDG listing.

Extension to N Resonance Signals

The transition rates are proportional to†

|M|2 ∝
Γ(N → i) Γ(N → f)

mNΓN
for resonant N production.

• Active searches:∗

τ, K, D, B decays: M+ → ℓ+i ℓ+j M− via N

• Other processes to look for:

D+, B+ → ℓ+ℓ+K∗,

B+ → τ+e+M−, τ+µ+M−, τ+τ+M−.

at Super-B, LHCb.

†A. Atre, T. Han, S. Pascoli, B. Zhang, arXiv.0901.3589.
∗LHCb Collaboration: arXiv:1201.5600 [hep-ex]; PDG listing.

On resonance at mN, only V4l
2 suppressed!

4.  Meson decays
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(2). N Resonance Production and Decay

The transition rates are proportional to

|M|2 ∝
Γ(N → i) Γ(N → f)

mNΓN
for resonant N production.

We calculated† all the τ, K, D, B decays: M+ → ℓ+i ℓ+j M− via N
and compare with the existing experimental bounds.∗

We scan the parameters in the range:

10−10 < |Ve4|2, |Vµ4|2, |Vτ4|2 < 0.2
m4 > 140 MeV, me + mπ threshold;
... ...
m4 > 3.8 GeV, mτ + MD threshold;
m4 ∼ 5.2 GeV, MB kinematics.

†A. Atre, T. Han, S. Pascoli, B. Zhang, arXiv.0901.3589.
∗PDG.
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Figure 12. Projections of the multidimensional fit onto mES (top left), �E (top right), the
BDT output (bottom left) and K

⇤� mass (bottom right) for B+
! K

⇤� (K0
S⇡

�)e+µ+ showing
data (points with error bars), total fit (solid blue line), signal PDF (green histogram) and
background (dashed magenta line).

Figure 13. Branching fraction upper limits at 90% CL for LNV decays from BABAR [67] (solid
blue points), Belle [72] (solid red squares) and CLEO [74] (black diamonds). In addition, LHCb
upper limits at 95% CL [73] (open triangles) are shown.

to be of the order of O(10�6) for B
0
! !! and O(10�7) for B

0
! !�. The SM predicts

longitudinal polarization fractions of FL> 0.8 for both modes [93, 94]. Charmless vector vector
modes are also well suited to measure the Unitarity Triangle angle ↵ [96,97]. The Scan Method
group has determined ↵ – � contours from a �

2 fit to measured branching fractions, longitudinal
polarizations and CP asymmetries using all observed charmless vector vector decays [98]. The
decay amplitudes of each mode are expressed in terms of tree, color-suppressed tree, gluonic
penguin, singlet penguin, electroweak penguin and W -annihilation/W - exchange amplitudes.
For decays involving K

⇤s, SU(3) breaking is taken into account. All contributions up to order
O(�5) are considered where � = sin ✓c (Cabibbo angle), since the leading amplitude is already

B� ! ⇡+µ�µ� is carried out in two steps, the first being the two body decay B� ! Nµ�,
where N is a putative Majorana neutrino, and the second N ! ⇡+µ�.

In both categories S and L, only tracks that start in the VELO are used. We require
muon candidates to have p > 3 GeV and pT > 0.75 GeV, as muon detection provides fewer
fakes above these values. The hadron must have p > 2 GeV and pT > 1.1 GeV, in order to
be tracked well. Muon candidate tracks are required to have hits in the muon chambers.
The same criteria apply for the channel we use for normalization purposes, B� ! J/ K�

with J/ ! µ+µ�. Pion and kaon candidates must be positively identified in the RICH
systems. For the S case and the normalization channel, candidate B� combinations must
form a common vertex with a �2 per number of degrees of freedom (ndf) less than 4. For
the L candidates we require that the ⇡+µ� tracks form a neutrino candidate (N) decay
vertex with a �2 < 10. A B� candidate decay vertex is searched for by extrapolating
the N trajectory back to a near approach with another µ� candidate, which must form a
vertex with the other muon having a �2 < 4. The distance between the ⇡+µ� and the
primary vertex divided by its uncertainty must be greater than 10. The pT of the ⇡+µ�

pair must also exceed 700 MeV. For both S and L cases, we require that the cosine of the
angle between the B� candidate momentum vector and the line from the PV to the B�

vertex be greater than 0.99999. The two cases are not exclusive, with 16% of the event
candidates appearing in both.

The mass spectra of the selected candidates are shown in Fig. 2. An extended unbinned
likelihood fit is performed to the J/ K� mass spectrum with a double-Crystal Ball
function [12] plus a triple-Gaussian background to account for partially reconstructed B
decays and a linear function for combinatoric background. We find 282 774± 543 signal
events in the normalization channel. Backgrounds in the ⇡+µ�µ� final state come from B
decays to charmonium and combinatoric sources. Charmonium backgrounds are estimated
using fully reconstructed J/ K�(⇡�) and  (2S)K�(⇡�) events and are indicated by
shaded regions; they can peak at the B� mass. No signal is observed in either the S or L
samples.

We use the CLs method to set upper limits [13], which requires the determination
of the expected background yields and total number of events in the signal region. We
define the signal region as the mass interval within ±2� of the B� mass where � is

W

+

!+

u

"

"

N
W

b

B

Figure 1: Feynman diagram for B� ! ⇡+µ�µ� decay via a Majorana neutrino labelled N .
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BaBar collaboration: arXiv:1503.08267v1.
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Figure 5. (a) B
� meson decay to L-violating final state via heavy Majorana N [47]. (b) LHCb and Belle

I limits on |VµN |
2 (labeled |Vµ4|

2 in the figure) as a function of N mass after L = 3 fb�1 at 7-8 TeV
LHC [222].

excluded [222] |VµN |
2 & 3 ⇥ 10

�5 for MN = 1 � 5 GeV. Along these same lines, the observ-
ability of displaced decays of heavy neutrinos [217, 223–227] and so-called “neutrino-antineutrino
oscillations” [228–231] (in analogy to B � B oscillations) and have also been discussed.

