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A Simple Paradigm

A natural way to generate neutrino masses is by breaking (B− L).

Parametrized through the dim-5 operator 1
Λ (LLHH). [Weinberg (PRL ’79)]

Three tree-level realizations: Type I, II, III Seesaw mechanism.
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Majorana mass term breaks L by two units.

Other profound implications of seesaw: Leptogenesis, Dark Matter,
Vacuum Stability, Inflation, ...[Alekhin et al. ’15]

A pertinent question in the LHC era:

Is LNV or LFV as predicted by seesaw observable at the LHC?



Type-I Seesaw

[Minkowski (PLB ’77); Mohapatra, Senjanović (PRL ’80); Yanagida ’79; Glashow ’79; Gell-Mann, Ramond,

Slansky ’79; Schechter, Valle (PRD ’80)]

Seesaw messenger: SM-singlet fermions (RH neutrinos).

A Majorana mass term MNNC
RNR, in addition to the Dirac mass MD = vYN .

In the flavor basis {νC
L ,N}, leads to the mass matrix

Mν =

(
0 MD

MT
D MN

)
In the seesaw approximation ||MDM−1

N || � 1,

Mlight
ν ' −MDM−1

N MT
D is the light neutrino mass matrix.

V`N ≡ MDM−1
N is the active-sterile neutrino mixing.

From a bottom-up approach, no definite prediction for the seesaw scale.

Can find a natural explanation in UV-complete models.



Two Key Aspects of Seesaw

Majorana Mass
⇓

LNV: Neutrinoless Double Beta Decay
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Does not probe the active-sterile
mixing if the mixed diagram is
sub-dominant. [Nemevsek, Senjanović, Tello

(PRL ’13); BD, Goswami, Mitra, Rodejohann (PRD

Rapid ’13)]

Active-sterile Mixing
⇓

Non-unitarity of the PMNS matrix.

LFV (e.g. µ→ eγ, µ→ 3e, µ− e
conversion in nuclei)

ℓi ℓjνi νj

WL WL

γ

N

Does not prove the Majorana
nature since a Dirac neutrino can
also give large LFV effects.
[BD, Mohapatra (PRD ’10); Forero, Morisi,

Tortola, Valle (JHEP ’11)]



Seesaw at Colliders

Both aspects of seesaw can be directly tested in collider experiments.
‘Smoking gun’ signal at hadron colliders: Same-sign dilepton + two jets
with no ET/ . [Keung, Senjanović (PRL ’83)]

q

q̄′

W+
L

ℓ+
L

N

νL

νL

ℓ+
L

W −
L j

j

In the minimal SM seesaw, requires both the Majorana nature of N at TeV
scale and a ‘large’ heavy-light mixing to have any observable effect.
[Pilaftsis (ZPC ’92); Han, Zhang (PRL ’06); del Aguila, Aguilar-Saavedra, Pittau (JHEP ’07); BD, Pilaftsis,

Yang (PRL ’14)]



Low-Scale Seesaw with Large Mixing

In the traditional seesaw,

VlN '
√

Mν

MN
. 10−6

√
100 GeV

MN

However, possible to have ‘large’ mixing with TeV-scale MN by exploiting
the matrix structures of MD and MN . [Pilaftsis (ZPC ’92); Kersten, Smirnov (PRD ’07); de

Gouvea ’07; Gavela, Hambye, D. Hernandez, P. Hernandez (JHEP ’09); Ibarra, Molinaro, Petcov (JHEP

’10); Adhikari, Raychaudhuri (PRD ’11); Mitra, Senjanović, Vissani (NPB ’12)]

Essentially two ways: (i) symmetry (ii) anarchy (fine-tuning).

In principle, can generate large LNV and/or LFV effects.



An Example

[Kersten, Smirnov (PRD ’07)]

MD =

 m1 δ1

m2 δ2

m3 δ3

 and MN =

(
0 M1

M1 0

)
with δi � mi.

In the limit δi → 0, light neutrino masses given by Mν ' −MDM−1
N MT

D

vanish, while the mixing given by Vij ∼ mi/M1 can be large.

The textures can be stabilized by invoking discrete symmetries.

Also possible to embed in L-R models. [BD, Lee, Mohapatra (PRD ’13)]

In the minimal seesaw, LNV is suppressed due to quasi-degeneracy of
the heavy neutrinos.

In the L-R seesaw, LNV effects could be large due to additional gauge
interactions. [BD, Mohapatra (Snowmass ’13); BD, Lee, Mohapatra (PRD ’13)]



Another Example

[Pilaftsis (ZPC ’92)]

MD =

 0 0
a b
c d

 and MN =

(
A 0
0 B

)
.

