NN
Time evolution of lepton number from
relativistic regime to non-relativistic regime

ot
Hiroshima University @
(EuCAPTAstro Neutrino Workshop/ 23/Sep.2021) = "IN

The work based on
- Time evolution of Lepton Number carried by Majorana neutrinos
(PTEP (2021)ptab025)2101.07751

- Insight into neutrino mass phenomenology exploring the non-relativistic regime in
quantum field theory.:2106.02783

Collaboration: A. S. Adam (BRIN, Indonesia),
N. J. Benoit, Y. Kawamura,

Y. Matsuo, Y. Shimizu, Y. Tokunaga, N.Toyota

B2 R [akuya Morozumi

CORE+U

Core of Research for the Energetic
HIROSHIMA UNJ



https://arxiv.org/abs/2101.07751
https://arxiv.org/abs/2106.02783

Introduction

 Until now , all the fermions discovered are Dirac fermion.

 The exceptions are neutrinos, which may have good chance
to be Majorana fermions.

- However the present experiment with neutrino oscillations, one

can not distinguish Majorana neutrinos and Dirac neutrinos.

* Lepton family numbers as observable, one can discriminate

Majorana mneutrinos from Dirac neutrinos.



PMNS matrix for Dirac and Majorana
neutrinos

« Charged current interaction in the (charged lepton) flavor
basisa=e,u,t
Majorana case:

« 4
V2

I _ 1 -
lLaYu ViaW™ — 5 (VLa)c mvaﬁvLﬁ'lRa m, lLa + h.c.

Dirac case:

[ _ 1 _—
- L lLaYu VLaW S (VRa) m DaﬁvLﬁ'lRa m, lLa + h.c.
V2 2




Number of angles and CPV phases in PMNS matrix V

In the mass basis i=1,2,3

- Majorana case: V;m vap Vi =M ibij  Vig = ViV

97— -_1 1o
* GlaVlVaiviiW™ — 5 (Vi) mvy-lpg Mg lia + hec.

l,— ePal,

V, — e %) v, ;: 3 angles+3 CPV(=6-3)

 Dirac case : U}Lam pap Vi = mi5ij

97— - _ 15— 1o,
. \/—ElLayﬂVaiVLiW — 3 VRi M Vyi-lgg Mg lq + h.c.

I, > e[, v, efivy,

V, — el®i=%) v . :3 angles +1CPV(=6-5)




Parametrization of PMNS matrix with angles and
phases

Dirac case
CioC S195C )
12513 5 12513 5 Dirac (KM)phase
P — ¥ A \ > o— \ \ \ )I
Voi = | —s12¢23 — c12523513¢€’ C12€23 — S125238513€
. e | wll"
S12523 — C12C238513€0  —C12523 — S12023813€]
Majorana case
C12C13 §12€13 0
, e , o iB
Voi = | =s12¢23 — c12523513€°  ¢12023 — $12523513€" 0
5 o | 3
$12823 — €12€23813€° —C12823 — S12€23813¢€’

Two Majorana phases



Lepton Number with Majorana
mass term

« We consider the following situation.
e (t<0:massless, t=0, mass term included, t>0 massive)

L = Varin"Ouvar — 0(t) (mza = (Var) VL + h-C-) ﬁ/
4 > >
 — my; — :
— §¢¢17“5u¢i - 9(75)7%%. el

(o =e,u, 7,4 =1,2,3). Majorana field, ¥§ = ;. e

et



Lepton family number of neutrino:

Lepton Family Number for t<O :

La(t = —&) = [ d®x : Vg yv, = // (2;337%' (aL(p)aa(p) - bL(p)ba(p)).

