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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

s+ Neutrinos are massless in SM, m, = 0.

*

10/20/2022

All neutrinos are only left-handed (v;).

D
T mass

= —m, (Vgvy +ViVr), 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:

O Assumption: vy exists. diese be
O Lagrangian: ue Ce te
E[Eass — _mf '::1"1{ Vi +E1”RJ - Vi r—eeVr0Y; €e Le To
. ] l I | | | | | | | | | | | I 1 | l | |
O Disadvantage: No reason for mP to be small. uev meV eV keV  Mev  GeV  TeV

+* Majorana mass:

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

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

mass 2

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

ImMass

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

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:

D+M %mf (vng) —mY (Vgv,) +Hoe. = %NEMNL + H.c., where

mass

vy 0O m?Y . :

N; = c | and M = D % | is the mass matrix.

Vi m m
W W

(O Mass eigenvalues:

a1 = 3 (””f £/ (m)* + 4 (mf)z)

D 2
1 R mv
~imf |l 1+e1+2| % i
m, As v, gets heavier, v,
(m”)z become lighter.
— m, ~ —————— and m, ~ m".
m
L

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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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

=W o< U;, ., U
Vi =V X j(2ﬂ}4z b ek~ 5 -

_— J\J\f\/\\\ E;—

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

O neutrinoless double-beta (Ov £ ) decay

) Rare meson decays with AL = 2
(O Collider searches at LHC
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Looking for Majorana neutrinos via 4AL=2 processes (2)

R

<+ Decay rate of any AL = 2 process with final leptons ¢ (7 :

> U U Tk
- bk fzkpz—mﬁ—l—imkrk

2

I'Ap—2 X

2

where we have used the fact that (1 — y>) p(1 — v>) = 0.
O Light v:

2
, 2
'ap—2 o = |mf1f1|

E :UflkUEgkmk
k

O Heavy v:

I o Z Uflka;:k
ML=—2
ke My

) Resonant v:

I'(N— I (N—f)

Myl

'ar=2 o
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Neutrino-less double-beta decay (0vgg) (1)

+¢* Process:

AN 38 o N+ 2e-

<+ The half-life of a nucleus decaying via

2

—1
[192] 7 = Gov [Mon]| |
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Neutrino-less double-beta decay (0vggB) (2)

<+ Double-beta (2vf3 3) decay has been observed in 10 isotopes,
48Ca, 76Ge, 8286, 96ZI', 1OOMO, 116Cd, 128T€, 130T€, 150Nd, 238U,

with half-life T; ,, ~ 10'® — 10 years.

A

2v36

Events

OvpBpa3

32 33 34 35 36
7 Energy Qps

Giovanni Benato (for the GERDA collaboration), arXiv:1509.07792
< 0733 (forbidden in SM) is yet to be observed in any experiment.

T(l)}’z [7°Ge | > 2.1 x 10*® years (90% C.L.).

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

10/20/2022 Is nu Dirac or Majorana?
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Neutrino-less double-beta decay (0vgg) (3)

1 - T T rrrrrey T T T rrrrry T T Ty I
- [}

Current Bound

_________________________________

o NH: Normal hierarchy
IH: Inverted hierarchy
— L O
o ' 9
— 10 z | 3 5
E LI
'8 ]
A
-3 |
0 g i S. M. Bilenky and C. Giunti
| — 1of| Mod. Phys. Lett. A 27, 1230015 (2012),
| — 20 |]
30 arXiv:1203.5250
10_4 L " I L LLYX
10 1073 102 107" 1

Mmin  [€V]

< If mgpz < 1077, only NH is viable and the T3, will be much larger

than the current experimental lower bound [
1/2
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Looking for Majorana neutrinos via AL =2 processes (1)

(Rare meson decays for massive sterile neutrinos)

< Processes: M" — M (7(7,
where M = K,D,D.,B,B. and M’ = m,K,D,. ..
G. Cvetic, C.S. Kim, arXiv:1606.04140 (PRD 94, 053001, 2016)
G. Cvetic, C. Dib, S. Kang, C. S. Kim,
arXiv:1005.4282 (PRD 82, 053010, 2010)

Ql
Al

** No nuclear matrix element unlike Ov 83, but probes Majorana
nature of massive neutrino(s) N.

10/20/2022 Is nu Dirac or Majorana?
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Looking for Majorana neutrinos via AL =2 processes (2)

(tau lepton decays & pion decays)

& - _ - J— —_—
« Priocessi. L. < Process: T — T u e v/v
:F
o —e N —eteuty C.S. Kim, G. L. Castro and D. Sahoo,
G. Cvetic¢, C. S. Kim and J. Zamora-Saa, arXiv:1708.00802 [hep-ph]
arXiv:1311.7554 [hep-ph] (PRD 96, 075016 (2017))

