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Dirac neutrino vs Majorana neutrino

The question of whether neutrinos are Dirac or Majorana remains open
e Dirac neutrino—v # U

« Majorana neutrino—v = v

Dirac mass Dirac mass
A Dirac mass l l
has the effect:
> X— or — Y ——»—
V V V V
Majorana Majorana
, mass mass
A Majorana mass l l
has the effect:
> X—> or - X—
\Y V V \Y

image credit: Balantekin & Kayser, 1805.00922

Main reasons:
* Relevant processes are extremely rare
* Nearly all accessible neutrinos are ultra-relativistic

e Observable differences are small



Dirac vs Majorana: rare relevant processes

Relevant processes are extremely rare
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Dirac vs Majorana: rare relevant processes

Relevant processes are extremely rare

1011 —
T%, 10%;
5
» 10°¢
L
2 v+3H — SHe + e~
—
S 100, " 5
F'es =205
0164 ~02 ~ 00 02 04 06
ey — evv K. - K34[eV1 Long, Lunardini, & Sabancilar, 1405.7654
5
mp = 1073 eV
(NH)
=4 -
=
o]
—
-o [ J
< 3
< \
b o
~
o2
o]
= .
© 4 0.2
0 Y+ 1" = I™ + vy |
0 1 0 200 400 600 8001000

E, [eV] W—-A[meV] M.Yoshimura, 0611362
Berryman, de Gouvéa, Kelly, & Schmitt 1805.10294 g



Dirac vs Majorana: rare relevant processes

Relevant processes are extremely rare
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Dirac vs Majorana: ultra-relativistic neutrinos

Nearly all accessible neutrinos are ultra-relativistic
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Dirac vs Majorana: ultra-relativistic neutrinos

Nearly all accessible neutrinos are ultra-relativistic

— helicity roles as the lepton number L, making L conserved in either case due to

the structure of weak interaction

CC
eg) W+ — €+ + Vo Uy + N — € 4+ X sce also: Balantekin & Kayser, 1805.00922

Recall that... . .
create an anti-fermion

d3p 1 (-’ ) —ip-x+bT (—’ ) +ip-x
27 — E az  u(p,s)e ﬁsv p,s)e
\/ p S . .
annihilate a fermion

w(x) =



Dirac vs Majorana: ultra-relativistic neutrinos

Nearly all accessible neutrinos are ultra-relativistic

— helicity roles as the lepton number L, making L conserved in either case due to

the structure of weak interaction

CC
eg) W+ — €+ + Vo Uy + N — € 4+ X sce also: Balantekin & Kayser, 1805.00922

create: e, U, create: e, 1,
Dirac absorb: e™, v, absorb:e™, 1,
g _=rs o g l-vs
£.. D ———ey’ vWi, — —I/}/’I—er,
2 2
V2 V2
. create:e ,v,, U, create: e*,v,, U,
Majorana

absorb: e*,v,,0, absorb:e”,v,,D,

Dirac: W¥ — e++ve,ve+Ng:>e_+X

Majorana: W¥ - et +uv,, v, + N g; et + X (L may be violated)

e e



Dirac vs Majorana: ultra-relativistic neutrinos

Nearly all accessible neutrinos are ultra-relativistic

— helicity roles as the lepton number L, making L conserved in either case due to

the structure of weak interaction

CC
eg) W+ — €+ + Vo Uy + N — € 4+ X sce also: Balantekin & Kayser, 1805.00922

create: e, U, create: e, 1,

Dirac absorb: e™, v, absorb:e™, 7,

g =1 o &1

L..D ———ey* VWi, — —=by'———=eW/,
2 2
V2 V2
. create:e ,v,, U, create: e*,v,, U,
Majorana L -
absorb:e™,v,,U, absorb:e”,v,, 1,
if v, is ultra-relativistic,
CC
e —- — . ,
Dirac: W* = e+ 1,1, + N —e” +X e~ is predominantly produced

