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Neutrinos
the most elusive/least known particles in the SM

• How many species:  3 𝝂L ’s + NR? 
• Absolute mass scale:
      or a new physics scale:
• Mass-ordering? 

• Flavor oscillations & CP violation? 
• Non-standard interactions?

• Mixing with sterile 𝜈’s? 
• Portal to dark sector? 

m𝝂 ~ y𝝂 𝑣 < 1 eV? 

Mmajorana >> 𝑣 ?
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→ 6+ Nobel Prizes related to 𝜈’s, more than other discoveries,

          and more excitement to come! 
→ New Laws of Nature!

See BSM talks: M. Nycz; V. Cirigliano; K. Fuyuto; N. Neil; H. Liu; S. Mantry; S. Trifinopoulos …  
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SM as a low-energy effective field theory:

Neut rinos are massive

In t he cont ext of t he St andard M odel:

L a =
νa

la L

, a = 1, 2, 3

T he leading SM gauge invariant operat or is at dim-5:∗

1

Λ
( yνL H ) ( yνL H ) + h.c. ⇒

y2
ν v2

Λ
νL vc

R .

Implicat ion 1. D im-5 operat or indicat es a new physics scale Λ

T he See-saw spirit : †

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

Λ ⇒
1014 GeV for yν ∼ 1;

100 GeV for yν ∼ 10− 6.

T he See-saw implies t he “ synergy” !

∗S. W einberg, Phys. Rev. L et t . 1566 ( 1979) .

†M inkowski ( 1977) ; Yanagit a ( 1979) ; Gell-M ann, Ramond, Slansky ( 1979) ,
S.L . Glashow ( 1980) ; M ohapat ra, Senjanovic ( 1980) ...

Neut rinos are “ hot ” !

Act ive field, rich physics

At dim-5, t he leading gauge invariant operat or is ∗

1

Λ
( yνL H ) ( yνL H ) + h.c. ⇒

y2
νv2

Λ
νL νc

R.

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

T he See-saw spirit : †

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

Λ ⇒
1014 GeV for yν ∼ 1;

100 GeV for yν ∼ 10− 6.

See-saw implies t he synergy:

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

∗S. W einberg, Phys. Rev. Let t . 1566 ( 1979) ; Belen Gavela, t his conference.

†Yanagit a (1979) ; Gell-M ann, Ramond, Slansky (1979) ,
S.L . Glashow ( 1980) ; M ohapat ra, Senjanovic (1980) ...

Implications:
• Theoretical: 𝜦 → new scale / particles,
      implies an underlying (UV) theory!

Neut rinos are massive

In t he cont ext of t he St andard M odel:

L a =
νa

la L

, a = 1, 2, 3

T he leading SM gauge invariant operat or is at dim -5:∗

1

Λ
( yνL H ) ( yνL H ) + h.c. ⇒

y2
ν v2

Λ
νL vc

R .

Im plicat ion 1. D im-5 operat or indicat es a new physics scale Λ

T he See-saw spirit : †

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

Λ ⇒
1014 GeV for yν ∼ 1;

100 GeV for yν ∼ 10− 6.

T he See-saw implies t he “ synergy” !

∗S. W einberg, Phys. Rev. L et t . 1566 ( 1979) .

†M inkowski ( 1977) ; Yanagit a ( 1979) ; Gell-M ann, Ramond, Slansky ( 1979) ,
S.L . Glashow ( 1980) ; M ohapat ra, Senjanovic ( 1980) ...
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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 =
hH i 2y2

M N

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

• For fixed         and mν ~  0.1 eV, we havehH i M N ⇠ GeV

✓
y2

10− 14

◆

L = y L̄H N +
M N

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; …

Neut rinos are “ hot ” !

Act ive field, rich physics

At dim-5, t he leading gauge invariant operat or is ∗

1

Λ
( yνL H ) ( yνL H ) + h.c. ⇒

y2
ν v2

Λ
νL νc

R .