Assuming a 6= 0, Mν ' −MDM−1
N MT

D = 0 if

d =
bc
a
, B = −b2

a2 A

For b 6= a, LNV in the µ and τ sectors can be potentially large.

Include radiative effects and check whether all neutrino mixing angles
can be reproduced. [BD (ongoing)]

Mixing in the electron sector cannot be large due to 0νββ constraints.
[Lopez-Pavon, Molinaro, Petcov ’15]



A (More) Natural Low-scale Seesaw

Inverse seesaw mechanism [Mohapatra (PRL ’86); Mohapatra, Valle (PRD ’86)]

Add two sets of singlet fermions carrying opposite lepton numbers.

Full neutrino mass matrix in the flavor basis {νC
L,l ,NR,α , SC

L,β}:

Mν =

 0 MD 0
MT

D 0 MT
N

0 MN µS

 ≡ (
0 MD

MT
D MN

)

Light neutrino mass matrix: Mν = MDM−1
N µS M−1T

N MT
D +O(µ3

S).

L-symmetry is restored for µS → 0.

Can naturally allow for large mixing:

VlN '
√

Mν

µS
≈ 10−2

√
1 keV
µS



A (More) Natural Low-scale Seesaw

Inverse seesaw mechanism [Mohapatra (PRL ’86); Mohapatra, Valle (PRD ’86)]

Add two sets of singlet fermions carrying opposite lepton numbers.

Full neutrino mass matrix in the flavor basis {νC
L,l ,NR,α , SC

L,β}:

Mν =

 0 MD 0
MT

D 0 MT
N

0 MN µS

 ≡ (
0 MD

MT
D MN

)

Light neutrino mass matrix: Mν = MDM−1
N µS M−1T

N MT
D +O(µ3

S).

L-symmetry is restored for µS → 0.

Can naturally allow for large mixing:

VlN '
√

Mν

µS
≈ 10−2

√
1 keV
µS



Collider Signal for Inverse Seesaw

For small L-breaking, LNV signal of same-sign dileptons is suppressed:

ALNV(s̄) = −V2
lN

2∆MN

∆M2
N + Γ2

N
+O

(
∆MN

MN

)
for ∆MN . ΓN , where ∆MN ' µS.
Exception: Resonant enhancement for ∆MN ' ΓN . [Bray, Lee, Pilaftsis (NPB ’07)]

Opposite-sign dilepton signal suffers from a large SM background.
Golden channel is the trilepton mode: [del Aguila, Aguilar-Saavedra (NPB ’09); Chen,

BD (PRD ’12); Das, BD, Okada (PLB ’14)]

q

q̄′

W +

l+

N
l−

W +
l+

ν



Generalized Inverse Seesaw

Mν =

 0 MD 0
MT

D µR MT
N

0 MN µS


At tree-level, µR does not affect the light neutrino masses.
Only affects at loop-level through EW radiative corrections.
[Pilaftsis (ZPC ’92); BD, Pilaftsis (PRD ’12)]
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D

Sizable LNV through µR. [BD, Pilaftsis (PRD ’12); Parida, Patra (PLB ’13); BD, Mohapatra ’15]



Direct Search Limits from LHC12 6 Summary
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Figure 4: Exclusion region at 95% CL in the square of the heavy Majorana neutrino mixing
parameter as a function of the heavy Majorana neutrino mass: (|VµN|2 vs. mN). The long-
dashed black curve is the expected upper limit, with one and two standard-deviation bands
shown in dark green and light yellow, respectively. The solid black curve is the observed upper
limit. Also shown are the upper limits from other direct searches: L3 [20], DELPHI [21], and
the upper limits from CMS obtained with the 2011 LHC data at

p
s = 7 TeV [22]. The regions

above the exclusion curves are ruled out at 95% CL. The lower panel shows an expanded view
of the region 40 GeV < mN < 250 GeV.

