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INTRODUCTION

mass
Seesaw mechanism

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

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

*

6/30/2022

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).
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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.

6/30/2022 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,
6/30/2022

2M7,
w
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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))

6/30/2022 Is nu Dirac or Majorana? 15



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, i
10 2 ; 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] = Go, Mo, |Tn,.6’,6’|
[ — 16| Mod. Phys. Lett. A 27, 1230015 (2012),
| = 20
30| arXiv:1203.5250 o
10 e Possibility of very small Mass(mv. ~ ™sg)
10 107 107 107 1 .
e [oV] 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.

6/30/2022 Is nu Dirac or Majorana? 18



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

6/30/2022 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

6/30/2022

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)).

[nterference term
I1dC 01 vidjordiid? 20




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

6/30/2022 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
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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

6/30/2022
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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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another 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.

6/30/2022 Is nu Dirac or Majorana?
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BACK-TO-BACK muons (ie

- experimentally observable

exception to DMCT

Thought experiment, exception to DMCT
Back-to-back muons (ie.B2B v —1v )

Helicity consideration

6/30/2022 Is nu Dirac or Majorana? 2T



StUdY on Bo[pﬂ} —? p_[p_)p'l'[p_l_] Fp'[ﬁl] Vy[PE}: Doubly weak charged current process in SM

i (r.)
d D
71(71)
BO(pB) +
VD
_ [v#](pz)
b
W*(q+)
()
(a) For Dirac neutrinos: v, = v?, v, = #%.
+

W*(q;)

(b} For Majorana neulrinos: v, = #, = ol

6/30/2022 Is nu Dirac or Majorana? 28



Thought experiment, exception to DMCT
CONSIDER the SM allowed decay  B'(ps) — 1 (p-) 1" () 7u(p1) V()

At a special case when nu and nu-bar are collinear, p1 = p.

. ._ . . B . M _ :
For Majorana case (Anti-symmetrization of nu-nubar) : //{ml]inw =0
For Dirac Case: in general %Dlhmar = 0.

( ‘ mlhmari ) = 6461‘ ”Fa:-tlE (Pv 'P+) (Pr 'P—}, . oC mf.

THEREFORE, in collinear case ff“"%l}'z -l ) dpidtes i oc .

6/30/2022 s nu Dirac or Majorana? 29



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

B{}{Fﬁ) — Ff—{f:"—)ﬂ+{f}+} I’;e(P]J ";f{fjf)a

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
=» nuand nu-bar also back-to-back

E, =E,=E,=my/2—E, => Allkinematic variables are calculable or measurable,
m12/v — 4E5 Only the angle (between Vv—Vv and up-—u4)
2
m2, = (my — 2E,) UNKNOWN
= [mg/2—E,)? = m dr 5 ar
dEﬁdSlIlH dEEdSlnH

m=Jﬁ—m5

Need not integrate out nu-nubar full phase space,

only unmeasurable angle ( 6 ) integrate out _

6/30/2022 Is nu Dirac or Majorana?



** Helicity & Chirality

and the smaller components are

m, 0 H(_"L(P) = +E Xtﬂ(ﬁ}
2E, Cp) = ﬁ =X,

ﬂ ~ 0.04 )
26, virﬂw) —= XD,
ver(p) = +2 x ().

In simple terms, these equations state that for a fermionic
particle in ultra-relativistic case:

(i) positive helicity state is mostly right-handed, and
(i1) negative helicity state is mostly left-handed.

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

(1) positive helicity state is mostly left-handed, and

(i1) negative helicity state is mostly right-handed.

6/30/2022 Is nu Dirac or Majorana?

CP V(3. Ey, B)) = e [¥(5, Ey, = 1))

|V{[§:Evaﬁv)> i'f(-iEva_ﬁv))
N \N
V”lfpg} - —— ° —— - Tﬂ(ﬁ'l}
Vu - B o Vi
.“+(P+}

B'(pp) = 1 (p_) ¥ (p1) Vu(p1) vu(p2),

. + +
Compare to T~ 2 U~V

to test parity violation & CP conservation
31



Helicity Configuration of back-to-back muons
in rest frame of B in decay B(pg) > p (p) i (p) vu(p) vu(po), (1)

