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INTRODUCTION

Sub-eV active neutrino mass
Seesaw mechanism

AL = 2 processes & 0-nu-Beta-Beta
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(sub-eV active) neutrinos have mass

A
i'i

6/25/2025

Neutrinos are massless in SM, m, = 0.
All neutrinos are only left-handed (v;).

D
T mass

= —m, (Vgvy +ViVvg), m, =

where Y,, = Higgs-neutrino Yukawa coupling constant,
and v = Higgs VEV.
No way to generate mass without right-handed neutrinos (vg).

But observations of neutrino oscillation imply that neutrinos have
mass, m, # 0.

The Nobel Prize in Physics 2015 was awarded jointly to Takaaki
Kajita (Super-Kamiokande) and Arthur B. McDonald (Sudbury
Neutrino Observatory) “for the discovery of neutrino oscillations,
which shows that neutrinos have mass”.
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How to give neutrinos mass?

There are various suggestions as to how neutrinos can get mass.
<+ Dirac mass:

fermion masses

O Assumption: vy exists. diese be
O Lagrangian: ue ce te
E[Eass — _mf (TR Vi +ﬁ1"’R] . Vi —eeV20Y; €e He Te
. . | ! | : | 1 : 1 | | | | | ! ! | ! | :
O Disadvantage: No reason for m? to be small. uev meV eV ke MeV  GeV  TeV

+* Majorana mass:

O Assumption: neutrino = anti-neutrino.
O Lagrangian:

M __ 1 M o sy a7 arC
& = _m_ (1L1L+1L1L).

mass 2

O Disadvantage: M _is not invariant under SU(2); x U(1), gauge

mMass

group, so not allowed by SM.
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How to give neutrinos (very small) mass ?

e

s+ See-saw mechanism: A simpler version of Dirac-Majorana mass,

with a nice twist. [PM,PLB67(1977)421]
O Assumptions: mt = 0 and m?” < m¥-.
O Lagrangian:

pD+M %mf (vfng) —m? (Vgv,) +Hoe. = %NEMNL + H.c., where

mass

vy 0O mPY . :
N; = € and M = D % | is the mass matrix.
R

L v
O Mass eigenvalues:

a1 = 3 (””f £/ (m)* + 4 (mf)z)

D 2
1 R mv
~omp | 112 A .
m, As v, gets heavier, v,
(m D) 2 become lighter.
—— mlﬁ——v andmz%mﬁﬁ Singsz/mR
mR v v v
v

O Advantage: m, < m,, so light neutrinos are possible.
O Challenges:

e To find the heavy v, experimentally.

e To prove that both the light v, and heavy v, are Majorana neutrinos. 6/1
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Neutrino-less double-beta decay (0vgg) (1)

éN ——)§+2 N+28_

s+ The half-life of a nucleus decaying via

2

—1
[19.] 7" = Gov [Mon]| |
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Neutrino-less double-beta decay (0vgg) (2)

** Double-beta (2vf33) decay has been observed in 10 isotopes,
48Ca. 76Ge, 82Se, %°7r, 199Mo, 116Cd, 128Te, 130Te, 15°Nd, 23°U,

with half-life T, ,, ~ ~ 108 — 102 years.

Y

Events

OvpBp3

32 33 34 35 36
7 Energy Qpss

Giovanni Benato (for the GERDA collaboration), arXiv:1509.07792
< 0v( [ (forbidden in SM) is yet to be observed in any experiment.

1/2 [76Ge] > 2.1 x 10%° years (90% C.L.).

M. Agostini et al. (GERDA Collaboration) Phys. Rev. Lett. 111, 122503 (2013).

6/25/2025 practical Dirac-Majorana Confusion Theorem
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Neutrino-less double-beta decay (0vBg) (3)

T —
= ]

Current Bound

_________________________________

o NH: Normal hierarchy
IH: Inverted hierarchy
— L O
° 3
_2102 '3 5
E T
'8 )
o
-3 _
0 2 i S. M. Bilenky and C. Giunti
| — 16f| Mod. Phys. Lett. A 27, 1230015 (2012),
| — 20|
30 arXiv:1203.5250
10_4 ' L ) —— "
107 107 1072 107" 1

Mmin  [€V]

o Ifmgg < 102, only NH is viable and the T?}"z will be much larger

than the current experimental lower bouni [T?}'z] = Goy [Mov| |mppl?

6/25/2025 practical Dirac-Majorana Confusion Theoren 11



Neutrino-less double-beta decay (0vgg) (4)

s OvfBf the evidence for
(sub-eV) active neutrino being
Majorana fermion ?

=» Evidence of Lepton Number
Violation

=>» NOT unequivocal evidence of
active (sub-eV) neutrino being
Majorana neutrino !!

+* Process:

= ‘
=

2 X u U o
S S 5 ? S
g 2 2 & o &
= Wl o ‘ g 2 m d 2
2 —Z ) a— . @ s
l“V_ \\\/ ”;+ \\\ /
Nucleus Ve =V ‘ Nucleus Ve =V
- / il ,
d, o asey: o
g d S 0 © / > o d d 8 R
= 2 B ———— =
Z u U U U
3 A —
N —3a N +2e” N —5 o N +2e*

/

m
+

e.g. heavy sterile neutrinos can give the same effects
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Looking for Majorana neutrinos via 4L=2 processes (1)

s+ Neutrinos are the only elementary fermions known to us
that can have Majorana nature.

% Majorana neutrinos: v = V.

%» Majorana neutrinos violate lepton flavor number (L),
they mediate AL = 2 processes.

w0 W {I1+
my+ p

Vi =V X f[Zﬂ)4Z the ek 5 =

W+(=+=} J\r\f\/\\\ {'J_'_

< _’\L — 2 processes play crucial rule to probe Majorana nature of v’s.

mk <<p O neutrinoless double-beta (Ov ) decay

mk ~p O Rare meson decays with AL = 2
m; >>p> O Collider searches at LHC
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Looking for Majorana neutrinos via 4L=2 processes (2)

A

< Decay rate of any AL = 2 process with final leptons £ {7 :

> U kU Tk
p Gk Ezkpg—m§+imkr‘k

2

I'Ap—2 o

2

where we have used the fact that (1 — y°) p(1 — y>) = 0.

