
1

Neutrino Physics @ LHC
Tao Han

PITT PACC, Univ. of Pittsburgh

CERN Theory Institute:
Neutrinos: the quest for a new physics scale

March 28, 2017



2

“Neutrinos @ the LHC”
They are all gone ! 

“Much Ado About Nothing”? ⌫ 0s
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“Neutrinos @ the LHC”

Search for BSM new physics! 

They are all gone !
“Much Ado About Nothing”?

W± and Missing Energy at Colliders
• The discovery of W± → ℓνℓ (UA1/UA2 in 1983):

W boson discovery :

ud!W± ! `±⌫

⌫ 0s

Mono-Jet

10A. Madsen - Direct search for dark matter in the mono-X final state with 13 TeV data | Rencontres de Moriond EW 2017 

No excess observed ⇨ signal exclusion 
limits obtained from simultaneous fit to 

signal and control regions in bins of ET
miss 

with independent background 
normalizations. 

Mono-Jet

10A. Madsen - Direct search for dark matter in the mono-X final state with 13 TeV data | Rencontres de Moriond EW 2017 

No excess observed ⇨ signal exclusion 
limits obtained from simultaneous fit to 

signal and control regions in bins of ET
miss 

with independent background 
normalizations. 
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Neutrinos Are Massive
& the masses are tiny!



5

Neutrinos Are Massive
& the masses are tiny!

m⌫ ⇠ yeff⌫ v

yeff⌫ < 10�12.
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Small Neutrino masses
• “Technically natural” in the ’t Hooft sense.
• Suppression by integrating out heavy states:
!-decay is “weak” because (mn-mp)2/MW

2<10-10!
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. 

One would need to introduce: 
--- new states of heavy mass M
--- new weak couplings, mixings k, Vij
Their values may be subject to some expt. constraints, 
but wide open in theory space. 
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Small Neutrino masses
• “Technically natural” in t’Hooft sense.
• Suppression by integrating out heavy states:
!-decay is “weak” because (mn-mp)2/MW

2<10-10!
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. 

One would need to introduce: 
--- new states of heavy mass M
--- new weak couplings, mixings k, Vij
Their values may be subject to some expt. constraints, 
but wide open in theory space. 
From phenomenological/experimental point of view:

• Will search EVERY WHERE
• Explore the LHC sensitivity without theory prejudice. 
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Neutrinos are massive

In the context of the Standard Model:

La =

(

νa
la

)

L
, a = 1,2,3

The leading SM gauge invariant operator is at dim-5:∗

1

Λ
(yνLH)(yνLH) + h.c. ⇒

y2
νv2

Λ
νL vc

R.

Implication 1. Dim-5 operator indicates a new physics scale Λ

The See-saw spirit: †

If mν ∼1 eV, then Λ ∼ y2
ν (1014 GeV).

Λ ⇒
{

1014 GeV for yν ∼ 1;
100 GeV for yν ∼ 10−6.

The See-saw implies the “synergy”!

∗S. Weinberg, Phys. Rev. Lett. 1566 (1979).
†Minkowski (1977); Yanagita (1979); Gell-Mann, Ramond, Slansky (1979),
S.L. Glashow (1980); Mohapatra, Senjanovic (1980) ...

Neutrinos are “hot”!

Active field, rich physics

At dim-5, the leading gauge invariant operator is ∗

1

Λ
(yνLH)(yνLH) + h.c. ⇒

y2
νv2

Λ
νL νc

R.

yν Yukawa coupling, v the Higgs vev, Λ an energy scale.

The See-saw spirit: †

If mν ∼1 eV, then Λ ∼ y2
ν (1014 GeV).

Λ ⇒
{

1014 GeV for yν ∼ 1;
100 GeV for yν ∼ 10−6.

See-saw implies the synergy:

among low-energy, high-energy, and cosmology!

∗S. Weinberg, Phys. Rev. Lett. 1566 (1979); Belen Gavela, this conference.
†Yanagita (1979); Gell-Mann, Ramond, Slansky (1979),
S.L. Glashow (1980); Mohapatra, Senjanovic (1980) ...
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Implication 2. Majorana neutrino ⇒ ∆L = 2

f1

f2

W −

W −

f1

f2

li
−

lj
−

’

’

×

These are the “most wanted” processes to

• Discover Majorana neutrinos

• Access the new mass scale

• Probe the lepton flavor structure yν ∼ Uℓm

Many theoretical models in SUSY, GUTs, SM extensions ...

We wiil stay in the minimal extension.

f1

f2

W −

W −

f1

f2

li
−

lj
−

’

’

×

0#2$ decay:
(Thursday’s 

sessions)
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The See-Saw Mechanism
• SM neutrino masses can come from RH neutrinos, N

39

Looking Forward
• And there are many more exciting connections between unsolved problems in 

cosmology and particle physics that I seek to uncover

• Non-WIMPy dark matter

• Connections with neutrinos

• Why are we made of matter and not antimatter?

m⌫ SM =
hHi2y2

MN

• N can be light, but we expect it to be (very) weakly coupled!

• For fixed         and mν ~ 0.1 eV, we havehHi MN ⇠ GeV

✓
y2

10�14

◆

L = y L̄HN +
MN

2
N̄ cN

• With additional symmetries, coupling can be much larger

Minkowski, 1977; Yanagida, 1979; Mohapatra and Senjanovic, 1980; …

Mohapatra and Valle, 1986; Casas and Ibarra, 2001; Shaposhnikov, 2006; …

(A). The Models



9

Type I Seesaw: Singlet NR ’s
Neutrino masses: Dirac or Majorana

Simplest (renormalizible) extension of the SM:

LaL =

(

νa
la

)

L
, a = 1,2,3; NbR, b = 1,2,3, ...n ≥ 2.

Gauge-invariant Yukawa interactions:

−LY =
3
∑

a=1

n
∑

b=1

fν
ab LaL ĤNbR + h.c.