" N o \\
R —— N

i} L VM
Yy — Bﬂ\g 5, ’ (p1)
o
+
p‘ (P+} P-+(P+}
(a) Helicity configuration involving Dirac neutrinos,
Vy = . Tfp =¥

“/ﬂ(_,DIZ oc (1 — cos 9)2 :

Direct term

u(ps)
M2 1 2 2 5 (b) Helicity configuration involving Majorana neutrinos,
|L/é’(_,| CCE[(I_COSQ) +(1—cos(7r—9)) - O(mv) ] Yy =T, =
S—
Direct term Exchange term Interference term
The antisymmetrization for Majorana case gives the exchange term (via
~ | + 0052 ] p1 < p2 exchange) and 1s not associated with any helicity flip, as shown

6/30/2022 Is nu Dirac or Majorana? 32



Helicity Configuration of back-to-back muons
in rest frame of B in decay B(pg) > p (p) i (p) vu(p) vu(p2),  (2)

‘%(_}Dlz oc (l — Ccos 6‘)2 .

Direct term

2
- o(m) |
e

Interference term

|‘/f{f|20c %[(1 —0059)2+(1 —cos(rr—@))

Direct term Exchange term

~ 1 + cos? 6.

** Presently nu nu-bar totally missing, the angle @ is completely unknown,
therefore, need to integrate out.  =» BR(M) >> BR(D)

6/30/2022 Is nu Dirac or Majorana?

0

- K4 ’ ) N
7 ’ \
| ; N
‘N N
0. | ‘\__
). Dirac: (1—cos6)? x
i Majorana: 1 +cos?f —-m——.

I I l I | I | I I | I I | I | I I I I
—1 -0.5 0 0.5 1

sind



Detailed Study of Bﬂ{pﬁ}ap'{p_}pJ’{pJ,]?#(_.u]]v#{pg}, -- B2B muons
(Comments on Measurement of angular distribution)

T and v ) ** Presently nu nu-bar totally missing

@ = angle between (mumu-nunu) = angle between ( u

With futuristic detector (ie. neutrino near detector), v from u~ and ¥ from u* canbedetected!

(i) AssumingDiracneutrino, VvV #= v , theangle @ uniquelydecided

pu(p_)
v(py) —E—=>—"90 - E"D{pl} (%HI oc (1 — COS E?) .
LgT B° () Y

Direct term

ur(py)

(a) Helicity configuration involving Dirac neutrinos,

— = = i
PF=VD.,VF=V .

(i) Assuming Majorana neutrino, y = v , theangle notuniquely decided =» need symmetrized

|‘,ﬁﬂf|2 oc %[(1 —0059)2+(1 — cos (m — 6) )2— O(mﬁ) ] ~ | + CDSZ .

R g——
Direct term Exchange term Interference term
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DETAILED ANALYSIS & DISCUSSION ON B2B MUONS
[CSK.MM,DS, arXiv;//2106.11785 (PRD, in press)]

Detailed study of BY(pg) — u(p_) " (p4) u(p1) v,(p2),
Detailed study of  B(pg) = u (p_) " (p2) vu(p1) vu(p2), W/ B2B muons

Discussionson  BY(pp) = ™ (p_) it (p+) Vu(p1) vu(p2), W/ B2B muons



Detailed study of  B'(pp) = 1 (p) " po) Wup)vup2), (1)

(P
;ﬂf_.iﬂ'l:l
v p2)
M (P
(a) For Dirac neutrinos: v, = +v”, v, = ¥".
u(p-)
d W(q ) o
vM(p1)
B(ps)
_ v(p2)
b
#+|{P+]|
s (p-)
d o
VH[P:]
- Bps)
_ vM(p)
b .
Wi, )
H(p)
(b) For Majorana neutrinos: v, = v, = M

6/30/2022

Doubly weak charged current process in SM

s (p)

T’”{Fj-]
VO p2)
u(p.) G-
‘,ﬁ,"ﬂ = ?FHE‘ELEJE = ;@12 + 5@13,

2
u(p-) M GF aff rafiy e
zﬁ/ =——|H L&ﬁ - H L&
VH{P1} 2 ﬁ ( JE)
1
V4 (ps) = —(Z2n- 20 +%n-%n),
V2
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Detailed study of  B(pg) - g (p)u @) vup)vu(pr), (1)
Doubly weak charged current process in SM
o (p-)

w(a-)