Indirectly, the presence of heavy Majorana neutrinos can appear in precision EW measure-
ments as deviations from lepton flavor unitarity and universality, and is ideally suited for e

+
e
�

colliders [88–91, 183, 232, 233], such as the International Linear Collider (ILC) [234, 235], Cir-
cular e

�
e
+ Collider (CepC) [236], and Future Circular Collider-ee (FCC-ee) [232]. An especially

famous example of this is the number of active, light neutrino flavors N⌫ , which can be inferred
from the Z boson’s invisible width �

Z

Inv. At lepton colliders, �
Z

Inv can be determined in two dif-
ferent ways: The first is from line-shape measurements of the Z resonance as a function of

p
s,

and is measured to be N
Line
⌫ = 2.9840 ± 0.0082 [237]. The second is from searches for invis-

ible Z decays, i.e., e
+
e
�

! Z�, and is found to be N
Inv
⌫ = 2.92 ± 0.05 [238]. Provocatively,

both measurements deviate from the SM prediction of N
SM
⌫ = 3 at the 2� level. It is unclear if

deviations from N
SM
⌫ are the result of experimental uncertainty or indicate the presence of, for ex-

ample, RH neutrinos [224, 239]. Nonetheless, a future Z-pole machine can potentially clarify this
discrepancy [224]. For investigations into EW constraints on heavy neutrinos, see Refs. [88–91].

3.2.2 High-Mass Heavy Neutrinos at pp Colliders

Collider searches for heavy Majorana neutrinos with masses above MW have long been of interest
to the community [240–243], with exceptionally notable works appearing in the early 1990s [96,
244–247] and late-2000s [66, 97, 248–253]. In the past decade, among the biggest advancements
in Seesaw phenomenology is the treatment of collider signatures for such hefty N in Type I-based
models. While coupled to concurrent developments in Monte Carlo simulation packages, the pro-
gression has been driven by attempts to reconcile conflicting reports of heavy neutrino production
cross sections for the LHC. This was at last resolved in Refs. [254, 255], wherein new, infrared-

– 16 –

M. Drewes, J. Hajer et al., arXiv:1905.19828
Heavy ion with low trigger threshold

LHCb collaboration: arXiv:1401.5361v2
B. Shuve & M. Peskin, arXiv:1607.04258

CERN NA62, arXiv:1905.07770
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5.  “Type I” at Lepton Colliders 

Jian-Nan Ding, Qin Qin, Fu-Sheng Yu: 
arXiv:1903.02570

FCCee CDR Vol.2
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(2). LHC searches for Majorana Neutrinos

At hadron colliders: § pp(p̄) → ℓ±ℓ±jjX
qi

q̄j

W∓

l∓

N

l∓

W±

σ(pp → µ±µ±W∓) ≈ σ(pp → µ±N)Br(N → µ±W∓) ≡
V 2

µN
∑

l

∣

∣

∣V ℓN
∣

∣

∣

2 V 2
µN σ0.

Factorize out the mixing couplings: †

σ(pp → µ±µ±W∓) ≡ Sµµ σ0,

Sµµ =
V 4

µN
∑

l |VℓN |2
≈

V 2
µN

1 + V 2
τN/V 2

µN

.

§Keung, Senjanovic (1983); Dicus et al. (1991); A. Datta, M. Guchait, A. Pilaftsis
(1993); ATLAS TDR (1999); F. Almeida et al. (2000); F. del Aguila et al. (2007).

†T. Han and B. Zhang, hep-ph/0604064, PRL (2006).

(2). LHC searches for Majorana Neutrinos

At hadron colliders: § pp(p̄) → ℓ±ℓ±jjX
qi

q̄j

W∓

l∓

N

l∓

W±

σ(pp → µ±µ±W∓) ≈ σ(pp → µ±N)Br(N → µ±W∓) ≡
V 2

µN
∑

l

∣

∣

∣V ℓN
∣

∣

∣

2 V 2
µN σ0.

Factorize out the mixing couplings: †

σ(pp → µ±µ±W∓) ≡ Sµµ σ0,

Sµµ =
V 4

µN
∑

l |VℓN |2
≈

V 2
µN

1 + V 2
τN/V 2

µN

.

§Keung, Senjanovic (1983); Dicus et al. (1991); A. Datta, M. Guchait, A. Pilaftsis
(1993); ATLAS TDR (1999); F. Almeida et al. (2000); F. del Aguila et al. (2007).

†T. Han and B. Zhang, hep-ph/0604064, PRL (2006).

Collider searches for Majorana neutrinos

At hadron colliders: ‡ pp(p̄) → ℓ±ℓ±jjX
qi

q̄j

W∓

l∓

N

l∓

W±

σ(pp → µ±µ±W∓) ≈ σ(pp → µ±N)Br(N → µ±W∓) ≡
V 2

µN
∑

l

∣

∣

∣V ℓN
∣

∣

∣

2 V 2
µN σ0.

Factorize out the mixing couplings: †

σ(pp → µ±µ±W∓) ≡ Sµµ σ0,

Sµµ =
V 4

µN
∑

l |VℓN |2
≈

V 2
µN

1 + V 2
τN/V 2

µN

.

This is verified for σ0(mN < 3 TeV) ⇒ narrow-width approximation valid.

‡Keung, Senjanovic (1983); Dicus et al. (1991); A. Datta, M. Guchait, A. Pilaftsis
(1993); ATLAS TDR (1999); F. Almeida et al. (2000); F. del Aguila et al. (2007).

†T. Han and B. Zhang, hep-ph/0604064, PRL (2006).

Consider pp̄ (pp) → µ±µ±W∓ → µ±µ±jj.

A very clean channel:

• like-sign di-muons plus two jets;

• no missing energies;

• m(jj) = MW, m(jjµ) = mN .