O Light v:
2
2 2
m, << . 2
£ <SP Cars o | D UpxUpemi| = |my,, | m,, P~ (0.01eV) = (10)GeV?
k
O Heavy v:
2 2
m: >> , Ug, U,k =
$ P Capmn €| > ——2 mf ~10°GeV U~ ~107
k I, m,
O Resonant v:
5 I'(N—i)I' (N —f)

B"—>K uu',.

2
m = p I'ap=2 X
n AL=2 ;
MLy

[CS Kim etal, PRD82(2010)]
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C.S. Kim, arXiv:2307.05654 [EPJC83(2023)]
practical Dirac-Majorana Confusion Theorem

practical Dirac-Majorana Confusion Theorem (pDMCT)
Discussions on pDMCT



practical Dirac-Majorana Confusion Theorem

The difference between Dirac and Majorana neutrinos

via any kinematical observable would be practically impossible to determine due to fact that
the observable difference between Dirac and Majorana neutrinos is proportional to the tiny

neutrino mass. B. Kayser, PRD26, 1662 (1982)

(hidden/overlooked) Issues :
1. Historically, only SM allowed neutral current interaction mediated processes were analyzed.
2. No way to gain any information regarding individual neutrino antineutrino energies or 3-momenta.

This invariably leads to integration over neutrino antineutrino related kinematic variables.

No model-independent, process-independent and observable-independent proof of this so-called “theorem”.
All processes where it was shown to hold involved full integration over the 4-momenta of missing neutrinos
and/or only for ZA(*) = nu nubar case.

6/25/2025 practical Dirac-Majorana Confusion Theorem 16



History trying to overcome DMCT, but only confirming

Y — VvV
AR NAY,
ete™ - vv
Kt - atvv
ete™ - vy
les >—|gs > +yvv
ey e vv

All for process in SM
[B Kayser, PRD26(1982)] **

[1] S.P.Rosen,PRL48(1982);
W.Rodejohann etal,JHEP05(2017).

[RE Shrock, eConf(1982)]
[E Ma, JT Pantaleone, PRD40(1989)]
[JF Nieves, PB Pal, PRD32(1985)]

[T Chabra, PR Babu, PRD46(1992)] **1
[Y Yoshimura, PRD75(2007)], ....

[JM Berryman etal, PRD98(2018)]

" All practically impossible to measure momenta of nu-nubar =» Need integrate out =» pDMCT

6/25/2025 practical Dirac-Majorana Confusion Theorem 17



practical Dirac-Majorana Confusion Theorem (1)

Consider the SM allowed decay, e.g. BOUF'E} — W (po) (1 (po) Vu(p1) vu(pa),

Amplitude for Dirac case P = _#(py, pr),
not helicity flip, but momentum exchange
1
For Majorana case MM = E(-ﬁ’wl .p2) — A (P2, p1))-

1
PF =" = (i, po)P -1 2 )

Direct term Exchange term

+Re( (p1. p2)" A (2. py)).

Interference term
6/25/2025 pracucdl UitdC-vdjordid CONusIon 1eorer 18

Difference between D and M




Dirac-Majorana Confusion Theorem (2)

2
Interference term Re(.#(p1, p2) 4 (p. p1)) oc .
(within SM)
u*(py)
2 2
In general L# (p1, p2)|~ # |4 (p2, p1)I” -
S Pt P2 P2, P € Possibly only source of D-M difference w/ SM
Direct term Exchange term

However, after integration
(required if momenta p4 and

P2 are unobservable and missing) f’.L’f&{(PI:PE)F ddﬁ'l d4F2 = f |-)fﬁ{[j?1,,ﬂ1}|3 diﬁl ddpls

Direct term Exchange term

6/25/2025 practical Dirac-Majorana Confusion Theorem 19



Dirac-Majorana Confusion Theorem (2)

Interference term

In general

(

H
(

usefulif p; and/or ps
are known)

owever, after integra
_)

6/25/2025

Za

ok Special case : —
: IM(plbpz)lz =I4Mr(p2 > P )IE

I"ﬂblz-luﬁuz= 1 2
| Q(M ‘!"ﬁ{?apl)lz)

Direct term Exchange torm
+ fi(.#(pn,pz)* (P, py)). 2
Inte?mhoe lerm mV

practical Dirac-Majorana Confusion Theorem
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Different distribution, but the same total rate (DMCT)

1
M
AP = A (p1, p2), M = E(ﬂ(@hﬂﬂ—«ﬁ'(ﬁz,ﬁl))-
Dirac case Majorana case
08 - 1 08 1
0.8 e 0.8 ol
£ 06 - S % £ 06 3 %ﬂ
i 06 9 Q 0.6 % S
S 04 - - S 04 “
= 0.4 E“ﬁ = 0.4 E‘E
02 A 02 0.2 0.2 _
ﬂ | | - D D T | | . []
0 02 04 06 08 I 0 02 04 06 08 1
Ey/E max Ey/E| max
2 2
\# (p1, pI~ # |# (p2, p1I” . //{D L//.;/M 4 5
. . — pl d P2 oc ..
Direct term Exchange term
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- Te alf—life of a nucleus decaying via Ov 33 i,

[T‘f}’z] _% = Goy IMOVI Imﬁﬁ|2

e

(> i 1 i

How to overcome pDMCT ?

New physics effects in neutrino interaction (beyond SM)
[ C. S.Kim, J.Rosiek, D.Sahoo, arXiv:2209.10110 [EPJC83 (2023)]; C. S.Kim, D.Sahoo, K.Vishnudath, arXiv:2405.17341 [EPJC84 (2024)] ]

B(pp) = 1 (p-) i (p+) V(P vu(p2), and deduction of neutrino energy-momenta (within SM)
[C.S. Kim, M. Murthy, D. Sahoo, arXiv:2106.11785 [PRD105(2022)]; C.S. Kim, arXiv:2307.05654 [EPJC83(2023)] ]

Issues in pDMCT (Analytic Continuity & F-D Statistics) [C.S.Kim, arXiv:2307.05654 [EPJC83(2023)]



Choose a process (decay/scattering)
involving v ¥ in the final state

Is

|7 (p1, p2)I* = |-# (p2, p1)I* YES

or not?