(J. Phys. G 41, 075004 (2014))
** Mass range:

% Mass range: 106 MeV < my < 1637 MeV.
106 MeV < my < 139 MeV

n
+ C-'

[a) e et

w
ava®
w N; \
W
.
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Looking for Majorana neutrinos via aL =2 processes (3)
(Collider searches at LHC)

N
0.0

Processes: W™ —eTe u™v,,, W™ — uTu’e v,. Involves heavy
neutrino N which can have Majorana nature as well.
C. Dib, C.S. Kim, arXiv:1509.05981 (PRD 92, 093009, 2015);

C. Dib, C.S. Kim, K. Wang, J. Zhang,
arXiv:1605.01123 (PRD 94, 013005, 2016)

N w—*

(Lepton Number Violating)

»* Decay widths:
O LNV: I' (WH —etetuv,) = U

4 -
I,
O LNC: T' (W = ete*uv,) = [UnUn,| T,

R G32M?3 m> m2 0\ ° m2
where I" = F_W N{1— I; 1 — N )
12 x 96/ 24 I'y M,
10/20/2022

2M7,
w
Is nu Dirac or Majorana?
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Looking for eV-scale sterile neutrino, not via Oscillation

(compared to LSND, miniBoone, .... searches light neutrino via neutrino Oscillation)

&

<+ If an eV scale sterile neutrino is present, its mixing with active flavor
neutrinos would affect,

1. muon decay — extraction of Fermi constant,
2. leptonic decays of tau — testing unitarity of neutrino mixing matrix,

3. semi-leptonic decays of tau & leptonic decays of pion and kaon
— additional tests of unitarity of neutrino mixing matrix,
4. invisible width of the Z boson & number of light active neutrinos,

— extract individual active-sterile mixing parameters.

+*.

¢+ Our analysis, taking precision measurements into account, supports
the hypothesis that there are no such light sterile neutrinos.

C. S. Kim, G. L. Castro and D. Sahoo,
arXiv:1809.02265 [hep-ph]
(PRD 98 11, 115021 (2018))
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PRELUDE

Neutrino Casimir Force
Fermi-Dirac Statistics for Fermion (nu)
practical Dirac-Majorana Confusion Theorem (DMCT)



Neutrino-less Double Beta Decay OnuBB (4L =2 process )

T Lepton Number Violation (LNV)

Current Bound

=» not allowed within SM
NH: Normal hierarchy

107 F .
: IH: Inverted hierarchy
— Xe)
3, &
L 10° 3
3 e
o 8 The half-life of a nucleus decaying via Ov (33 is,
' . ,
-3 | .
10 2 S. M. Bilenky and C. Giunti I:T?}z] = Goq, |Mo, |Tn,.6’,6’|
[ — 16| Mod. Phys. Lett. A 27, 1230015 (2012),
| = 20
30| arXiv:1203.5250 .
0 L , il e Possibility of very small MassS(mv. ~ mss)
10 10 10 10 1
S May fail to observe !!

@ Ifmgy < 1072, only NH is viable and the T‘f}’z will be much larger

than the current experimental lower bound.
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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)
X Xu, BYu,2112.03060

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

Status: Experimental study is still awaited.
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Alternative to OnuBB (2) — Quantum Statistics

Allowed within SM

Minimal final state: ¢ ("v,v,
Majorana neutrinos Preference: ( = u. { = e has
# shorter track and ¢ = 7 has low

Quantum statistics —»| reconstruction efficiency.

l Decay mode: B’ — u~u*v,v,

Final state Experiment: Belle IL
B is hadronically reconstructed.

vy ??lv?l

S

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

10/20/2022 Is nu Dirac or Majorana?



practical Dirac-Majorana Confusion Theorem (1)

Consider the SM allowed decay, e.g.

Amplitude for Dirac case

For Majorana case

Difference between D and M

10/20/2022

B'(pg) = 1 (p_) 1 () V(1) viu(p2),

M = 4 (p1, p2),

MM = L(-/ﬁ‘*ﬁ'(.ﬂl .p2) — A (P2, p1))-

V2 required to know 4-momenta
of P1 and P2, to be useful

1
P | = (1, ) -, P

Direct term Exchange term

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

Interference term
IdC 01 Mdajordiid!? 21




Dirac-Majorana Confusion Theorem (2)

)
Interference term Re(.»#(m m) -ﬁ(Pz,Pl)) o< m’.
M+(P+)
2 2
In general L (p1, pI” # |4 (p2, pOl - |
(usefulif p; and/or P _ - (=, onlyforvery special BSM case)
are known) Direct term Exchange term

However, after integration > 4 )y o
(required if momenta p; and fﬂ-*ﬁﬁf(PhPﬂ d'pydpy = f L (p2, pr)I” dprdpa,

P2 are unobservable)