[CMS Collaboration (PLB ’15)]
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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

 [GeV]Nm
100 150 200 250 300 350 400 450 500

’)
 [
fb

]
q

 q
±

e
±

 e
→

N
 

±
 e

→
 B

r(
p
p

× 
σ

1

10

210
95% CL Observed limit

95% CL Expected limit

σ 1±95% CL Expected limit 

σ 2±95% CL Expected limit 

ATLAS
-1 = 8 TeV, 20.3 fbs

(a)

 [GeV]Nm

100 150 200 250 300 350 400 450 500

2 |
e

N
|V

-310

-210

-110

1

ATLAS

95% CL Observed limit

95% CL Expected limit

σ 1±95% CL Expected limit 

σ 2±95% CL Expected limit 

-1 = 8 TeV, 20.3 fbs

(b)

 [GeV]Nm
100 150 200 250 300 350 400 450 500

’)
 [
fb

]
q

 q
±

µ
±

µ 
→

N
 

±
µ 

→
 B

r(
p
p

× 
σ

1

10

95% CL Observed limit

95% CL Expected limit

σ 1±95% CL Expected limit 

σ 2±95% CL Expected limit 

ATLAS
-1 = 8 TeV, 20.3 fbs

(c)

 [GeV]Nm

100 150 200 250 300 350 400 450 500

2 |
N

µ
|V

-310

-210

-110

1

ATLAS

95% CL Observed limit

95% CL Expected limit

σ 1±95% CL Expected limit 

σ 2±95% CL Expected limit 

-1 = 8 TeV, 20.3 fbs

(d)

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.
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signal regions, as described in section 4. The observed and predicted distributions are shown in figures 9
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[ATLAS Collaboration ’15]



Heavy Neutrino Production at the LHC

LHC searches so far considered only the Drell-Yan production process
q

q̄′

W+

ℓ+

N

Many other production modes, but most of them are negligible.
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the LSD signal in the context of the above four-
generation model in further details. The SM back-
grounds and relevant kinematical cuts required to
suppress it are also discussed. Our conclusions will be
summarized in Sec. IV.

II. LSD'S IN A THREE-GENERATION MODEL

A. The model

Adopting the notation of Ref. [10], the relevant in-
teraction Lagrangian involving a charged current is given
by (summation convention implied)

™I=- ~w W "-fl,y„PL(BI,v, .+Bi.N ))+H c.

where PL =(1—ys)/2, gw is the coupling constant of
SU(2)I, and i, v, N, and W are, respectively, the lepton,
light neutrino, and 8'-boson field. The latin indices i, j,
etc.=1, . . . , nG, where nG denotes the number of genera-
tions, are used for charged leptons and light neutrinos,
while the greek indices a, P, etc =.nG+1, . . . , 2nG, indi-
cate heavy Majorana neutrinos. The neutral current in-
teraction is given by

4cos8~

+[v;y„(i ImC, —y, ReC, )N +H.c. ]+N y„(i ImC &
—y5ReC &)N&] . (2)

B and C in Eqs. (1) and (2) are nG X2nG and 2nG X2nG dimensional matrices, respectively, which obey a number of use-
ful identities. More details can be found in [10,11]. For our purpose it is sufficient to remember that the coupling ma-
trix B, is O(g), while the matrix C & is O(f ). It is therefore clear that the Z-mediated pair production of heavy neu-
trinos is more severely suppressed compared to the W-mediated Nl production due to (i) phase-space suppression and
(ii) a smaller mixing angle.
The interaction of the Majorana neutrinos with the Higgs boson is governed by the Lagrangian

H[v;[(m;+m )ReC; +iy5(m —m, ) ImC,"]v +2v, [(m, +m ) ReC; +iys(m —m, ) ImC, ]N

+N [(m +m&)ReC &+iy5(m& m, ) Im—C &]N&], (3)

where m (m, ) stands for the mass of the ath (ith) heavy
(light) neutrino. It is clear from Eq. (3) that the coupling
of the heavy neutrinos with the Higgs boson will be
enhanced by a factor m /Mw. But a similar enhance-
ment also works, up to a different y5 structure, for the
couplings of these Majorana neutrinos to the longitudinal
Z boson or the would-be Goldstone boson z in the
Feynman-'t Hooft gauge [10]. Therefore, apart from the
resonance enhancement that the production of a heavy
on-shell Higgs boson and its subsequent decay into a pair
of heavy neutrinos may introduce, a priori there is no ob-
vious difference in the coupling strengths of the Higgs-
and Z-mediated processes.
The bounds on the mixing angles are given in Ref. [9]

using both LEP results and low-energy constraints. For
deSniteness, we have used the following upper bounds
from the joint fits of [9]:

Since v lepton identi5cation may be rather complicated in
hadron supercolliders, we restrict our analysis to LSD
pairs of the types e+e+, e e, p+p+, p p, e+p+, and
e p and will probe the prospects of observing lepton-
number violation after isolating the background. On the
other hand, the LSD signal comprising of stable leptons
which originates from equal-sign ~ leptons will eventually
be diluted by the small leptonic branching ratio of ~.

