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Massive neutrinos

Bottom up: Yukawa hierarchies from measured CP violation

Top down: Minimal seesaw with approximate discrete symmetry

T.Rink IMPRS-Seminar 3rd July 2017 2



Massive neutrinos



Neutrinos everywhere!

One of the most abundant particles in the universe!

[NASA] [NASA] [spacetelescope.org] [nuclear-energy.net]

Teog ~1.95K &g ~ 6.5 x 1010 e AEg ~99%1's P ~ 200X

cm?sT

In the standard model:

9 2
e neutral electric charge — W. Pauli 1930 \-—9 e

e weakly interacting — discoveries - (1952, 1962, 2000)
e SU(2), partners of charged leptons — Wu & Goldhaber 0=

i |
NO RH neutrinos — massless! [https:/ /www. particlezoo.net]
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Why do we need massive neutrinos?

— Neutrino flux deficits!

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000
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[de Gouvea, 2004]

e finite lifetime
e stronger absorption in matter

e B field induced v; — 7y, vg

Data/Prediction (null osc.)

©

1.6

Q9O o9 =
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o
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[Ishitsuka, 2004]

e exotica (W/U’,A{)

e flavor conversion during propagation
— oscillations

— flavor oscillations only convincing explanation, but non-zero Am required!

T.Rink
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Neutrino oscillations

[particlezoo.net]

e mismatch between flavor and mass eigenstates: |va) # |v;) @’$,

e neutrino mixing incorporated in PMNS matrix: [va) = U |vi) @_,
c12€13 s12€13 size™ 0

U= | —sipcs — crocizsize®  crocs — spsizsoze’® sp3c13 | X diag (17 &%, e'T)
s1253 — C12513¢23€"0  —ciosp3 — spsizeaze’? iz

with s = sin 0j7,c; = cos 0, 05 € [0, 3] and § € [0,27), 0,7 € [0,7)

Oscillation probabilities for an initial electron neutrino

e transition probability

P(va — vg;t) E

= (uglva(t)) | = Ug UL e 5t

~ a2 .2 > L[m] A WA

= sin” 20sin (1.27Am E[MeV]) 0007 5000 10000 15000 20000 25000 30000 35000
L/E (km /GeV)

black - ve, blue - v, red - v,
[wikipedia.org]
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Leptonic CP violation

e Dirac phase § through oscillations

AP =P(va = vg;t) — P(Da — Ug;t) ccsind

electron positron
e Majorana phases through OvS53 " '3
2 2
Mee = |Z Ueimil
i

e high-E CP violation ¢ — Leptogenesis!

[quantumdiaries.org]

Ls
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Current experimental status

What we know:

e two non-zero mass-squared differences

Am?, ~7.4-10 %eV?
Alm?,.| ~2.5.1073eV?

e two large and one small mixing angle

012 = Osor ~ (31...36)°
623 = Oatm ~ (38...53)0
613 = Oreac ~ (8---9)0

Still open questions:
e mass hierarchy - normal or inverted?
e absolute mass scale min{m;} =7
e fermion type - Dirac/Majorana
e octant-problem: 45° (< or >) 03

e non-zero CP violating phases - §, o, T

m? m?
-,
-,
-,
my? L A m?
solar~7x107%V? |
) j———
atmospheric m
~2x10-3%eV2
atmospheric
ml e — ~2x107%ev?
solar~7x105eV?2
m2L Am?
? ?
0 0

o

[Nucciotti, 2016]

NO NUFIT 3.0 (2016)

T T T
f — Reactors + Minos

L Reactors + NOVA
—— Reactors + T2K

[~ — Reactors + LBL-comb

0 90 180 270 360 0 90 180 270 360
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Neutrino mass models

e natural emergence of neutrino masses in many BSM theories: GUTs,
Left-Right-symmetry, etc.

e rich phenomenology: L BAU, etc.

e models strongly depend on neutrino’s fermionic nature!

