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We propose a complex extension of the scaling ansatz on the neutrino Majorana mass
matrix M,, derived with a type-1 seesaw and three singlet hierarchical heavy Majorana
neutrinos of masses M1 2 3. A nonzero mass for each of the three light neutrinos is now
allowed as well as a nonvanishing 613. Leptonic Dirac CP violation must be maximal while
atmospheric neutrino mixing need not be exactly maximal. Each of the two Majorana
phases, to be probed by the search for OvB3 decay, has to be zero or w and a normal
neutrino mass hierarchy is allowed. Realistic baryogenesis via leptogenesis is shown to be
feasible only for the mass regime 10° GeV < T ~ My < 10'? GeV with a normal light
neutrino mass ordering.
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Introduction

Focus on neutrino mixing, not so much the dynamical generation of
neutrino masses

3 only 3 left-chiral neutrinos: 0
vi = Uiy
UTM,U = M¢ = diag (my, ma, m3).
all 3 light neutrinos are Majorana particles
—Lp = fNNgid' Lo+ hc, d= (¢ — )T, <p>=(<¢*> 0)7
4l Nir(Mp)iaVia + %N,'R(MR),-&-J-NJ% + h.c. with
(mp)ia = N < ¢° > Type-| seesaw: M, = —mEI\/I,;lmD

Effectively: —LV . = %U,C(My)/ml/m + h.c. with M: 4 M, =M]
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Leptonic mixing matrix using PDG convention,

U = Upmns =
2 —i(6-2)
C12C13 € 2512€C13 S13€ 2
- o is i _ is il
512C23 — C12523513€ € 2(C12C23 512513523€ ) C13523€ 2
. ey . é
0 el (—cias3 — s12813023€)  cr3cze’2

512523 — C12513C23€

cjj = cosBjj, sij = sinfjj and 6;; = [0, 7/2]; = [0, 27]
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Neutrino factfile: 30 ranges

Gonzalez-Garcia et al. (2016)

2

Am%l =m; — m%: 7.02 x 1072 eV2 - 8.09 x 107° V2

|Am3;| = m3 — m?: 2.32 x 1073 eV2 — 2,59 x 1073 eV?

Y,m, < 0.23 eV < PLANCK (2015)

912 31.290_35.910 normal

v; I

0232 38.3°-53.3¢

increasing mass

v, I

inverted

v,
9132 7.87°-9.11° T mmo
@it s ) e
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The problematic Simple Real Scaling

Lavoura (2000), Mohapatra, Rodejohann (2007).

x =Yk Y
MRS = | =Yk Zk®> —Zk | from simple real scaling.
Y —Zk Z

X, Y, Z mass dimensional quantities, x real and Y, Z complex

(Mo (M) (M)
MF)er (M), — (M),

k: Real dimensional constant. k =1 —
Sign convention to match with PDG form of Upyps.

det MZS,RS = 0 = one null eigenvalue. Large 612, 623 = eigenvector= 3rd
column of U.

613 = 0 and inverted mass ordering (m3 = 0 «— does not survive
extension)
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0
SRS __ _1 4B 1 __ k
G =1 (1+k) Zlelfﬁ = 3= e BT A
k(1+ Kk?)"2e'2

(i

survives extension

Now, with arbitrary 612,

C12 5126'% 0
USRS = | —k(1+ k%) "2s1p k(1 + K2 2cppe’® (14 K2 ze'2
k(14 Kk2)"2spp  —k(1+ k2)"2cipe’® k(1 + Kk2)"2¢él
— 013 = 0, excluded by expt. at 100.
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Residual flavor symmetry and Z, Scaling

Lam(2003)
Gupta, Joshipura, Patel (2012)
Flavor symmetry of M, implemented by unitary G: v, — (G)apv13
G™M,G =M,
— G has eigenvalues +1 and
UTGU =d, d?> =1, dj, = +0),,. Of 8 possible d’s, d = +/
trivial, rest 6 split into {d;} and {—d;}
Finally, 3 remaining {d;}, i=1,2,3
Each d — one G but only two independent: G, = €5 Gp G,
Take G273 : G2 — d2 = diag (—1, 1, —1)
Gy +— d3 = diag (—1, -1, 1)
UtGU = d = Similarity transformation
There is a residual symmetry 7> x Z»
Zy: Gy M, Gy =M,  (Lam, 2003)
Zy: G M, Gz =M,
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Identify second Z, as with Z;C‘?”"g and propose its generator as

G;caling _ USRS ds USRST

-1 0 0
. _ 2 .
N G;(:ahng _ 0 iJrI;z 1J2FI;(2 _ (chahng)T
0 2k 1—k?

1+k2  ~ 1+4K2
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Residual flavor symmetry and complex scaling

We implement a complex-extended flavor invariance by unitary G; g with
CP-transformed linear transformations

Vi — I'(GL)ag’yOI/LCﬁ, NR,' — I'(GR),'J"}/ON,%

and demanding GimpG, = m}, GLMrGh = M5

which imply GLTI\/I,,GL =M.

Similar complex-extension used earlier for u7 interchange symmetry.
Now UTGU = d, dag = £0ap

d, = diag (—1,1,1)
Only a pair nontrivially independent:
dz = diag (—1,-1,1)
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Choose G, = G;caling — U5R5d3(U5RS)T — (G3scaling)7-

—1 0 0
=G = |0 (1K1Y 2k(1+ k)7
0 2k(1+ k)71 —(1—k*)(1+ k>t

The most general form of M, satisfying complex scaling:
MCES —_
12

x —yik + iy2k ™! Y1+ iy
—yik 4+ iyok™t zp —wkTY (k%2 = 1) — iz w — iz(2k)"L(K% — 1)
Y1+ iy w — iza(2k) (k% — 1) 71+ iz

6 real parameters: x, y12, 12, W.
Using chalingU* = Ud, one can show that
tanfo3 = k1, sina=sin3 =cosd =0
Majorana phases 0 or 7. Dirac phase 7/2 or 37 /2. Dirac CP violation
maximal.