B(ps) Zi(m) Fa0)
. I‘;EI(PQ) I:’fl(p )
W*(q+) N + GE
w(p2) w(p-) ./ﬂéfﬂ _ ?FHEJELE,E = ,@12 + 3@12,
GE
MY = ——(HLoy - HL,)

2(
= E(EIE_ D+ % — %),

(b} For Majorana neutrinos: v, = #, = ol
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Detailed study of  B(pg) - g (p)p ) vup)vu(pr),  (2)

Log = [i(p-)ya 1 -7') o) [T 31 -7 ()

2
By = %Haﬁf_a& HY = Vi ViV + Vo VeV = (Fodl +F-) ¢,

G ! % TF * T
I = ?FH,&ﬁL;ﬁa H = Vubvud‘vﬂaﬁJfVcbed“

2

G
Log = —- BY Ly,

Gy .
9y = T[ Z VorVoa Ve
(=uct

H* =R, g”£+]Fprpﬂ+i]F e

2

G ’ . ’
Dy = LHFL, H =F, g% +F, pi oy +iF. €™ ¢, q.,

2

6/30/2022

= (Fq¥ +F ¢%)q",

"‘?ﬂ'.l'. q_l"!

Is nu Dirac or Majorana?

up H”Pl ye(1-7) 0 PJ‘

(0 fr (N p0) " 0
Vi = T ¢ (Fp qP +F) "),
q_ -F IHTHIHH

VOB = FOQ g 4 FQ gt pft 4 i FOQ e o) )

F; = F; (qi,q‘%) = Z VébVQdF;Q (‘ﬁa‘ﬁ)

=nic.i
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oM oM AVELS

2 Al - 2
dm;, dmy, dcos6, dcos6, dp  (47)° mymy, m,,

¥

Y:

2 2 2
.J.:l (mg, F ._,mw)
=

2???5
. \/mﬁp — 4mg,
m = 2
After integrating out unobservable neutrino phase space y VmZ, — 4m?
no— 1 ¥

d?- I-'M' d?- r}'}
2 2 Al 2
mﬂHu dm:, d cos 6, dm#P dms:, dcos 6,

o mf (confirming pDMCT)
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Detailed study of  B(pp) - w (p )i po)vpv(p),  (3-1)

from VY.V L i )
= nor f [. ( ‘_,ﬁ"’””‘” ) dcos 6, do. (in case neutrinos unobservable)
My J-1 0

dm’, dm?, dcos,  (47)°mpmy,
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Detailed study of  B(pg) = (p) ' (po)Wulp)vp),  (3-2)

d3rﬂ-f d3l—'."J G4 };}; }fﬂ 2
5 5 - = 5 - f f dcosd, d¢
dmg, dm;, dcosé,  dmg, dm;, dcos Ei,,, 2(4 ) ma My My Jo1 o
{ L SY B P SY — B2 SM _[F S P SY [ SM, (B SY, e [ETSY  FTSY L [F s,

— Re (E,F; ) RY, — Re (F,F)RY. — Re (F,F;)RY — Re (F,F7)RY, — Re (F,F) R}l — Re (F,F;) R} — Re (F,F*) R},
— Re (B.F*)RY, + Re (F,F; ) RY,, + Re (F,F") RY. + Re (F,F)RY, + Re (F,F”)RY,, +Re (F,F°) R},

+Re( JF)RY,, +Re (F,F”)RY,, + Re (F.F”)RY,, — Re (F.F2)R}!, + Re (F.F”) R,
J) 1% — Tm (BRI — Im (B, F*) 1Y — Im (R, F5) I} — Im (F.F;) 1Y — Im (R.F2) 1%,

+1m(":-“1F’*]fﬂ,‘b,+1m(1F;1F;*}f L+ Im (FLF) I+ Im (B ) 1Y + Im (FLF)) 1Y, + Im (FLF) 1Y,

—Im(E cm

+ mf(Re (F.F,)RY, + Re (B,F} ) RY, +Re (F,F7)R), + Re (F,F;)RY, + Re (F,Fy ) R}, + Re (F,F.") R}
+ Re (IE‘bFf}Rf, +Re (F,F”) R}, + Re (R.F}"|RY, + Re (R.F)RY, + Re (F.F)RY, + Re (F.F")RY,
+Re (F,F;)RY, + Re(F,F*)RY, +Re (]F;F*]R” +Re (F, F*)R” +Re (F.F;)RY +Re(F.F)RY,

b'm
+ Im (BB 1Y, + Im (B, F*) 1Y, 4 Im (B, F) 1Y o+ Im(F,F*) 1M, + Im (F.FS I, + Im (FF*) 1Y