[0] B.Kayser,PRD26(1982)
[1] S.P.Rosen,PRL48(1982); CSK etal. 2209.10110 [EPJC83(2023)]

[2] T.Chabra,PR.Babu,PRD46(1992); CSK etal. 2106.11785 [PRD105(2022)]
[3] CS Kim, 2307.05654 (2023) [EPJC83(2023)]

Are the 4-momenta of v
and/or v, or some of their

NO

Full integration over

4-momenta of
v and/or ¥ is necessary.

rd

components, measurable
or deducible?

No need to fully integrate
over 4-momenta of v
and/or v.

Dirac Majorana difference YES

Is the process
facilitated by any

could be independent of m,

not under the purview of

¥

exotic (non-standard)
interaction?

This is the
historical
context ...

Mp _ract:cal Dlgac_ comblies with Dirac Majorana difference will be
ana?lllifgrﬁ,Psmn plies proportional to some power of m,

6/25/2025 practical Dirac-Majorana Confusion Theorem




Extra 1 [ C. S.Kim, J.Rosiek, D.Sahoo, arXiv:2209.10110 [EPJC83 (2023)];
C. S.Kim, D.Sahoo, K.Vishnudath, arXiv:2405.17341 [EPJC84 (2024)] ]

New Physics Effects to distinguish Majorana from Dirac

[S.P.Rosen,PRL48(1982): W.Rodejohann etal,JHEP05(2017)]

Detailed studyon  Z — v/ v,



Detailed study of Z-vy, (1)

Most general amplitude for Dirac neutrino

= E +8{/_A, 8{,.[4 = (). (SM)

M = M (pr.po) = —%ea [iip)y" (C = C47°) pa)|. Cha
0
Then, 7" = %(///(pl,pz) — M (py. 1)) = Igz—ﬁ o [T Y Y o).
|///Dz g,%z (((C{,) + (C[) )(mz m )+ 3((C{,) - (Cﬂ) )m )
| 2 (N2
|%M 2 _ 282 gCA) (ﬂ’l% _4”1.-}2'),
g2
such that |ﬁD| - |%M| = TZ (((C{,)2 - (C[i)z) (m?z + 2m§) +6(CL)* mf,)
(g?im (for SM alone)
= A
kg% (8{, - 82) m3, (with NP but neglecting m,)

6/25/2025 Is nu Dirac or Majorana?

[DMCT at amplitude”2]

[DMCT x with NP]
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Detailed study of Z- vy, (2)

Therefore, neglecting neutrino

Then, (342 ) (e +)

{=eu.t

H(3+4 ) s;i).

{=eu.t

1_‘Z,in\f =3

mass, [°Z = v =Ty (1+2e) +2&}).
(Z v =Ty (1 +4¢)),

), (for Dirac neutrinos)

(for Majorana neutrinos)

N, =Tz /T = 29963 £ 0.0074,

) (e)+ ) = =0.0018 £ 00037,

(=eqt

) € ==0.0009 £ 00018,

(=eur

6/25/2025

[pdg(2021), PLB803(2020)]

(for Dirac neutrinos)

(for Majorana neutrinos)

Is nu Dirac or Majorana?

Dirac neutrino

T = o
Eva = Eva = Eya = Eva

Majorana neutrino

3.002

2.998

2,996

2.994

2.992

2,99



Extra2 [ C.S. Kim, M. Murthy, D. Sahoo, arXiv:2106.11785 [PRD105(2022)];
C.S. Kim, arXiv:2307.05654 [EPJ(C83(2023)] ]

BACK-TO-BACK muons (ie. B2B Vv — V)
in B'(pg) = (p-) 1 (p+) Vu(p1) vu(p2), decay.

- i Doublyweak charged currentprocessin SM
E#(p\l: pz)ll ¥ E’iq(P‘Q’, P )IJ ' B0 (B_s)= mu mu(Z** = nu nu)

Direct term F.xchaﬁge term not good, too small BR (FCNC)

- Exception to pDMCT within the SM

6/25/2025 Is nu Dirac or Majorana? 27



Back-to-back muons, (easily measurable exception to pDMCT)

[CS Kim, 2307.05654, EPJC83(2023)] Allowed within SM

Minimal final state: ({7 v, v,

Majorana neutrinos Preference: ( = u. { = e has

ly shorter track and ¢ = 7 has low
Quantum statistics —»| reconstruction efficiency.
- RO 5 gty v (1to 4 body process)
l Decay mode: B “ VeV Many observables to
Final state Experiment: Belle II. deduce E(nu) !

B is hadronically reconstructed.

vV vV *v*vl

BA0 (B_s)=2 mumu(Z** = nunu)

_ — \ — not good, too small BR (FCNC)
Anti-symmetrization for both Anti-symmetrization for
Dirac and Majorana cases only Majorana case
Can not be used to Can be used to distinguish
distinguish between Dirac between Dirac and

and Majorana cases Majorana cases

6/25/2025 practical Dirac-Majorana Confusion I heorem 28



Back-to-back muons, (easily measurable exception to pDMCT)

In the rest frame
IF muon-and m
=» nuand nu-k

E1=E2

Need|not

B'(pg) = 1 (p_) 18 (p2) Vu(p1) vu(p2),

Back-to-back geometry: j; = -

<1

6

T 9 - [

BU(H,J Iy, Y,..)

See Sec.IV of Phys. Rev. D 105, no.11, 113006 (2022).

t opposite direction

ble or measurable,

/and M- —Uy)

dl’
dEZdsind

only unimeasuravie angie (v megiawe out pEEvecommgDMCT constraint

6/25/2025

Is nu Dirac or Majorana?
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Back-to-back muons, (easily measurable exception to DMCT)

B{}{Fﬁ) — ﬂ_{f?—)ﬂ+{f3+} I’;e(.ﬂ]} ";e{fjf)u

In the rest frame of parent B meson,
IF_muon- and muon+ are back-to back, ie. flying with 3 momenta of equal magnitude but opposite direction
= nu and nu-bar also back-to-back

E,=E,=E,=mg/2—E, => All kinematic variables are calculable or measurable,
mg, = 4E Only the angle (between Vv —Vv and u-—uy)
2
m2, = (mg — 2E,) UNKNOWN
= [(mp/2 - B,)? —m dr 5 ar
dEﬁdsinH dEEdsing

m=Jﬁ—mﬁ

-not integrate out nu-nubar full phase space,

only unmeasurable angle ( 6 ) integrate out _

6/25/2025 Is nu Dirac or Majorana?