Common source of CP violation and nonzero f13. If Im MSES ie. CP
violation, vanishes, 613 vanishes too.
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Turning to Gg, the only form compatible with scaling symmetry —

Gg = diag (—1,—1,-1)
= mpGL = —mjp,.
a by+iby —bi/k+ibyk
— ngS =le a+tic —ca/k+ick
f di+idy —di/k+ idk

Relation with parameters of MCES (taking Mz >> M; 5)

Table: Parameters of MSES i

i)

+M3

N
I\/I2+M3)

Probir Roy
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Baryogenesis via leptogenesis

CalcuNIation of CP symmetry parameter . First recall [, = (v, EZQ)T
and ¢ = (6% —¢7)T.

o _ T(Ni=Lad)=T(Ni—>LS 1)
Now T (NS Lad) T (N— S0

calculated from
// L3

ly N
™

¢
¢
z -’ 7/
i -
N - N /‘\\ Nag N m Nos A
— - - la P la

JE
PR IE g Py I

€] # 0— explicitly given in terms of M;/M;

Final result is ¢ =0, ] = —
and the parameters of mp.

Since My << M, << m3 assumed, reasonable to suppose that
leptogenesis occurs at T ~ Mj.
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3 regimes:

o T ~ M; < 10° GeV : all lepton flavors separately active in €. But
e$ =0, e = —¢7 in our model simplify situation.

e 10% GeV < T ~ M; < 10'2 GeV : here only 7- flavor can be identified
separately, e. u act together, but we just have &} and ] = —¢f’.

o T ~ M; > 10 GeV : here all flavors act indistinguishably so that we
just have £§ + /' + ] which vanishes in our model so that there is no
leptogenesis in this regime.
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For the two allowed regimes, we have numerically studied the thermal
A
evolution via Boltzmann equations of the yield Y) = % = "?”772\ of the

active leptonic flavor A (n= no. density, s= entropy density) from

T ~ M to electroweak temperatures and the sphaleronic conversion of
the lepton asymmetry into a baryon asymmetry keeping Ay = %B K
conserved. Our finding is that a realistic baryon asymmetry parameter

Yg = (ng — ng)/s ~ (8.7+0.1) x 107!

can be generated only for the regime 10° GeV < T ~ M; < 1012 GeV
and not for T ~ M; < 10° GeV.
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Phenomenological discussion

Numerical run with six parameter M, using quoted input values

0 012, 023,
013, Am3,, |Ams;2| and T;m;

Table: Output values obtained for normal mass ordering

X Y1 y2 z1 22 w
eV eV eV eV eV eV
—0.20 — —0.12 — —0.05 — —0.17 — —0.18 — —0.16 —
+0.21 +0.11 +0.05 +0.17 +0.17 40.15
m my ms3
eV eV eV
9.2 x 10~° — 0.071 0.01 — 0.077 0.051 — 0.082

Table: Output values obtained for inverted mass ordering

X y1 ¥2 z1 z w
eV eV eV eV eV eV
—0.44 — —0.16 — —0.14 — —0.01 — —0.01 — —0.05 —
+0.46 +0.16 +0.14 +0.01 +0.01 +0.06
m my m3
eV eV eV
0.051 — 0.085 0.049 — 0.079 8.2 x 10~ ° — 0.068
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Neutrino mass bands for normal and inverted ordering

0.09 0.08
0.08 0.07
— 0.07 —_ 0.08
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2z L oos
= 005 ©
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E Lo £ o0z
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Neutrinoless double beta (530v) decay

_ 2 2 2 2 ia 2 i(B—26

dy = diag (—1,+1,+1) de = diag (—1,—1,+1)
‘Du EXCLUDED BY GERDA PHASE-| mu EXCLUDED BY GERDA PHASE-|
o [ mm— W e

3 3
—- ! 2 :
>m i >m i
= =3
3 3
a3 a3
104 104
10* 109 102 101 100 10* 109 102 101 100
mq, mg (eV) my, mg (eV)
dp = diag (—1,+1,—1) dy = diag (—1,—1,-1)
100 100
Sl Sl
P P
5 : 1
2 o § 2 o0 :
= ; = ;
109 H 109 g
104 104
104 103 102 107 10° 104 103 102 107 10°
mq, mg (eV) my, my (eV)
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Conclusions

e Proposed complex scaling on the basis of GsM, Gz = M}

e obtained 6-parameter form of M,=

x —y1k +i% y1+ iy
. 2_ . s

MCES — —y1k +i% 7 —wk=l iz W—/%Zg
y1+iy2 W — i%zz 71 + iz

e Consequences :
a,8=0orT:

cosd = o, i.e. 6:%or 3m .

7 .
e Each neutrino mass can be nonzero; can be generated from type-I
seesaw.

e Either mass ordering, normal or inverted, possible

e Hierarchical neutrinos for most values of the neutrino mass-sum;

quasidegenerate only when latter approaches the cosmological upper
bound ~ 0.23 eV

e Interesting predictions on |[(M, )ee| parameter for future experiments.
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e Realistic baryogenesis via leptogenesis possible for
10° GeV < T ~ My < 10'? GeV and normal light neutrino mass ordering.
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