6.  “Type I” at Hadron Colliders 

(WR)
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ATLAS:
ATLAS collaboration: arXiv:1506.06020v2.CMS collaboration: arXiv:1501.05566v1.
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Figure 8: Observed and expected 95% confidence level upper limits on the cross-section times branching ratio for
the production of mTISM heavy Majorana neutrinos as a function of the heavy neutrino mass for (a) the ee channel
and (c) the µµ channel. The limits on the mixing between the heavy Majorana neutrinos and the SM neutrinos are
shown in (b) and (d). Values larger than the solid black line are excluded by this analysis.

7.2 Results in the LRSM signal region

The observed and expected numbers of events for the LRSM signal regions are shown in table 5. There
are no excesses observed above the expected numbers of background events.

The LRSM signal is expected to produce a peak in the invariant mass of the decay products of the heavy
gauge boson. This would be observed in the invariant mass distribution m`` j( j) (m`` j j( j j)) in the WR (Z0)
signal regions, as described in section 4. The observed and predicted distributions are shown in figures 9
and 10. Binned likelihood fits are performed to the invariant mass distributions and the profile-likelihood
test statistic is used to assess the compatibility of the data with the background-only and signal-plus-
background hypotheses. No significant excess is observed in the data compared to the background ex-
pectation and 95% CL upper limits on the cross-section of the production of heavy gauge bosons decaying
to heavy neutrinos within the LRSM are set using the CLs method. The expected and observed cross-
section exclusion limits as a function of the masses of the heavy gauge bosons and heavy neutrino are
shown for example mass points for both channels, ee and µµ, in table 6. The full cross-section limits

20
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CMS collaboration update: 
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Figure 5. Feynman diagrams for photon-initiated process qγ → Nℓ±q′.

to the DY-process a K-factor of

K = 1.2 (1.3) for 14 (100) TeV. (2.22)

Including the QCD K-factor, we show the NNLO total cross sections [called the “bare cross

section σ0” by factorizing out |VℓN |2 as defined in Eq. (2.7)] as a function of heavy neutrino

mass in figures 4(a) and 4(b) for the 14-TeV LHC and 100-TeV VLHC, respectively. The

curves are denoted by the (black) solid lines. Here and henceforth, we impose the following

basic acceptance cuts on the transverse momentum and pseudorapidity of the charged

leptons for 14 (100) TeV,

pℓT > 10 (30) GeV, |ηℓ| < 2.4 (2.5). (2.23)

The motive to include these cuts is two-fold. First, they are consistent with the detector

acceptance for our future simulations and the definition of “fiducial” cross section. Second,

they serve as kinematical regulators for potential collinear singularities, to be discussed

next. The pT and η criteria at 100 TeV follow the 2013 Snowmass benchmarks [84].

2.3 Photon-Initiated Processes

After the dominant DY channel, VBF via Wγ fusion, as introduced in Eq. (2.2), presents

a promising additional contribution to the heavy N production. We do not make any

approximation for the initial state W and treat its radiation off the light quarks with exact

matrix element calculations. In fact, we consistently treat the full set of diagrams, shown

in figure 5, for the photon-initiated process at order α3

q γ → N ℓ± q′. (2.24)

Obviously, diagrams figure 5(c) and (d) do not add to Wγ fusion and are just small QED cor-

rections.‡ Diagram figure 5(b) involves a massless t-channel charged lepton. The collinear

pole is regularized by the basic acceptance cuts in Eq. (2.23). What is non-trivial, how-

ever, is how to properly treat initial-state photons across the different sources depicted in

figure 2. We now discuss the individual channels in detail.

‡ Diagram 5(d) involves a collinear singularity from massless quark splitting. It is unimportant for our

current consideration since its contribution is simply a QED correction to the quark PDF. For consistency

and with little change to our results, ΛDIS
γ = 15 GeV [defined in Eq. (2.32)] is applied as a regulator.

– 9 –

A recent update:
VBF (Wγ) contributions and NNLO QCD effects
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Figure 1. Diagram representing resonant heavy Majorana neutrino production through the DY
process and its decay into same-sign leptons and dijet. All diagrams drawn using JaxoDraw [38].

yν , the resulting Dirac mass is mD = yν⟨Φ⟩, where Φ is the SM Higgs SU(2)L doublet. As

NR is a SM-gauge singlet, one could assign NR a Majorana mass mM without violating

any fundamental symmetry of the model. Requiring that mM ≫ mD, the neutrino mass

eigenvalues are

m1 ∼ mD
mD

mM
and m2 ∼ mM . (1.1)

Thus, the apparent smallness of neutrino masses compared to other fermion masses is due

to the suppression by a new scale above the EW scale. Taking the Yukawa coupling to be

yν ∼ O(1), the Majorana mass scale must be of the order 1013GeV to recover sub-eV light

neutrinos masses. However, if the Yukawa couplings are as small as the electron Yukawa

coupling, i.e., yν ! O(10−5), then the mass scale could be at O(1)TeV or lower [19–22].

Given the lack of guidance from theory of lepton flavor physics, searches for Majorana

neutrinos must be carried out as general and model-independent as possible. Low-energy

phenomenology of Majorana neutrinos has been studied in detail [21–37]. Studied first in

ref. [23] and later in refs. [24–29], the production channel most sensitive to heavy Majorana

neutrinos (N) at hadron colliders is the resonant Drell-Yan (DY) process,

pp → W±∗ → N ℓ±, with N → W∓ ℓ
′±, W∓ → j j, (1.2)

in which the same-sign dilepton channel violates lepton number L by two units (∆L = 2);

see figure 1. Searches for eq. (1.2) are underway at LHC experiments [39–41]. Non-

observation in the dimuon channel has set a lower bound on the heavy neutrino mass of

100 (300) GeV for mixing |VµN |2 = 10−2 (−1) [40]. Bounds on mixing from 0νββ [42, 43]

and EW precision data [44–47] indicate that the 14TeV LHC is sensitive to Majorana

neutrinos with mass between 10 and 375GeV after 100 fb−1 of data [27]. Recently renewed

interest in a very large hadron collider (VLHC) with a center of mass (c.m.) energy about

100TeV, which will undoubtedly extend the coverage, suggests a reexamination of the

search strategy at the new energy frontier.