+Im (F.F)IY, + Im (B.F7) 1Y, +Im(FF*)f” +Im (FF*) 1)+ Im (FLF2) 1Y) + Im (F. F*)f,_,,,,)) s m%
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Detailed Study of B{}{pg}ap'{p_}pJ’{pJ,}?ﬁ{p]}vﬁ{pg}, -- B2B muons (1)

Kinematics of back-to-back muons at B-rest frame  (ie. B2B nu-nubar)

E1=E2=Ev=mB/2_EM COSano
mg, = 4E; =0
mfm = (mg — 2E,)* 0, =m/2—0

Vi = \/ (mg/2 — E,)? — m? (cos6,, = sind)

Y, = JE5 —mj ** @ =angle between (mu mu - nu nu)

dr
dE;dsinf
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Detailed study of  B(s)- g (0w @)%, -- B2B muons (1-1)

d3 l-‘D d3 l-'M Gi Eﬁ — mz

U om
- = - E,|
dEZdsine dEZdsin®  (47)° my E, ( 2 H

2

x ((uﬁf ~ [E4[") Ao + Bl = (B3] Ao + (I = B2 ) A
+ (9.2 - ¥ "), + (|F_|2 _ |F'_|2) A + (Re (.F;) - Re (%) )a.ﬁb
+(Re (F,F?) - Re (IE‘;IF+})&{;P+(RE (B,F*) - Re (FF” ))abp+(Re (F,F*) — Re (F,F"") )A
+ (Re (F,F7) — Re (F,F”) )ﬂb,,, + (Re (F.F") — Re (F.F") )am + (Rﬂ (F,F*) — Re (F,F” )) o
+ cosﬂ{ (||-E,| +[® )E,m + (|]E{:,|2 + |E‘;|2)Ebb + [|F+|2 + |F'+|2)zpp + [|F_ 24 |F’_|2)Emm
+ (Re (F.F;) + Re (F,Fy) )zm, + (Re (F,F*) + Re (' F”* }) .

a m

+ (Re (F,F*) + Re (]F;F’_*))Ebm + (Re (F,F*) + Re{F;F’_*))EPm]), £X M2«
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Detailed study of B"(pg) = (p) i (p) vu(p) vu(p2), -- B2B muons (2)

grov 2 E-m z)

dE;dsiné  (47)° myE,

7

e

(5 -5)

Consider a simple case for numerical purpose only:
(1) neglect muon & neutrino mass =» we consider only non-resonant contributions
(2) consider only dominant form factor, ( =%, ¢#+R, popf+iB. e q,uq.,, )
(3) assume the form factor to be a constant

4 . _
&2 GplRf (me-2E,) K, , (4) approximate E, ~ K,

- E,— K, cos6 4
Edsne - SaemE, (b Kieosd) Fro Gh RS (mp-2E,) Eﬁ(l )
= —cosf| ,
o G |Fﬂ|z(mﬂ_zﬁp)4ﬁﬂ o dE2dsiné 51275 my
2 = E° + K cos“ 6, 4
dE2dsing 51278 my E, (B + Kicos'e) & Gi Bof (mp-2E,) E ,
T (l+cus H],
R dEZdsin6 512 7% mp

H p— M
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Detailed Study of Bﬂ{pﬁ}ap'{p_}pJ’{pJ,]?#(_.u]]v#{pg}, -- B2B muons (3)

S127°mg  d°TE GeV® S12n°mg  d°TM

GeV®
G |F,[* dE;dsin® (GeV') G} IRl dE; dsing (GeV')
250 250
200 3 200 3
o0 4 00 M 150 3
100 = 100 3
50 —; ] 50 —; ]
0 i 0 3 g
mn i)
’ sin & #o 0.5 sind
7
(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 of B"(ps) = 1 (p)i* (p) vu(p) vu(p2), -- B2B muons (4)