B. Cross sections
The lepton-number-violating LSD signal may poten-

tially arise due to the processes (see Figs. 1—3)

(st' ) &0.01,
(sL") &0.01,
(sL') &0.065 .

(5)

(6)

+
W

+
WIt should be noted that these limits are obtained under

the assumption that each lepton e, p, or ~ couples to only
one heavy neutrino with sigai5cant strength. However,
in the notation in Eq. (1), we can make the identification

+
W

(a) (b}

FIG. 1. Feynman graphs responsible for subprocess {A):
8'q 8'I ~/+ I+.
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W, (y )

z (w+)
(b)

FIG. 2. Feynman graphs relevant for singly heavy Majorana
neutrino production, i.e., processes (B), (C), and (D) (see also
text).

(A) pp~ W'W'~ll,
(B) pp~ W'~lN

(C) pp ~W'Z*~lN
(D) pp~W y ~lN~,
(E) pp~Z'~N Nt3,

(F) pp —+W'W ~N~NtJ,
(6) pp~Z*Z'~N Nit,
(H) pp~gg~H', Z ~N~Nts .

The relevant difFerential cross sections (d8„/dt—d&H/dt ) for the parton subscatterings are

d&„nawIB& I m (m —mp) t u+
dt 4f Mw (t m)—(t—m&) (u —m )(u —m&)

~a'wIBt I t(t mr'r }-
dt 122' (2—M }

d&c ~aw IBrpCp I

dt K Mw

&—m~ t(t —3m~)„+ „=0(),
m~~ t (—t—m~) (10)

d&D 'rrawa, IB& I

dt 2t Mw

mN f—mN2—1+
t

d& ma C (gK) +(g't )~
&t " ~ ((~+~t m 2 )2+(~t m 2 )2 2m 2g]

dt 24c f (2 M)— (12)

do+ mawIC pl mz Mtt MH(f 4m&} —f(f 2m~) —4m~ — 1 mt' m~+ —1—— +
dt 2s" M m (s M) +M—I' 2ut t u

H H2M~ (2—M~ )

(s—M }+M I'
m (s—2m )N- N (13)

ding ~a'wlc. pl' m~ M~ M~(f 4m~) (2 4m~)+
Mw m~ (2—MH) +MttI H 4ut

'2
m (f—2m )

2ut
(14)

d&tt asawlC pl rntr rn, f(s 4m~) 9— rn,

dt 1152ms M 2 (s—M } +M I' 4

with

F (x)=3x [2+(4x—l)K (x)],

and

K (x)=8(1—4x)— 1n
1
2

21+&1—4x . . 1+in—8(4x —. 1)2 arcsin
1—&1—4x 2 x

2

F (x)=—(—1) ' K (x),Z T,~+ ir2

K (x}=8(1—4x)4x arccosh 1

2&x

2
1+im. arccosh4 2 x

—8(4x —1)4x arcsin 1

2&x

2
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dgo fdI'(N ~L+qq')
x fdt
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(16)

where & =& /IBt I and

l&t, .l'l&t .I'R(1)— y y ' J

I t=e, p . a gt I~t al

cr„„(L+L+)=,'R—"'gfdx, dx,ff(x, )ft,'(x, )

z0

v, , N, v, , N,
/
z' N2

H

z0

In models with three families, one can use the identity
that C = gt IBt I and the fact that IB, I /C & 1 to
obtain a reasonable upper bound of

(e) (g) R3G ~(sL') +(sL") (18)

N1 where the subscript 36 denotes three generations.
For the processes (E)—(H}, one uses the more involved

convoluting integral similar to Eq. (16):

N2

FIG. 3. Feynman diagrams relevant for double heavy Ma-
jorana neutrino production as described by processes (E)-(H) in
Sec. IIB.

In Eqs. (8)—(15), s, t, u are the relevant Mandelstam vari-
ables defined at the subprocess level, I H is the total
width of the Higgs boson, and glt =—Tq+2Qqss„
gzq =—T~, where the third component of the weak iso-
spin, T» of the u (d}-type quarks and the corresponding
electric charge of them, Qq (in units of le, I ), are, respec-
tively, given by T,"' '=+(—)—,' and Q„~d~=—', (——,