Production channels for heavy Majorana neutrinos at higher orders of α were system-

atically cataloged in ref. [26]. Recently, the vector boson fusion (VBF) channel Wγ → Nℓ±

was studied at the LHC, and its t-channel enhancement to the total cross section was em-

phasized [36]. Along with that, they also considered corrections to the DY process by

including the tree-level QCD contributions to Nℓ±+jets. Significant enhancement was

claimed over both the leading order (LO) DY signal [27, 29] and the expected next-to-
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Figure 4. (a) 14 TeV LHC (b) 100 TeV VLHC NℓX cross section, divided by |VℓN |2, as a function
of the N mass for the NNLO DY (solid), elastic (dot), inelastic (dash), DIS (dash-diamond), and
summed γ-initiated (dash-dot) processes. (c,d) Ratio of cross sections relative to NNLO DY rate.

Table 1 lists† the LO and NNLO cross sections as well as the NNLO K-factors for

several representative values of
√
ŝmin. At

√
ŝmin = 1 TeV, the QCD-corrected charged

current rate can reach tens (several hundreds) of fb at 14 (100) TeV. Over the range from√
ŝmin = 100 GeV − 1 TeV,

K = 1.20 − 1.38 at 14 TeV, (2.20)

= 1.23 − 1.50 at 100 TeV. (2.21)

This agrees with calculations for similar DY processes [82, 83]. We see that the higher

order QCD corrections to the DY channel are quite stable, which will be important for our

discussions in section 2.3. Throughout the study, independent of neutrino mass, we apply

†As no NNLO CTEQ6L PDF set exists, we have adopted the MSTW2008 series to obtain a self-consistent

estimate of the NNLO K-factor.

– 8 –
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New Strategy: Long Lived Particles @ Low mass

M. Drewes and J. Hajer, arXiv:1903.06100; 
J. Liu, Z. Liu, L.-T. Wang, X. Wang, 
arXiv:1904.01020.

ATLAS collaboration, arViv:1905.89787
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7. WR & N @ Hadron Colliders
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Figure 2: The tree-level diagrams for the production of a heavy Majorana neutrino (N) in the LRSM model, in
which heavy gauge bosons WR and Z0 are also incorporated. Lepton flavour is denoted by ↵ and �. Lepton flavour
is assumed to be conserved, such that ↵ = �. The WR boson produced from the N decay is o↵-shell and, in this
case, decays hadronically.

mWR � mN > 0.3 TeV at 95% confidence level (CL) [17]. A more recent search performed by CMS has
excluded mWR < 3.0 TeVfor mWR � mN > 0.05 TeV at 95% CL [18]. There are no such limits for the
production of heavy neutrinos from Z0 boson decays.

Both the mTISM and LRSM models produce final states containing two same-sign leptons and high-pT
jets, but the kinematic characteristics of the events are quite di↵erent. In the mTISM final state, one can
reconstruct the resonant SM W boson from the jets originating from the tree-level qq̄ pair, whereas in
the LRSM final states, one can instead reconstruct the masses of the heavy gauge bosons. Furthermore,
the energy scales of the two models are largely separate. The energy scale of mTISM final states is set
by the heavy neutrino mass, which, based on the LEP constraints [10, 11], is assumed to be greater than
100 GeV. Instead, the energy scale of LRSM final states is set by the masses of the heavy bosons, which,
motivated by the earlier heavy neutrino searches, are assumed to be greater than 400 GeV. For these
reasons, the event selection criteria are optimised separately for each model, although a common object
selection is used in both cases.

2 The ATLAS detector

The ATLAS detector [19] surrounds the interaction point and covers nearly the entire solid angle. The
detector consists of an inner detector (ID) tracking system, electromagnetic and hadronic calorimeters,
and a muon spectrometer (MS) that surrounds the other detector systems. The ID tracking system consists
of a silicon pixel detector, a silicon microstrip tracker, both covering |⌘| < 2.5, and a transition radiation
tracker covering |⌘| < 2.0. The ID tracker is immersed in a 2 T axial magnetic field provided by a
superconducting solenoid magnet. The electromagnetic accordion calorimeter is composed of lead and
liquid-argon (LAr) and provides coverage for |⌘| < 3.2. Hadronic calorimetry is provided by steel and
scintillator tile calorimeters for |⌘| < 1.7 and copper and LAr calorimeters for 1.5 < |⌘| < 3.2. Additional
LAr calorimeters with copper and tungsten absorbers cover the forward region. The MS consists of
dedicated trigger chambers covering |⌘| < 2.4 and precision tracking detectors covering |⌘| < 2.7. A
system of three superconducting toroids (one in the barrel, two in the end-caps), with eight coils each,

4

G. Senjanovic & W. Keung,
PRL 50 (1983) 1427

• No mixing suppression
• New unknown mass scale MR

ATLAS collaboration:  arXiv:1809.11105.
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uðpAÞ !dðpBÞ ! W 0þ
R;LðqÞ ! ‘þ1 ðp1ÞNðpNÞ

! ‘þ1 ðp1Þ‘þ2 ðp2Þqðp3Þ !q0ðp4Þ:
(33)

The two diagrams that contribute to this process are shown
in Fig. 3. Figure 4 shows the total production cross section
for the like-sign dimuon process as a function of mN . In it,
the solid line denotes the pure W 0

R gauge state while the
dashed line represents the pure W 0

L state. Since the W0
R !

N! branching ratio is larger than W 0
L ! N! ratio, the

cross section for W 0
R is systematically larger than for W 0

L.
Additionally, as the neutrino mass approaches theW 0 mass
the cross section drops precipitously due to phase space
suppression.

In principle, the conjugate process, !ud! W 0$ , should
also be possible at the LHC. However, it will possess a
much smaller production rate because the !udinitial state
has a smaller parton luminosity than u !d. Despite this, all
reconstruction methods and observables discussed below
are applicable to both processes.