3 o N —
'EID'U . .'-_-"'.. "\__x.. V”':F"z} - ;I#ff'\- = - ?ﬂ'{pl)
i & . Vi B 2} Vu
T s0 4
i 1 pH(ps)
400 47 ici ion involving Di j
= , % 1. Dirac case ia} i—Iellm;y inggguratmn involving Dirac neutrinos,
o ) pg=r 2 ¥p=7¥ -
== 1 Majorana case —————..—
m o 11—
|5 ] | u(po)
o [ 4 |
'-'I"_"I E 200 o |II II||
] WM (py) — e WM(py)
100 2 x\ Vi B o v,
0 ] — T |-_h|__| T T [ T T 1 |__|_F-| B — P_{P_} - '“+(P+}
-1 —0.5 0 0.5 1
siné
i _ _ WM (py) — e {q_.'—' _—rD
(d) Comparison of sin # distribution alone between Dirac and Majorana Vi B° Vi
cases. Compare with Fig. 2.
T—8 pr(ps)

** Presently nu nu-bar totally missing, the angle @ is completely unknown,
therefore, need to integrateout. =  BR(M) >> BR(D)
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(b) Helicity configuration involving Majorana nentrinos,
Vg =¥y =



Detailed study of B"(ps) = 1 (p) i (p) vu(p) vu(p2), -- B2B muons (5)

E, (GeV)
m )5 2 1.5 1 05  m,0
| I | 11 | I | 11 | I | 11 1 I | 11 1 I | 11 I
: 1000 T
Integrating over currently unobservable angle 6, we get i -
lﬁ" : ._." x..\."«
g 100 f:I
dzrﬂ G;}; ”Ff:lz 4 = . 3 _':
= = - (mp-2E,) K, 318 i
dE; 1536 8" mg E, o 1
- 1
" . = 4
2 _ Y . 2 | ,
X (10E; - 37 E, K, — 4m), Sz o]
SNSEE
dlrﬂf Gi HFHI2 4 - - Di :
5 = mg—2E,) K,(10E; —4mi), ] frac case *
dEZ 15367 myE, (ms ) K. (10E; ) l Majorana case ———-— :
1
1 I 1 I LIL LI I LIL LIL I LIL LIL I LIL LIL I I
Om, 05 1 1.5 2 2.5 I
E, (GeV)
o BR(D — M) = f (D<_> — M<_>> + m2 (c) Comparison of muon energy distributions between Dirac and
Majorana cases in the back-to-back scenario.

due to very restricted phase space of B2B muons
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Discussions on  B'(pg) = i (p-) i (p) 7u(p1)vu(p2), -- B2B muons (1)

] D -12 -2, m 2
(1) Branching ratio of B2B muons B, =TTy~ LIx107"GeV ™ x[E,l,

(only w/ non-resonant contributions) _ 9 7
BY =M Ty~ 1.8x 107 GeV 2 x [F,[ .

(2) Adding B°(B%) — p w*v,v, B'(B") - ¢ e v,.7, increasing BR four-fold

(3) Futuristic detectors, e.g. FASER, MATHUSLA, SHiP, GAZELLA, could enable
to probe the angular distribution, D « (1 —co0s#)? M « (1 + cosf?)

et ”» 0 T R “utv v Y
(4) Bg processes, B2B muons + “missing momentum L B" = 77 Ve JVy = J Ty Yy Ve Vo, and
small due to additional vertices, phase space suppression 2. B" =t ¢ =y " v, 9, v, 7,

(5) Many similar processes, H - p*u vy, D — pt v, J /b = ptum v,
Y(2S) -t vV, KO - ptutvy, ..
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Discussions on  B'(pg) = g~ (p-) i (p) %u(p1) vu(p2). -- B2B muons (2)
Further Discussions:
(1) Discussion on Form Factor Phys. Rev. D 83, 037503 (2011)
(2) On Collinear case: (p1=p2),my, = 4m; =~ 0 [missing mass”2=0, measurable]
(3) On pDMCT

(4) On neutrino mass generation mechanism, scale dependence, mixing matrix (PMNS),
any symmetry on phase space, ...

(5) On non-zero nu mass, Helicity-Chirality, Weyl-Dirac-Majorana, ...
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Comments on New physics etfects 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 pl), )

Direct amplitude Exchange amplitude

| P | — || = %[ |4 (py,p2)° — w(pz,puli) +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:i/ff(szpl)\i = { M(py,py) = +M(py, 1), (special scenario E )
icttem  Bchang e | A (p1, py) == (p,py). (special scenario | C )
6/30/2022

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

A ) oc [u(p,)y*v(p,)],  (neutral vector current)
Frobe [@(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— 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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SUMMARY

Conclusion

Acknowledgements
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Conclusion

(1) We consider the B decay, B° - u~u*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.