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

T he See-saw spirit : †

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

Λ ⇒
1014 GeV for yν ∼ 1;

100 GeV for yν ∼ 10− 6.

See-saw implies t he synergy:

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

∗S. W einberg, Phys. Rev. L et t . 1566 ( 1979) ; B elen Gavela, t his conference.

†Yanagit a ( 1979) ; Gell-M ann, Ramond, Slansky ( 1979) ,
S.L . Glashow ( 1980) ; M ohapat ra, Senjanovic ( 1980) ...

• Observational:
     𝚫L=2 → Majorana mass (Majorana neutrinos)

→ Opens the door to BSM 𝜈 physics at low & high energies! 
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Group representations based on SM SUL(2) doublets: 

→ There are three BSM extensions @ Tree-level:
• Type I:     Fermion singlets ⊗(L H)S 
• Type II:   Scalar triplet ⊗(L L)T

• Type III: Fermion triplets ⊗(L H)T 

The Weinberg operator non-renormalizable 
→ Need Ultra-Violet completion at/above 𝜦 .  

UV-complete theoretical Models:

E. Ma: PRL 81, 1771 (1998).
For recent reviews: Z.Z. Xing: arXiv:1406.7739; 
Y. Cai, TH, T. Li & R. Ruiz: arXiv:1711.02180.

(There are loop-generated radiative models…)
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∆ L = 2 Processes at L ow Energies

T he fundam ent al diagram:

f
1

f
2

W -

W -

f
1

f
2

l
i
-

l
j
-

’

’

´ Ui N
p/ + mN

p2− m2
N

+ i ϵ
Uj N .

T he t ransit ion rat es are proport ional t o

|M |2 ∝

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⟨m⟩2ℓ 1ℓ 2
=

3

i = 1

Uℓ 1 i Uℓ 2 i m i

2

for light ν ;

n
i Vℓ 1 i Vℓ 2 i

2

m2
N

for heavy N ;

Γ ( N → i ) Γ ( N → f )

mN Γ N

for resonant N product ion.

∆ L = 2 Processes at L ow Energies

T he fundam ent al diagram:

f
1

f
2

W -

W -

f
1

f
2

l
i
-

l
j
-

’

’

´ Ui N
p/ + mN

p2− m2
N + i ϵ

Uj N .

T he t ransit ion rat es are proport ional t o

|M |2 ∝

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⟨m⟩2ℓ 1ℓ 2
=

3

i = 1

Uℓ 1 i Uℓ 2 i m i

2

for light ν ;

n
i Vℓ 1 i Vℓ 2 i

2

m2
N

for heavy N ;

Γ ( N → i ) Γ ( N → f )

mN Γ N

for resonant N product ion.

the most-wanted process: 𝚫L=2  

The crossing diagrams 
lead to rich processes 

involving N/T0, W+
R, H++

Observational Aspects:
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1.  Neutrino-less double-beta decay
arXiv:1902.04097, M. Dolinski, A. Poon, W. Rodejohann

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

Current bound on light neutrino: 
<mee> ~ 0.2 eV

Future: <mee> ~ 0.01 eV

March 26, 2012 0:7 WSPC/ INSTRUCTION FILE bb0

8

W

W

νi

d

d

u

e−

e−

u

Fig. 1. Feynman diagram of the elementary part icle t ransit ion which induces 0νββ-decay.

Taking into account the Majorana condit ion (27), for the neut rino propagator

we find the expressionb

⟨0|T(νi L (x1)ν̄i L (x2))|0⟩ = −
i

(2π)4
d4qe− i q(x 1− x 2 ) m i

q2 − m2
i

1 − γ5

2
C. (35)

Performing the integrat ion over x0
1, x0

2 and q0 in Eqs. (34) and (35), the matrix

element of the process takes the form

⟨f |S2|i ⟩ = 2i
GF
√

2

2

Np1
Np2

2πδ(E f + p0
1 + p0

2 − E i )ū(p1)γα γβ (1 + γ5)CūT (p2)

× d3x1d3x2e− i p⃗1 ⃗x 1− i p⃗2 ⃗x 2

j

U2
ej m j

d3q

(2π)3

ei ⃗q( ⃗x 1− ⃗x 2 )

q0
j

×

n

⟨N f |J α ( ⃗x1)|Nn ⟩⟨Nn |J β ( ⃗x2))|N i ⟩

En + p0
2 + q0

j − E i − iϵ
+

n

⟨N f |J β ( ⃗x2)|Nn ⟩⟨Nn |J α ( ⃗x1))|N i ⟩

En + p0
1 + q0

j − E i − i ϵ
.