Majorana neutrino: v = ¢ Dirac neutrino: v # v°
e seesaw models e Dirac seesaw + radiative mass
generation

e radiative mass generation
e extra dimensions

Most popular approach: realizations of eff. dim-5 operator [Weinberg, 1979]

(G (@°)

Ls = %% (ZU;) (¢"LL) N 0

— AL =2 v \/ e
—— <
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Seesaw mechanisms

Tree level realization of Weinberg operator:

(0% (G
@ @) oo @ @
I I N7 I I
| | ! | |
T T ia, T T
1 (vR), : [ |
() XK= ()s  (n), g ()g —————K————— (1)
(a) seesaw type-I (b) seesaw type-II (c) seesaw type-ll

Generic feature: SM neutrino mass is suppressed by mass scale of intermediate
particle/new physics scale m, oc A~1

simplest: type-l scenario - 3 heavy RH Majorana neutrino — 18 real parameters!

=il
my ~ meMR mZ—,— °
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Minimal type-l seesaw model

Predictions demand reduction of parameter space:

1
£ssesaw - —_yO(ILCY¢NI - EN[N/ + h.C., a=e,urT = 1, 2

[King, 1998, King, 1999, King, 2000, Frampton et al., 2002]

0o 0 X X X X
A xox Ay |0 0 Az x X
e only two N;'s: o o 00
0 x 0 X X
- three complex Yukawa couplings Bi:|x ol B |x LByt |o x
- one Majorana mass M * 0 0
x 0 0 X X
— 11 real parameters, but one v exactly massless! Bi: |0 x|. B x|, Be:|x 0
X X 0 x 0 x
0 x 0 x X
® zero-texture ansatz (flavor symmetry, xDim, ...) Crifo x|, G |x x Gz o
X X 0 x 0
® one zero - trivial % 0 < 0 Y x
e three zeros - inconsistent with data Cit|x 0f. Goxfx x]. G 0
X X x 0 0

—> two-zero textures: only By 4 and By 5 for IH are allowed, NH completely forbidden!

Precise predictions for CP phases — maximal CP violation!
(8,0) _ [(0.51,0.94) or (1.49,0.06) (By.4)
" 1(0.50,0.04) or (1.50,0.96) (Ba.s)

™
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Bottom up: Yukawa hierarchies from
measured CP violation



Motivation & Framework

Driving questions:

1. What can we learn about high-energy sector if CP violation is measured? — DUNE 2020's

2. Compatibility of (broken) flavor symmetry with data? — theoretical errors to exact
zero-textures

3. Stability against experimental uncertainties?

— data-driven, "bottom-up” approach to theoretical top-down approaches!
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Motivation & Framework

Driving questions:

What can we learn about high-energy sector if CP violation is measured? — DUNE 2020's

2. Compatibility of (broken) flavor symmetry with data? — theoretical errors to exact
zero-textures

3. Stability against experimental uncertainties?

— data-driven, "bottom-up” approach to theoretical top-down approaches!

Framework:
o rescale Yukawa and PMNS matrix: ko =  / -EX Vai = o
D Ral Yal, ai VEW i

e minimal set of DOFs:

9 free parameters at low energies: 7 observables at low energies:
+ 6 complex Yukawa coupling ya. o 2 mass-squared differences Am?,,,, Am?,
+ 2 Majorana phases M, | = 1,2 ® 3 mixing angles, Oatm, Oreactor , Osor
- 3 charged-lepton phases e 1 Dirac CP phase &
- 2 rescaling, M/y? = const. e 1 Majorana phase o

e Casas-lbarra parametrization [Casas and Ibarra, 2001] — captures excess DOFs

Rar = J5 (VieT™ + Vie™) har= 25 (Vae™ = Vie™™), VI = I (Vo % iVar)
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General approach and hierarchy parameter R;

Accessing hierarchies within Yukawa matrices:

e for each (d,0): two DOFs - real and imaginary part
of complex rotation angle, zg and z;
— label for all possible Yukawa matrices y,

T.Rink IMPRS-Seminar 3rd July 2017

Imaginary component z,

Imaginary component z;

Contour lines Rp3(Zr, 1) = [K2|/ Ikl

0 n/4 n/2 3n/4 n
Real component zg
Contour lines Rp3(Zg, 1) = Ik2l/ I3l

10
Inverted hierarchy

(050, 0.04)

o
@

o
=)

|
o
5
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General approach and hierarchy parameter R;

Accessing hierarchies within Yukawa matrices:

e for each (d,0): two DOFs - real and imaginary part
of complex rotation angle, zg and z;
— label for all possible Yukawa matrices y,

e @ each point of the complex z plane: sort Yukawa
according to their abs. values
Kol = & = (R1, R2, k3, Ra, H57 Hﬁ)

e Hierarchy parameter Ry3 = \m\

- Ry3 = 0 — exact two-zero texture
- 0 < Ry3 < 1 — approximate texture

e Minimization of auxiliary parameter z:

Hz3 = minz Ry3

T.Rink IMPRS-Seminar 3rd July 2017
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Imaginary component z;
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General approach and hierarchy parameter R;

Contour lines Rp3(Zr, 1) = [K2|/ Ikl

Accessing hierarchies within Yukawa matrices:

e for each (d,0): two DOFs - real and imaginary part
of complex rotation angle, zg and z;
— label for all possible Yukawa matrices y,

e @ each point of the complex z plane: sort Yukawa
according to their abs. values

Imaginary component z,

Kol = R = (A1, k2, R3, Ra, H57 fiﬁ)

e Hierarchy parameter Ry3 = \m\ 5 i BT p

Real component zg

- Rx3 = 0 — exact two-zero texture
Contour lines Rp3(Zg, 1) = Ik2l/ I3l

- 0 < Ry3 < 1 — approximate texture

e Minimization of auxiliary parameter z:

Hz3 = minz Ry3

min; = scan over all UV flavor models of the

Imaginary component z;

minimal type-l seesaw model

— upper hierarchy bounds H3(4, o)! @

0 /4 /2 3r/4 x
Real component zg
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Properties of R»3

R»3 has useful properties:

e probe actual Yukawa coupling if RH masses are degenerate or at least of some
order of magnitude; otherwise simple rescaling

1
A I\’}, 2 ~ ~
R3 (8,05 2) = "le =[5 L:Q' = *D?‘
|&3] My ) 193] 193]

e periodic behavior:
Ro3(8,0:z) = R (6,0:z+n%), nel Contour lines Rys(za, 21) = &2/ R3]
oG ‘ : —
=z z+ 75 1 Kal = Kal, Ka2 = —Kal )

e reflection symmetry:
Rz (2w — 6,0,z) = Rz (6, m — 0, 2)"
invariance under 6 —» -9, o — —0, z—>z

o
o

*

=3
=)

e independence of z in flavor-aligned limit:

Imaginary component z;

|
o
o

Vak £ iVayi

-
Z/*}j:OOZ}R23~>R23—‘V kiiV,
) (%)

-10

0 /4 /2 3n/4 n
Real component zg
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Flavor-alignment

Observation: g g
=56 (1] [i]
o for large z;: Kol ™~ Ka2 S = s°
51 ES
e special configuration in flavor space, <, <,
inconsistent with data 0 - 0 g
-4 -2 0 2 4 -4 -2 0 2 4
Y systematic Study Of tra nsition to Auxiliary parameter z; Auxiliary parameter z;
. 8 ¥ 8 ;
alignment d=%2 | 3
[TR, K.Schmitz, T.Yanagida, 2016] S} e [ a
g° g°
. . ~ 2 ~ 2
€cos fcelPe €sin oel(PetDde) a a
o i . i(bu+0d -4 2 0 2 4 -4 2 0 2 4
Yal = cos eﬂe Pu sin 0/»"6 ( H #) Yo Auxiliary parameter z; Auxiliary parameter z;
Cur cosOre®T ¢, sin 0, el(¢7+007) 8 8
s s
— flavor alignment for |z/| > 1! <4 <4
) <o
e separated study of aligned and 3 = a
un-aligned parameter space regions % 4 0 8 4 % 8 0 8 4
[TR K.Schmitz 2016] Auxiliary parameter z; Auxiliary parameter z;

T.Rink IMPRS-Seminar 3rd July 2017 14



Parameter space scan

Minimized hierarchy parameter Ho3:

Normal hierarchy Inverted hierarchy
m A1 B1/B4 B2/B5 H A1 B A2 B A3 B B1/B4 B B2/BS C3/C6

an 2
w T 2| Lo mnine (6, o)

Local minima (6, 0, Haa):

® A2 (0.00m, 0.50, 0.12)
@ A1 (055m,0.96r,0.11) \/\/m/\ (2,00, 0.50m, 0.12)
(1.45m, 0047, 0.11) a
© A3 (1.00m, 0.50m, 0.26)
® B1/B4(1.007, 1.007, 0.13) e