⇒
3
∑

a=1

n
∑

b=1

νaL mν
ab NbR + h.c.

lead to three generations of Dirac neutrinos.

Dirac plus Majorana mass terms:

Type I Seesaw (with NR): ∗

With the fermionic singlets NR, one can have

n≥2
∑

b,b′=1

Nc
bL Mbb′ Nb′R + h.c.

then the full neutrino mass terms read

(

νL Nc
L

)

(

03×3 Dν
3×n

DνT
n×3 Mn×n

)(

νc
R

NR

)

Majorana neutrinos:

νaL =
3
∑

m=1

UamνmL +
3+n
∑

m′=4

Vam′Nc
m′L,

Nc
aL =

3
∑

m=1

XamνmL +
3+n
∑

m′=4

Yam′Nc
m′L,

mν ≈
D2

M
, mN ≈ M, UU† ≈ I (PMNS), V V † ≈

mν

mN
.

∗Minkowski (1977); Yanagita (1979); Gell-Mann, Ramond, Slansky (1979),
S.L. Glashow (1980); Mohapatra, Senjanovic (1980) ...
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.

∗Minkowski (1977); Yanagita (1979); Gell-Mann, Ramond, Slansky (1979),
S.L. Glashow (1980); Mohapatra, Senjanovic (1980) ...

If D ∼ yνv, mν ∼1 eV, then mN ∼ y2
ν (1014 GeV)

⇒
{

1014 GeV for yν ∼ 1;
100 GeV for yν ∼ 10−6.

U2
ℓm ∼ V 2

PMNS ≈ O(1); V 2
ℓm ≈ mν/mN .

Still, it’s possible for much lower Seesaw scales†, and sizable mixing‡.

All Uℓm, ∆mν are from oscillation experiments.

But, we consider Vℓm, mN free parameters

— hopefully, experimentally accessible.

The charged currents:

−LCC =
g√
2

W+
µ

τ
∑

ℓ=e

3
∑

m=1

U∗
ℓm νmγµPLℓ + h.c.

+
g√
2

W+
µ

τ
∑

ℓ=e

3+n
∑

m′=4

V ∗
ℓm′ Nc

m′γµPLℓ + h.c.

†Andrè de Gouvea (2005); Andrè de Gouvea, Jenkins, Vasudevan (2006); ...
‡M.C. Gonzalez-Garcia, J.W.F. Valle (1989); Z.Z.Xing et al (2008)...
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Type I Seesaw features:
Existence of NR (low mass*) 

If D ∼ yνv, mν ∼1 eV, then mN ∼ y2
ν (1014 GeV)

⇒
{

1014 GeV for yν ∼ 1;
100 GeV for yν ∼ 10−6.

U2
ℓm ∼ V 2

PMNS ≈ O(1); V 2
ℓm ≈ mν/mN .

Still, it’s possible for much lower Seesaw scales†, and sizable mixing‡.

All Uℓm, ∆mν are from oscillation experiments.

But, we consider Vℓm, mN free parameters

— hopefully, experimentally accessible.

†Andrè de Gouvea (2005); Andrè de Gouvea, Jenkins, Vasudevan (2006); ...
‡M.C. Gonzalez-Garcia, J.W.F. Valle (1989); Z.Z.Xing et al (2008)...

U`m, �m⌫ are from oscillation experiments
mN a free parameter

V

2
`m ⇡ (m⌫/eV )/(mN/GeV )⇥ 10�9

< 6⇥ 10�3(low energy bound)

The mixing is typically small: 

(Fine-tuned to make it sizeable.)
* Casas and Ibarra (2001); 
A. Y. Smirnov and R. Zukanovich Funchal (2006);
A. de Gouvea, J. Jenkins and N. Vasudevan (2007);
W. Chao, Z. G. Si, Z. Z. Xing and S. Zhou (2008).
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A Variation: Inverse seesaw #

Inverse Seesaw:
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Neutrinoless double beta decay and pseudo-Dirac neutrino mass predictions
through inverse seesaw mechanism

Ram Lal Awasthi,δ M. K. Parida† and Sudhanwa Patra†

†Center of Excellence in Theoretical and Mathematical Sciences,
Siksha ’O’ Anusandhan University, Bhubaneswar-751030, India.

δHarish-Chandra Research Institute, Chhatnag Road, Jhusi, Allahabad 211019, India.∗

In the inverse seesaw extension of the standard model, supersymmetric or non-supersymmetric, while the light
left-handed neutrinos are Majorana, the heavy right-handed neutrinos are pseudo-Dirac fermions. We show how
one of these latter category of particles can contribute quite significantly to neutrinoless double beta decay. The
neutrino virtuality momentum is found to play a crucial role in the non-standard contributions leading to the
prediction of the pseudo-Dirac fermion mass in the range of 120MeV − 500MeV. When the Dirac neutrino
mass matrix in the inverse seesaw formula is similar to the up-quark mass matrix, characteristic of high scale
quark-lepton symmetric origin, the predicted branching ratios for lepton flavor violating decays are also found
to be closer to the accessible range of ongoing experiments.

I. INTRODUCTION: The standard gauge theory of strong,
weak, and electromagnetic interactions has confronted numer-
ous experimental tests while the last piece of evidence on the
Higgs boson is currently under rigorous scrutiny at the Large
Hadron Collider (LHC). In spite of these, neutrino oscillation
data uncovering tiny masses of left-handed (LH) neutrinos call
for physics beyond the standard model (SM) which is most
simply achieved via canonical seesaw mechanism [1, 2] that
requires the addition of one heavy right-handed (RH) neutrino
per generation provided both LH and RH neutrinos are Majo-
rana fermions [3]. Several other forms of seesaw mechanism
[5–7] also require Majorana fermions. Quite interestingly, on-
going experiments on neutrinoless double beta decay (0νββ)
[8] is expected to resolve the issue between Majorana [3] or
Dirac [4] nature of the neutrino 1. In contrast to the predicted
small contribution to the 0νββ decay rate in the SM, there has
been quite significant, or even more dominant predictions if,
at the TeV scale, there is left-right (LR) gauge theory [10, 11].
Even, attempts have been made to predict nonstandard contri-
butions to 0νββ decay rate due to the mediation of pseudo-
Dirac neutrinos where each of them is considered to be a pair
of Majorana neutrinos [11, 12]. While the possibility of left-
handed neutrinos being pseudo-Dirac has been shown to be
highly challenging [13], contribution of a fourth generation
heavy pseudo-Dirac neutrino to 0νββ has been explored with
the condition that its mass should be greater than MZ/2 [14].
If the Dirac neutrino mass matrix occurring in seesaw formu-
las has its left-right symmetric or quark-lepton symmetric ori-
gin, descending from Pati-Salam symmetry [15] or SO(10)
grand unified theory [16] at high scales, then the canonical
seesaw scale is too large to be experimentally tested by high
energy accelerators including LHC. Alternatively, the inverse