(36)

where q0
j = | ⃗q|2 + m2

j and En are the energy levels of the intermediate nuclear

state.

This is an exact expression for the matrix element of 0νββ-decay at second order

of perturbat ion theory. In the following we consider major 0+ → 0+ t ransit ions of

even-even nuclei, for which the following standard approximat ions39 apply:

(1) Effect ive Majorana mass approximat ion.

0νββ-decay is due to the exchange of virtual neutrinos (see the diagram in

Fig.1). Taking into account that the average distance between nucleons in a

nucleus is about 10− 13 cm, the uncertainty relat ion implies that the average

b T he neut rino propagator is proport ional to m i . T his is connected to the fact that only left -handed

neut r ino fields enter into the Hamiltonian of weak interact ions. T hus, in the case of massless

neut r inos the mat rix element of neut r inoless double β-decay is equal to zero. T his is a consequence

of the general theorem on the equivalence of t he theories with massless M ajorana and Dirac

neut r inos41.
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2.  𝛍- - e+ conversion
𝛍-               e+

PDG expt bound:

~

→ for nuclear singlet (triplet)

Near future experiments: 
Mu2e (FNAL), COMET (J-PARC)
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Atre, TH, Pascoli, Zhang, arXiv:0901.3589

On resonance at mN, only V4l
2 suppressed!

3. 𝛕± lepton decays

For non-resonance, weaker bound: 
< O(1 TeV)
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Figur e 12. Project ions of the mult idimensional fit onto mE S (top left ), ∆ E (top right ), the

BDT output (bot tom left ) and K ⇤− mass (bot tom right) for B + ! K ⇤− (K 0
S⇡

− )e+ µ+ showing

data (points with error bars), total fit (solid blue line), signal PDF (green histogram) and

background (dashed magenta line).

F igur e 13. Branching fract ion upper limits at 90% CL for LNV decays from BABAR [67] (solid

blue points), Belle [72] (solid red squares) and CLEO [74] (black diamonds). In addit ion, LHCb

upper limits at 95% CL [73] (open t riangles) are shown.

to be of the order of O(10− 6) for B 0 ! ! ! and O(10− 7) for B 0 ! ! φ. The SM predicts

longitudinal polarizat ion fract ions of FL > 0.8 for both modes [93, 94]. Charmless vector vector

modes are also well suited to measure the Unitarity Triangle angle ↵ [96,97]. The Scan Method

group has determined ↵ – β contours from a χ2 fit to measured branching fract ions, longitudinal

polarizat ions and CP asymmetries using all observed charmless vector vector decays [98]. The

decay amplitudes of each mode are expressed in terms of t ree, color-suppressed t ree, gluonic

penguin, singlet penguin, elect roweak penguin and W -annihilat ion/ W - exchange amplitudes.

For decays involving K ⇤s, SU(3) breaking is taken into account . All cont ribut ions up to order

O(λ5) are considered where λ = sin✓c (Cabibbo angle), since the leading amplitude is already

BaBar collaboration: arXiv:1503.08267v1.
LHCb collaboration: arXiv:1401.5361v2.

Atre, TH, Pascoli, Zhang, arXiv:0901.3589,
B. Shuve & M. Peskin, arXiv:1607.04258

CERN NA62, arXiv:1905.07770

4. 𝛕, K, D, B decays via N:  M+ → 𝑙+ 𝑙+ M- 
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( 2) . L HC searches for M ajorana Neut rinos

At hadron colliders: § pp( p̄) → ± ± j j X
qi

q̄j

W∓

l∓

N

l∓

W ±

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

µN

l V N
2

V 2
µN σ0 .