2 ® B1/B4 (051, 0947, 0.00)
(1.00m, 0,007, 0.13)

(1.497, 0,067, 0.00)

1, 1,007, 0.1 g
. 52/5540‘1;9" o?ﬂn (; ‘9;) ® B2/B5 (0507, 0.047, 0.00)
(1.99m,0.00m, (1,507, 0.9671, 0.00)

o= ®: ® C3/C6 (08977, 0.78,0.18)

(1.997, 1.007, 0.19)
(1.41m,02277,0.18)

Majoranaphase o
Majoranaphase o

3

Diracphase & Diracphase &

o Exact zero-textures are recovered: By 4 and By 5
e Maximal hierarchies for different flavor texture

e New approximate solution for NH and IH!

— NH A; predicts max. CP violation with § ~ 270° = UV origin?
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Theoretical error bars and robustness study

Perturbations around exact predictions:

e exact textures may receive correction by loops,
gravity, etc.

e quantifications of maximally allowed
perturbations

e complementary to experimental uncertainties
owing to experimental error bars

3.02
3.00
Stability against experimental S e

uncertainties: g
) ) . ) @ 296

® naive X2 analysis as first estimate g
< 294

e negligible shifts of CP phases if

292

best-fit values vary

T.Rink

2.95|

2.90)

Majoranaphase o

B1/B4 (6,0)=(0.510.94)0

08 10 12 14 16 18 20 22 24

Diracphase &

T T T T 7

Confidence level
H 10
020

1.60 1.62 1.64

Dirac phase &
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Top down: Minimal seesaw with
approximate discrete symmetry




Generation of Yukawa textures

Flavor physics provide useful tools!

e Radiative generation

FERMIONS* BOSONS
Fist  Second  Third [Georgi and Glashow, 1972]
. | Generation Generation Generation

10

Top quark Higgs e Extra dimensions
Z
W 9 J)' L ] [Grossman and Neubert, 2000]
w e Compositeness [Kaplan, 1991]
10! Bottom quark
Charm quark e Froggatt-Nielsen
10° Tau [Froggatt and Nielsen, 1979]
E Strange quark
3 10 Mu‘! Aim:
g - Down guark Yukawa matrix with Al texture yielding
= ~ T 37
& A NH at § ~ 0’
e 107
= Electron
107 0.1 0.1
S T T T MASSLESS Kol ~ | 1 1
g BOSONS
107
Muon- ’ 1 1
neutrino Tau- ) Photon
107 Electr_on- neutrino
"E‘S"D @ oo — SU(5) Froggatt-Nielsen mechanism
20 [Buchmuller and Yanagida, 1999]

[scienceblogsl.com]
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Froggatt-Nielsen mechanism [Froggatt and Nielsen, 1979]

T.Rink

Dynamical generation of Yukawa coupling through a globally/locally conserved charge

Qren!

. Generate heavy fermion masses at Agy
. Introduce "spaghetti” interactions at
high scale through flavon fields ¢
(charge assignment according to chain
length)
L DbU¢ﬁ‘Fj + C,‘J'¢F,'Fj
TP d,j(i)f,FJ TP M,'jF,'Fj + h.c.

. Integrate out heavy fields F;

¢ O\ AQF
e I

Letr D €jj
o=t </\FN

. SSB of FN symmetry & — (&)

(+)

AQFy
Leff D ejj € fifid,e

M,'j = a,-j/\,:N, ajj ~ 0(1)

F A F2 =3 F3 F3 Fa Fy
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SU(5) x U(1)s GUT [Georgi and Glashow, 1972], etc.

e "smallest” group containing the SM

gauge group

SU(B) %5 SU(3)c x SU(2), x U(L)y

2 SUB)e x U)o
e unify one generation in a
(5 + 10)—representation

e additional U(1) requires RH singlets
for anomaly cancellation 1 ~ N
— 51 to break U(1)

e nice features, but common problems

(proton decay, etc.)
— SO(10) C SU(5) x U(1)

\ a <

[http://theophys.kth.se/tepp/]

.
Hy = (hl,hz,h3,h+, —ho) =3, 1)+ (1,2

g = (dl,dZ,d3,e‘,y‘); =31+ (1,2

0 u:,f = uzc —up —dp
—u§ 0 uf —uy —dy
Xjo=| v —uf 0 —uz  —d3
uy uy u3 0 —et
dy do d3 et o/,