1 Besides the two distinct possibilities, Dirac or Majorana, very recently
a new hypothesis has been advanced in which neutrinos could be
schizophrenic [9].

seesaw mechanism [17, 18], which requires one RH neutrino
as well as an additional sterile fermion per generation, oper-
ates at TeV scale and is, therefore, experimentally verifiable.
In this framework while the LH light neutrinos are Majorana
fermions, the RH neutrinos are pseudo-Dirac by nature having
heavier masses.

In this letter we show that the inverse seesaw formula ex-
plaining the light neutrino masses and mixings permits the
lightest of the three pseudo-Dirac neutrinos in the mass range
(120−500) MeV leading to new contributions to 0νββ decay
comparable to, or much more than, those due to the exchanges
of the light left-handed neutrinos. The neutrino virtuality mo-
mentum [19, 20], |p| ∼ 190 MeV, is noted to play a crucial
role in such new contributions. The origin of Dirac neutrino
mass matrix is also found to be important in our estimations in
predicting lepton flavor violating decays accessible to ongoing
experimental searches. As our results are also applicable in
the inverse seesaw extension of the minimal supersymmetric
standard model (MSSM), they are consistent with gauge cou-
pling unification at the MSSM-GUT scale, MU ≃ 2 × 1016

GeV.
II. THE INVERSE SEESAW EXTENSION: As is customary to
the implementation of inverse seesaw mechanism, we add two
fermion singlets to each generation of the SM, with or without
supersymmetry. While we call the first type of singlet a RH
neutrino (NR), the second type of singlet is named as a sterile
neutrino (SL) and, in the (νL, N c

R, SL) basis, the 9×9 neutrino
mass matrix is [18]

Mν =

⎛

⎝

0 MD 0
MT

D 0 MT

0 M µS

⎞

⎠ , (1)

where MD is the Dirac mass term of the neutrino, and M is
the heavy Dirac mass matrix relating NR and SL. The matri-
ces MD and M are in general 3 × 3 complex in flavor space
whereas the µS is 3× 3 complex symmetric matrix.

Transformation from flavor to mass basis and diagonaliza-

2

tion are achieved through

|ν⟩f = V∗|ν⟩m , (2)

V†MνV∗ = M̂ν = Diag{mνi ;Mζj} , (3)

where |ν⟩m = (ν̃i, ζj)T represents the three light and six
heavy mass states, and i and j run over the light and heavy
mass eigenstates, respectively. With µS ,MD ≪ M , the ma-
trixMν can be block diagonalized to light and heavy sectors

mν ≃
(

MD

M

)

µS

(

MD

M

)T

,

MH ≃
(

0 MT

M µS

)

. (4)

where mν has the well known inverse seesaw formula [18]
and MH is the mass matrix for heavy pseudo-Dirac pairs of
comparable masses with splitting of the order of µS . The µS

term in the Lagrangian breaks the leptonic global symmetry,
U(1)L, which is otherwise preserved in the standard model in
the limit µS → 0 rendering all the LH neutrinos to be mass-
less. Hence the small µS should be a natural parameter in
this theory in the ’t Hooft sense [21]. The above block diago-
nalized matrices are further diagonalized through the PMNS
matrix, Uν , and a 6 × 6 unitary matrix UH , respectively, so
that

V ≃
(

1− 1
2B

∗BT B∗

−BT 1− 1
2B

TB∗

)(

Uν 0
0 UH

)

, (5)

where

BT ≃
(

−M∗−1µ∗
S(MDM−1)†

(MDM−1)†

)

≃
(

0
X†

)

. (6)

Hence, in the leading order approximation, V can be written
as

V ≃

⎛

⎝

1− 1
2
XX† 0 X
0 1 0

−X† 0 1− 1
2
X†X

⎞

⎠

(

Uν 0
0 UH

)

, (7)

whereX = (MDM−1), and all the elements in the first block
are 3× 3 matrices.

(II. A) µS from neutrino oscillation data: The inverse see-
saw formula in eqn. (4) predicts light neutrino mass ma-
trix in terms of three other matrices, MD, M , and µS . At
first we take MD ≃ Mℓ, the charged lepton mass matrix,
which may arise if the SM originates from high scale left-
right gauge symmetry, SU(2)L × SU(2)R × U(1)B−L ×
SU(3)C

MR−→ SM , whereMR >> MW . Assuming the ma-
trix M to be diagonal for the sake of simplicity and using
MD = diag{me,mµ,mτ} = {0.0005, 0.1, 1.7}GeV, we ob-
tain µS from global fits to the neutrino oscillation data [22]
given in TABLE I

µS (GeV) = X−1N m̂νN T XT−1 (8)

=

⎛

⎜

⎝

6.71× 10−7 + 1.96× 10−7 i −1.17× 10−8 − 3.22× 10−8 i −3.71× 10−8 − 2.03× 10−8 i

−1.17× 10−8 − 3.22× 10−8 i 1.53× 10−08 − 2.22× 10−10 i 7.0× 10−9 − 2.83× 10−9 i

−3.71× 10−8 − 2.03× 10−8 i 7.0× 10−9 − 2.83× 10−9 i −5.50× 10−9 + 5.26× 10−11 i

⎞

⎟

⎠
, (9)

where N = (1 − η)Uν and η = 1

2
XX† is a mea-

sure of unitarity violation. This particular structure of
µS has been derived using, as an example, the nor-
mal hierarchical (NH) light neutrino masses m̂diag