A. Event selection

For simplicity, we restrict our study to like-sign muons.
There is no change in the analysis if extended to electrons;
however, 6ET requirements must be reassessed for inclusion
of unstable "’s [37]. Consequently, our signal consists
strictly of two positively charged leptons and two jets, a

fact that allows for considerable background suppression.
In simulating this like-sign leptons plus dijet signal, to
make our analysis more realistic, we smear the lepton
and jet energies to emulate real detector resolution
effects. These effects are assumed to be Gaussian and
parametrized by

#ðEÞ
E

¼ affiffiffiffi
E

p & b; (34)

where #ðEÞ=E is the energy resolution, a is a sampling
term, b is a constant term, & represents addition in quad-
rature, and all energies are measured in GeV. For leptons
we take a¼ 5% and b ¼ 0:55%, and for jets we take a¼
100% and b ¼ 5% [38].
After smearing, we define our candidate event as two

positively charged leptons and two jets passing the follow-
ing basic kinematic and fiducial cuts on the transverse
momentum, pT , and pseudorapidity, $:

pj
T ' 30 GeV; p‘

T ' 20 GeV; $j ( 3:0;

$‘ ( 2:5:
(35)

Table I lists the cross sections for Eq. (33) assuming the
pure W 0

R;L gauge states at the 8 and 14 TeV LHC without
smearing or acceptance cuts (row 1), and with smearing
plus acceptance cuts from Eq. (35) (row 2). Here and

FIG. 3. The partonic-level process for a heavy W 0þ production and decay to like-sign leptons in hadronic collisions.
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ATLAS† study for SU(2)L ⊗ SU(2)R symmetric model:

Vladimir’s last talk.

A clean channel with rich physics:†

• Significantly enhanced rate at WR resonance; ¶

• If observed, determine N ’s nature: ∆L = 2, azimuthal angle ...

• and determine W ′ chiral coupling to ℓ − NR,L and q − q̄.
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Figure 11: Spin correlations for qq̄′ → W ′ → Nℓ+ for (a) left-handed and (b) right-handed cou-
plings. Single arrow lines represent momentum directions and double arrow lines represent spin
directions.

V W ′ Chiral Couplings From Angular Correlations at the LHC

Once a new gauge boson W ′ is observed at the LHC, it is of fundamental importance to determined

the nature of its coupling to the SM fermions. Here, we identify various kinematical quantities

that depend on the chiral couplings of the fermions to a W ′. Each quantity will have a different

dependence on the W ′ chiral couplings and so will provide independent measurements of the chiral

couplings.

A W ′ Chiral Couplings To Leptons

Figure 11 shows the spin correlations for the process qq̄′ → W ′ → Nℓ+ in the partonic c.m. frame for

both the (a) left-handed and (b) right-handed cases. Double arrowed lines represent spin and single

arrowed lines momentum. As it is well-known, although the preferred charged lepton momentum

direction leads to a clear distribution of parity violation, it cannot reveal more detailed nature of

the chiral coupling. On the other hand, the nature of the W ′ leptonic chiral couplings is encoded

in polarization of the heavy neutrino, i.e., in the W ′
R (W ′

L) case the heavy neutrino is preferentially

right-handed (left-handed). Hence, if the polarization of the neutrino can be determined, the left-

handed and right-handed cases can be distinguished. Spin observables such as ⟨ŝN · â⟩, where sN

is the spin of the heavy neutrino and â is an arbitrary spin quantization axis, are sensitive to the

polarization of the heavy neutrino. Defining the angle θ∗ between the â and the direction of motion

of the charged lepton originating from the heavy neutrino decay, p̂ℓ2 , the angular distribution of

the partial width of the neutrino decaying into a charged lepton and two jets is [39]

1

Γ

dΓ

d cos θ∗
(N → ℓ±jj) =

1

2

(

1 + 2 Aℓ± cos θ∗
)

, (47)

where Aℓ+ = −Aℓ− ≡ A due to the CP invariance. The coefficient A is related to ⟨ŝN · â⟩ and

is the forward-backward asymmetry of the charged lepton with respect to the direction â. We

will refer to A as the analyzing power. The angular distribution of either of the two jets from
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The primary lepton does not 
provide L-R discrimination: 

WR & NR Properties:

T. Han, I. Lewis, R. Ruiz, Z. Si, arXiv:1211.6447v2
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ATLAS† study for SU(2)L ⊗ SU(2)R symmetric model:

Vladimir’s last talk.

A clean channel with rich physics:†

• Significantly enhanced rate at WR resonance; ¶

• If observed, determine N ’s nature: ∆L = 2, azimuthal angle ...

• and determine W ′ chiral coupling to ℓ − NR,L and q − q̄.
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ẑ

q′

q -1 -0.5 0 0.5 1
cosθ

l

0

0.2

0.4

0.6

0.8

1

1/
σ 

dσ
/d

 c
os
θ l

Reconstructed
Theory

mN = 500 GeVMW’ = 2.5 TeV

No ∆Rjj cuts

W’L
W’R

-1 -0.5 0 0.5 1
 Φ/π

0

0.25

0.5

0.75

π/
σ 

dσ
/d
Φ

Reconstructed
Theory Prediction

W’L W’R

mN = 1.25 TeV
 MW’ = 2.5 TeV

14 TeV LHC
No ∆Rjj cuts

†ATLAS, arXiv:1203.5420 [hep-ex]
†T. Han, I. Lewis, R. Ruiz, Z. Si, arXiv:1211.6447.
¶Keung, Senjanovic (1983).

N

ℓ+

W−
0

W ′
L :

ẑ
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Figure 7: Helicity and spin correlations in the chains NL,R → ℓ+W− → ℓ+qq′ from W ′
L decay in

(a), (c); and from W ′
R decay in (b), (d). Figures (a) and (b) are for longitudinally polarized SM

W ’s, and Figs. (c) and (d) are for transversely polarized SM W ’s. The decay goes from left to
right as labeled by the particle names. The momenta (single arrow lines) and spins (double arrow
lines) are in the parent rest-frame in the direction of the heavy neutrino’s motion (ẑ) in the W ′

rest-frame.

charged lepton’s momentum. In the W ′
L case, the charged lepton moves in negative ẑ direction and

the boost into the partonic c.m. frame is against the lepton’s momentum. Therefore, the lepton

from the heavy neutrino decay is harder in the W ′
R case than in the W ′

L case. The contribution from

decay into transversely polarized W ’s is in the opposite direction. However, as noted previously,

this contribution is smaller than the decays into longitudinally polarized W ’s. Similar arguments

can be made to explain that the two jets are softer in the W ′
R case than in the W ′

L case.