CC
: .+ + + . .
Majorana: W™ — e™ + v, V, T N —Se +X  nodifference between Dirac

and Majorana 9



Dirac vs Majorana: small observable differences

Observable differences are small

Difference between | # |2 is suppressed by a neutrino mass (in the SM processes)

| AP * = | M| m,

e.g.) Z = UU R.E.Shrock, eConf C8206282
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Dirac vs Majorana: small observable differences

Observable differences are small

Difference between | # |2 is suppressed by a neutrino mass (in the SM processes)

| AP — | M) x my

e.9.) Z = UD Shrock, eConf C8206282 Confirmed in many processes:

e / > UD Shrock, eConf C8206282
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Heavy neutral lepton decay

Heavy neutral lepton N is more likely produced as a non-relativistic particle,

— offers higher chance to distinguish Dirac from Majorana

* |lepton number violating interaction

e.g.) W S et+NNoe+ W -

et et
Wt - wt* - this process is
N N .
possible only
if N is Majorana
W= W=

— difficult to detect because the detector might be insensitive to charge

* Angular distribution of decay products

* Lab frame energy distribution of decay products
12



Angular distribution of decay products

Angular distribution of decay products might shed light on the nature of neutrinos
see, e.g., Kayser 1805.07523, Balantekin, A. de Gouvéa, and Kayser 1808.10518

eqg. )y > Uty

U1 (z-axis // v spin)

%)

figure: A. B. Balantekin & B. Kayser, 1805.00922

Neutrinos are Majorana — isotropic distribution of v; in the rest frame of 1,
Neutrinos are Dirac — anisotropic distribution, forward/backward direction is preferred

depending on a helicity of v,
13



Angular distribution of decay products

Angular distribution of decay products might shed light on the nature of neutrinos
see, e.g., Kayser 1805.07523, Balantekin, A. de Gouvéa, and Kayser 1808.10518

Consider the decay process v; = v; + X (X: self-conjugate X = X)

dl(v; > v;+X) T
= 5(1 + acos 0)

d(cos 0)
— _(1 + O COS 9) _ dI'/d(cosf) (a > 0)
d(cos ) 2
2
g=
=
CPT invariance requires &
—_ —
— +~
I'=1a=—a i
<
in the lowest order of perturbations =
. . : % § —— Dirac (left-handed)
(if neutrinos are Majorana) & —— Dirac (sight-handed)
Majorana

—1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00

— a = 0 if neutrinos are Majorana cos
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Angular distribution of decay products

Angular distribution of decay products might shed light on the nature of neutrinos
see, e.g., Kayser 1805.07523, Balantekin, A. de Gouvéa, and Kayser 1808.10518

Two types of scenarios studied

dI'(N->v+X I’
( )= 0(1+ac089)
d(cos 0) 2
X v 7TO pO ZO HO
o 23m(pud*) 1 m?\,—ng m?v—2m2z 1
|2 +|d|? m5+2m2 | mi+2m3
(for Majorana, a = 0) B. Kayser 1805.07523

2. N> V; +X, X = l(; + l;_ (a 7& :B) A.de Gouvéa et al., 2104.05719

The flat spectrum will be observed if a detector is charge-blind

dl’ dI'(N—-uvX) dI'(N-— vX)

= + doesn’t depend on cos &
dcos 6 dcos 6 dcos 6

15



Angular distribution of decay products

Angular distribution of decay products might shed light on the nature of neutrinos
see, e.g., Kayser 1805.07523, Balantekin, A. de Gouvéa, and Kayser 1808.10518

Lab frame angular distribution depends on...
e a: decay asymmetry parameter (& = 0 for Majorana, a € [—1,1] for Dirac)
 P: polarization of the Nsample; P = (N, = N_)/(N,.+ N_) € [-1,1]

N, (N_): number of parent particles whose spins align(oppositely align) with momenta

Angular distribution of X in the boosted frame (y = 1.2)

3.5 - aP = —1 dF(N—>1/+X) FO
aP =1 =— (1 4+ acosh)
3.0 - aP =0 d(cos 0) 2

dI'/d cos O,
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e
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Energy distribution of decay products

Energy distribution of decay products in the lab frame might also be helpful

Lab frame energy distribution also depends on...

e a: decay asymmetry parameter (& = 0 for Majorana, a € [—1,1] for Dirac)
N, —N_
N+ N_