' ). Fur-
thermore, Eqs. (8), (10), (11), (13), and (14) have been
computed using the equivalence theorem. This
simplification occurs at high energies (i.e., )/s »Ma, )
where one is allowed to substitute the vector bosons WL
and ZL by the corresponding would-be Goldstone bosons
w and z in the Landau gauge and take the limit g~~0 by
keeping ga /2M', = 1/0 fixed. This approach, shown in
Figs. 1—3, gives reliable results for heavy fermions with
masses m N »Ma, [12]. In the context of three-
generation models, one can further simplify the calcula-
tions by assuming that the mass difference of each pair of
heavy neutrinos, e.g., X and N&, is very small compared
to the masses m and m&, i.e., m, m&-mz, but
m —mp»(I +I p)/2, with I p denoting the total
width of N &. The above approximation has explicitly
been employed in Eqs. (9)—(15).
We have calculated the cross sections for the positively

charged LSD pairs arising from the pp process by using
the parton distribution functions of Ref. [13], m, =150
GeV and M~=200—1000 GeV. The heavy neutrino
masses are kept as free phenomenological parameters.
Then the total cross sections for the processes (B) and (C)
given above are evaluated by using the generic formula

R"'y fdx, dx2f/(x&) ft'(x2)
ab

d&o fdI (N ~L;q&qI )
x fdt

dt I (N, ~L, q, q2)

f dI'(Np 1 q2q2)
X

I'(Np 1 qzqz )

where & =&/IC pl and

l&t, .l'I c.pl'l&t. pl'
l. =e,pap gt tk. I~t al IIlt&pl

(19)

(20)

Equation (19) is only valid if LSD's of both charges are
considered. Using similar assumptions and Schwartz's
inequality, i.e., Ca Cpp & C pl, one arrives at the simple
result

R' '~[(s ') +( ") ] (21)

Processes (A), (C), (D), (F), and (G) have been comput-
ed by using the effective vector boson approximation
(EVBA) [14]. As we are interested in producing heavy
neutrinos with masses mN ~ 200-300 GeV, being
equivalent with a threshold invariant mass of
Qs,„, 400—500 GeV (without including kinematical
cuts relevant for the SM background), it has been demon-
strated in [15] that the EVBA can safely be applied by
only using the distribution functions of the longitudinal
vector bosons. Furthermore, adapting the numerical re-
sults of [16], one can readily see that the subreaction
8'L y~1% will dominate for large fermion masses
(mN &200 GeV) by a factor of 10 at least against other
subprocesses of the type, e.g., 8 L ZT, Wz-ZL,
O'TZT —+lX, etc.
Our results are summarized in Table I. Consistent

with what has been discussed before, we Sad from this
table that only processes (B) and (D) can have sizable

[Datta, Guchait, Pilaftsis (PRD ’94)]



New Dominant Production Mechanism
[BD, Pilaftsis, Yang (PRL ’14); Das, BD, Okada (PLB ’14); Alva, Han, Ruiz (JHEP ’15)]
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Figure 8. Comparison of the cross sections for heavy neutrino production at
p

s = 14

TeV LHC via the s-channel (Figure 6) and t-channel (Figure 7) diagrams.

10�7 . |V`N |2 . 10�5 [243].

For heavy Dirac neutrinos as predicted in theories with approximate L-conservation

[cf. (6)], the same-sign dilepton signal is suppressed. In this case, the golden channel

is the trilepton channel: pp ! W ⇤ ! N`± ! `±`⌥`± + /ET [244–250]. Using this

trilepton mode and also taking into account the infrared enhancement e↵ects [239],

direct limits on the mixing of heavy Dirac neutrinos with electron and muon neutrinos

were obtained [249] by analyzing the tri-lepton data from
p

s = 8 TeV LHC [251].

Finally, we note that there exist no direct collider searches for heavy neutrinos

involving tau-lepton final states. This is mainly due to the experimental challenges of ⌧

reconstruction at a hadron collider. The situation is expected to improve in future with

better ⌧ -tagging algorithms and/or in cleaner environments of a lepton collider.

3. Heavy Triplets at Colliders

Unlike the minimal Type-I seesaw messengers which, being SM gauge singlets, can only

communicate with the SM sector through their mixing with the active neutrinos, the

Type-II and III seesaw messengers are SU(2)L triplet scalar (�++,�+,�0) and fermion

(⌃+,⌃0,⌃�) fields respectively, and hence, can be directly produced at the LHC via

their gauge interactions. For Type-II seesaw [15–19], the smoking gun signal would be

the detection of a doubly-charged scalar with LNV interactions. For this scenario, the

most relevant production channels at the LHC are pp ! Z⇤/�⇤ ! �++���,�+��,

pp ! W±⇤W±⇤ ! �±�± and pp ! W ⇤ ! �±±�⌥,�±±W⌥ [244, 252–262]. The

doubly-charged scalar boson has the following possible decay channels: `±`±, W±W±,