As previously stated, identifying well-separated objects in our event is paramount to measuring

our observables. For 14 TeV LHC collisions, Fig. 8 shows (a) the separation between the two jets,

∆Rjj, and (b) the minimum separation between the leptons identifed as originating from the heavy

neutrino and W ′ and the two jets defined by

∆Rmin
ℓij

= min
k=1,2

∆Rℓijk , (41)

where i = W ′ for the lepton coming from the W ′ and i = N for the lepton coming from the
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Figure 14: Spin correlations in the neutrino rest-frame as described in Fig. 13. Double arrowed
lines represent spin with ŷ being the quantization axis and single arrowed lines are the ŷ component
of the particles.

the 180◦ phase difference in the angular distribution, Eq. (59), between the W ′
L and W ′

R cases,

and between the neutrino decay to W0 and WT . Also, notice that this argument only relies on the

W ′ − q − q′ coupling and not the W ′ −N − ℓ chiral couplings. Hence, measuring the distribution

of the angle between the qq′ → Nℓ1 production and the N → ℓ2
+W− decay planes can determine

the chiral couplings of a W ′ to light quarks independently from the chiral couplings of the W ′ to

leptons.

Most of the angular definition and analysis depend on the initial state quark momentum direc-

tion. Since the LHC is a symmetric pp machine, this is not known a priori. However, at the LHC

u and d quarks are valence and antiquarks are sea. Hence, the initial-state quark generally has

a larger momentum fraction than the initial-state antiquark; and the initial-state quark direction

can be identified as the direction of motion of the fully reconstructed partonic c.m. frame. Similar

techniques have been used for studying forward-backward asymmetries associated with new heavy

gauge bosons [14,40].

Figure 15 shows the Φ distributions at the 14 TeV LHC withM ′
W = 3 TeV for bothW ′

L andW ′
R.

From Eq. (59), the amplitude of the Φ distribution depends on the ratio mN/M ′
W , and therefore
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WL,R Discrimination via NL,R Decay:
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8. Type II Seesaw: H±± & H±φ±± in Type II Seesaw at the LHC

H++H−− production at hadron colliders: †

10
-2

10
-1

1

10

10 2

200 400 600 800 1000
M∆ (GeV)

σ(
fb

)

γγ → H++H−− 10% of the DY.
†Revisit, T.Han, B.Mukhopadhyaya, Z.Si, K.Wang, arXiv:0706.0441.

Pure electroweak gauge interactions

Akeroyd, Aoki, Sugiyama, 2005, 2007.

Recently, a new model: J. Gehrlein, D. Goncalves, P. Machado, 
Y. Perez-Gonzalez: arXiv:1804.09184.
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Type II Seesaw: Complimentary Decays Unique decays:

Γ(φ++ → ℓ+ℓ+) ∝ Y 2
ijMφ

Γ(φ++ → W+W+) ∝
v′2M3

φ

v4,

with Yllv
′ ≈ mν (eV ) ⇒ v′ ≈ 2 × 10−4 GeV the division.

0

0.2

0.4

0.6

0.8

1

10
-4

v, (GeV)

BR

Will concentrate on the leptonic modes.We will focus on the leptonic decays, with a small v’.
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H++, --, H+, - Decays: Revealing the flavor pattern
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Neutrino – charged lepton correlations

Summarize the discovery modes:
Spectrum Relations
Normal Hierarchy BR(H++ → τ+τ+), BR(H++ → µ+µ+) ≫ BR(H++ → e+e+)
(∆m2

31 > 0) BR(H++ → µ+τ+) ≫ BR(H++ → e+µ+), BR(H++ → e+τ+)
BR(H+ → τ+ν̄), BR(H+ → µ+ν̄) ≫ BR(H+ → e+ν̄)

Inverted Hierarchy BR(H++ → e+e+) > BR(H++ → µ+µ+), BR(H++ → τ+τ+)
(∆m2

31 < 0) BR(H++ → µ+τ+) ≫ BR(H++ → e+τ+), BR(H++ → e+µ+)
BR(H+ → e+ν̄) > BR(H+ → µ+ν̄), BR(H+ → τ+ν̄)

Quasi-Degenerate BR(H++ → e+e+) ∼ BR(H++ → µ+µ+) ∼ BR(H++ → τ+τ+) ≈ 1/3
(m1, m2, m3 > |∆m31|) BR(H+ → e+ν̄) ∼BR(H+ → µ+ν̄) ∼BR(H+ → τ+ν̄) ≈ 1/3

Without / With the recent measurements for θ13:
†

†TH, Gui-Yu Huang, Tong Li, to appear.

Sensitivity to H++H−− → ℓ+ℓ+, ℓ−ℓ− Mode: †

Nearly background-free.

0

0.1

0.2

0.3

0.4

0.5

200 400 600 800 1000
MH++ (GeV)

BR
(H

++
→

 l+  l+ )

With 300 fb−1 integrated luminosity,

a coverage upto MH++ ∼ 1 TeV even with BR ∼ 40 − 50%.

Possible measurements on BR′s.

†Pavel Fileviez Perez, Tao Han, Gui-Yu Huang, Tong Li, Kai Wang,
arXiv:0803.3450 [hep-ph]
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ATLAS Bounds:
Sensitivity to H++H−− → ℓ+ℓ+, ℓ−ℓ− Mode: †

Nearly background-free.
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With 300 fb−1 integrated luminosity,

a coverage upto MH++ ∼ 1 TeV even with BR ∼ 40 − 50%.

Possible measurements on BR′s.