ν =
diag(0.00127 eV, 0.00885 eV, 0.0495 eV) and non-
degenerate eigenvalues of M = diag {0.2, 2.6, 23.7} GeV.
Similar analysis predicts somewhat different structures of µS

for inverted hierarchical (IH) and quasi-degenerate (QD) pat-
tern of the light neutrinos and can further be easily obtained
for degenerate M1 = M2 = M3 or, partially-degenerate
M1 = M2 ≪ M3 after taking care of the phenomenolog-
ical bounds |ηee| < 2.0 × 10−3, |ηµµ| < 8.0 × 10−4, and
|ηττ | < 2.7×10−3. Our ansatz withM = diag(M1,M2,M3)

Neutrino oscillation parameters Globally fitted values

∆m2
sol[eV2] 7.58 × 10−5

|∆m2
atm|[eV2] 2.35 × 10−3

sin2 θ12 0.320
sin2 θ23 0.427
sin2 θ13 0.0246

δCP 0.8 π

TABLE I: Mass squared differences, mixing angles, and CP -phase
from global fits to neutrino oscillation data [22].
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In the inverse seesaw extension of the standard model, supersymmetric or non-supersymmetric, while the light
left-handed neutrinos are Majorana, the heavy right-handed neutrinos are pseudo-Dirac fermions. We show how
one of these latter category of particles can contribute quite significantly to neutrinoless double beta decay. The
neutrino virtuality momentum is found to play a crucial role in the non-standard contributions leading to the
prediction of the pseudo-Dirac fermion mass in the range of 120MeV − 500MeV. When the Dirac neutrino
mass matrix in the inverse seesaw formula is similar to the up-quark mass matrix, characteristic of high scale
quark-lepton symmetric origin, the predicted branching ratios for lepton flavor violating decays are also found
to be closer to the accessible range of ongoing experiments.

I. INTRODUCTION: The standard gauge theory of strong,
weak, and electromagnetic interactions has confronted numer-
ous experimental tests while the last piece of evidence on the
Higgs boson is currently under rigorous scrutiny at the Large
Hadron Collider (LHC). In spite of these, neutrino oscillation
data uncovering tiny masses of left-handed (LH) neutrinos call
for physics beyond the standard model (SM) which is most
simply achieved via canonical seesaw mechanism [1, 2] that
requires the addition of one heavy right-handed (RH) neutrino
per generation provided both LH and RH neutrinos are Majo-
rana fermions [3]. Several other forms of seesaw mechanism
[5–7] also require Majorana fermions. Quite interestingly, on-
going experiments on neutrinoless double beta decay (0νββ)
[8] is expected to resolve the issue between Majorana [3] or
Dirac [4] nature of the neutrino 1. In contrast to the predicted
small contribution to the 0νββ decay rate in the SM, there has
been quite significant, or even more dominant predictions if,
at the TeV scale, there is left-right (LR) gauge theory [10, 11].
Even, attempts have been made to predict nonstandard contri-
butions to 0νββ decay rate due to the mediation of pseudo-
Dirac neutrinos where each of them is considered to be a pair
of Majorana neutrinos [11, 12]. While the possibility of left-
handed neutrinos being pseudo-Dirac has been shown to be
highly challenging [13], contribution of a fourth generation
heavy pseudo-Dirac neutrino to 0νββ has been explored with
the condition that its mass should be greater than MZ/2 [14].
If the Dirac neutrino mass matrix occurring in seesaw formu-
las has its left-right symmetric or quark-lepton symmetric ori-
gin, descending from Pati-Salam symmetry [15] or SO(10)
grand unified theory [16] at high scales, then the canonical
seesaw scale is too large to be experimentally tested by high
energy accelerators including LHC. Alternatively, the inverse

1 Besides the two distinct possibilities, Dirac or Majorana, very recently
a new hypothesis has been advanced in which neutrinos could be
schizophrenic [9].

seesaw mechanism [17, 18], which requires one RH neutrino
as well as an additional sterile fermion per generation, oper-
ates at TeV scale and is, therefore, experimentally verifiable.
In this framework while the LH light neutrinos are Majorana
fermions, the RH neutrinos are pseudo-Dirac by nature having
heavier masses.

In this letter we show that the inverse seesaw formula ex-
plaining the light neutrino masses and mixings permits the
lightest of the three pseudo-Dirac neutrinos in the mass range
(120−500) MeV leading to new contributions to 0νββ decay
comparable to, or much more than, those due to the exchanges
of the light left-handed neutrinos. The neutrino virtuality mo-
mentum [19, 20], |p| ∼ 190 MeV, is noted to play a crucial
role in such new contributions. The origin of Dirac neutrino
mass matrix is also found to be important in our estimations in
predicting lepton flavor violating decays accessible to ongoing
experimental searches. As our results are also applicable in
the inverse seesaw extension of the minimal supersymmetric
standard model (MSSM), they are consistent with gauge cou-
pling unification at the MSSM-GUT scale, MU ≃ 2 × 1016

GeV.
II. THE INVERSE SEESAW EXTENSION: As is customary to
the implementation of inverse seesaw mechanism, we add two
fermion singlets to each generation of the SM, with or without
supersymmetry. While we call the first type of singlet a RH
neutrino (NR), the second type of singlet is named as a sterile
neutrino (SL) and, in the (νL, N c

R, SL) basis, the 9×9 neutrino
mass matrix is [18]

Mν =

⎛

⎝

0 MD 0
MT

D 0 MT

0 M µS

⎞

⎠ , (1)

where MD is the Dirac mass term of the neutrino, and M is
the heavy Dirac mass matrix relating NR and SL. The matri-
ces MD and M are in general 3 × 3 complex in flavor space
whereas the µS is 3× 3 complex symmetric matrix.