Back-to-back muons

5122%mg  d°T2,

(GeV°)

G IR,f dEj dsing '

(a) Three dimensional view of the differential decay rate for Dirac case
with an appropriate normalization as mentioned.

2 2
‘ﬂ£| oc (I — cos H) .
Direct term

6/25/2025

1n BY(pg) = ™ (p-) i (p+) ¥u(p1) v p2),

u(p-)
51225my T¥ . v2(p,;) - S N, V(py)
2 2 . 'Cﬁv ) a _‘/ y) 9 7
G} [F,|* dEj;dsing * / Vi Y
ur(ps)
(a) Helicity configuration involving Dirac neutrinos,
Vy = : i'” = vP.
u(p-)
Wi(p) - ;_'_'\/ ) YM(PI)
Vi B° o Vyu
u(p) — u(ps)
(b) Three dimensional view of the differential decay rate for Majorana
case with an appropriate normalization as mentioned.
Wi(py) +—< } ;0 < @)
V” Vu
M| x> (1-cosé) +[l—cosl:r—(-‘l] - Ollmf.] ~ | +COSIH. z
Tl—_—— —_— S n—8 I‘l (p‘*)

Direct term Exchange term Interference term

(b) Helicity configuration involving Majorana neutrinos,
Ve =V =

31
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Extra3d [ CG.S. Kim, arXiv:2307.05654 [EPJ(C83(2023)] ]

- Issues in pDMCT (Analytic Continuity & F-D statistics)

1. Analytic Continuity

Is there any one-to-one correspondence between Dirac and Majorana neutrinos in the massless limit, m v—->07?

2. Anti-Symmetrization of Amplitude

Should the amplitude be anti-symmetrized for pair of Majorana neutrinos of the same flavor ?

6/25/2025 Is nu Dirac or Majorana? 32



Analytic Continuity when m -2 0 limit ? (1)

** |s there smooth transition between Majorana to Dirac neutrinos underm =2 0 limit ??

1) In the context of a specific process and observable,

there is indeed no one-to-one correspondence between the Dirac and Majorana neutrino scenarios.

E.g. For 7 — vV,

.,

|///D|2 - |,,//M|j = (((C ) — (Cg)z)(mé + me,) +6(CL) mf,) C{/_A =

o
gZ m, (for SM alone)

- sg) m3, (with NP but neglecting m, )

6/25/2025 practical Dirac-Majorana Confusion Theorem
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Analytic Continuity when m -2 0 limit ? (2)

** |s there smooth transition between Majorana to Dirac neutrinos under m=> 0 limit 77

2) Now assuming Stafrdard Model Lagrangian, due to the (V-A) structure of weak interaction,

always only v, v, are produced.
Assuming mass(v) =0, chirality of neutrinos is conserved and invariant.

And v, v, can be distinguished by weak charged current interaction.
=» massless V,,v, are Dirac neutrino (No mass-less Majorana neutrino exists).

3) Assuming mass(v) # 0 , chirality of neutrinos is not conserved (still invariant).

space-time evolution

iy 9, Yr =myr, "y m—0 m—0
o v, =>| E . relativistic : non-relativistic
Ly" O YL =myR. v E+#0 E—0
L
(relevant parameter, notm, butm/E=> 0) £ =" finite

6/25/2025 practical Dirac-Majorana Confusion Theorem 34



Analytic Continuity when m =2 0 limit 7 (3)

** |s there smooth transition between Majorana to Dirac neutrinos underm =2 0 limit ??

4) Most importantly, Quantum Statistics DEPENDS on Spin & Identicalness of neutrino,
not DEPENDS on Mass of neutrino !!

E.g. For B (pg) = 1~ (p-) 11" () Vu(p1) vu(p2),

if v =Dirac M" = M (pr, p2).

. . » |
if v=Majorana .#" = W(L//(pn.p:)— M(pr,py).  (form, =00r m,#0)

Therefore, even it I'y=I,(m, —>0), dI,=dl, (m —0)

6/25/2025 practical Dirac-Majorana Confusion Theorem 35



Anti-symmetrization of Amplitude : F-D Statistics

g Should the amplitude be anti-symmetrized for pair of Majorana neutrinos of the same flavor ??

1) Quantum statistics requires absolutely identical indistinguishable particles.

2) Quantum measurement effect is analogous to the well-known fact that the interference
pattern in a double slit experiment is destroyed if one could somehow know through which
slit the photon has passed.

=» requires a method deducing
E (or p) of neutrino without
destroying quantum effects.

Z(z*

Need Anti-symmetrization No Anti-symmetrization
once we know Vv, #V,

6/25/2025 practical Dirac-Majorana Confusion Theorem
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h half-life of a nucleus decaying via Ov (33

LLR S L

Alternatives to QuBfB (4L =2 process)

Neutrino Casimir Force
EDM & MDM of neutrinos
Fermi-Dirac Statistics for Fermion (nu) - Quantum Statistics

Quantum Statistics + (2v3[3)



Alternative to OnuBB (1) — Neutrino Casimir force

Principle: Exchange of pair of neutrinos can give rise to long-range
quantum force (aka neutrino Casimir force or the neutrino exchange force)
between macroscopic objects, and the effective potential can differentiate

Dirac and Majorana neutrinos. G Feinberg, J Sucher, PRD166(1968)
Phys. Rev. D 101, no.11, 116006 (2020); JHEP 09, 122 (2020)
arXiv:2209.07082 [hep-ph]

v-Casimir force

ISsue: The potential (and hence the force) is
proportional to product of the tiny neutrino masses

in the loop.

** Thermal fluctuation, van der Waals force
** Very weak force. For r > 1 nm, Gravitational force between
two protons is bigger than this force.

Status: Experimental study is still awaited.