Fact orize out t he m ixing couplings: †

σ( pp → µ± µ± W ∓) ≡ Sµµ σ0 ,

Sµµ =
V 4

µN

l |V N |2
≈

V 2
µN

1 + V 2
τN / V 2

µN

.

§K eung, Senjanovic ( 1983) ; D icus et al. ( 1991) ; A . D at t a, M . Guchait , A . P ilaf t sis
( 1993) ; AT L AS T D R ( 1999) ; F . A lmeida et al. ( 2000) ; F . del Aguila et al. ( 2007) .

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

( 2) . L HC searches for M ajorana Neut rinos

At hadron colliders: § pp( p̄) → ± ± j j X
qi

q̄j

W∓

l∓

N

l∓

W ±

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

µN

l V N
2

V 2
µN σ0 .

Fact orize out t he mixing couplings: †

σ( pp → µ± µ± W ∓) ≡ Sµµ σ0,

Sµµ =
V 4

µN

l |V N |2
≈

V 2
µN

1 + V 2
τN / V 2

µN

.

§K eung, Senjanovic ( 1983) ; D icus et al. ( 1991) ; A . D at t a, M . Guchait , A . Pilaf t sis
( 1993) ; AT L AS T D R ( 1999) ; F . A lmeida et al. ( 2000) ; F . del Aguila et al. ( 2007) .

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

5. HNL (N) at Colliders 

(WR)

→ being actively searched for at the LHC
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• Production e- p → N X:    Decay N → l± W∓ , 𝛎 Z 

Both in NC and CC:

𝞼 ~ O(a few fb) @ U2~10-4 

B. Batell, T. Ghosh, T. Han, K. Xie, 
arXiv:2210.09287 

Heavy Neutral Leptons @ EIC
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(mm)

B. Batell, T. Ghosh, T. Han, K. Xie, arXiv:2210.09287 

• Decay length: N → l± W∓ , 𝛎 Z
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• N prompt decay signal:

Acceptance cuts:

(1). e- p → N(e+ jj’) + j (Majorana 𝛥L=2)

Though NO SM background for e+, unless e- fakes e+ .
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miss ID
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(2). e- p → N(e+ 𝛍- 𝛎) + j   (Majorana 𝛥L=2)

backgrnd

signal
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(3). e- p → N(e- 𝛍+ 𝛎) + j   (Dirac-like 𝛥L=0)

More SM backgrounds to e-
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Other bounds from “Physics Beyond Colliders” report, arXiv:1901.09966

Summary for the prompt decay search

  W threshold

EIC: N → l± W∓ , LHC: DY W∓ → N l±
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• Long-lived particle N (LLP)

Assuming the detector coverage:  r = 0.4 m,  l = 1.2 m 
and displaced impact parameter: dT = 2 (20) mm 

Displaced decay

Invisible decay
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Summary for LLP decays: 
N → e± 𝛍∓ 𝛎,  e± jj’  
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Summary plot for both prompt & LLPs

B. Batell, T. Ghosh, T. Han, K. Xie, arXiv:2210.09287 
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N very long-lived, invisible passing through the detection:
e- p → missing N + j: Mono-jet events

No shape difference, rely on event counting … 



22

(https://arxiv.org/pdf/2203.08039)

Significant efforts in searching for N
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prompt decay

LLP
quasi stable N

EIC can be complementary to 
the low-energy oscillation and high-energy colliders
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Summary 
• EIC will open up a new QCD frontier

• EIC also has potential to seek for BSM new physics,
complementary to LHC & other experiments

Snowmass White paper: arXiv:2203.13199

• We studied HNL signals at EIC: all flavors e±, 𝛍±, 𝛕± 

     in particular for the Majorana nature.