Transformation from flavor to mass basis and diagonaliza-

Small Majorana mass µs renders the Dirac mass 
MD Yukawa couplings & N mixings sizable! 

# R. Mohapatra, J. Valle (1986)

V 2
`m ⇡ (MD/MN )2 ⇡ m⌫/µs

* # Majorana-like; N Dirac-like.
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Type II Seesaw: No need for NR, with Φ-triplet*Type II Seesaw (no NR): ∗

With a scalar triplet Φ (Y = 2) : φ±±, φ±, φ0 (many representative models).

Add a gauge invariant/renormalizable term:

YijL
T
i C(iσ2)ΦLj + h.c.

That leads to the Majorana mass:

Mijν
T
i Cνj + h.c.

where
Mij = Yij⟨Φ⟩ = Yijv

′ <∼ 1 eV,

∗Magg, Wetterich (1980); Lazarides, Shafi (1981); Mohapatra, Senjanovic (1981). ...

Type II Seesaw (no NR): ∗

With a scalar triplet Φ (Y = 2) : φ±±, φ±, φ0 (many representative models).

Add a gauge invariant/renormalizable term:

YijL
T
i C(iσ2)ΦLj + h.c.

That leads to the Majorana mass:

Mijν
T
i Cνj + h.c.

where
Mij = Yij⟨Φ⟩ = Yijv

′ <∼ 1 eV,

Very same gauge invariant/renormalizable term:

µHT(iσ2)Φ
†H + h.c.

predicts v′ = µ
v2

M2
φ

,

leading to the Type II Seesaw. †

∗Magg, Wetterich (1980); Lazarides, Shafi (1981); Mohapatra, Senjanovic (1981). ...
†In Little Higgs model: T.Han, H.Logan, B.Mukhopadhyaya, R.Srikanth (2005).

Type II Seesaw (no NR): ∗

With a scalar triplet Φ (Y = 2) : φ±±, φ±, φ0 (many representative models).

Add a gauge invariant/renormalizable term:

YijL
T
i C(iσ2)ΦLj + h.c.

That leads to the Majorana mass:

Mijν
T
i Cνj + h.c.

where
Mij = Yij⟨Φ⟩ = Yijv

′ <∼ 1 eV,

Very same gauge invariant/renormalizable term:

µHT(iσ2)Φ
†H + h.c.

predicts v′ = µ
v2

M2
φ

,

leading to the Type II Seesaw. †

∗Magg, Wetterich (1980); Lazarides, Shafi (1981); Mohapatra, Senjanovic (1981). ...
†In Little Higgs model: T.Han, H.Logan, B.Mukhopadhyaya, R.Srikanth (2005).

Type II Seesaw (no NR): ∗

With a scalar triplet Φ (Y = 2) : φ±±, φ±, φ0 (many representative models).

Add a gauge invariant/renormalizable term:

YijL
T
i C(iσ2)ΦLj + h.c.

That leads to the Majorana mass:

Mijν
T
i Cνj + h.c.

where
Mij = Yij⟨Φ⟩ = Yijv

′ <∼ 1 eV,

Very same gauge invariant/renormalizable term:

µHT(iσ2)Φ
†H + h.c.

predicts v′ = µ
v2

M2
φ

,

leading to the Type II Seesaw. †

∗Magg, Wetterich (1980); Lazarides, Shafi (1981); Mohapatra, Senjanovic (1981). ...
†In Little Higgs model: T.Han, H.Logan, B.Mukhopadhyaya, R.Srikanth (2005).
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Type II Seesaw features*

Variations

• Triplet vev à Majorana mass à neutrino mixing pattern!
à neutrino mixing pattern! 

Competing channel       
H±± ! `±i `±i

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]

Naturally embedded in L-R symmetric model:#
W±

R à NR e±

Type II Seesaw (no NR): ∗

With a scalar triplet Φ (Y = 2) : φ±±, φ±, φ0 (many representative models).

Add a gauge invariant/renormalizable term:

YijL
T
i C(iσ2)ΦLj + h.c.

That leads to the Majorana mass:

Mijν
T
i Cνj + h.c.

where
Mij = Yij⟨Φ⟩ = Yijv

′ <∼ 1 eV,

Very same gauge invariant/renormalizable term:

µHT(iσ2)Φ
†H + h.c.

predicts v′ = µ
v2

M2
φ

,

leading to the Type II Seesaw. †

∗Magg, Wetterich (1980); Lazarides, Shafi (1981); Mohapatra, Senjanovic (1981). ...
†In Little Higgs model: T.Han, H.Logan, B.Mukhopadhyaya, R.Srikanth (2005).

#

H±± !W±W±.

(* Large Type I signals via WR-NR )
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Type III Seesaw: with a fermionic triplet*

Type III Seesaw (no NR, but some other leptons): ∗

With a lepton triplet T (Y = 0) : T+ T0 T−, add the terms:

−MT(T+T− + T0T0/2) + yi
THT iσ2TLi + h.c.

∗Foot, Lew, He, Joshi (1989); G. Senjanovic et al. ...

Type III Seesaw (no NR, but some other leptons): ∗

With a lepton triplet T (Y = 0) : T+ T0 T−, add the terms:

−MT(T+T− + T0T0/2) + yi
THT iσ2TLi + h.c.

These lead to the Majorana mass:

Mij ≈ yiyj
v2

2MT
.

Demand that MT <∼ 1 TeV, Mij <∼ 1 eV,

Thus the Yukawa couplings:†

yj <∼ 10−6,

making the mixing T±,0 − ℓ± very weak.