6/25/2025 practical Dirac-Majorana Confusion Theorem 38



Alternative to OnuBB (2) —e.d.m. & m.d.m. of Neutrino

+

%+ Neutrinos: electrically neutral (Q, = 0).
But might carry non-zero electric and magnetic dipole moments.
“» Neutrino has no interaction with photon at tree-level.
At one loop-level involving charged lepton and W boson in loop
such interaction is allowed.
W V

Vv

=

Vv

<+ CPT invariance prohibits Majorana neutrinos to have any electric
and magnetic dipole moment. Loop effects also confirm this,
following quantum statistics in y* — v .

4

edm = 0 = mdm, (Majorana)
edm # 0 # mdm. (Dirac)

+ Such striking differences in electromagnetic properties of Dirac and
Majorana neutrinos vanishes as m,, — 0 = DMCT.

+
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Alternative to OnuBB (3) — Quantum Statistics
[CSK,MM,DS, 2106.11785, PRD105,113005(2022)]

[CS Kim, 2307.05654, EPJC83(2023)] Allowed within SM

Minimal final state: ({7 v,v,

Majorana neutrinos Preference: ( = u. { = e has

# shorter track and ¢ = 7 has low
Quantum statistics —»| reconstruction efficiency.

. 0 — sty w7
l’ Decay mode: B — u~u™ uV (1to 4 body process)
. Many observables to
Final state Experiment: Belle II. deduce E(nu) !

B is hadronically reconstructed.

vv B vv *v?l

\ BA0 (B_s)=2 mumu(Z** = nunu)

. T : . BR (FCN
Anti-symmetrization for both Anti-symmetrization for 10006, ST UM
Dirac and Majorana cases only Majorana case
Can not be used to Can be used to distinguish
distinguish between Dirac between Dirac and

and Majorana cases Majorana cases
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Alternative to OnuBB (4) — Quantum Statistics + (2v5))

«» Process:

Ovpf s only for the evidence of e e C
“Lepton Number Violation®, Wiy Qe —
=» NOT unequivocal evidence of N IN42e

active (sub-eV) neutrino being

. . A A — -
Majorana neutrino . N = oN+2e +(2v)

eg. heavy sterile neutrinos can give the same effects ;N N ;N-|_ o+ e+ N 6/_|_ V) x
_ - - - "+ N> IN+e +(v+v —

HOWEVER, 2Vﬂ+ﬂ ( 1y nhot VY,V V ) € Tz z e +( )
can be w/ Quantum Statistics !! e+ /N> N+e' +(v+v) ==
¥+ N — IN+e +e" +(v+v) O
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Alternative to OnuBB (5) — Quantum Statistics + (2v5))

Y = (squeezed) Gamma-ray Laser Photon
HOWEVER, 2V,B+,B_ ( vv not ww,vv ) [Compton back-scattered gammaray]
can be w/ Quantum Statistics !! Y+ AN = AN +e +et + ()
e’ E(y)2M(;N)-M(;N)
/\4'6 y+ 4N >IN = N+e +e" +(v+v)
}/ —> —_
;{\V — IN+y (—e' +e) \
| 24
O N 14 /___v___

0
A
1.02MeV < E(y) < M(4N' )~ M(;N) N 0
Ey ~5-10MeV
Ay)~100fm  A(p;n) ~ 1fm v+ IN—> IN+e +e +(v+v)
[7/+N—>N][7/ —>eevv} S AN+ (e +e)
[7+N > N][N > N+eevv]
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E.g. Electron-Positron Production

In free space (vacuum): Yy —>e +e %

With matter (nucleus) : Y+ ;N—> ;N+€+ +e (o)

1.02MeV < E(y) < M(!N")-M(/N)
¥+ IN—=IN+y (=>e +e) /4

h=2m,+E +E_

p,=P.+D,.
p;/ :pe++pe_ ?/
[(y+/N—>/N+e +e)=~ Prob.(y/N)xF(y:pzﬁdqz. e +e) q
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C.S. Kim and Meng Ru Wu

BACK-TOBACK v and y in 288 7+;N— N+e +e +(+v)

- experimental observable exception to pDMCT ;
- back-to-back v — vV

Kinematic study on y+;N—> /N+e +e +(v+v)
Back-to-back kinematics in 7+7N > ;N+e +e' +(v+v)
Detailed study of 7+;N— /N+e +e' +(v+v)
Background study on y+ /N — /N+e +e' +(v+v)
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Kinematic study on 7+;N—>N+e +e'+(v+v) (1)

7/+e‘+e++(v+v)

Intermediate
Initial state state Final state

/ P+ = (E+:ﬁ+)
A A ,
incident laser beam ~y zN zN Dy / = (E-,7-)
Lab - frame > o °_> o \

57 P2 = (52;172)

Py = (Ewpv)

Pin = mN’G) Pint,N = Pin = PfN = Ve
E p. 0
( ~ —l—mN?Py) (mN?j U, by = (E1?p1)
_|_
€ 2
4 o 4 couldbe (-) or (+) depending on S- or T- process,
/4 > — ‘—/ Amp ~ l/qz, so maximal contribution at @min = 1.02MeV

2

O ;N P, =0 (infreespace) = (p.+p+p+p,) ~ 7
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Kinematic study on

A A - + N
v+ /N—> N+e +e +(v+v)

(2)

7/+e_+e++(1_/+v)

Intermediate
Initial state state Final state
/ P+ = (E+aﬁ+)
A A —
incident laser beam ~y zIV zV D~ / (E'_,p _)
ab- s @ o~ o
— E' : \ . .
pFY ( ! pFY) Pin = mN’G) Pint, N = Pin = PrN = _e p2= (E2?p2)
E, + mN:ﬁ (mNa 0 V, o
( ! 7) P1 = (El-,-pl)
) ) Pout = PfN + P+ + p-+ p1+ P2
Pin = Py + pin = (Ey + my, py) Pinn # My = (my + E+ + E_+ E} + Eo,
. D+ Pp_+ P+ P
Pin = Pout

— Dy +PiN =PfN T Dy TP+ D1+ D2
= |Py =P+ +DP- + P11+ D2l

6/25/2025

2 2
p}/ ~Qmin

Is nu Dirac or Majorana?