W±�± and �±�±, if kinematically allowed. For the triplet VEV v� . 0.1 MeV, the

doubly charged Higgs couplings to W± is suppressed and for a nearly degenerate triplet

mass spectrum, the dominant decay mode of �±± is same-sign dileptons [258, 263]. In

this case, the current 95% C.L. experimental lower bound on the doubly-charged triplet



Improved Upper Limit on Mixing
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Direct Limit for Dirac Neutrinos
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Direct Limits from LEP
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Figure 1: Feynman diagrams showing the production of isosinglet neutrinos via a) s-channel
and b) t-channel. Here # denotes e, µ or τ for the s-channel production.
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Sensitivity at ILC
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Summary Plot (Electron Sector)
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Summary Plot (Muon Sector)
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Summary Plot (Tau Sector)
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U(1)B−L Seesaw
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Left-Right Seesaw
[Pati, Salam (PRD ’74); Mohapatra, Pati (PRD ’75); Mohapatra, Senjanović (PRD ’75)]

New contribution to Drell-Yan process via WR exchange. [Keung, Senjanović (PRL ’83)]

q

q̄′

W +
R

ℓ+

N
ℓ+

W −
R j

j

11

 [TeV]
RWM

1 1.5 2 2.5 3

 [T
eV

]
eN

M

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2
2.4

RW
 > 

M
eNM

 (8 TeV)-119.7 fb

CMS Observed
Expected

 [TeV]
RWM

1 1.5 2 2.5 3

 [T
eV

]
µN

M

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2
2.4

RW
 > 

M
µNM

 (8 TeV)-119.7 fb

CMS Observed
Expected

Figure 3: The 95% CL exclusion region (hatched) in the (MWR, MN`
) plane, assuming the model

described in the text (see Section 1), for the electron (left) and muon (right) channels. Neutrino
masses greater than MWR (yellow shaded region) are not considered in this search.
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[CMS Collaboration (EPJC ’14)]



L-R Seesaw Phase Diagram
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[Chen, BD, Mohapatra (PRD ’13); BD, Kim, Mohapatra (ongoing)]



L-R Seesaw at LHC 14
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L-R Seesaw at 100 TeV Collider (in China?)
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Distinguishing RR, RL and LL

Exploit helicity correlations. [Han, Lewis, Ruiz, Si (PRD ’13)]

Distinct features in kinematic and angular distributions.
[Chen, BD, Mohapatra (PRD ’13)]
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Also look for kinematic endpoints of invariant mass observables. [BD, Kim,

Mohapatra (ongoing)]
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Figure 1. Eight possible event topologies. C⇤ in the second row implies that it is o↵-shell.

3 Notations and general strategy

For more model-independent discussion later, we first generalize the scenarios introduced

in the previous section according to their decay topologies in conjunction with symbolic

notations. We begin with a three-step cascade decay sequence of a heavy resonance C:

C ! `nB ! `n`fA ! `n`f jj (3.1)

where `n and `f are correspondingly identified as “near”-lepton and “far”-lepton with

respect to particle C to identify the relative location to each other. The associated event

topology is explicitly diagrammed in Figure 1(i), being henceforth denoted as Case (i). If

particle A is heavier than particle B, then the latter directly decays into `f jj via a three-

body decay as shown in Figure 1(ii). Just like Case (i), we denote this scenario by Case

(ii). In an analogous manner, one can imagine the situation where particle B is heavier

than particle C so that the latter decays into two leptons and particle A via a three-body

decay. The relevant diagram is shown in Figure 1(iii) and denoted as Case (iii). Another

possibility is the situation where particle C directly decays into two leptons and two jets

via a four-body decay whose diagram is demonstrated in Figure 1(iv) and labelled as Case

(iv). Finally, we consider the situations where particle C is o↵-shell for Cases (i) through

(iv), and their counterparts are respectively exhibited from Figure 1(v) to 1(viii) with C

superscripted with an asterisk. Note that Case (viii) is a very unlikely scenario compared

with Case (iv), so we do not consider it later on.

The model considerations in the previous section immediately enables us to identify all

possible scenarios by the event topologies defined above. More specifically, LLh corresponds

to (iv), LLl to (v), RRh to (iv), RRl to (ii), RLh to (iii), RLl to (i), LRh to (iv), and

LRl to (vi). (This statement should be carefully elaborated along with relevant

production cross sections. –DK) More detailed topology identification of various

scenarios can be found in Sec. 5.