Direct term Exchange term

10/20/2022 Is nu Dirac or Majorana?
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Ditferent distribution, but the same total rate (DMCT)

1
M
MP = A (pr.pa), M = E(«ﬁ(@hﬂﬂ—ﬂﬁ'(m,m))-
Dirac case Majorana case
08 - I 08 I
08 = []8 il
% 0.6 - 2, % % 0.6 f“ %
HL;]; . 06 == % E; o 0.6 = %
. 04 S =7 04 S
02 A 02 0.2 L 0.2
0 Lo 0 g M=always, must be symmetic
0 02 04 06 08 1 0 02 04 06 08 1
Ey/Ey max Ey/E max
2 2
L (p1, pI” # |4 (P2, P1)I” - %D %M 4 2
— . - d'prd'py o m?.
Direct term Exchange term
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Dirac-Majorana Confusion Theorem (3)

Therefore, 7 N o
(if momenta P1and pzare ff“’#ﬂl - |4¢(M| Jd prd p

unobservable)
=2 ffRE(-ﬂ (p1.p2)* A (p2,p1)) d*p1d’ps

Interference term

In general 2
& ; < 1.

Practical Dirac-Majorana confusion theorem: By looking at the

total decay rate or any other kinematic test of a pro %gts/t%}lowed in

rrent process in SM
the SM, it is practically impossible to distinguish between the Dirac
and Majorana neutrinos in the limit neutrino mass goes to zero.

No general proof B. Kayser, Phys. Rev. D 26, 1662 (1982).
independent of process

or observable

10/20/2022 Is nu Dirac or Majorana? 24



History trying to overcome DMCT, but only confirmin

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

All for weak neutral currengprocess in SM

[B Kayser, PRD26(1982)]

[RE Shrock, eConf(1982)]

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

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

[JM Berryman etal, PRD98(2018)]

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

10/20/2022
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Comment on pDMCT

Is there smooth transition between Majorana to Dirac neutrinos under m = 0 limit ??

(a) 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
guantum 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.

10/20/2022 Is nu Dirac or Majorana?
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[0] B.Kayser,PRD26(1982)

Choose a process (decay/scattering)

involving neutrinos

[1] S.P.Rosen,PRL48(1982); CSK etal.2209.10110
[2] T.Chabra,PR.Babu,PRD46(1992), CSK etal.PRD105(2022)

Full integration over 4-momenta of

y and/or v is necessary.

/

NO

Are the 4-momenta of
v and/or v measurable or
deducible?

N

No need to fully integrate over

4-momenta of v and/or ».

-

There is no general proof, independent of
process or observable, for this “theorem”.

Shown to hold only in the presence of neutral
current interactions allowed in the SM.

. Not sacrosanct and can be violated under
special circumstances.

Is nu Dirac or Majorana?

Dirac Majorana difference
could be independent of m,

Is the process
facilitated by any exotic
(non-standard)
interaction?

YES

violates

practical Dirac
Majorana confusion
“theorem”

<= complies with

27
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New Physics Effects to overcome pDMCT

General Comments on New Physics Scenario

Detailed studyon Z — v/,
Detailed study of B = Kvv,K — mvv



General New Physics Scenario for X(py) - Vpy)vp)¥py) (1)

: In general’ %D = %(pls pZ) = %symm(pls pQ) + %anti-symm(pls pZ)a
1
Where %symm(plv p2) = 5(%0917 p2) + %(p% pl)) = %symm(pZa pl):

|
%anti-symm(pla p2) = E(%(pl JP2) — %(p% pl)) == 'ﬁanti-symm(p% Pi)s

then’ /%M - \/E/ﬁanti-symm(pls pE)

Therefo re) |:///D|2 - |/%M|2 = |/%symm(pls pZ) + z///anti-symm(pls ADZ)|2 -2 |/%anti-symm(pls p2)|2 ’

= |/ﬂsymm(plsp2)|2 - |=/%anti-symm(pla p2)|2
+2Re (L/%symm(pl ’ p2)* ///anti-symm(pl ) p2)) .

So, after full integration over nu and nu-bar momenta,

| ”'(‘L///D}Z_WMF)Mm d'py = ”(

which may not vanish with NP effects (overcoming pDMCT).