—_ /[ d’p ip-x —ip-x
VaL_/ @) 2p] (aa(p)e wr (p) + bh(p)e ’vL(p))

After mass term is turned on: The mass
matrix is diagonalized as;

Vi =vip + (Vin)S,  Var = VeilViL,

midi; = (V7),,, Mas Vs



Relations bet Creation and Annihilation operators

V“L(t = —0, X) — PLV“il/Ji(t = 40, X).

ar;(P, —)
anC—pa_)

a‘f\fj (I:)q +)
ap; (=P, +)

1 ( V(:j?a(p) ) _ ‘\/*'Nrj(p) 1 Ej(?g)lilpl ( ;
V2Ip| \Vaj@a(=P) 2B1P) \ m@ml 1
1 ( %{r)a(p) ) _VYN® (1 mmm ( ;
V2Ip| \Vajba(=P) 2E;(P) \Zm+m 1
N;j(p) = Ej(p) + |p A = 11 (helicity)

)
).

d3p

LHS= // (

RHS= VaiPr / | >

(aa(p)e“’"‘uL(p) - bL(p)e_“’"‘vL(p))

d°p
(2m)*2E(p)

27)32|p|

K==l

(anrs(p, Mua(p, Ne™ + al,(p, Aui(p, N)e ™).




Time evolution of operators for
family basis

C
ta(pyt) = Vo,V ((()S(Ej(p)f)

"'PSm(Ej(p)f))  mslEip)
£ P ~Taily= Ei(p) 1 (=P),

N o|plsin( L (p)t ,m;sin(Ei(p)t), .
)=V, e ) - ) -y PR

\_ Ej(p) v Ep) )

The time evolution is obtained through the evolution of operators
for mass basis

ay; (q.t) = e 5Dt arl) (g)



Lepton family number ..o- [ T8 (ol (p thaa(p.1) — B (p. b (p.)).

)°2p]
7 m;msin(E; (p)t) sin(E;(p)t)
e =, [O E.(p) B, ()

+ [ cos(E;(p)t) cos(E,;(p)t) +

a.l:.(p)a-.,g(p) -+ af,,.(—p)a,_.s(—p))
bl (P)bs(p) + bl (—p)bs(—p)) }

sin(E;(p)t) sin(£;(p)t)

E;(p)E;(P)

sin(E;(p)t) cos(E;(p)t) —

i|p]

cos(E;(p)t) sin( £ (p)t))

. Ej (P)
O independent on

Majorana Phases

- @snqu(p)t)

ali(P)ay (P) + al(~p)a,(—p))

Cf 7 VD(H‘ (9)b,(P) + bl (—p)b,(—p)) }

cos(E;(p)t) + E ( ) sin (£} (p)t)))
(a»B(p)afﬁ,( P) — (1..3( p)a:f(p))

(b2<p>b“( p) — bh(—Pp)bl(P)) |
3111(E (p)?‘)))

cos(E;(p)t) — (

ag(— p)aq(p)—as(p)aq( P))

O depend on Majorana @@ bs(—p)b,(P) — b.L'g(p)ba!.(—p))}] )
Phases and masses



Expectation value of Lepton family
Number with a specific initial state

1. Construct the Fock state on a vacuum
annihilated by flavor basis operator:

a,(p)|0) = by, (p)|0)=0 ax =e,u,t

This vacuum differs from the one defined by ay(p, +)|0,)=0.

2. One particle state with of a*_(p)|0),b" _,(p)|0) are
the lepton family number eig‘érll)slates aw@tL L,=t1

a®”(p)|0y)=0does not have a definite lepton number.



Expectation value of Lenton Number with a snecific initial state

(g,q|Ly(t)]o, q)

Independent
on Majorana
phases

{ij}

= 3 "Wl | ¥l
[

> 1q1* 4 m7 cos QEi(q)1)

Depend on K.M. Dirac type CP phase

Dependent on
Majorana
phases

m;m;

1
Ei(qQE;(q)

[/'*. L/ '

1 = =
I/o N
i oj

2]

E#(q)

—|m;m; Re [

Sl

oi’ oj

7

oi’ oj

LiE;

—|m;m; Re

EiE;

) sin ((E:(q) — Ej(q))1)

q]?
Re [V;‘, ViV V;"j] cos((Ex(q) — Ej@)) | 1+
'
+ cos ((Ei(q) + Ei(q)t) | 1 —
lql lq] :
* — E; E;
~|Im [VE1 Vo1 Ve Vool “j}[ E. (@) Ej(q)> sin ((£;(q) + £;(q))7)
lql lqal
E (E (q) Ej(CI)

(cos ((Ei(q) — E;(q))t) — cos ((E£;(q) + Ej(Q))f))]..