(2) 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.

(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.

(4) Finally, we give similar decay examples, such as Higgs, K, D, J/psi, etc.



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.

6/30/2022 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?

6/30/2022 54



Conclusion — Another Final Comment

** 1. Practical Dirac Majorana confusion theorem: It is believed to suggest that all
difference between Dirac and Majorana neutrinos must be proportional to some power of
neutrino mass ( m, ).

Truth: (@) There is 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.

(b) Our manuscriptis a testament to the fact that this “theorem” can be overcome, if
energy and/or momentum of neutrino can be inferred or measured. The interesting
question is to find out a way to realize this, which we do by measuring muon energy in the
back-to-back muons configuration inthe B restframe, E, =my/2-E, .

6/30/2022 Is nu Dirac or Majorana?



Conclusion — Another Final Comment

** 2. Massless neutrino limit: It is believed that there should be smooth transition
between Majorana and Dirac neutrinos under m, —» 0 limit.

Truth: (a) 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.

(b) The reduction of neutrino degrees of freedom from 4 to 2 for my, = 0 is a discrete jump,
and not a continuous change. So the massless neutrino is an entirely different species
than the massive one even with extremely tiny mass. Therefore, the presumed smooth
transitional difference between Majorana and Dirac neutrinosat m, - 0 isonlya
misperception.

(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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Back-up (Details)

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

Detailed study of B (pg) =  (p_) r* (p1) V(1) vu(P2),

Back-to-back muons in B-rest frame
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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

6/30/2022

(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)

6/30/2022

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)

6/30/2022 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®

6/30/2022

(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 () =

6/30/2022

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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Helicity Configuration of back-to-back muons

pg -I > Il-1 Lr:q

Yy b A

Helicity-flip (X)

*(py)
\ Momenta exchange (O)
/—

*ll -V |,r;11

T-f u(ps)
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Detailed study of  B'(pg) - p (p) i (p) ulp1) vu(p2),

45TD/M YY,Y, < |//!D"M|2 )

2 A2 - 2 2
cl;m,u’u dmz, dcos6,, dcos6, do (4 m)° my my,, m,,

(WF) - G;L( RS2 4R 80 4

=)
-:.h
= C

S0+ SD + PSP, +Re(Z,7)RY +Re(F.7) RY, + Re (F.F;)R),
+Re (FF°) RD, + Im(E,55 | 15+ Im(B,F) I + Im (B ) 1D + Im(B.F°) ), + Re (B, R,
+Re(FF2) Ry +Re(B,F:) Ry, + Re () RG + Im(BF) Iy + Im(B,F,) 1) + Im (B F) I,

+Im(EF) 1) +Re(FF)R), + Re(FLF ) R), + Im(E.F°) 15, + I (F+Fi)1§n),
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Detailed study of  B'(pg) - p (p) i (p) ulp1) vu(p2),

2 G
()=

6/30/2022

2 oM e 2 oM 2l oM 2 oM 2 oM 2 oM 2 oM 2 oM
Fal” St + [Fpl” Shp, + [FZ| S + F. 7 SY + [F_[7 S, + B S, + B Sy, +|F. S

o’ or

2
r M »
SY. +|F,

+F,2

St + Re (B.F;) RY, + Re (F.F.) RY + Re (F,F;)RY + Re (F,F*) R} + Re (F,F.)R}!

I

+ Re (F,F3) R} + Re (F,F2) R)) + Re (F.F})R!, + Re (F.F2) R, + Re (IF;F;) RM 4+ Re(F,7*)RM

+ Re (F,F7)RY,, + Re (F,F”")RY,. + Re {F;F;*] R} . + Re (F,FZ)RY , + Re (F,F")R}) . + Re (F.F)RY,
+ Re (F.F*)RY,, + Re (F.F")RY +Re (F.F*)RY . +1Im(F,F; )1 + Im (B, F)) I} + Im (F.F}) 1%

+ Im (B, F*) I, + Im (BpFY) 1) + Im (B, F2) 1)) + Im (B, F° ) 17+ Im (F.F}) 1Y) + Im (B.F ) 17

