
.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Majorana vs Dirac
Heavy Neutral Leptons (at the FCC-ee)

5th FCC Physics workshop

Richard E. Ruiz

Institute of Nuclear Physics – Polish Academy of Science (IFJ PAN)

11 February 2022
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hello and thank you for the invitation!
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why the FCC-ee and why heavy neutrinos?
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2020 Update of the European Strategy for Particle Physics

These are our priorities (ESU summary document; ESU deliberation document)

Long, rich history of sterile neutrinos at e+e− colliders! E.g., Tsai (PRD’71), Petcov (PLB’84)

See extensive review by Han, RR, et al [1711.02180]
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the big question:

If N exist, how to check if Dirac or Majorana?1

1In practice, pseudo-Dirac N tend to be Dirac-like in viable scenarios.

For details, see Pascoli, RR, & Weiland [1812.08750]
R. Ruiz - IFJ PAN LNC vs LNV - 5th FCC Physics Workshop 5 / 17
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a natural answer:

search for lepton number violation
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a natural answer: search for lepton number violation
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the next slide is the most important slide of this talk2

2You may decouple after the next slide! /
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Dirac vs Majorana N

The Blackbox Theorem states: Majorana neutrinos ⇐⇒ LNV
Schechter & Valle (PRD’82);

but see also Hirsch, et al [hep-ph/0608207]; Duerr, et al [1105.0901]; Kobach [1604.05726]; Pascoli, et al [1712.07611]

Majorana neutrinos mediate processes that:
violate lepton flavor
conserve lepton number
violate lepton number

Dirac neutrinos mediate processes that:
violate lepton flavor
conserve lepton number

Differences between Dirac and Majorana amount to LNV
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Schechter & Valle (PRD’82);

but see also Hirsch, et al [hep-ph/0608207]; Duerr, et al [1105.0901]; Kobach [1604.05726]; Pascoli, et al [1712.07611]

Majorana neutrinos mediate processes that:
violate lepton flavor
conserve lepton number
violate lepton number

Dirac neutrinos mediate processes that:
violate lepton flavor
conserve lepton number

Differences between Dirac and Majorana amount to LNV
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The Blackbox Theorem states: Majorana neutrinos ⇐⇒ LNV
Schechter & Valle (PRD’82);

but see also Hirsch, et al [hep-ph/0608207]; Duerr, et al [1105.0901]; Kobach [1604.05726]; Pascoli, et al [1712.07611]

Majorana neutrinos mediate processes that:
violate lepton flavor
conserve lepton number
violate lepton number

Dirac neutrinos mediate processes that:
violate lepton flavor
conserve lepton number
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Dirac vs Majorana N (in practice)

Opening of LNV channels cause differences between D and M N:

Widths of Majorana N are twice the widths of Dirac N

Lifetimes of Majorana N are half the lifetimes of Dirac N

Intermediate N experience extra parity inversion in LNV processes

W+ N

ℓ+1

f2

f1

ℓ−2

W+∗

W+ N

ℓ+1

f2

f1

ℓ+2

W−∗
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parity inversion in W → ℓiℓj f f ′ decays

W+ N

ℓ+1

f2

f1

ℓ−2

W+∗

W+ N

ℓ+1

f2

f1

ℓ+2

W−∗
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helicity preservation in LNC decays

W+ N

ℓ+1

f2

f1

ℓ−2

W+∗

The helicity amplitude for the LNC
process W+ → ℓ+1 ℓ

−
2 f f ′ is

MLNC = εµJν
f2f ′

2
∆W

νρT ρµ
LNCD(pN)

Intuition: successive LH chiral interactions =⇒ LH helicity eigenstate

T ρµ
LNC = uL(p2)γ

ρPL × ( ̸pN︸︷︷︸
LH helicity state

+ mN︸︷︷︸
PLmNPR=0

)× γµPLvR(p1)

=⇒ MLNC ∼ pN
(p2

N−m2
N)+i(ΓNmN)
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helicity inversion in LNV decays

W+ N

ℓ+1

f2

f1

ℓ+2

W−∗

The helicity amplitude for the LNV
process W+ → ℓ+1 ℓ

+
2 f f ′ is

MLNV = εµJν
f2f ′

2
∆W

νρT ρµ
LNVD(pN)

Intuition: CPT Theorem =⇒ C -inversion = PT -inversion

T ρµ
LNV = uR(p2)γ

ρ PR︸︷︷︸
CPT : PL→PR

× ( ̸pN︸︷︷︸
PR p̸N PR=0

+ mN︸︷︷︸
RH helicity state

)×γµPLvR(pj)

=⇒ MLNV ∼ mN
(p2

N−m2
N)+i(ΓNmN)
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Extra parity inversion on N =⇒ relative helicity inversion of N
Kayser (’82) , Mohapatra & Pal (’98), Denner, et al (NPB’92, PLB’92)

=⇒ shifts in kinematic distributions
Many dedicated works, e.g., Han, RR, et al [1211.6447]; RR [2008.01092]

Shifts can occur at all scales, e.g., meson decays

N

τ
+

τ
+

K
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+

c
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N
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LNC LNV

 = 2.5 GeVNm

±K

±

τ+τ → +
cB

FYI: Events generated with MadGraph5_aMC@NLO [w/ Jeon, Fernandez-Martinez, Kulkarni, et al (to appear)]
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Extra parity inversion on N =⇒ relative helicity inversion of N
Kayser (’82) , Mohapatra & Pal (’98), Denner, et al (NPB’92, PLB’92)

=⇒ shifts in kinematic distributions
Many dedicated works, e.g., Han, RR, et al [1211.6447]; RR [2008.01092]

Shifts can occur at all scales, e.g., meson decays
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Shifts in kinematic distributions also appear when event is not fully
reconstructable, e.g. e+e− → Z → Nν → e+e−νν

lots of recent activity! E.g., de Gouvea, et al [1808.10518, 2104.05719, 2105.06576 (FCC-ee), 2109.10358]

e
−
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+
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+
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θee = opening between
final-state e+e−

– Dirac = LNC
– Majorana = LNC+LNV
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final words
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LNC vs LNV

What if N are too heavy for on-shell production
N can induce LNV decays of W /Z at dimension d = 7
N can induce LNC decays of W /Z at dimension d = 8

=⇒ LNC operators decouple faster than LNV operators Kobach [1604.05726]

W+ N
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RR [2008.01092]

R. Ruiz - IFJ PAN LNC vs LNV - 5th FCC Physics Workshop 16 / 17

https://arxiv.org/abs/1604.05726
https://arxiv.org/abs/2008.01092


.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Thank you.
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