ﬁy=ﬁ+ +p_+p1 +ﬁ?¢6j
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Kinematic study on 7+;N->N+e +e"+(v+v)  (3)

- - - —_

Lab - frame Py =P+ +D-+p1+po Py=Ps+P-+PL+p2#0

Any Boosted - frame Py =Ap,,  forx € {y,iN,fN,+,— 1,2}

back-to-back neutrino frame  |5] + 53 =0, only when 5, +p. =5, #0

Realizing back-to-back neutrino condition

= _ 1 E
5 - - ﬁvy=0 guvzpyy' ’YW=1/1 3 2=mw'
Dee = (EeE:pBE) =D+ +Pp-= (E+ +E_,p+ +p—): Ly, o |’8W‘

Puov = (Evupﬁvu) =P +p2 = (El + EQ:ﬁl +ﬁ2) ’

- Yov 0 0 _’YVLfﬁVL-’ Eyy
m;, = pi. = Bo, — pee\zz, A 0 10 0 0
my, = P, = B, — Pl Py = 8 Pvw = 0 01 0 0
— ’Yy;r,f)@uv O O ’Yr/v }ﬁw/ |
E,, 220
/ my., 00 _m—w Eyv myy
| o 10 o0 o | _| o
- 0 0 1 0 0 N 0
Lab - frame ~y _ _,
i K— |puv| 0 0 Em/ | -W"'l 0
myy myy /
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Kinematic study on 7+;N—> N+e +e +(v+v)  (4)

Lab - frame Dy =Py +DP_+p1+ D2
Boosted (back-to-back neutrino) - frame py+pPy =0, onlywhen p| +p. =p #0
E—m /2= (E,-E,—E) —(p,—p.—p.)
2
My € {2 my, \/(Eee + ﬁee - 2E‘y) (Eee - ﬁee )} .

“,

(E, ;y),(EH 12),(E_, ;_ ),(E,, pjv),E; All observable, calculable !!

dFD/M

i Measurable, calculable !l
Lab - frame dEV
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Kinematic study on 7+;N->N+e +e+(v+v)  (5)

Lab - frame Py =Dy +D— +p1+ P2
Boosted (back-to-back neutrino) - frame pi+pP=0, onlywhen p.+p =5 #0
p.=Ap,, forxz e {v,iN,fN,+,—, 1,2} Yoo 0 0 =B
A 0 10 0 3
- 0 0 1 0 -
_ﬁfuu|/6wx| 0 0 ’Yw,f
e.g.
E,, B
;o 3 0 10 0 —|Pee| sinfee |
Pee =APec=| o o1 0o |7
_,VV _,88 988 _,VV EE(? EVV _)EE
\_Ip | o o Ew |\IPeef cos _Pol|Eee  Enlp Icosgee}
mVV mVV mVV mVV

Lab - frame .
Ey Eee  |Pvv||Pec]

mvv mV‘V

ie. OQ=E,+E =

cos B,

All observable, calculable !!
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Back-to-back neutrinos, (exception to DMCT) in (1)

y+e+e*+(v+v)

Boosted (back-to-back neutrino)-frame |57 4 pi) = 0. only when p’ +p’ = ﬁ,’; # 0

N
Back-to-back (B2B) Constraints WITH Experimental Resolution, AE, A P.

py+py =0, onlywhen p}+pl=p)#0

' ' '

— — -

E. >AE E, +E <E-AE p.+p_=~p,

e e

N ’

dl dl. dr dI
Measure —

Lab - frame Pee dE. dE . B dO d cos(8.)
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Back-to-back neutrinos, (exception to DMCT) in (2)

y+e+e*+(v+v)

Lab-frame |p, =py +p_ +p1+p2 Boosted (back-to-back neutrino)-frame |5 4 5 =3,  only when pL4pl =g #0

dU ., aAM,, | d(PS:y —>e +e" +(v+Vv))
[Barger, Phillips, Collider Physics, Appendix B]
. d,(PS:y —>e +e" +(v+v)=d,(PS:y — XY)dm,dm,
P xd,(PS: X —>e +e)d,(PS:Y > v+v)

N "

. J(E “E -EY-(p-p-p) dr dr, = dr dr
E = /9 = y T+ r I+ D/M DIM_ _ DIM D/M .
L =m,, = Calculate o JE . do  deos(d) to compare D with M
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Back-to-back neutrinos in 7+;N—>;N+e+e +(v+v)  (3)

e.g) B2B Muons in B'(pg)— w (p) ' (ps) vu(p1) vi(p2),

5122%mg  d°r2 (GeVY) 5122%mg  d°IT™ (GeV)
G% IR,/ dE] dsing ' / G} [F,f* dE]dsing '

(a) Three dimensional view of the differential decay rate for Dirac case (b) Three dimensional view of the differential decay rate for Majorana
with an appropriate normalization as mentioned. case with an appropriate normalization as mentioned.
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Detailed study on

e”(p-)
’ <V?e(!’2)

A Y ==INSIN )

> T e*(p+)
y(py) e (ps+)
) o
(C) 2N(pn,i) SN(pn.f)
e (p-)

Ve (p2)

6/25/2025

4 4 - + &
v+ ,N—> N+e +e +(v+v)

Is nu Dirac or Majorana?

| MD/M |2

(0)

[y +N > N]|[N - N +eevv| (A)

A(y) ~100fm

E ~5-10MeV
4 y A(p,n) ~ Ilim

[7/ +N—>N][7/* —>eevv]

(B) vy >e'e (Z —>vv)

(C) ¥ »W (=W (»ev)
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Detailed study on  y+/N—> /N+e +e +(v+v) (A-1)

i &

n _ %D . _H(IﬁL

AN Ve(P?) - o 2 ap
Z < ve(p1) Gaj

d e*(ps) MM = —=(HP Loy — HP L)

For Dirac neutrinos

- - Momentum exchange
e (p-) € (p—) (not helicity flip)
;e(P2) V_e(pl)

Ve(pl) - Ve(pZ)

e*(p+) e (p,)

For Majorana neutrinos
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Detailed study on  y+/N—> /N+e +e +(v+v) (A-2)

P Loy = [@(p-)ra(1 = 7*)o(p1)la(p2)rs(1 =7 )o(p.));

Vep2) Loy = [a(p_)y (1 =p)v(p2)][a(p,)rs(1 =y )v(ps)].