+Im (BB ) 1Y, + Im (FLFS) IV + Im (FLF)) 1Y, + Im (FLF) 1Y, + Im (B E5) 1Y + Im (B F) 1))

+ Im (F;F’_*]f;?m, +Im (FLF)) 1Y, + Im (FLF ) 1Y, + Im (FLF*) 1)

' pr

+ Im (F_ F*) 1"

P’
+ mE(Re (F.7")RY, + Re (Fa]E‘g“] RY, + Re (F.F) R). + Re (F.F)RM, + Re (F,F”)RY,, + Re (FoF) R},

+ Re (F,F} ) R)}, + Re (F,F.") R}, + Re (F,F7) R}, + Re (F,F”") R)!, + Re (F.F,") R, + Re (F.F; )R,

i’

+Re (F.F.)R!., + Re (F.F)RY, + Re (F.F*)RY, + Re (F,F})RY, + Re (F,F")RY, + Re (F,F.)RY,

+Re (F,F* ) RY,, + Re (F.F,)RY  + Re (F.F")RY, +Im (F,F,) I}, + Im (F,F; ) I%, + Im (E,F.") 1}

+ Im (B, F) I}, + Im (B, F2) I + Im (F,F;) 1)), + Im (m:g]fgg, + Im (B, F) 1)L + Im (B, F) I},

+Im (FpF ") IM, + Im (F.F) 1M, + Im (IE‘CIE«‘;*) 1%, + Im (FF) 1M + Im (B.F) 1Y, + Im (F.F7) I,

Im (B FD I+ Im (FF ) 1Y+ Tm (FFS) 1Y+ Im (FF*) 1+ Im (FUF5) 1% + Im (F;F:)f;}fm)),

Is nu Dirac or Majorana? 70



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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Detailed study of B'(pg) = " (p-) 1" (1) Wu(p1) viu(py), W/ B2B muons

. . . 2
Appendix B: Expressions for the various X;; and A;; terms Aem = 8 "”y "”B (EZ mi) (H?B _ E,u) sin2 0. (B11)
2
The A;; terms appearing in Eq. (47) are given by Apm =8 "”pr (”"'B o Eﬂ)
X ((mf; - Eﬁ,) cos? 6 + E, (mg - E‘u) ), (B12)

Aua =—16 (mp—2E ) ((m2 - E2) cos® 6 — EE)‘ (B1)

and the X;; terms are given by,
App = —41:-13 (mg -2F ) ((ma — Ez) cos? @ — Ez) (B2) ! ¢ Y

u
2
Ao = 81:-';-* (mﬁ - E“) mB ( ng — ) sin? @, (B3) 200 = —32E, Ef:_ ”*',E (”TB - EE#) g (BI3)
2
App = —41:-?# (mg -2 Ey) ((u?ﬁ E“) cos @ — Eﬁ,) (B4) Siop = —8;:‘:43 E, .,;‘Eﬁ — mﬁ (mg — QEF) . (B14)
2
2 2
Apn = 4;11ﬁ (H?B —2E ) ((m — Eﬁ) (sz — H?ﬁ.) cos? 0 X, =8E, n'ri . Eﬁ - mﬁ (mg - QE,H) . (B15)
+E, (E mB 2m mpg + E mﬁ)). (B5)
2
Agp = —16 m‘é (mg -2 Ey) = —8 mi .,KEﬁ - mf; (H?B -2 Ey) (n'rg - E#) . (Ble)
) 2, 2 2
X ((”?# E#) cos” 6 E#)‘ (B6) T = —32m% E, |EZ—m3 (1?33 — QE#) , (B17)
2 2
Agp = 16;:‘:4 (H?B -2FE ) X (B7) Yam = —16mﬁ mg .,fEZ - mﬁ (m_g -2F ) i (B18)
2 2
App = 8 m, ‘”?B ”"'B ) (B8) Spm = —8m° mB .KEE — m'ﬁ (H?B -2 E#) . (B19)
Aam = lﬁm (”?3 —-2E ) (E mp —m ) (B9) Xom = 8.!?;-';1 . Eﬁ - m;; (mB— ZE#) . (B20)
2
Apm = 8 ”,1,2 m‘% (n;-'g -2 Ey) (E‘u mg — mﬁ) . (B10)
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