Provided with the final state of `n`f jj, one can come up with eight non-trivial invariant

mass variables such as

m``, m`nj , m`f j , mjj , m``j , m`njj , m`f jj , m``jj (3.2)

– 2 –



Hint of L-R Symmetry at the LHC?

[CMS Collaboration (EPJC ’14)]



Some Issues
1. Too large cross section. Solution: gR < gL.
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D parity breaking scenario with gR = 0.38 and |VNe| = 0.82 (|VNµ| = 0.56). The observed (solid black curve) and expected
(dashed grey curve and green / yellow bands) 95% exclusion limits are taken from [39]. Right: Discovery potential of the
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red shaded region is excluded by recent LHC searches. The value of the RH gauge coupling is gR = 0.38, and the neutrino
oscillation parameters are chosen at the best fit values.

is already excluded by recent LHC searches [39]. In order to determine this region, we assume that the observed
CMS sensitivity matches the expected sensitivity, resulting in a limit of MWR ! 2.4 TeV for MN = 1/2MWR . In our
calculation we make the simplifying assumption that the process in Fig.10 is mediated by a single heavy neutrino, or
more precisely, the lightest heavy neutrino. For hierarchical heavy (and light) neutrinos, this will be the dominant
contribution. For quasi-degenerate heavy neutrinos, the cross section will increase by a factor of ≈ 3. Overall, future
LHC searches will be able to probe heavy WR boson and neutrino masses up to 3−4 TeV in the kinematically allowed
regime mWR > mN .

VI. CONCLUSIONS

We have carried out a detailed analysis of the leptonic phenomenology of a class of TeV scale left-right symmetric
models with spontaneous breaking of D parity. This includes the low energy aspects of neutrino mass generation
within a type-II seesaw mechanism, 0νββ decay and lepton flavour violating decays as well as the relevant signatures
at the LHC. The main consequence of D parity breaking as compared to minimal models with manifest left-right
symmetry is the departure from the left and right gauge coupling equality, gR ̸= gL. Our model emerges from a
non-supersymmetric SO(10) GUT scenario with a Pati-Salam symmetry at the highest intermediate scale. The main
effect of the model is realized by the reduced value of the RH gauge coupling gR ≈ 0.6gL, in contrast to most left-right
symmetry analyses assuming gR = gL.

The reduced RH gauge coupling suppresses all processes mediated by RH currents with various powers of (gR/gL)
as compared to manifest left-right symmetry. This allows to lower the masses and scales of the model while evading
low energy and direct collider limits. We have concentrated on the analyses of the contributions to neutrinoless double
beta decay from non-standard effective operators mediated by the heavy states of the model. These processes are
suppressed by a factor of (gR/gL)8 ≈ 0.02 in WR − WR mediated channels via the exchange of heavy neutrinos and a
heavy RH Higgs triplet. Within the dominant type-II seesaw scenario employed, the different contributions are tightly
correlated to the standard light neutrino exchange for a given lepton number symmetry breaking scale, leading to an
upper limit on the 0νββ half life.

[Deppisch, Gonzalo, Patra, Sahu, Sarkar (PRD ’14)]
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contribution. For quasi-degenerate heavy neutrinos, the cross section will increase by a factor of ≈ 3. Overall, future
LHC searches will be able to probe heavy WR boson and neutrino masses up to 3−4 TeV in the kinematically allowed
regime mWR > mN .

VI. CONCLUSIONS

We have carried out a detailed analysis of the leptonic phenomenology of a class of TeV scale left-right symmetric
models with spontaneous breaking of D parity. This includes the low energy aspects of neutrino mass generation
within a type-II seesaw mechanism, 0νββ decay and lepton flavour violating decays as well as the relevant signatures
at the LHC. The main consequence of D parity breaking as compared to minimal models with manifest left-right
symmetry is the departure from the left and right gauge coupling equality, gR ̸= gL. Our model emerges from a
non-supersymmetric SO(10) GUT scenario with a Pati-Salam symmetry at the highest intermediate scale. The main
effect of the model is realized by the reduced value of the RH gauge coupling gR ≈ 0.6gL, in contrast to most left-right
symmetry analyses assuming gR = gL.

The reduced RH gauge coupling suppresses all processes mediated by RH currents with various powers of (gR/gL)
as compared to manifest left-right symmetry. This allows to lower the masses and scales of the model while evading
low energy and direct collider limits. We have concentrated on the analyses of the contributions to neutrinoless double
beta decay from non-standard effective operators mediated by the heavy states of the model. These processes are
suppressed by a factor of (gR/gL)8 ≈ 0.02 in WR − WR mediated channels via the exchange of heavy neutrinos and a
heavy RH Higgs triplet. Within the dominant type-II seesaw scenario employed, the different contributions are tightly
correlated to the standard light neutrino exchange for a given lepton number symmetry breaking scale, leading to an
upper limit on the 0νββ half life.