=3,2)+(3,1)+(@1,1)
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SU(5) x U(1)s GUT [Georgi and Glashow, 1972], etc.

e "smallest” group containing the SM

gauge group

SU(5) ™5 SU(3)c x SU(2), x U(1)y
W2, SU@3)e x U(1)o
\ a (o

e unify one generation in a
(5 + 10)—representation [http://theophys kth.se/tepp/]

e additional U(1) requires RH singlets g = (i, b s 0 1) = 5,1) 5 (1,2)

for anomaly cancellation 1 ~ N
— 51 to break U(1)

s = (d1,dy,dg, e, 0€) [ = (3,1) + 1,2

. 0 u:,f —uzc —up —dp
e nice features, but common problems —uf 0 uf —m  =ch
(proton decay, etc.) Xo=| v -« 0 s %
u uy u3 —e
— S0(10) C SU(5) x U(1) o dy ds et o/,

=3,2)+(3,1)+(@1,1)

SU(5) Froggatt-Nielsen mechanism — one generation has same FN charge!
L3 = hieQ(Xa0)i(Xa0)iHs + hife®(¢s)F (X10)jHa
+ hpeBQ(ws)F (¥1)jHs + hieQ(W1)i(v1);51
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Modified Buchmuller-Yanagida-model

e Parametrize SM mass pattern

— for eg ~ 0.17 SM mass pattern is
e Mp:ims:mg>~mr:my:me~1:e:e

me:me:my~1:€ :€

5U(5) multiplet 10, 10, 103 51‘ 5; 5; 1; 1, 13 O]

Minimal seesaw embedding 2 1 0 2 1 1 q q N -1

e heavy neutrino mass spectrum also generated via FN mechanism

egl 0
mg ~ @ | mo, qi = 2 Qen(N;)
0 ¢

0
e resulting neutrino Yukawa couplings

Yar~ |1 1[|yo, Yo =€
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Minimal seesaw model + discrete heavy-neutrino exchange

symmetry
Ingredients:

e Yukawa structures generated through
Froggatt-Nielsen flavor symmetry at g ;
high energy :

$\ 9t
Lefr D (K) ' Yivid

e Charge assignment inspired by SU(5
GUT © [Le]J=2, [Lur]=1,  [Ni2]=4¢q

AR F L T R

. Yukawa interaction Nj <+ iN,
e Discrete exchange symmetry

mass term  Nj <> Np

. 1
Lseesaw ~ —Y0 (fle + Ip, + C;m—lr) (Nl + ’N2) ¢ — EM(NINI + N2N2)
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Minimal seesaw model + discrete heavy-neutrino exchange

symmetry
Ingredients:

e Yukawa structures generated through
Froggatt-Nielsen flavor symmetry at g ; i
high energy :

$\ 9t
Lefr D (X) ' Yivid

e Charge assignment inspired by SU(5
GUT © [L]=2,  [Lusl=1  [Mp]=gq

. Yukawa interaction Nj <+ iN,
e Discrete exchange symmetry

mass term  Nj <> Np

. 1
Lseesaw ~ —Y0 (fle + Ip, + C;m—lr) (Nl + ’N2) ¢ — EM(NINI + N2N2)
All desired properties are reproduced:

e minimal® model: only two N's, appox. two-zero texture, flavor alignment
e Casas-lbarra parametrization: in flavor-aligned regions independence of z
e Yukawa hierarchies fixed by FN model — CP phase predictions

Open questions: Origin of discrete symmetry (orbifolds?)

T.Rink IMPRS-Seminar 3rd July 2017
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Generic set of parameters

Benchmark model:
. 1
Lseesaw ~ —Yyo (€le + Iy + curlr) (N1 + iNo) ¢ — EI\/I(NlNl + NaNp)

Assume " natural” hierarchies in Yukawa matrix:
Contours: € (solid), ¢, (dashed)

180F -y

T

LT

e SU(5) FN flavor model:

e~0.17 — el
Visrr

= \
@ 1351
e equal muon and tauon Yuk‘awa %
couplings: cu,r >~ 1 — el 2
£ 9
— NH with maximal CP violation! ©
o
(234°,7°) § 45} =S
291°,9°
(6,0) ~ ( )
(69°,171°) e
(126°,173°) 0 45 90 135 180 225 270 315 360