2

‘%/symm(pl,pl) - ///anti-synnn(pl’p2) -)d4[71 d4p2-

10/20/2022 Is nu Dirac or Majorana?
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General New Physics Scenario for Xy~ Ypvip)Wp) (2)

* Important point for Majorana neutrino: [Denner et al, NPB387, 467 (1992)]
* Forspinor of Majorana neutrinos
(k)T viky) = (-Da(ky)CTT ¢ k),  Where (-1) from anticommutation

C for charge conjugation

r crre!
1 1
' ' o | | |
v _ye Myl 1, p2) gets contributions only from vector, tensor and axial-tensor interactions
,}/uf ,)/5 ,yr.r ,}/5
o8 _ P Miomm( D1, P2) gets contributions from scalar, pseudo-scalar and axial-vector interactions
0.-:1;8 .)/5 _ O.(rﬁ ,}/5

* Therefore, #" = V2 M iyun(p1.p2). ONly from scalar, pseudo-scalar, axial-vector currents.
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General New Physics Scenario for Xy~ Y vip)vp) (3)

* Processes with ¥ ¥ produced via neutral current interactions

Y(py)
¥i(pa)

vipi)
ete s v, L s vv,ete s yvv, K = vy,

Y(py)
v(p2) B— Kvv,B" — u* y v, v, etc.

vip1)

(a) Dirac neutrinos (b) Majorana neutrinos (with exchange diagram)

* Consider NP effects on nu nubar neutal current interactions.
» Amplitude in generic form A(prp) =Y S|ap)T upy)],

#ﬁ;}'mm{P 1. ) forI'; = ", o, G-E'HTS‘.'

A (pr.pa)= ) Silulp)iv(py)| = -
e Z e | [Jﬁfm-.-ﬂ-mm{;;.ﬁpﬂ forTi= 1, %, v/,
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Detailed study of 7 -y, (0)

Most general Z=> nunubar amplitude for Dirac neutrino

M = =i, ) (g5 +557) 0" + (5 + 657) o + (v + 0a7’) 081+ 817 o e+ 17) 45 )

¥

L

Inthe SM, ¢5 = ¢p = g7, = g7, = Vand gy = —g4 = TZ where gz = e/(sinfy cos by )

after using  p"e(p) = 0, CPand CPT conservation, and neglecting m_nu terms,

we get the most general decay amplitude for Z = nu nubar becomes:

i g _
MP = M (pr.pr) = —%Zeﬁ{p) [H{;_:])y” (C{ - Cfi yS) EJ(Pz)] .

: I
W|th CE:.A = Py +EI£-A?

et
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Detailed study of Z-vv, (1)

Most general amplitude for Dirac neutrino
[ L

MO = M pr.p2) = =22, [W(p) Y (CY = C) ol Cup = 5 + &
Then, g™ = %(///(phpz) — M (P2 1)) = % €q [u(pl)y" Yy v(po)]
1 = (08 + o) )3 - o).
e 22 ;c,iﬁ (02— )
such that |%D| _ |ﬁM| — 8 (((cf) — (' )(m§+2m§)+6(cg)2 mﬁ)
%mg, (for SM alone)

2

82 (& _ e\, - '
5 (Sv -& A) my, (with NP but neglecting m,))

10/20/2022 Is nu Dirac or Majorana?
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Detailed study of Z-vv, (2)

Therefore, neglecting neutrino mass, [2(Z = vive) =To(1 4 2&) +2&}). . Grm)
z = ’
[(Z = vi7) =Ty(1+4€)), 12V2r
Then,
r (’) +2 Z (8{/ + 82) ), (for Dirac neutrinos)
{=eut
[ 7w =
r (3 +4 Z 8{2) (for Majorana neutrinos)
{=eurt
N, = Tz /T = 29963 £ 0.0074, [pdg(2021), PLB803(2020)
Z (&) + ) = ~0.0018 £ 0.0037, (for Dirac neutrinos)
(=eq,t
Z sfq =-0.0009 £ 0.0018, (for Majorana neutrinos)
(=eur
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Detailed study of Z -y, (3)

N, = Fgin /T = 29963 +0.0074,
D (e)+ ) = =0.0018 00037,

{=e .t

(for Dirac neutrinos)

Z sj =-0.0009 £ 0.0018, (for Majorana neutrinos)

(=eqr

Dirac neutrino Majorana neutrino

10/20/2022 Is nu Dirac or Majorana?

3.002

2.998

2.996

2.994

2.992

2.99

35



Detailed study of B - Kvv,K - wvv (1) (within SM)

il
|
.l
I

i,c, i

qg=ud
q > q q9

Feynman Diagrams in the SM (Weak penguin and Box diagrams)

Vi

Vi

P

B qg=ud . B

10/20/2022 Is nu Dirac or Majorana?
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Detailed study of B - Kvv,K - wvv (2) (beyond SM)

For general process, P; -» Prvv where p,=B,K and Pr=K,m
(most general effective) Lagrangian:
L =I5y (0, PLs) + Jsr(W, Prirs) + (Jyr)o (0, ¥ PLis) + (Jvr), (0, 7" Pr )
+ (JrDap (0, PLo™ ) + Urr)og (0, 0 Priry) + hec.,

where Jx denotes various effective hadronic transition currents

Most general Decay amplitude: decay amplitude for P;(p;) = P(py) v(p1) V(p2)
Dirac case: MP = M (pr.p2) = E(Pl){FSL Py + Fsg Py