Ve(P1) . 1
4 e*(p+)
L H" =H" =F(q")g",
_ 2
| F(q°) = Fy WP — %Ha/}La/
G’E
7/ = (squeezed) Gamma-ray Laser Photon MM = Zji(HﬂﬁLaﬁ — H'"’L,,

[Compton back-scattered gamma ray]

1.02MeV < E(y) < M(4N' )~ M(;N)
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Detailed study on  y+/N—> /N+e +e +(v+v) (A-3)

e (p-) L = [a(p)ya(1 =y )v(p)][a(p2)rs(1 =7 )v(ps)].
Vo(p2) Loy = [a(p_)ro(1 = y)v(p2)][a(pr)ys(1 = 7)v(ps)]-
ve(p1) 5
€+(p+) .%D — %H”ﬁLaﬁ
Haﬁ _H'aﬂ _F(q2)ga,b" EﬂM _ QC:/F_ (HuﬁL HmﬁLLﬁ)
|F(q )| Fin
| M ['= Gy Fy, [64(pp, )(pyep.)]
| MY =G Fyp [64(pop, (oo )+ 64(prop_)(pyep, )]/ 2+ O(m;))
. MD 2 _ MM 2 d d =O whole neutrino phase space
MO P - MY e J(1M°F = M" ) dpdp, {uholeneutrno phase spacel

w/ back-to-back neutrinos)

..(‘ MD |2 —|MM |2)dpldp2 - O (constraint phase Spage,
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Detailed study on  y+/N—> /N+e +e" +(v+v) (A-4)

7/ = (squeezed) Gamma-ray Laser Photon
[Compton back-scattered gamma ray]

1.02MeV < E(y) < M(4N") = M(;N)

1) For y— 4N Interaction Probability :

Prob.(y N) = Luminosity( oc 7,) x Cross-section(c )

2) For Total DecayWidth 7+ ;N = /N+e +e" +(v+v)
C(y+ 4N — /N+..)=Prob.(yN)xT'(/N = /N+....)

* ForComparison, 0v58
~n,xo,, xG.F,
[(;N—> ,;N+e +¢) —

~ GeF e, ** factorized due to MeV scale ( y+N — N) and GeVscale ( n—> p+e +v)
— [..]x Av(=6e+23) ~ GLF,,
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Detailed study on

E, ~5-10MeV

Ovpp
[(JN— ,iN+e +e)

el 2
~ GFF NMEmvl

S [.]xAv(=6e+23) ~ G:F,,,

6/25/2025

y+IN— N+e +e +(v+v) (A-5)

= (squeezed) Gamma-ray Laser Photon
Compton back-scattered gamma ray

3)For y— ;N Interaction Probability :

Prob.(y N) = Luminosity( o ,) x Cross-section( )

Cross-section(o,,y)  ~10bamn

Gamma rays cannot penetrate deep into target materials (at best ~ O(10-100) cm)

n,

[https://user-web.icecube.wisc.edu/~tmontaruli/801/lect9.pdf]

capable of creating 1e5 photons/s with their setup in NewSUBARU

[2304.08935]
I(y+/N— JN+..)=Prob.(yN)xI'(;N = /N +....)
RN, X0,y X G;FNME
_ . 10°
~(10° /Amz)-(jlin2 x1m)/(10"'m)’ x(10x10* m*)x GLF,,, ~ = GiF,
(luminated area) (targetvolume) <
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Detailed study on  y+ /N> /N+e +e'+(v+v)  (B-1)

¥(py) \ e*(p+)

(B) e (P) B) y+ N> N+e +e +(v+v)

ON(pNJ) SN(pn.f)

e (p-)

Prob.(yN) = Luminosity( o 72,) x Cross-section(c )
Ve (p2)

~10° /sec

e +e +v+V)]

~gmin)

)/ LD M°(p_,p,,p,, ;)

MY =[M"(p,, p,)~M"(p,, p)]/N2

~[y+;N— NM7y

N(pn.i)
| M(p,, p,) A M(py,p)I ?
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Detailed ctndsyron wi Ay 5 AN e 1ot +(v+v)  (B-2)

e~ (p-)

ve(p1)
(B) v ?"‘<

V(,(pg)

q e (ps)
N(pw.:) Aé—-— N(pn.p)

Ly, , —e +e +v+v)
(py~qn1in)

B) 7+ N> N+e +e" +(v+v)

T(y+ /N — IN+..), ~Prob.(yN)xT(y .

, . e +e +v+y)
(py"'Qmin)

Prob.(yN) = Luminosity( o 1) x Cross-section(c ) ~ 10" /sec

M®(p_,p.. P P>)

M" =[MD(p1,p2)—MD(p2,pl)]/\/§

[ M(p, p)[# M(p,,p)I 7
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Detailed study on  y+/N— /N+e +e" +(v+v) (()

¥(py) \ e*(ps)
vy (p1)

(C) AN(pn.) SN(pN.f)

e~ (p-)

Ve (p2)
e~ (p-)
Ve(P2)
Ve(P1)

e+(l’+)

Decay Width of (C): ['(y+ /N — /N +..)c = Prob.(yN)xI(y, ..

6/25/2025

(C)

A A - + N
v+ / N—> /N+e +e +(v+v)

~[y+ N> INMy . . —e +e +v+v)]

Is nu Dirac or Majorana?