. P: polarization of the N sample; P =

3.5

w
S
1

b
ot

o
e}
1

—_
Ot
1
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Asymmetry in dark neutrino decay

Consider a dark neutrino coupled to neutrinos and a dark scalar ¢ or vector Z'

N (@%S N(E)

Yq
MicroBooNE Collaboration, 2502.10900 Abdallah et aI., 2406.07643

see also: Doojin & Raj's talks

MiniBooNE excess might be explained by a Extend to 2HDM + 3HNL model. Explains
dark sector particle decaying intoaee™ LSND, MiniBooNE, and ATOMKI anomalies

pair (* disfavored by MicroBooNE)

18



Asymmetry in dark neutrino decay

Consider a dark neutrino coupled to neutrinos and a dark scalar ¢ or vector Z/,

and its decay N, = N, + ¢ (or Z')

3+n 3+n

— S -5 P /U=
gint D) 2 ¢ I/j (gl] -+ l}/ gl]) I/i gint D) Z Zﬂyﬂyj(gl}/ — g;?yS)I/l
i, L]

(+Z;, which let ¢ or Z' decay to observable particles)
Goals:

« Study the asymmetry of angular/energy
distributions of ¢/Z’ by varying

parameters (mass, coupling, energy

: '\ e
distribution of parent particles) %a' yg'<
: +
« Using the model in 2406.07643 as a %% |
benchmark model, check whether short N (k) a’ N(k)

Yq

baseline experiments can distinguish Dirac my, = 120 MeV, my =70 MeV,m,, = 17 MeV

and Majorana neutrinos ylfLINz =3.15% 1072, /lf\lz;zvz —0.1
19



Spin-0 case

Benchmark model:

3+n
_ , my. = 120 MeV,my =70 MeV,m, = 17 MeV
gint:) Z¢l/] (gg‘l‘l}/SglJP) U; N, _]\711 .
i gS — 1, gP =1
— a = 0.66
dl'(N + X I’
W ):—0(1+acosé?) I 5
d(cos 0) 2 F o exp (Ey, — 1) 1 =350 MeV
. _
’ 20° 6 = 100 MeV

Angular distribution (left) and Majorana-to-Dirac ratio (right)

| —— Dirac 1.54 —— Majorana / Dirac

—==Majorana

dl'/d cos O1a1, (arbitrary units)

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

—1.00 -0.75 -=0.50 —=0.25 0.00 0.25 0.50 0.75 1.00
cos A1,

cos A1,

20



Spin-0 case

Benchmark model:

3+n

) | my, = 120 MeV, my =70 MeV,m,, = 17 MeV
LD ) DY (gif- +iy°gf ) 2 " M

3

ge=1,gp=1
— a = 0.66
AdI'(N->v+X
( ):—0(1+acosé?) 5
d(cos 0) 2 (Ey, — 1) i =350 MeV
Jn, xexp| — 22
o c = 100 MeV
Energy distribution (left) and Majorana-to-Dirac ratio (right)
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dI"/d cos 6,1, (arbitrary units)

0.04 -

0.03 1

0.02 -

0.01 -

0.00

Benchmark model:

34n my = 120 MeV,m, =70 MeV,m_, = 17 MeV
ri (V. A5 N, > TN, > "a
ZLin 2 ;Zﬂyﬂyj(gzj — &Y v, gv=8,=1
—a=-—0.98
dI''N - v+ X
( ):—0(1+acosé?) 2
d(cos 0) 2 (Ey, = #) i =350 MeV
o c = 100 MeV
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0.12 -

dI'/dE, (arbitrary units)

<
o
S

<

—_

S
1

<

o

o3}
1

<

o

>
1

<

(@]

=
1

e

O

[\]
I

Benchmark model:

3tn my. = 120 MeV,my =70 MeV,m_, = 17 MeV
Ia i (A V A,S Ny N a
ZLin 2 ;Zﬂyﬂyj(gzj — &Y v, gv=8,=1
—a =—0.98
dI'(N + X
W ):—0(1+acosé?) 2
d(cos 0) 2 (Ey, — 1) i =350 MeV
o o = 100 MeV
Energy distribution (left) and Majorana-to-Dirac ratio (right)
=7 —— Dirac —— Majorana / Dirac
=== Majorana 41
N | R
T T T T 0__
0.0 0.2 0.4 0.6 0.8 1.0 . . 1 .
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Ey 1 [GeV]
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Asymmetry in angular/energy distribution

« For positive/negative a, (if N, has left-handed chirality)

« angular distribution is shifted backward/forward

« energy distribution is red-shifted/blue-shifted

e.g.)a > 0 case

© e o © o
o o [a) o o
= = [N DN w
o ot o ot o

dl'/d cos 1, (arbitrary units
=)
S

— Dirac i 0.12 = Dirac
T I
—== Majorana | Py J —-== Majorana
3 £ 0101 l
m = :
I =) -~
I
. 2> 0.08 1
" <
| =
Ll b=
A _,-"rrr 2 0.06 1
,_r"j_rr =
= Na .
) 0.04
1= =
5
il 0.02
___._,__.----—'—'_'_'-"'-l-'—'-'_'_:-_:'_"__':':':J
ot 0.00 -
-1.00 -0.75 -0.50 -0.25 0.00 025 050 075  1.00 0.0 0.2 0.4 0.6 0.8

cos Oy,

Eg1ap [GeV]

e Forthe benchmark model (a 2 0.6, (y) ~ 3), O(10%) difference in the angular

distribution and ©(100%) difference in the energy distribution are expected

1.0
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Decay asymmetry parameter o

» Both parity-preserving and violating interaction terms are necessary

— otherwise a = 0 for Dirac. No difference in angular and energy distributions

S p* . V _A* .
a « Im(g;g;; ) (spin-0), Re(g; g; ) (spin-1)
see also: de Gouvéa, Fox, Kayser, & Kelly 2104.05719

« Dependsonly on g¢/gpor gy/ga

Vi

2

g px myzl,+my2j—m[]25 )

4minm(gl-j g ) \ . —m,

0= — (spin-0)
2 2 2 2

(18512 + 1801 ) (m2+m2 = m3) +2 (18§ = 1gf 1 ) m,pm,

l J

2
2 2 2 2 2 2
ms- +m; —m5 m: —m- — ,
m. Re(oV oA oY m2 __a 4y
2 yi e(gl] gl] )\( zmyi > yj <1 m%,

a = ) 5 myzi+m3j—m§, m,%i—m,%j+m§, m,%i—m,gj—mé, 5 , (Spln—l)
1 i ' —3m,m, | |g¥|"— | g2|
|8¥ 1"+ 1 g4} | + o (lg) g

2 2 m2,
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Decay asymmetry parameter o

» Both parity-preserving and violating interaction terms are necessary

— otherwise a = 0 for Dirac. No difference in angular and energy distributions

Re(gYg") (spin-1)

see also: de Gouvéa, Fox, Kayser, & Kelly 2104.05719

a o« Im(g;g/”) (spin-0),
« Dependsonly on g¢/gpor gy/ga
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Decay asymmetry parameter o

» Both parity-preserving and violating interaction terms are necessary

— otherwise a = 0 for Dirac. No difference in angular and energy distributions

a o Im(gSgt™) (spin-0), Re(g)gl™) (spin-1)

ij Sij
see also: de Gouvéa, Fox, Kayser, & Kelly 2104.05719

« Dependsonly on g¢/gpor gy/ga
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mp, [MGV] mn, [MeV]

(M7 = 17 MeV, go=1,gp=1, 8y =8, =1) 27



Decay asymmetry parameter o

» Both parity-preserving and violating interaction terms are necessary

— otherwise a = 0 for Dirac. No difference in angular and energy distributions

S p* . V _A* .
a « Im(g;g;; ) (spin-0), Re(g; g; ) (spin-1)
see also: de Gouvéa, Fox, Kayser, & Kelly 2104.05719

« Dependsonly on g¢/gpor gy/ga
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Parent particles’ boost and polarization