Prompt decay signal: MN ~1 – 100 GeV, U2
eN ~10-3

Displaced vertex signal: MN ~O(few GeV), U2
eN ~10-5

Invisible decay mono-jet signal:  2𝞼 sensitivity

Exciting journey ahead!
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Thank you: Sally, Hooman, Nicole …
for a great workshop & the hospitality!
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Type I Seesaw: Singlet NR ’s – Sterile neutrinos

Neut rino masses: D irac or M ajorana

Simplest ( renormalizible) ext ension of t he SM :

L aL =
νa

la L

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

Gauge-invariant Yukawa int eract ions:

− L Y =
3

a= 1

n

b= 1

f νab L aL Ĥ NbR + h.c.

⇒
3

a= 1

n

b= 1

νaL mν
ab NbR + h.c.

lead t o t hree generat ions of D irac neut rinos.

Dirac plus Majorana mass terms:

T ype I Seesaw ( wit h NR) : ∗

W it h t he ferm ionic singlet s NR , one can have

n≥ 2

b,b′= 1

N c
bL M bb′ Nb′R + h.c.

t hen t he full neut rino m ass t erm s read

νL N c
L

03× 3 D ν
3× n

D νT
n× 3 M n× n

νc
R

NR

M ajorana neut rinos:

νaL =
3

m= 1

UamνmL +
3+ n

m ′= 4

Vam ′N c
m ′L ,

N c
aL =

3

m= 1

X amνmL +
3+ n

m ′= 4

Yam ′N c
m ′L ,

mν ≈
D 2

M
, mN ≈ M , UU† ≈ I ( P M N S) , V V † ≈

mν

mN
.

∗M inkowski ( 1977) ; Yanagit a ( 1979) ; Gell-M ann, Ramond, Slansky ( 1979) ,
S.L . Glashow ( 1980) ; M ohapat ra, Senjanovic ( 1980) ...

T ype I Seesaw ( wit h NR) : ∗

W it h t he ferm ionic singlet s NR , one can have

n≥ 2

b,b′= 1

N c
bL M bb′ Nb′R + h.c.

t hen t he full neut rino mass t erms read

νL N c
L

03× 3 D ν
3× n

D νT
n× 3 M n× n

νc
R

NR

M ajorana neut rinos:

νaL =
3

m= 1

UamνmL +
3+ n

m ′= 4

Vam ′N c
m ′L ,

N c
aL =

3

m= 1

X amνmL +
3+ n

m ′= 4

Yam ′N c
m ′L ,

mν ≈
D 2

M
, mN ≈ M , UU† ≈ I ( P M N S) , V V † ≈

mν

mN
.

∗M inkowski ( 1977) ; Yanagit a ( 1979) ; Gell-M ann, Ramond, Slansky ( 1979) ,
S.L . Glashow ( 1980) ; M ohapat ra, Senjanovic ( 1980) ...

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

⇒
1014 GeV for yν ∼ 1;

100 GeV for yν ∼ 10− 6 .

U2
ℓm ∼ V 2

P M N S ≈ O( 1) ; V 2
ℓm ≈ mν / mN .

St ill, it ’ s possible for m uch lower Seesaw scales†, and sizable m ixing‡.

A ll Uℓm , ∆ mν are from oscillat ion experiment s.

B ut , we consider Vℓm , mN f ree paramet ers

— hopefully, experiment ally accessible.

T he charged current s:

− L CC =
g
√

2
W +

µ

τ

ℓ= e

3

m= 1

U∗
ℓm νmγµPL ℓ + h.c.

+
g
√

2
W +

µ

τ

ℓ= e

3+ n

m ′= 4

V ∗
ℓm ′ N c

m ′γ
µPL ℓ + h.c.

†Andrè de Gouvea ( 2005) ; Andrè de Gouvea, Jenkins, Vasudevan ( 2006) ; ...

‡M .C. Gonzalez-Garcia, J.W .F . Valle ( 1989) ; Z .Z .X ing et al ( 2008) ...
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Type I Seesaw features:
 Existence of NR (possibly low mass*)

are from oscillation experiments

a free parameter: could be accessible!