[Deppisch, Gonzalo, Patra, Sahu, Sarkar (PRD ’14)]



Some Issues
3. No ejj excess. Solution?
4. Only 1 out of 14 is of same-sign dielectron. Solution?

A common solution to all the issues by invoking the generalized inverse
seesaw within LRSM. [BD, Mohapatra ’15]
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Figure 6: Upper limits, at 95% C.L., on the section times branching ratio limits for the WZ window selection as a
function of mW0 , and for the WW window selection and the ZZ window selections as a function of mGRS . The solid
red line in each figure displays the predicted cross section for the W 0 or GRS model as a function of the resonance
mass.

the WZ channel, and an excited bulk graviton GRS to represent resonances decaying to WW and ZZ. A
W0with EGM couplings and mass between 1.3 and 1.5 TeV is excluded at 95% CL.
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Figure 6: Observed (solid) and expected (dashed) 95% CL upper limits (CLs) on the product
of the W’ production cross section and the branching fraction of W0 ! WH for muon (left)
and electron (right) channels. The cross section for the production of a W0 in the Little Higgs
model and the HVT scenario B multiplied by its branching fraction for the relevant process is
overlaid.
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region marks the theoretically allowed region of  > sW /cW ' 0.55. Right: parameterisation in

terms of mZR
and sin�W .

the observed excess while satisfying the constraints from the other searches. For mWR
=

1800 GeV this region is roughly given by 0.35 .  . 0.6 and 0.00010 . sin�w . 0.0017.
For mWR

= 1900 GeV the smaller production cross section allows for larger couplings
0.45 .  . 0.7 and 0.0011 . sin�w . 0.0018.

These preferred couplings fall into a special place in the parameter space: as described in
Sec. III.1, the theory requires  > sW /cW ' 0.55 to be consistent. This means only a small
part of the preferred region is allowed for mWR

= 1800 GeV, and it is dangerously close to
the unphysical regime. The situation is di↵erent in the mWR

= 1900 GeV scenario, where
we find good agreement further from this boundary of the physically allowed region.

Since the mass of the ZR is fixed by  and mWR
(as shown in Eq. (5) and Fig. 4), we may

also ask what mass the ZR must have for the LRM to be consistent with the observations. A
coupling close to the boundary  & 0.55 corresponds to a very heavy ZR, while large values
of  translate to lower ZR masses. In Fig. 7 we show the results of our fit, still excluding
the ATLAS leptonic tb search, in terms of mZR

and sin�w.
Assuming mWR

= 1900 GeV, the data permit a lower bound on mZR
of around 4 TeV

which is substantially above the masses probed so far at the LHC [39–41], mZR
 3 TeV.

For a lighter WR our fit prefers an even heavier mZR
� 8 TeV and in both cases there is

no upper bound on mZR
from our fit. This directly follows from the fact that our preferred

regions for  extend into the region  ⇠ 0.55, where mZR
becomes very large.

Our fit also allows us to analyze the origin of the constraints. In Fig. 8 we show the
constraints from diboson and fermionic final states separately. As expected from Eq. (6)
and (7), the dijet and tb rates fix the overall coupling constant gR while the WZ and WH
rates then set the mixing angle �w. We conclude this section with a comparison of the
preferred regions for mWR

= 1800 GeV and mWR
= 1900 GeV in Fig. 9.

[Brehmer, Hewett, Kopp, Rizzo, Tattersall ’15]
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Gauge Coupling Unification to SO(10)
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Predicts the low-scale value of gR.
No need of SUSY!
Need SU(2)L,R-triplet fermions: Could serve as the DM.
Also need SU(3)c-octet scalars: interesting signals at the LHC.



Conclusion

Neutrino oscillations: first conclusive experimental evidence of BSM.
Important to explore the experimental signatures of neutrino mass
models to understand the underlying new physics.

Low-scale neutrino mass models can lead to observable signals at the
Energy Frontier.
Complementary tests in low-energy experiments at the Intensity Frontier.
Also important consequences at the Cosmic Frontier, e.g. baryon
asymmetry via leptogenesis and Dark Matter.

Left-Right Symmetric Model provides a natural framework for low-scale
seesaw.
LHC might have already seen hints of a WR boson.
All the observed excesses around 2 TeV can be consistently explained
within a simple, testable, UV-complete framework.

THANK YOU.
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