+ (F;;L Pa + F{/qu:'r) ‘J/(r PL + (F;R Pa + F';_/ng) ‘J/a PR

+ Fro po qp o’ Py o(p2) + Fre Paqp o PR]U(Pz),
where p = p; + pr. g = pi — pr = p1 + p2 and
<Pf|J§X P,—) - Ft,,

various form factors F¢{.. F= F¢_ are defined as |
sx> Vvxr Uy ~ ¢ ¢ -
<Pf| (Jw{)cr Pj) - FV}-( Pa + FP’X Ga-

<?)f! (J;';x)&ﬂ P;) = F]‘{'X Pa dp:

10/20/2022 Is nu Dirac or Majorana? 37



Detailed study of B - Kvv,K - wvv (3) (beyond SM)

For general process, P;-» Prvv where p,=B,K and Pr=K,m

Majorana case (after antisymmetrization):

|
M = —(M(py1, p2) — A (P, py)
\/5( 1 )
Fo —F:  Fo—F;
= 25(P1)IF.5'LPL+F.5'RPR+( B s

qu) Y'Y ] o(pa).

2 2
Form Factors, F(as a function of s=g”2), including CKM. .,
Phase space can be fully described by s=q*2=(p_1+p_2)"2, and \ y
the angle theta, defined as: e
o *PJ ———— i ——o PJ,. —————— 3

10/20/2022 Is nu Dirac or Majorana? 38



Detailed study of B - Kvv,K - wvv (4)
With futuristic detectors, such as FASER, SHiP, Mathusla, Gazelle, ...

Ve

L PIM |3 =M+ €)™ cosf+ €™M cos? 8,
f
‘f\ where C€=5(|F§Lil+i‘v§£| )+‘{(|F{Ii +1Ffﬁi )
O—- e O—- 3 Z
P, N P, CP =25 Va (Im(F{ Fry ) + Im (F§pFry)).
c?=-af |F{f}|} +|Fyg = (|F§L|1+ |F§‘R|) )
" o = 25(|Fif +F5af )+ 2 Pt - P
Kinematic configuration of the decay P; — Pyvv M_o ' '
in center-of-momentum frame of the vV pair. ro o
G = - |y, - Fi[ .

with A= M; +M; +5° = 2(M] M} + s M} + 5 M7).

M
Once integrated over invisible nu, nu-bar (integrating cos(theta)) dr- I b [

. |
DM DM

o 3

4dm:
10/20/2022 Is nu Dirac or Majorana? 2 \/ ] 39



Detailed study of B - Kvv,K - wvv (5)

If NP effects are significant, they can not only be probed from the missing mass square (*s”)
distributions, but they would also be helpful in distinguishing Dirac and Majorana neutrinos.

Possible observables:  missing-mass-square (s), number of event (BR),

To probe NP effects and distinguish D-M neutrino, here we consider a simplified model independent study

Fsx = M; Fsy &5y, dr? ey %Mz
= | + 2R€'8VL + |8VL| + |8VR| +— (|85L| + |€sk| )
FVL—FSM(1+8VL) dsds | +
dFSM
F1+/R = Fsv €vg, ~ 4 L+ 2Regu),
, 1.
Fry=—F
TX M) SM €TX> Mg 3o M2
i = 1 (l+2R€8VL—2R68VR+|8VL_8VR|2+
\) \)
dl"Sl\

(1 +2R€E‘1L—2R€F1R)
ds

drs™ 1 Ab |Feyl’
ds  Q2nP 24M

10/20/2022 Is nu Dirac or Majorana?

where L=+ M+ = 2(MP M3+ M +5M3) )

3324 (|8.S‘L|2 + |85R|2))

2
I

) )
(|8TL| + |erg] ))
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Detailed study of B - Kvv,K - wvv (6)

dr’.  drv drSM o o L . -
o A)—Resyp,  hon-zerodifference can, in principle, arise only if Reey # 0.

S 08 can not be distinguished using AT /ds alone, if only vector NP contributions are present.
Br™P (K* — 7" vv) = (10.6735]  +0.9,)x 107", [NA62Coll. JHEP06,093(2021)]
BrM (K* = 727 v¥) = (9.11 £ 0.72) x 107", [A. Buras et al, JHEP11,033(2015)]
Dirac neutrino Majorana neutrino
Reey; =0.082+0.214, (for Dirac neutrinos) | 8
1 3
Reey, - Reeyp = 0,082 £0.214,  (for Majorana neutrinos) "
g0 : ?;,
? 10 ”’E:E
[y
-1 g -
N .|.....\...|.........|.........—7
Br*™M(B* > K" vv) = (4.6 £0.5) x 107°, -2 -1 0 ) -1 0 1

the current experimental upper limit by Belle II [39] is 4.1 x 107> at 90% conﬁd%ce level.
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Detailed study of B - Kvv,K - wvv (7)