Parent Dirac neutrinos are more polarized if they are boosted more

( > \ ( 5 \
N+ - N_ 1 mN2 1 mN2
P = , N,x—|1- -— | N x—|1+ -
\ / \ )
1.4
0.129" —— Dirac ((7) = 1.2) [
—— Dirac ((y) = 3) [~ 1.3 -
0.10 7' —— Dirac ({(7) = 5) a Iy
—--=Majorana ({y) = 1.2) - 1.2 -
0.08 1 -== Majorana ((7) = 3 —T |
—--=Majorana ({7y) =5 - L1 7 _‘—\—l_

Ratio

<
(@)
=

i
0.9 - |

—— Majorana / Dirac ({) =

dl'/d cos B1a1, (arbitrary units)
=

)
N~—

0.02 1.
0.8 4 —— Majorana / Dirac ({y) = 3)
0.00 —— Majorana / Dirac ({y) = 5)
T T T T 07 T T T T
0.75 0.80 0.85 0.90 0.95 1.00 0.75 0.80 0.85 0.90 0.95 1.00
cos A1, cos A1,
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Polarization of neutrinos

Parent Dirac neutrinos are more polarized if they are boosted more

( 5 ) ( 5 \
N, —N_ 1 my, 1 my,
P = , N, x—]1—-4]|1- — | N x—]1+,]1 - >
\ / \ )
0.4 +——F—— — Dirac ((3) = 1.2)
I - —— Dirac ({(7) = 4)
2 :__ — Dirac ({(v) = 10
g 0.3 —-——= Majorana ((y) = 1.2)
- | —==Majorana ({(y) = 4)
§ - = —--—=Majorana ({y) = 10)
2 0.2
= S I S R =—l:'-:':-'--_—:
S — 1 o
S o1 0.4 1
0.1+ — ' '
= —_— 094 —— Majorana / Dirac ({y) = 1.2)
__ — __ | —— Majorana / Dirac ((y) = 4)
0.0 e _-L--. I 0.04 —— Majorana / Dirac ((y) = 10) ||
0.0 0?1 012 0?3 0:4 0:5 016 0.7 0.0 011 012 0t3 Of4 015 0?6 0.7
Eyan |GeV] Egan |GeV]

(my, = 120 MeV, my, =70 MeV, m, = 17 MeV, gp =1, g4 =1, 6 = 100 MeV are assumed) 30



Asymmetry in angular/energy distribution

Lab frame angular/energy distribution is characterized by & and boost of N,

Large decay asymmetry parameter |a| is realized when...
» Parent particle mass my,_is large

* 8s/gp = iorgylg, ~1

» Daughter particle mass my, my are small

Larger boost results in...
* Larger polarization P of parent neutrinos @

* More collimated decay particles &

— if too collimated, the detector might not be able to resolve the difference

31



The forward-backward asymmetry

Apg quantifies the asymmetry between forward and backward emission +
|
¢
odr 0 dr X T
dcos,,, — dcos 0,y |
Jo dcos O, J_; dcosO,, l
Apg = — 0
dIr i dI’
dcos O, + d cos 0y,
Jo d COS Qlab J_q d COS Qlab
mN2 VS m¢

500
450 1.0

400

0.5

0.0

AFB

200 -0.5

-1.0

(I) 5|0 l(I)O 150 2(|)0 2&1)0 3(|)0 350 400 0 50 100 150 200 250 300 350 400

my [MeV] m,, [MeV]

(my =70 MeV, gg=1,8p=1,8y=84=1) 32



The forward-backward asymmetry

Apg quantifies the asymmetry between forward and backward emission +
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The forward-backward asymmetry
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Summary

* The question of whether neutrinos are Dirac or Majorana remains open

« Angular and energy distribution of decay products might be useful
— In a neutrino decay process N, — N; + X, the angular distribution of decay products has

to be isotropic in the rest frame of N, if neutrinos are Majorana

* Large asymmetry favors

« large parent mass iy,
» small daughter mass my; , My,

« equally strong parity-conserving and violating interactions (g¢/gp ~ i or gy/g4 ~ 1)

* highly boosted parent particles (pros and cons)

« 0(10%) difference in the angular/energy distribution doesn’t sound crazy
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