 But difficult to see NR:
      The mixing is typically small, mass wide open: 

• Fine-tune or hybrid could make it sizeable.
• “Inverse seesaw”

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 120 MeV − 500 MeV. 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 M Z / 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, M U ≃ 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× 9neutrino

mass matrix is [18]

M ν =

⎛

⎝
0 M D 0

M T
D 0 M T

0 M µS

⎞

⎠ , (1)

where M D is the Dirac mass term of the neutrino, and M is

the heavy Dirac mass matrix relating NR and SL . The matri-

ces M D 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†M νV∗ = M̂ ν = Diag{ mν i
; M ζ j

} , (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 , M D ≪ M , the ma-

trix M ν can be block diagonalized to light and heavy sectors

mν ≃
M D

M
µS

M D

M

T

,

M H ≃
0 M T

M µS
. (4)

where mν has the well known inverse seesaw formula [18]

and M H 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

2
B ∗B T B ∗

− B T 1− 1
2
B T B ∗

Uν 0

0 UH
, (5)

where

B T ≃
−M ∗ − 1µ∗S (M D M − 1)†

(M D M − 1)†
≃

0

X † . (6)

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

as

V ≃

⎛

⎝
1− 1

2
X X † 0 X

0 1 0

− X † 0 1 − 1
2
X †X

⎞

⎠ Uν 0

0 UH
, (7)

where X = (M D M − 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, M D , M , and µS . At

first we take M D ≃ M ℓ , 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
M R
−→ SM , where M R > > M W . Assuming the ma-

trix M to be diagonal for the sake of simplicity and using

M D = 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 − 1 N m̂νN T X T − 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
X X † 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 M 1 = M 2 = M 3 or, partially-degenerate

M 1 = M 2 ≪ M 3 after taking care of the phenomenolog-

ical bounds |ηee| < 2.0 × 10− 3, |ηµµ | < 8.0 × 10− 4, and

|ητ τ | < 2.7× 10− 3. Our ansatz with M = diag(M 1, M 2, M 3)

Neutrino oscillation parameters Globally fitted values

∆ m2
sol [eV2 ] 7.58 × 10− 5

|∆ m2
at m |[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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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 − 500 MeV. 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, M U ≃ 2 × 1016

GeV.

II. THE INVERSE SEESAWEXTENSION: 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× 9neutrino

mass matrix is [18]

M ν =

⎛

⎝
0 MD 0

M T
D 0 M T

0 M µS

⎞

⎠ , (1)

where M D 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)

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

W it h a scalar t riplet Φ ( Y = 2) : φ± ± ,φ± ,φ0 (many represent at ive models) .

Add a gauge invariant / renormalizable t erm:

Yi j L T
i C( iσ2)ΦL j + h.c.

T hat leads t o t he M ajorana mass:

M i j ν
T
i Cνj + h.c.

where
M i j = Yi j ⟨Φ⟩ = Yi j v′ <

∼ 1 eV ,

∗M agg, W et t erich ( 1980) ; L azarides, Shafi ( 1981) ; M ohapat ra, Senjanovic ( 1981) . ...

T ype II Seesaw ( no NR) : ∗

W it h a scalar t r iplet Φ ( Y = 2) : φ± ± ,φ± , φ0 ( m any represent at ive m odels) .

Add a gauge invariant / renorm alizable t erm :

Yi j L T
i C( iσ2)ΦL j + h.c.

T hat leads t o t he M ajorana m ass:

M i j ν
T
i Cνj + h.c.

where
M i j = Yi j ⟨Φ⟩ = Yi j v ′ <

∼ 1 eV ,

Very same gauge invariant / renorm alizable t erm :

µH T ( iσ2)Φ†H + h.c.

predict s v ′ = µ
v2

M 2
φ

,

leading t o t he T ype II Seesaw. †

∗M agg, W et t erich ( 1980) ; L azarides, Shafi ( 1981) ; M ohapat ra, Senjanovic ( 1981) . ...

†In L it t le Higgs model: T .Han, H.L ogan, B .M ukhopadhyaya, R.Srikant h ( 2005) .