PI-—>va?
The generic trends in s (missing mass-square) distributions s ] Dirac neutrino Majorana neutrino
1. the form factor Fgy has no s dependence,
XD{M
2. neglect O (M3/M}) terms, and
3. neglect the m, dependent term.
DM ME'_’ drem 1 drem — 1 Mf |Fspl? xD/M
A P U TR @m 192
XD _ 4([ ~) (] ~)2 l b PN _2 _2 E __2 3»-; _2
XM = 4( | —5§) (( 1 — ,';‘,)2 (1 + 281”_. - 281!}3 + (E:VL - E.'VR)E) +3 3:8%).
XPM 5
1 -
0 T T T I T T T I
10/20/2022 s nu Dirac ¢ 00 02 04 06 08 1000 02 04 06 08 10

0.8

0.6

E0X

0.4

0.2



Detailed study of B - Kvv,K - wvv (8)

Dirac neutrino Majorana neutrino

Patterns in s distributions of 5 — K vv decay in presence of NP

ds

WITH FULL SM form factors F_SM(s),
INCLUDING (M_f/M_i)*2 terms,
INCLUDING m_nu dependent terms.

FSM

ds

FSM

ds

10 GeV?2 drom
FSM

0.6

0.4

0.2

ds

FSM

102GeV? drom
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oceneral Comments on New physics ettects to pDMCT

Choose Process: X(px) — Y(py) v(p1) v(p2)

(a) X,Y = single/multi-particle states, Y can also be null,

(b) 4-momenta py,py are well measured .

Decay Amplitudes: Showing p,, p, dependencies alone for brevity of expression,

(a) DIRAC case: A" = _#(p,,p,),

1
(b) MAJORANA case: #M = —| _#(p,, — M (p,, .
\/E( N (Ii} pZ)J N (Eif PQ )

Direct amplitude Exchange amplitude

| P | — || = %[ |4 (py,p2)° — w(pz,pmi) +Re (A (py,py)" #(p3,P1))-

Direct term

Exchange term Interference term

Ingeneral,  #@yLp)l# A (p2p)P.

Direct term

(e.g. SM z->nu nu-bar)

Exchange term

Special cases (1, p)l" = |4 (p2.p)I’,

Direct term

Exchange term
r P=p2=D, (special scenario | A )
i/ff(PbPz)\i:Mf(szpl)\i = { M(py,py) = +M(py, 1), (special scenario E )
it tem  Exchang em A (py,py) = =M (py, py). (special scenario | C )
10/20/2022

D 2 M 2 _ 2
A = }‘/ﬂcollinear} - }‘/%collinear} - |‘/%(p) p)| # 0.
D z M 2 2
B = )‘/%symmetric - )Msynunetlic = |“%(P1:P2)| # 0.

A ) oc [u(p,)y*v(p,)],  (neutral vector current)
Prob2 [@(p,) o™ v(p,)|, (neutral tensor current)

2
c] =l == (p o) £0.

2
D ﬁfM
anti-symm) - ) anti-symm

Is nu Dirac or Majorana?

[u(p1)v(pa)],
M (py,p,) OC [E(p Dy’ v(pz]] , (neutral pseudo-scalar current)
[E(p D1y v( pz]], (neutral axial-vector current)

(neutral scalar current)

2

Z—o vy §
vy }/ﬂﬂ}z—}/ﬂwz é([CE—Cj)(m% +2mi)+6€jmi).

2
Cy=Cr=73 }“”D|2_}“"M|2:g?zmz

p2
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Discussions on new physics effects to neutrino property

(1) Probable existence of non-standard interactions can be probed in 2, 3-body meson
decays suchasusing 7Z-vyvy, and B — Kvv,K — mvv

(2) If such NP effects are experimentally observed, one can utilize them to distinguish
between Dirac and Majorana neutrino possibilities.

(3) Our discussion very clearly illustrates the applicability and non-applicability of

the practical Dirac Majorana confusion “theorem” (pDMCT).
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SUMMARY

Conclusion
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Conclusion

(1) (@) We consider the B decay, B® - p~p*v,v, , implementing the Fermi-Dirac statistics
to find the difference between Dirac and Majorana neutrino, and to test the practical
Dirac-Majorana Confusion Theorem.

(b) We also consider B - Kvv,K - nvv implementing model independent new physics
scenarios to find the difference between Dirac and Majorana neutrino.

(2) (a) If we consider the special kinematic configuration of back-to-back muons
in the B rest frame, there exists striking difference between D and M cases,
which do not depend on neutrino mass, hence, overcoming pDMCT.
(b) If we consider scalar and/or tensor new physics, we can distinguish D from M,
which do not depend on neutrino mass, hence, overcoming pDMCT.