Properties of Lepton Family Number

1. Dependence on the sum of the energy and differences;
Cos(E;xE;)t ;sin(E;LE))t
and for small momentum, they becom cos(m;tm;)t ..

(Neutrino flavor oscillation probability depends only on the
energy difference E; — E)

2. The explicit dependence on Majorana phases: Vm-V>I< oj

(i,j mass eigen-states):

Example;
X
Ve1lV e2

V*oqV =e "
elV e?




Sounds on the expectation value:

« The expectation value of the total lepton number

Y (q.0]Ly(1)]q,0)

(04

B Z’V P q|° —I—m cos 2(E;(q)t)
Ol E (q)

2 2
— M;

_1§Z|V0i|2 d

q

o 2 Jo| Lo (1) gy o) <
2+t Zq [ La(1)1q,0) =<

l
When the momentum of the neutrmo Is smaller than the lightest
heutrino mass, the total lepton number flips its sign from +1 to

hegative values.



Data used for numerical calculation

Input of neutrino parameters: (NuFIT 5.0(2020), I. Esteban et.al.).

— 26
mass” differences o12 o138 (azjr:ai31 mm)
523 Y Mee 5 Mee
vl Am3, =74 x107° 0.55 0.15 (0,0), (, )
Am3, = 2.52 x 1073 0.76 1.097 0.012, 0.0018
_ Am3, = 7.4 x 107° 0.55 0.15 (0,0), (m,m)
inverted 5 3
Amas = 2.50 x 10 0.76 1.57m 0.050 ,0.018
We assume the lightest neutrino mass to be 0.01[eV]. From that choice of the

lightest neutrino mass each mass eigenvalue m;[eV] is given by,

mp; = 0.0100, mp =0.0132, m3 =0.0512 (normal),

mp; = 0.0502, mr =0.0510, m3 =0.0100 (1nverted).

o o I
C12€13 $12€13 size”’ I

Voi = | —s12¢23 — c12523513€°  c12023 — s12523513¢°  sp3e13 | |0 €2

-
!

S12823 — C12C03813€? —C12823 — s12023513€° €23C13 0




Numerical Calculation |q|=0.2(eV) (Relativistic case)

Figurel normal hierarchy Figure2 inverted hierarchy
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(1)The long period 71, = oy = 680 ~ 700, 75, , = 20.3,20.9 = Fs—FE13
(2)The beat like behavior for muon number with 70 = ;321;5521 = ¥

(3)The lepton family numbers are always within the range [0, 1].



The dependence on Majorana phase:
mq = m2=0.01 < q=0.02< mq = 0.03

Fi 3 (e|lL.(t)|e) elect ber.
gured etLe(nley Secton pumke The sharp decrease of the

1.0 ' electron number for the

0.8! M largest [m,.|.( black curve)
P ”Milii" ‘ ”” ; Im,,.| is the smallest for (red
3 0_43 M“ \"\u i curve).

0.0/ ! Wv\ _

02T a0 e éo\ye_)ﬁe

T=0.02(eV) t



Further decrease of the momentum to q=0.0002(eV).
Both electron and muon numbers alternate their siegn.

1.0[; | | | ] be——— |
1 0.4_ :
s A A LY
3 0.0y ZAN L% o0 WA
aV) \/RYREE ASarhTAvA A
-0.5¢ ]
\} ] -0.4:
-1.0- [ 1 , ! T |
0 10 20 30 40 0 10 20 30 40
r=0.02(eV) t r = 0.02(eV) t
Electron number for normal hierarchy Muon number for normal hierarchy

The shape of the envelopes depends on the choice of Majorana phase.



Dependence on normal or inverted
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Comparison with Dirac Neutrino case

Insight into neutrino mass phenomenology exploring the non-relativistic regime in quantum field theory .
: 2106.02783

& S
L~ = VLozlfVuauVLa + VRoszyuauVRa

— 0(t) (VRamasVLs + h.c.)