Main features:

T0 a Majorana neutrino;

Decay via mixing (Yukawa couplings);

TT Pair production via EW gauge interactions.
∗Foot, Lew, He, Joshi (1989); G. Senjanovic et al. ...
†Bajc, Nemevsek, Senjanovic (2007)

Again, the seesaw spirit: mν ~ v2/MT . 
Features:

Type III Seesaw (no NR, but some other leptons): ∗

With a lepton triplet T (Y = 0) : T+ T0 T−, add the terms:

−MT(T+T− + T0T0/2) + yi
THT iσ2TLi + h.c.

These lead to the Majorana mass:

Mij ≈ yiyj
v2

2MT
.

Demand that MT <∼ 1 TeV, Mij <∼ 1 eV,

Thus the Yukawa couplings:†

yj <∼ 10−6,

making the mixing T±,0 − ℓ± very weak.

Main features:

T0 a Majorana neutrino;

Decay via mixing (Yukawa couplings);

TT Pair production via EW gauge interactions.
∗Foot, Lew, He, Joshi (1989); G. Senjanovic et al. ...
†Bajc, Nemevsek, Senjanovic (2007)

Type III Seesaw (no NR, but some other leptons): ∗

With a lepton triplet T (Y = 0) : T+ T0 T−, add the terms:

−MT(T+T− + T0T0/2) + yi
THT iσ2TLi + h.c.

These lead to the Majorana mass:

Mij ≈ yiyj
v2

2MT
.

Demand that MT <∼ 1 TeV, Mij <∼ 1 eV,

Thus the Yukawa couplings:†

yj <∼ 10−6,

making the mixing T±,0 − ℓ± very weak.

Main features:

T0 a Majorana neutrino;

Decay via mixing (Yukawa couplings);

TT Pair production via EW gauge interactions.
∗Foot, Lew, He, Joshi (1989); G. Senjanovic et al. ...
†Bajc, Nemevsek, Senjanovic (2007)

Could utilize 
“inverse seesaw”

to boost yi
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Higher dim ΔL=2 Operators*

* Babu & Leung, (2001).

Here i and j are SU(2)L indices, and ēc stands for either the hermitian conjugate or the

Dirac adjoint of ec. Any ∆L = 2 effective operator will have one of these basic fermion

bilinears accompanied by a product of other fields which is neutral under color and carries

a net baryon number of zero. We classify the effective neutrino mass operators according

to the number of fermion fields they contain. Three separate groups can be identified: (i)

operators containing LiLj and no other fermion fields; (ii) operators containing four fermion

fields; and (iii) operators containing six fermion fields. Operators containing four or more

fermion bilinears have dimension 12 or higher and will not be considered here because, as

mentioned above, the neutrino masses generated by such operators will be constrained by

limits on lepton flavor violation to be typically much smaller than 0.03 eV and will not be

that interesting for the current neutrino oscillation phenomenology. In case (i), neutrino

masses will arise at tree level. In case (ii), one pair of fermion fields must be annihilated to

generate neutrino masses, which will therefore arise at the one–loop level. And in case (iii),

which requires the annihilation of two fermion pairs, neutrino masses will arise as two–loop

radiative corrections.

(i) With LiLj not accompanied by any more fermion fields, one obtains the well–known

dimension five operator for neutrino mass [6]:

O1 = LiLjHkH lϵikϵjl (3)

(ii) Operators with four fermion fields are:

O2 = LiLjLkecH lϵijϵkl

O3 = {LiLjQkdcH lϵijϵkl, LiLjQkdcH lϵikϵjl}

O4 = {LiLjQ̄iūcHkϵjk, LiLjQ̄kūcHkϵij}

O5 = LiLjQkdcH lHmH̄iϵjlϵkm

O6 = LiLjQ̄kūcH lHkH̄iϵjl

O7 = LiQj ēcQ̄kH
kH lHmϵilϵjm

O8 = LiēcūcdcHjϵij (4)

5

for the generation of neutrino masses. Nevertheless, we wish to list such ∆L = 2

operators of the lowest dimension, which turns out to be 7. They are (LT σµνL)HHBµν ,

(LT σµνL)HHW µν , (LT CDµDµL)HH , and (ēcγµDµL)HHH . Here Bµν and W µν are

the U(1)Y and SU(2)L field strength tensors and we have suppressed the SU(2)L

indices for simplicity. Although we have only shown operators with the covariant

derivative acting on a specific field, it is understood that one should include similar

operators with the covariant derivative acting on the other fields. For example, the

third operator listed above includes (LT CL)(DµH)(DµH), and the fourth operator

includes (ēcγµL)(DµH)HH , and so on.

(iii) We now proceed to write down the operators with six fermion fields through dimen-

sion 11. The procedure we follow is analogous to the case of the operators containing four

fermion fields. There are 12 such operators at the dimension 9 level:

O9 = LiLjLkecLlecϵijϵkl

O10 = LiLjLkecQldcϵijϵkl

O11 = {LiLjQkdcQldcϵijϵkl, LiLjQkdcQldcϵikϵjl}

O12 = {LiLjQ̄iūcQ̄j ūc, LiLjQ̄kūcQ̄lūcϵijϵ
kl}

O13 = LiLjQ̄iūcLlecϵjl

O14 = {LiLjQ̄kūcQkdcϵij , LiLjQ̄iūcQldcϵjl}

O15 = LiLjLkdcL̄iūcϵjk

O16 = LiLjecdcēcūcϵij

O17 = LiLjdcdcd̄cūcϵij

O18 = LiLjdcucūcūcϵij

O19 = LiQjdcdcēcūcϵij

O20 = LidcQ̄iūcēcūc (7)

And there are 40 operators with d = 11:

8

d=7 (4 fermions): d=9 (6 fermions):
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Radiative Seesaw Models*

Generic features:

Close the loops: Quantum corrections could generate m% .
Suppressions (up to 3-loops) make both m% and M low:

• New scalars: ϕ0, H±, H±±, …
à BSM Higgs physics, possible flavor relations
• Additional Z2 symmetry à Dark Matter &

h0à&& invisible!

* Zee (1980, 1986); Babu (1988); Ma (2006), Aoki et al. (2009).