†Pavel Fileviez Perez, Tao Han, Gui-Yu Huang, Tong Li, Kai Wang,
arXiv:0803.3450 [hep-ph]

CMS-PAS-HIG-16-036
Sensitivity to H++H−− → ℓ+ℓ+, ℓ−ℓ− Mode: †

Nearly background-free.
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With 300 fb−1 integrated luminosity,

a coverage upto MH++ ∼ 1 TeV even with BR ∼ 40 − 50%.

Possible measurements on BR′s.

†Pavel Fileviez Perez, Tao Han, Gui-Yu Huang, Tong Li, Kai Wang,
arXiv:0803.3450 [hep-ph]
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9. Type III Seesaw:  T± & T0
T0, T± in Type III Seesaw at the LHC

Consider their decay length:

Γ(T+ → W+ν) ≈ 2Γ(T+ → Zℓ+) ≈ 2Γ(T+ → hℓ+)

≈ Γ(T0 → W+ℓ− + W−ℓ+) ≈
MT

16π

∑

i

|yi|2.

With λ2 = y2
j ∼ 10−16 − 10−12, then cτ ∼ 10−2 − 10−4 m

Still not too long-lived, but possibly large displaced vertices.

T0, T± in Type III Seesaw at the LHC

Consider their decay length:

Γ(T+ → W+ν) ≈ 2Γ(T+ → Zℓ+) ≈ 2Γ(T+ → hℓ+)

≈ Γ(T0 → W+ℓ− + W−ℓ+) ≈
MT

16π

∑

i

|yi|2.
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Still not too long-lived, but possibly large displaced vertices.

T0, T± in Type III Seesaw at the LHC

Consider their decay length:

Γ(T+ → W+ν) ≈ 2Γ(T+ → Zℓ+) ≈ 2Γ(T+ → hℓ+)

≈ Γ(T0 → W+ℓ− + W−ℓ+) ≈
MT

16π

∑

i

|yi|2.

With λ2 = y2
j ∼ 10−16 − 10−12, then cτ ∼ 10−2 − 10−4 m

Still not too long-lived, but possibly large displaced vertices.
FIG. 7: Branching fractions of T 0/T± as a function of its mass. A sum over lepton final states has

been assumed.

Sizable Majorana phases may dilute the flavor correlations. The dependence of the flavor

branchings on Majorana phases is shown in Fig. 10 for Im(z) ≥ 2. The largest variations

occur near Φ ≈ ±π/2. It is important to note that (for Im(z)≥ 2):

• For NH, BR(V µ) is down (up) and BR(V τ) is up (down) by an approximate factor of

two for Φ ≈ π/2 (−π/2) with respect to Φ = 0, while BR(V e) is independent of the

phase;

• For IH, BR(V µ) ≈) BR(V τ) in the whole Φ range and are highly suppressed at

Φ ≈ π/2, where BR(V e) is up by a factor of two with respect to Φ = 0.

We remind the reader again that one neutrino is massless in this set-up, a direct conse-

quence of the underlying SU(5) symmetry.

For smaller Im(z), the branching fraction dependence on Φ gets smeared up, as shown

in Fig. 11 for Im(z) = 1. Instead, they have a clearer dependence on the real part of z,

Re(z), another phase with periodic behavior, as seen in Figs. 12 and 13 for Im(z) = 0.5 and

0, respectively. The reader should keep in mind that for large enough values of Im(z) the

15
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(4). Type III See-saw at the LHC: T0, T±

Lepton flavor combination determines the ν mass pattern: †

mij
ν ∼ −v2yi

Tyj
T

MT
, BR(T±,0 → W±ℓ, Zℓ) ∼ y2

T ∼ V 2
PMNS

MTmν

v2
.

Lepton flavors correlate with the ν mass pattern.

†Abdesslam Arhrib, Borut Bajc, Dilip Kumar Ghosh, Tao Han, Gui-Yu Huang,
Ivica Puljak, Goran Sejanovic, arXiv:0904.2390.

neutrino mass case considered in [15], where the lightest triplet decay can have arbitrarily

small Yukawa couplings with the light leptons. In that limiting case the charged triplet

decays to the neutral one and a pion in approximate 10 cm, while the neutral one does not

have any upper limit, see also [36].

This leads us to conclude that the heavy leptons produced at the LHC experiments would

decay inside the detector, possibly leaving displaced secondary vertices, but not appearing as

stable particles. At least for small enough triplet mass the total lifetime could be measured

directly. But even if not the total lifetime, the branching fractions into different final lepton

states could be determined if not too small. This we discuss in the next subsection.

D. Branching fractions

Decay branching fractions of T to the three main decay channels involving W , Z and h

are plotted in Fig. 7. Behavior in the low MT region is dominated by threshold suppression.

For sufficiently large MT , these branching fractions approach their asymptotic values of 1/2,

1/4 and 1/4, respectively. Due to the importance of charged leptons in the final state,

we define the normalized branching fraction to a given charged lepton ei (ei = e, µ, τ for

i = 1, 2, 3), counted for the same final state gauge boson as

NBRi ≡
BR(V ei)

∑

k BR(V ek)
=

|yi
T |2

∑

k |yk
T |2

. (30)

This quantity is universal for V = W, Z, h, and reflects the flavor structure of the final

state leptons that is governed by the neutrino mass and mixing parameters. The Im(z)

dependence of NBRi and their correlations are shown in Figs. 8, and 9, when ignoring the

Majorana phase.

In most of the parameter space of NH (left panels), i.e. for Im(z) > 1, the normalized

branching fraction for either V µ or V τ is about 0.35 to 0.55 and the normalized V e branching

is less than 0.1. We thus have the expectation

BR(V µ) ≈ BR(V τ) ≫ BR(V e), (31)

For the case of IH (right panels), we can establish similarly the rough order of branchings

and the combinations.

BR(V µ) ≈ BR(V τ) < BR(V e), (32)

14

neutrino mass case considered in [15], where the lightest triplet decay can have arbitrarily

small Yukawa couplings with the light leptons. In that limiting case the charged triplet

decays to the neutral one and a pion in approximate 10 cm, while the neutral one does not

have any upper limit, see also [36].