Two kinds of lepton family numbers

LL — 5 77~ s Can be measured by
£ dx LO‘V Loy charged current process

L VRa RC%,Y v Roy current process. If SU(2)R is also gauged,
it can be measured by that interaction.

LR - / d3 Can not be measured by the SM charged
o =


https://arxiv.org/abs/2106.02783

Results of expectation values with the left-

handed state =~ = <. n
Dirac left-handed \/<0|‘1'Lo (‘La( )|0>

4 , ; )

(oL(@)|LS(t)|or(q)) = Z{R@(Vm‘m‘aﬂ;}) (C‘OS(Ei(q)l‘)C‘OH(Ej(Q)f) £ Ei qE. sin(Eq;(Q)USin(Ej(q)f))
e i(q)Ej(q)

lal . o ql .
— Im(V_,V_.V_ .V>.) ( sin(F;(q)t) cos(E;(q)t) — —— cos(F;(q)t) sin(E;(q)t)

17937 \ Ei(q) . Ej(q) P /_
(3 D) \

o(p) |L(1:\Yf(t)| a(p)) = Z {Re(V;J i VeiVai) (cos(E.,;(q)t) cos(E;(q)t) + E-(q()lE-(q) sin(FE;(q)t) sin(Ej(q)t))

i j

Majorana-Dirac W

Left-handed — Im(VEV,,V, v*)< q sin(Ez-(q)t)cos(Ej(q)t)—ﬂc-os(Ei(q)f)sin(Ej(q)f))}

difference\ \_ 2 T Tedt el X Fil) F;(q) _J
m;  m

s Z {R(‘ ‘/aq"a?‘/a]‘ aj)Ei(q) EJ(q) Slll(Ez(q)lL) Slll(EJ(q)z‘)} \




Numerical comparison:

Majorana vs Dirac left-handed lepton family number
q=0.0002 (eV)

The lightest neutrino mass=0.01(eV)

normal hierarchy case, Majorana phases are set to be zero

Majorana Mass Dirac Mass

1 — <elL.(t)]e>

| — <elL,(t)e>

1 — <e|L(t)e>

0.0 02 04 06 08 1.0 1.2
t (ps)




Numerical comparison:

Majorana vs Dirac left-handed electron family number
q=0.0002 (eV)

The lightest neutrino mass=0.01(eV)

Inverted hierarchy case, Majorana phases are set to be zero

Majorana Mass Dirac Mass
% 3;%; 0.0; “““”“I“mNm“m“mmuliﬂllﬂhmummmx.mm.hmmnumuumimlﬂlil“l“““M“lmml,“llm”h
g g —0.5:
! -1.0
0 1 2 3 4 5 0 1 2 3 4 5



The momentum variation of electron family number for fixed time.

Normal

Inverted

[§)
t=0.65 (ps) t=1.32 (ps)
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FIG. 3. The momentum variation of the expectation value for the electron neutrino operator at fixed time slices £. In both
panels, the normal mass hierarchy is taken and the value of the lightest neutrino mass is 0.01 eV. The values of t = 0.65 ps and
t = 1.32 ps are chosen to emphasize the changes to the steady state value in small momentum region. Both of the Majorana
phases are set to zero.
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FIG. 4. The momentum variation of the expectation value for the electron neutrino operator at fixed time slices ¢. In both
panels, the inverted mass hierarchy is taken and the lightest neutrino mass is 0.01 eV. The values of ¢ = 2.90 ps and t = 6.05 ps
are chosen to emphasize the changes to the steady state value in small momentum region. Both of the Majorana phases are
set to zero.



Conclusion and OutLook

* We investigated time evolution of lepton family
numbers both Majorana neutrinos and Dirac
neutrinos.

* The formula valid from relativistic regime to non-
relativistic regime is obtained.

* In non-relativistic regime, leﬁton. family numbers of
Majorana neutrinos predict the distinguishable
behavior through Majorana phase dependent terms.

Outlook
1. Application to CNB. (from1l MeV to 2K).

2. Since Majorana neutrinos for the light-neutrinos are predicted by
seesaw model, we may have stronger connection of CP violation of
leptogenesis through Majorana phases.