With (Majorana) mass scale '

m⌫ ⇠ (
1

16⇡2
)`(

v

M
)k µ

(See Raymond Volkas talks.)



(B). The search for Seesaw
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Type I Seesaw: Search for N∆L = 2 Processes at Low Energies

The fundamental diagram:

f1
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W −

f1

f2

li
−

lj
−

’

’

× UiN
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for resonant N production.
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(1). Search for low mass N

7

Testing the See-Saw
Neutrinos and Collider Physics 12
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Figure 4. Limits on the mixing between the muon neutrino and a single heavy
neutrino in the mass range 100 MeV - 500 GeV. For details, see text.

2.2.2. Peak Searches in Meson Decays Peak searches in weak decays of heavy leptons

and mesons are powerful probes of heavy neutrino mixing with all lepton flavors. The

most promising are the two-body decays of electrically charged mesons into leptons and

neutrinos: X± ! `±N [168–170], whose branching ratio is proportional to the mixing

|V`N |2. Thus, for a non-zero mixing and for a fixed meson momentum, one expects the

lepton spectrum to show a second monochromatic line at

E` =
M2

X +m2
` �M2

N

2MX
, (12)

apart from the usual peak due to the active neutrino ⌫L`. For sterile neutrinos heavier

than the charged lepton, the helicity suppression factor inherent in leptonic decay rate is

weakened by a factor M2
N/m

2
` [169] due to which the sensitivity on |V`N |2 increases with

MN till the phase space becomes relevant. Peak searches have been performed in the

channels ⇡ ! eN [171–175], ⇡ ! µN [176–180], K ! eN [181] and K ! µN [181–185].

The current 90% C.L. limits on |V`N |2 (for ` = e, µ) derived from these searches are

shown in Figures 3 and 4, labeled as ‘X ! `⌫’ (with X = ⇡, K and ` = e, µ). The limit

from ⇡ ! µN is not shown here, since it is only applicable in the mass range 1 MeV

 MN  30 MeV.

The peak searches could in principle be extended to higher masses with heavier

meson/baryon decays [186–188]. For instance, the Belle experiment [189] used the decay

mode B ! X`N followed by N ! `⇡ (with ` = e, µ) in a data sample of 772 million

plot taken from Deppisch, Dev, Pilaftsis, 2015 
see also Gorbunov and Shaposhnikov, 2007; Atre, Han, Pascoli, Zhang, 2009; … 
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Figure 4.2: Production (left) and subsequent decay (right) of the particle NI .

the Universe (see Section 4.6.1 for the formulation of the problem). Moreover, the same parti-
cles can be responsible for both neutrino masses and matter-antimatter asymmetry generation.
HNLs with the masses ranging from O(MeV) to O(1012 GeV) provide mechanisms of generation of
matter-antimatter asymmetry, described in Sections 4.6.2–4.6.4.2 below. In particular, the suc-
cessful baryogenesis is possible when HNL have experimentally accessible masses (Sections 4.3.2.2,
4.3.2.3). This opens an exciting possibility of direct experimental resolution of these BSM puzzles
by finding HNLs experimentally. The phenomenology of neutrino oscillations provides (under cer-
tain assumptions, discussed above) the lower bound on Yukawa couplings, while the requirement
of successful baryogenesis provides an upper bound on their values.

Right-handed neutrinos can appear as a part of a wider theory, for example as a part of the
fermion representation of a gauge group in GUT theories, see Section 4.3.2.1. Interestingly HNLs
can be postulated as the only new particles beyond the Standard Model up to a very high energy
scale, providing explanations of all major observational BSM phenomena (Section 4.8 below). This
brings the questions of the complete UV theory (discussed in Section 4.8.3). The SM supplemented
by 3 HNLs, with Majorana mass terms for all of them, and all possible Yukawa couplings with the
Higgs boson and left-handed lepton doublets has an intriguing property of charge quantisation. The
Majorana mass term (4.1.2) means that the hypercharge of NI is zero and therefore hypercharges of
left lepton double and Higgs field are the same. As a result of this, the requirement of cancellation
of gauge chiral anomalies has a unique solution in terms of charges [327], quantised exactly as it is
observed. In other words, the charge quantisation may be a requirement of the self-consistency of
the theory, rather than a consequence of a larger symmetry, as in Grand Unified Theories.

4.2 Active neutrino phenomenology

Neutrino physics provides strong motivation for the existence of HNLs. Although properties of
HNLs cannot be fully fixed by data from low-energy neutrino experiments, it serves as a source of
important constraints. Therefore we review main results of neutrino theory and experiments below.

4.2.1 Three-flavour neutrino oscillations. A theoretical overview

A decade of revolutionary neutrino experiments has established that the SM neutrinos are massive
and mix like quarks do. The measurement of their tiny masses has been possible thanks to neutrino
oscillations, a quantum phenomenon first conjectured by Pontecorvo [328]. Neutrinos are produced
and detected via weak processes, therefore by definition they are produced or detected as flavour
states (ie. the states that couple to the e, µ and ⌧ leptons respectively). However, such states
of a definite flavour are superpositions of the vacuum Hamiltonian eigenstates or mass eigenstates

– 65 –

SHiP/DUNE
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ATLAS:
ATLAS collaboration: arXiv:1506.06020v2.CMS collaboration: arXiv:1501.05566v1.