Dirac phase 6 [deg]
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Heavy neutrino mass scale & theoretical arguments

T.Rink

Absolute neutrino mass scale of the constructed model: M ~ 4.6 egzqezzl 10%° GeV

Application of further theoretical arguments:

e electroweak naturalness ['t Hooft, 1980]
3

M
Sp? ==~ cosh 2z; m
It = b Z ;

[Bambhaniya et al., 2016]

e successful (resonant) leptogenesis [Pilaftsis, 1997] —10...—11

!
YBau X €aafa =~ 10

— constrain last free parameters! [Bambhaniya et al., 2016]

10'8

Heavy-neutrino mass [GeV]

100} 3 50 . mp= 126 GeV ™ -
- @ Natralness (d*< (1 TeV)?) "= ]73 2 GeV

3.0 Naturalness (6« (5 TeV ) ~I o

> ® Nuuralness (1< 02TeV) ;=0.1184

2.0 ® Metastability |

® LFV .
Allowed R

10° ® Peruurbativity owed Region

1. L

100 10° 10° 108 100
Auxiliary parameter z; My (GeV)
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Summary and outlook - Minimal type-l seesaw investigation

Bottom-Up: Yukawa textures in term of CP phases §, o

Predictions P: M — D
Possible outcomes for UV flavor models M for the

o non-injective . N .
the low-energy data D Y neutrino Yukawa matrix y
o potentially non-surjective

-

Conclusions C': D - M

Image P (M
(Mize) o this paper: hierarchy parameter Has

Models present in

of Mi;¢ under P the literature Mi;,

o defined on the entire domain D

 Ha (D) constrains all of M

e

e general method for assessing Yukawa structures
e maximal hierarchies for approximate two-zero textures consistent with data

e theoretical uncertainties for exact two-zero textures & robustness of results

Top-Down: Benchmark model

e reproduction of current data sets
e embedding of minimal seesaw model in broader UV context

e prediction: NH Al texture - § ~ 270°!
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Thank you for your attention!



RGE of neutrino mass parameters

RGE can safely be neglected

m osus
oor 3 o324
oazs
o001 0823
025
0.0001 0322
e 03215 - 2 0.3228 o
10° 100 10 10 10 10 B T T T T T T 107 10 10° 10° 10 107 10 10 10°® 10710 10° 10° 10° 107 10 10 10
PGV GV JR(GeV) GV
o0
] O i W
g o0
_ _
_— _— 00245
a - o 0024
& é
G G ooz
o0z
T~ 00225
~ 002
= ™ ooz ooars,
I 0 00 100 100 0% 10 0% 10 07 10 100 10 100 10 10 10 10 10 10 10° 10° 10" 10 107 10°® 10 10 10 10° 10° 107 107 10% 10 10"
gdGeV) Hg(GeV) id(GeV) g(GeV)

[Bambhaniya et al., 2016]

— Experimental uncertainties outweigh RGE effects!
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Normal hierarchy - flavor-(un)aligned region

LI B1/B4 [ B2/B5

Local minima (6, 0, Hza):

® Al (0.81, 0.667, 0.28)
(1.197, 0.3477, 0.28)

® B1/B4 (1.0, .00, 0.13)
(1.00, 0,007, 0.13)

Local minima (6, 0, Hza):
© A1(055m, 0.967, 0.11)
(1.457,0.047,0.11)

Majoranaphase o
oi
Majoranaphase o

® B2B5 (0.01, 1.0, 0.19)
(1.9977, 0.007, 0.19)
(0017, 0.007, 0.19)
(1.9977,1.007, 0.19)

r
Diracphase &
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Inverted hierarchy - flavor-(un)aligned regions

B A2 m B1/B4 m B2/B5 [ C3/C6
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) Q\ (1.49m, 0067, 0.00)
0. \ : ® B2/B5 (0.507, 0.0471, 0.00)
\_/u/\/\ (1507, 0.96, 0.00)
® C3/C6 (0897, 0.7877, 0.18)

S P TR0

Local minima (6, 0, Hzg)

® A2(0.007, 05077, 0.12)
(2,007, 0,507, 0.12)

© A3(1.00m, 0.507, 0.26)

Majoranaphase o
Majoranaphase o
o

a 0

o I I ar g
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