(3) We give full details of analysis, including resonant and non-resonant
contributions, tiny neutrino mass dependence, helicity consideration, etc,
also confirming pDMC if we integrate out full nu nu-bar phase space.



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.

10/20/2022 s nu Dirac or Majorana?

oility of
n NDBD. Our

DBD as far as
trinos is
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Choose a process (decay/scattering)
[0] B.Kayser,PRD26(1982) involving neutrinos

[1] S.P.Rosen,PRL48(1982); CSK,etal. (2022)
[2] T.Chabra,PR.Babu,PRD46(1992)

Are the 4-momenta of

Full integration over 4-momenta of

y and/or v is necessary.

/

NO

v and/or v measurable or
deducible?

4-momenta of v and/or ».

No need to fully integrate over
YES

N

Is the process

Dirac Majorana difference YES facilitated by any exotic
could be independent of m, (non-standard)
. N

1. There is no general proof, independent of Interaction:

process or observable, for this “theorem”. .

violates

2. Shown to hold only in the presence of neutral ‘

current interactions allowed in the SM.
3. Not sacrosanct and can be violated under ;?ractical Dira({ . .

special circumstances. Majorana confusion <= complies with

“theorem”
* %
[0]

Is nu Dirac or Majorana?
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Back-up (Details)

Helicity & Chirality

Helicity configuration of back-to-back muons
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Helicity & Chirality

Dirac equation

A free fermion of mass m is described by a fermionic field

(x) which satisfies the Dirac equation,

(id —m)y(x) =0,

(1)

where ¢ = y#d, with the Dirac y matrices having two useful

representat 10ns:

Dirac representation:
o (1 0 i 0 o
=g 1) 2T o 0)

: ) 0 1
rh=ibrbrn =) of

and

10/20/2022

(3)

Weyl or Chiral representation:
o [0 -1 (0
el o) 7T o

Yo S VY =

and

—

I 0

0 _1], 5)
. I 0 0 0 .

where 1 = 1,2,3, 1 = (U ]), 0 = ({} U]q and the Pauli
. . 0 1 0 —i

[ _ ) _

o matrices are given by o = (l U)’ o= (i 0), and
1 0

gﬂ_[ﬂ _1).

Note: |y, = ¥- | |vh = v |and| y;, = =2 |
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Helicity & Chirality

Helicity / Spin projection operator

For a spin 1/2 fermion, the spin could have projection along
the direction of 3-momentum (helicity = A = +1) or oppo-
site to it (5 = —1). The helicity operator is given by

5.P
s|P|

where S is the spin operator and P is the 3-momentum op-
erator and s = 1/2 for the spin !/2 fermion. Thus, the field
Y(x) can be split into a positive helicity part ¢*(x) and a
negative helicity part '~’(x) which are eigenfunctions of
the helicity operator, i.e.

'E,ﬁ“”(l’) = I w{.‘r}(x ), (?)

1=

(6)

for h = +1, and

U(x) = P (x) + ' (x). (8)

10/20/2022

Chirality projection operator

The matrix y° is the chirality matrix. If wg(x) and v (x) are
the right and left chiral fields, then they satisfy the following
eigenvalue equations,

Y Ur(x) = +Ur(x), 9)
Y wr(x) = =g (x), (10)
and
W(x) = Up(x) + ¥ (x). (11)
In other words,
| +9°
Ur(x) = —=10(x) = Pru(), (12)
] - ”}*’5
UL(x) = ——u(x) = PL(x), (13)
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Helicity & Chirality

where, in the chiral representation, we have

[+ (1 0
PR:T: n n)-.- “4}
[y [0 0

Writing the general 4-component Dirac spinor ¢ in terms of
two 2-component (Weyl) spinors yg and y; as

= (X ) (16)

we get (in the chiral representation)

Ug=Prib = (Xﬂ)ﬁ U =Py = [X) (17)

Thus the operators Py and P; are called the chirality pro-
jection operators. The chiral spinors i and ¢, satisfy the
field equations,

g =mi, (18)
i@y, = mup. (19)
This shows that space-time evolution of the chiral spinors
g and ¢y, are related to one another by the mass m. If we

consider the case of massless fermions, 1.e. m = 0, then we
obtain the Weyl equations:

idyg =0, (20)
i = 0. (21)
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Helicity & Chirality

Dirac spinors

For both helicity projections, we can have positive and neg-
ative frequency solutions of the Dirac equation. Thus,

'?(j(m (.I) — JH djp

(h) (h) —ip-x
QnpaElt PP

+ b“ﬂ?(‘p) FIM(P} Efp-.‘{' 5 (22)
where the coefficients a(p) and 5" (p) are given by,
)= [Epuw e 3)

b“!]l(p) _ J“ d3,1: -',E'IT(I) ch"l(p} Efp-.!." (24)

and they satisf}f the condition that

f [217}32!5 Z

a® ) + pP(p)|| = (25)

The Dirac equations satisfied by the four 4-component
Dirac spinors ' (p) and v'""'(p) are

(p—m)u®(p)=0, (26)
(p + m) v (p) =0, (27)

where p = y*p,. For the Dirac spinor associated with ei-
ther positive or negative frequency solution, we can further
distinguish the left and right chiral spinors, i.e.