This leads us to conclude that the heavy leptons produced at the LHC experiments would

decay inside the detector, possibly leaving displaced secondary vertices, but not appearing as

stable particles. At least for small enough triplet mass the total lifetime could be measured

directly. But even if not the total lifetime, the branching fractions into different final lepton

states could be determined if not too small. This we discuss in the next subsection.

D. Branching fractions

Decay branching fractions of T to the three main decay channels involving W , Z and h

are plotted in Fig. 7. Behavior in the low MT region is dominated by threshold suppression.

For sufficiently large MT , these branching fractions approach their asymptotic values of 1/2,

1/4 and 1/4, respectively. Due to the importance of charged leptons in the final state,

we define the normalized branching fraction to a given charged lepton ei (ei = e, µ, τ for

i = 1, 2, 3), counted for the same final state gauge boson as

NBRi ≡
BR(V ei)

∑

k BR(V ek)
=

|yi
T |2

∑

k |yk
T |2

. (30)

This quantity is universal for V = W, Z, h, and reflects the flavor structure of the final

state leptons that is governed by the neutrino mass and mixing parameters. The Im(z)

dependence of NBRi and their correlations are shown in Figs. 8, and 9, when ignoring the

Majorana phase.
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is less than 0.1. We thus have the expectation
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Type III Seesaw:  T± & T0
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Production rates at the Tevatron/LHC: †

• Single production T±ℓ∓, T0ℓ± :

Kinematically favored, but highly suppressed by mixing.

• Pair production with gauge couplings.

Example: T± + T0 → ℓ+Z(h) + ℓ+W− → ℓ+jj(b̄b) + ℓ+jj.

Low backgrounds.

• LHC studies with Minimal Flavor Violation implemented. ‡

†Similar earlier work: Franceschini, Hambye, Strumia, arXiv:0805.1613.
‡O. Eboli, J. Gonzalez-Fraile, M.C. Gonzalez-Garcia, arXiv:1108.0661 [hep-ph].

Type III Seesaw:  T± & T0
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ΔL=2 & mass reconstruction for T± & T0
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Reconstruct mass bump: M(ℓjj)

Sensitivity reach: O(200/800 GeV) at the Tevatron/LHC.

Current LHC bounds:
MT+- > 840 GeV @ 95% CL
CMS: arXiv:1708.07962
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Summary

• It is of fundamental importance to test the Majorana nature of ν’s.

• Type I See-saw: for a sterile neutrino N4

• τ, K, D, B rare decays sensitive to

140 MeV < m4 < 5 GeV, 10−9 < |Vℓ4|2 < 10−2;

• LHC sensitive: 10 GeV < m4 < 400 GeV, 10−6 < |Vµ4|2 < 10−2.

• With W ′± → Nℓ±, reach MN < MW ′ ∼ 4 − 5 TeV.

• Type II See-saw: for a scalar triplet Φ±±

• LHC sensitive: Mφ ∼ 600 − 1000 GeV (ℓ±ℓ± or W±W±).

• Distinguish Normal/Inverted Hierarchy; Probe Majorana phases.

• Type III See-saw: for a lepton triplet T±, T0

• LHC sensitive: MT ∼ 800 GeV.

• Also distinguish Normal/Inverted Hierarchy.

The See-saw models for mν may be the best playground

for synergies among the frontiers:
intensity, energy and astrophysics/cosmology.
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• Difficulty! May be helped with the “inverse seesaw” mechanism.
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Summary

• It is of fundamental importance to test the Majorana nature of ν’s,

∆L ̸= 0 in charged lepton sector is a necessity.

• For the three active ν’s,

0νββ may be the only hope, IF mν ∼
√

∆m2
a ∼ 0.05 eV.

• For a sterile neutrino N4 in Type I Seesaw:

• τ, K, D, B rare decays sensitive to

140 MeV < m4 < 5 GeV, 10−9 < |Vℓ4|2 < 10−2;

• Tevatron sensitive: 10 GeV < m4 < 100 GeV, 10−4 < |Vµ4|2 < 10−2;

• LHC sensitive: 10 GeV < m4 < 400 GeV, 10−6 < |Vµ4|2 < 10−2.

• For a scalar triplet Φ±± in Type II Seesaw:

• LHC sensitive: Mφ ∼ 600 − 1000 GeV (ℓ±ℓ± or W±W±).

• Distinguish Normal/Inverted Hierarchy; Probe Majorana phases.

• For a lepton triplet T±, T0 in Type III Seesaw:

• LHC sensitive: MT ∼ 800 GeV.

• Also distinguish Normal/Inverted Hierarchy.

IF lucky, hadron colliders may serve
as the discovery machine for Majorana nature of ν’s.

Radiative seesaw à rich physics in extended Higgs sector.
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Many models to account for the neutrino mass.*
Another class of well-motivated models:
Radiative generation of neutrino masses.

Other Models & Phenomenology
Thus far, we only considered Type I, II, III seesaw models

• Zee (1986)-Babu (1988) Model: 
add singlet scalar fields mν generate at 2-loop
à change Higgs physics

• Ma Models (2006): 
add singlet scalars + Z2 symmetry 
à Dark matter

• … …
Typically, they introduce additional Higgs states 

and thus new (model-dependent) collider signatures.
* For a review, see, M.C. Chen & J.R. Huang, arXiv:1105.3188v2.



31

Summary: Fill up a Matrix:

Please help to 
• Fill the entries
• Expand on both sides

More work to do ! 

0⌫2� µ-e conversion rare decays colliders features
µ ! e� etc. ⌧,K,D,B e

+
e
�
, pp

Type-I
p p p p

N

Type-II
p p p p

H
±±

, W
±
R

Type-III
p p

?
p

T
±

Zee-Babu ?
p

?
p

k
±±

, h
±

Ma models ?
p

?
p

scalars, DM
RPV/leptoquarks ?

p p p
`q

extra-dim ? ?
p p

KK states

Inverse/linear ? ?
p p

Pseudo Dirac ? ?
p p

NSI ? ? ?
p

mediators
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