2
(p;v ~9min )

2 e +e tviv)

61
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Detailed study on  y+/N— /N+e +e +(v+v)  (A,B,C)

(A,B,C) y+IN = IN+e +e +(v+v)
n =Y+ ;N —> N)J[(p > ne'v,)(n— pe V;)] RN,XO,y xGrFy

(B) ~ [}/—]— ;N —> ;N].[y;pf~qém) —> e ‘|‘€+ -|—V‘|‘V)] ~ n}/ XO_}/N XaZGIZT

©  =[y+,;N— ;N].[}/:p§~q§1m) —>e +e +v+v)] =~ n,Xo,, X azG;

Prob.(yN) = Luminosity( o« ) x Cross-section(c,, ) ~ 10" /sec

ovps T(;N— ,;N+e +e)
< GiF ! S []xAV(=6e+23) ~ GF,,,

6/25/2025 Is nu Dirac or Majorana?
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Background Study of y+/No/N+e +e'+(v+v)

IR
WITH Experimental Resolution, AF', AP .

e
1) Electron-positron creation %

A4
¥+ N—=> N = N+y (—>e +e) / ZNY
y+ /N> N+y (—>e +e) o

2) V= Atomicionization (e”) + Single betadecay (e*)

Back-to-back Constraint and Q-value will Almost Clear All possible Backgrounds

I .e. - - -

p,+p_=p, (back—to—back v constraint) E, +E,_<<E —nxAE (O— value constraint)
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SUMMARY

1) ovgg, suppressed by |mgy[*, canbe a
evidence of LNV, butnot an unequivolcal
evidence of sub-eV active neutrino as Majorana.

2) Back-to-back v =7 in y+/N—> /N+e +e"+(v+v)
can be an alternative to  OvBB , and
possibly the best way to distinguish Dirac from Majorana
for sub-eV active neutrinos.
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Conclusion — Final Comment

** The neutrino-less double beta decay (NDBD) has a
limitation that it is dependent on the unknown tiny mass of

the neutrino. If it is too small there is no possi
establishing the nature of the neutrino throug
proposals are the only viable alternatives to N
probing Majorana nature of sub-eV active neu
concerned.

oility of
n NDBD. Our

DBD as far as
trinos is

“......urgentto explore whether there are any SM allowed processes and
kinematic observables that can directly probe the Majorana nature of neutrinos
avoiding this pDMCT constraint, instead of using OnuBB or LNV. ©

6/25/2025 practical Dirac-Majorana Confusion Theorem
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Extra Comments:

1. Comments on “On the Dirac-Majorana neutrinos distinction

in four-body decays” (arXiv:2305.14140) [CSK etal, arXiv:2308.08464 ]

2. Comments on “Can quantum statistics help distinguish Dirac

from Majorana neutrinos?” (arXiv:2402.05172) [CSK etal, arXiv:2402.11386]
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1. Comments on “On the Dirac-Majorana neutrinos distinction
in four-body decays” (arXiv:2305.14140) [CS Kim et.al, arXiv:2308.08464]

Onangle ¢
o 54 1) With Back-to-back muons (& neutrinos)
: p++p-=0=pi+p>

two straight lines, p,+p_ and p,+p,
meet at one point, making one plane,

$=0

p' p~ plane

B — pu=(p-) ¥ (p+) Vu(p1) vu(p2) : : :
AR Sl sdll LAl L 2) Back-to-back constraints give 3 constraints

in phase space integral, only 2 independent

variables,
d>ro/M _YY,Y, (| P™|?) E, and cos(6)
dm;,dm;,dcos@,dcos0,d¢p  (4z)°mim,,m,,

"

pp
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2. Comments on “Can quantum statistics help distinguish Dirac from
Majorana neutrinos?” (arXiv:2402.05172) [CS Kim et.al, arXiv:2402.11386]

. Decay rate of B® — u=(p-) 1" (p+) Vu(p1) vu(p2) is given by

rP/M _

1 2
5 / . P ™ (p., p_, p1, p2)|” dLIPS (271)* ¥ (pa —p+—DP-—D1- pz),
mp
3= 3= 3= 3=
dLIPS = [—9 P+ ( d'p- d'p d'po )
| (2m)3 2E, (2m)3 2E_ (2m)3 2E, (2m)3 2E>
mass dim[FD/M] = 1. |

Imposing b2b kinematic condition, p4++ p- = 0= P1+ P2, instead of following suitable variable
changes and constraining them, multiplying Dirac delta function 6® (5, + p»)

1 2 — >
XD/M=E/ |.P™ (p., p—, p1, p2)|” LIPS (Z?r)“é"“(ps—p+—p-—p1—pz)5‘3) (P1 + P2)

neglecting m_mu, m_nu

1 2
xXP/M / AMP'M(p.. p_,p1.p2)| dE,dcosé,

P-=—pP+ P2=—p1

\
mass dim[X?/M] = -2, due to the fact that Dirac delta function is dimensionful quantity.
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2. Comments on “Can quantum statistics help distinguish Dirac from
Majorana neutrinos?” (arXiv:2402.05172) [CS Kim et.al, arXiv:2402.11386]

2. In Figs. 1b, Tc and 2 of Ref. [1], each of
which is not a single Feynman diagram but
a combination of independent Feynman
diagrams for production and detection
processes, the propagating neutrinos are
not virtual but real on-shell neutrino mass
eigenstates which lead to neutrino flavor
oscillations. Such neutrinos even if they have Majorana nature can not be considered
as identical as one observes their identity (nu, nu-bar or chirality) and
position (left detector and/or right detector which could be a few tens of meters apart).
It is very important that one takes into consideration whether effects of measurement
would adversely affect the quantum statistical effects one is trying to probe.

This quantum measurement effect is analogous to the well-known fact that the interference
pattern in a double slit experiment is destroyed if one could somehow know through which
slit the photon has passed. Quantum statistics requires absolutely identical indistinguishable
particles.
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Analytic Continuity when m -2 0 limit ? (4)

** |s there smooth transition between Majorana to Dirac neutrinos underm = 0 limit 77

(@) When m = 0 both Dirac and Majorana neutrinos can be described as Weyl fermions. The reduction of
neutrino degrees of freedom from 4 to 2 for m = 0 is a discrete jump, and not a continuous change. So the
massless neutrino is an entirely different species than a massive one even with extremely tiny mass.

(b) Dirac neutrino and antineutrino are fully distinguishable, while Majorana neutrino and antineutrino are
quantum mechanically indistinguishable. There is no smooth limit that takes indistinguishable particles
and makes them distinguishable. There is no intermediate state between distinguishable and
indistinguishable particles.

(c) Majorana neutrino and antineutrino pair have to obey Fermi-Dirac statistics while Dirac neutrino and
antineutrino pair do not. We emphasize that statistics of particles does not depend on a parameter like
mass, but its spin.
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