T ype II Seesaw ( no NR) : ∗

W it h a scalar t r iplet Φ ( Y = 2) : φ± ± ,φ± ,φ0 ( m any represent at ive m odels) .

Add a gauge invariant / renorm alizable t erm :

Yi j L T
i C( iσ2)ΦL j + h.c.

T hat leads t o t he M ajorana m ass:

M i j ν
T
i Cνj + h.c.

where
M i j = Yi j ⟨Φ⟩ = Yi j v ′ <

∼ 1 eV ,

Very sam e gauge invariant / renormalizable t erm :

µH T ( iσ2)Φ†H + h.c.

predict s v ′ = µ
v2

M 2
φ

,

leading t o t he T ype II Seesaw. †

∗M agg, W et t erich ( 1980) ; L azarides, Shafi ( 1981) ; M ohapat ra, Senjanovic ( 1981) . ...

†In L it t le Higgs m odel: T .Han, H.L ogan, B .M ukhopadhyaya, R.Srikant h ( 2005) .

T ype II Seesaw (no NR) : ∗

W it h a scalar t riplet Φ ( Y = 2) : φ± ± ,φ± ,φ0 (many represent at ive models) .

Add a gauge invariant / renormalizable t erm:

Yi j L T
i C( iσ2)ΦL j + h.c.

T hat leads t o t he M ajorana mass:

M i j ν
T
i Cνj + h.c.

where
M i j = Yi j ⟨Φ⟩ = Yi j v′ <

∼ 1 eV ,

Very same gauge invariant / renormalizable t erm:

µH T ( iσ2)Φ†H + h.c.

predict s v′ = µ
v2

M 2
φ

,

leading t o t he T ype II Seesaw. †

∗M agg, W et t erich ( 1980) ; Lazarides, Shafi ( 1981) ; M ohapat ra, Senjanovic ( 1981) . ...

†In L it t le Higgs model: T .Han, H.Logan, B .M ukhopadhyaya, R.Srikant h ( 2005) .
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Radiative Seesaw Models*

Generic features:

• New fields + (Z2) symmetry → no tree-level mass terms
• Close the loops: Quantum corrections could generate m𝝼 .

Suppressions (up to 3-loops) make both m𝝼 and M low:

• New scalars: ϕ0, H±, H±±, … 

→ BSM Higgs physics, possible flavor relations
• Additional Z2 symmetry → Dark Matter 𝜼

h0
 →𝜼𝜼    invisible!

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

With (Majorana) mass scale 𝛍 
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Introduction to EIC
The Electron-Ion Collider (EIC) at BNL

• CM energies: 20 – 100 (140) GeV
• Luminosity: 1033-34 /cm2/s (10-100 fb-1/yr, 10 -1000 times of HERA)

• Polarized electron ~ 70%; light A ~ 70%
• Range of nuclear targets: proton/deuteron/gold/uranium

See, Silvia Dalla Torre talk; arXiv:1212.1701, 2103.05419

https://sureshemre.files.wordpress.com/2020/01/brookhaven_eic.png
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The primary physics goal of EIC 
• 3D tomographic imaging of parton structure
• Precise determination of quark/gluon momentum 

distributions & contributions to proton spin
• Exploration of novel phases of nuclear matter at high 

densities

arXiv:1212.1701, 2103.05419, 2305.14572; Snowmass White paper: 2203.13199

Other physics opportunities 
• Precision EW physics: coupling constants 
• Fundamental symmetries: parity, flavor, etc. 
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BSM physics @ EIC

arXiv:1212.1701, 2203.13199

Although lower energies than HERA & LHC, 
there are many BSM scenarios accessible 

• Lepto-quarks:

• Squarks from R-parity violation:

• Light neutral gauge boson: “Dark force”

• Light neutral fermion: “sterile neutrino”
• … … 

Instead, I will take a “signature driven” approach …
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Detector capacity 
• Multi-purpose detector(s)
• Good hermitic coverage of electron/hadron endcaps
• Good tracking/calorimeters resolutions

http://www.eicug.org/web/sites/default/files/EIC_HANDBOOK_v1.2.pdf
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