11

 (GeV)
N

m
50 100 150 200 250 300 350 400 450 500

'] 
(p

b)
qq

± µ
± µ

o
N

± µ
o

B
 [p

p
×

σ 

-4
10

-3
10

-2
10

-1
10

1
 ExpectedsCL

σ1± Expected sCL

σ2± Expected sCL

 ObservedsCL

 (8 TeV)
-1

19.7 fb

CMS

Figure 3: Exclusion region at 95% CL in the cross section times branching fraction, as a function
of the heavy Majorana neutrino mass. 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. The region above the exclusion curves is
ruled out at 95% CL.
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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
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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
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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
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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 !ud initial 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 a ¼ 5% and b ¼ 0:55%, and for jets we take a ¼
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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is the forward-backward asymmetry of the charged lepton with respect to the direction â. We
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The primary lepton does not 
provide L-R discrimination: 

(2). WR & NR:

T. Han, I. Lewis, R. Ruiz, Z. Si, arXiv:1211.6447v2
Keung & Senjanovic, PRL (1983).
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• 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 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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WR & N @ ATLAS

qa

q̄b

W±
R

�
W�

R

��

N

l±�

l±�

qc

q̄d

qa

q̄a

�
W�

R

��

N l±�

l±�

q̄c

qd

N

qb

q̄e

Z �

�
W�

R

��

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,
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Figure 11: Observed and expected exclusion contour at 95% confidence level as a function of the mass of a heavy
Majorana neutrino and of a WR (left) or Z0 boson (right) within the LRSM. The limits in (a) and (b) show the
scenario where the heavy neutrino has electron flavour and those in (c) and (d) show the scenario where it has muon
flavour. The limits in (e) and (f) show the case of two degenerate neutrinos, one has electron flavour, and the other
muon flavour (no mixing between lepton flavours is assumed).
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ATLAS collaboration: arXiv:1506.06020v2.
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Long-Lived Searches
• What do the X decay to NN look like? (resolved only for now)
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Intermediate neutrino prospects
• Consider purely leptonic signatures that can be cleaner and have lower 

thresholds
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• Complementary signature to semi-leptonic decays

• Until now, most leptonic decay proposals focus on non-LNV 
decays
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(4). Many complementary channels:

Deppisch, Dev, Pilaftsis (2015); Datta, Guchait, Pilaftsis (1994); 
del Aguila, Aguilar-Saavedra, Pittau (2007) 
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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.
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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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Low-energy/High energy complementarity:

10-3

10-2

10-1

1.0

10-4 10-3 10-2 10-1

BR
m3(eV)

eµ eτ

µτ

IH

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.
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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:
ATLAS collaboration: arXiv:1412.0237v2.
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Figure 4: Upper limits at 95% CL on the cross-section as a function of the dilepton

invariant mass for the production of a doubly charged Higgs boson decaying into (a) e±e±,

(b) e±µ±, and (c) µ±µ± pairs with a branching ratio of 100%. The green and yellow bands

correspond to the 1σ and 2σ bands on the expected limits respectively. Also shown are the

expected cross-sections as a function of mass for left- and right-handed H±±. The mass

range between 70 GeV and 110 GeV is not included in the e±e± channel as this region is

used to estimate the background from charge misidentification.
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Figure 5: Observed and expected 95% CL limits on H±±
L → ℓ±ℓ± (left column) and

H±±
R → ℓ±ℓ± production (right column) in the branching ratio versus H±± mass plane

for the e±e± (top), e±µ± (middle) and µ±µ± (bottom) channel. The blue shaded area is

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

Nearly background-free.
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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]

With 300 fb-1, 
MH~1 TeV with BR~ 40%
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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.
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Consider their decay length:

Γ(T+ → W+ν) ≈ 2Γ(T+ → Zℓ+) ≈ 2Γ(T+ → hℓ+)
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16π

∑

i

|yi|2.
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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.

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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Type III Seesaw:  T± & T0
(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
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Type III Seesaw:  T± & T0
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].
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ΔL=2 & mass reconstruction for T± & T0
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LHC with 14 TeV, 300 fb-1

à mass coverage 800 GeV

Current LHC bounds:
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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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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.



39

Alva, TH, Ruiz: arXiv:1411.7305
Bev, Pilaftsis, 

γ

ui dj

W

ℓ+

N

(a) (b) (c) (d)

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.
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A recent update:
NNLO QCD effects; VBF (Wγ) contributions
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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.
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Figure 17. At 14 TeV, (a) same as figure 16(a); (b) same as figure 16(c).

As previously discussed or shown, the tt background for the dimuon channel is negli-

gible, so we focus on W±W± pairs. For triboson production, an NLO in QCD K factor of

K = 1.8 is applied [93]. After all cuts, the expected SM background for representative mN

is given in the second row Table 13. After the mN -dependent cut, the expected SM back-

ground rate reaches at most 19 ab. Like the 100 TeV case, a 20% systematic is introduced

into the background. For the µµ and eµ channels, respectively, The maximum number of

background events and requisite number of signal events at a 2σ significance after 100 fb−1

are given in the third and fourth rows, respectively, of Table 13.

In figure 17(a), we plot the 2σ sensitivity to the mixing coefficient Sµµ after 100 fb−1

(dash-diamond) and 1 ab−1 (dash-star). For the benchmark mN = 375 GeV, a mixing

at the level of Sµµ = 3 × 10−3 (5.5 × 10−4) with 100−1 (1 ab−1) can be probed; for

mN = 500 GeV, we find sensitivity to be Sµµ = 8 × 10−3 (1.1 × 10−4). The optimistic

(pessimistic) bound is given by the solid (short-dash) horizontal line. Sensitivity to Sµµ at

14 TeV is summarized in Table 10.

In figure 17(b), we plot as a function of mN the required luminosity for a 3σ (circle) and

5σ (star) discovery in the µµ channel for the optimistic (purple, dash-dot) and pessimistic

(red, dash) mixing scenarios. With 100 fb−1 (1 ab−1) and in the optimistic scenario, a

Majorana neutrino with mN = 270 (530) GeV can be discovered at 5σ significance; in

the pessimistic scenario, the reach is mN = 135 (280) GeV. In the optimistic (pessimistic)

scenario, for the 375 GeV benchmark, a 5σ discovery can be achieved with 300 (2600) fb−1;

for 500 GeV, this is 810 (6900) fb−1. Sensitivity to mN at 14 TeV is summarized in Table 11.

4 SUMMARY

The search for a heavy Majorana neutrino at the LHC is of fundamental importance. It is

complimentary to the neutrino oscillation programs and, in particular, neutrinoless double-

beta decay experiments. We have studied the production of a heavy Majorana neutrino at
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