W (p) = Hg”(p} + ugi}(p), (28)
VB (p) =i (p) + vV (p). (29)

Let us introduce the 2-component helicity eigenstate
spinors y'" () which satisfy the eigenvalue equation

p-d
pl

The explicit form of Dirac spinors can be written using
these 2-component spinors. The explicit form of Dirac
spinors also depends on the representation of the Dirac
matrices.

X" = hx™(p). (30)
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Helicity & Chirality

(1) In the Dirac representation we have,

VE +m y"(p)
hVE —m x"(p)

u)(p) = [

x"(p)
=VE+m| |5 , (31)

{h‘.l
hz—x"(P)

—VE-m X{_m(ﬁ)}

ih) .
(p)=
bP [h VE +m xP(p)

L
=VE+m| E+m ”(1’7) (32)
hx' = (p)

10/20/2022 Is nu Dirac or Majorana?

For non-relativistic case we have !ﬁ! < mand E = m,
such that

x"(p)
) (p) = , (33)
) 2L gy
N
hy =" (p)
Since, < 1, in the non-relativistic case, the two

Zm
upper components of " (p) are called the larger com-

ponents and the two lower components are called the
smaller components. The opposite is true for v\"(p).
This makes Dirac representation a useful choice while
studying non-relativistic fermions.
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Helicity & Chirality
(2) In the Weyl or Chiral representation we have

— JVE +h|p| x™(p)
VE — k|| x™(5
E—h!.x*MUﬂ]

vm}(p) =—h| 7
¢ JE + 1 |p| x“P ()

i
ul (p) =

5

Thus,

- JE + P XY
u(p) =
| JE = A X ®

—"(P
- e+ ,

m Xl:+‘.l(ﬁ}

E + |p|

i o | TVEPXCO@
H_ p =
- JE+ |7 x2®

10/20/2022

(36)

(37) Ve
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Helicity & Chirality

For ultra-relativistic case we have m < E and p = E, such

that

u?j(p}:

u:,;j(p}z

v (p) =

ve () =

10/20/2022

V,_ _XH‘.I@}
2E . (41)
%x‘”(ﬁ)
_moo
X (p)
V2E| 2E , (42)
Y UP)
i (—)
X (P)
_\2E|2E , (43)
X 7@
- xH(P)
E , (44)
%X{”(ﬁ}

Since, in the chiral representation, the upper two compo-
nents of the 4-component Dirac spinor form the Right Weyl
spinor and the lower two components form the Left Weyl
spinor, let us introduce the following notation,

" (p) Ve (p)
ugi}(p) = \2E ;; , vgﬂ(p} = \2E f:n ,
U (p) Ve (p)

(45)

Using this notation and using the fact that for ultra-
D m ..

relativistic case 3 < 1, it is easy to show that the /arger

e

COMponenis are

ucp(p) = = x(), (462)
U (p) = + X, (46b)
v () = =X, (46¢)
ver(p) = + XV, (46d)
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Helicity & Chirality
CP|v(3, E,, §,)) = np [Ve(5, E,, - ,))
and the smaller components are

—_— cP —
p— - — 1 S—

U (p) = 4= S X D) (47a) (3, B ) 5, B -5)
m
cxP) = —5= X7, (47b) _
u(p-)
m
pﬁ;;<p) P, (47¢)
) D T — )|
1 (p) = +2 X(P). (47d) R S NGl
In simple terms, these equations state that for a fermionic on)
particle in ultra-relativistic case: i
(i) positive helicity state is mostly right-handed. and w(p)
ii) negative helicity state is mostly left-handed.
( } E J J WWMipy) = T ;ﬂ = - 1"”(,01}

Similarly, for a fermionic anti-particle in ultra-relativistic

Case: e (p) — pu(p.)
(i) positive helicity state is mostly left-handed, and N
WM(py) — e ——» WM(py)
.. . .. i . v, B Vi
(ii) negative helicity state is mostly right-handed.
m— & +(P+}
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Re(A (pr,pa) M (prpy)) cmy. of  Bpg)— p(p) it () Vulpr) vu(po),

Since the squared diagram involves two helicity flips for the Majorana

2

neutrinos, these contributions are directly proportional to mZ.
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