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Plan of the Talk

@ Introduction to Sequential Dominance and Constrained Sequential
Dominance (CSD),

Our model and deviation from CSD.

Numerical Analysis.

Our flavor model.
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Sequential Dominance and CSD

Assuming the charged lepton mass matrix to be diagonal, we add three
right handed neutrinos V3™, 15 and V& to the Standard Model.

Yukawa Lagrangian for neutrlno mass is

LY = (Bu)(dLe + el + L™ + (H)(ale + bL, + cL v (1)

+(He)(@'Le + b'L, + 'Ly )vge + H.c.

Majorana Lagrangian is given by

LN = Moo (E) + Matmp B (VE™)E + Mgecv 3 (185€)<. (2)
So,
Matm 0 0 d a &
Mp=| 0 Mg 0 |, mp=|e b b[, (3)
0 0  Myee f ¢ ¢
m’ = mDI\/l,glmg. (4)
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Sequential Dominance and CSD

(e.fP  (a.bP _ (a.b.c)
Matm Msol Mdec

Matm < Msol < Mdem (5)

@ Third column of mp and mg can be decoupled with the above
mentioned conditions.

@ Three right handed neutrino model = Two right handed neutrino
model.

@ mp and Mg take the form

_ Matm 0 _
MR_( 0 Msol>’ mb =

-~ o Q
O oo
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Sequential Dominance and CSD

d=0, e=f, ,a=b=—c. (6)

After performing above mentioned decoupling and above condition, Dirac
and Majorana mass matrices take the form

0 a
mp=|e a |, Mg= (Mstm I\/;) ) . (7)
e —3a sol

Putting this mp and Mg in m, of Eq.(4), we find

0 0 0 5 L
332 3 »5 0
Utgmmy Ursm = Msof »Urem = —% % %
1 1
V2
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Our Model and Deviation from CSD

We consider a phenomenological model where we modified the Dirac mass
matrix as

0 a ee1  aea
mp=mp+Amp, mp=|e a |, Amp=|ee aes|, 9)
e —a €€3 d€g

Here ¢;, i=1..6 are complex parameters. Hence the seesaw formula for
active neutrinos

ms, = mpMg*(mp)" (10)
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Our Model and Deviation from CSD

@ since we are in a basis where charged leptons are diagonalized, this
form of mass matrix should be diagonalized by PMNS matrix which in
terms of PDG convention is

C12€13 S12€13 size 0P
Upmns = —S12C23 — C12523513€0C7  C120o3 — S12523513€/0CP $23C13
S1253 — C12Co3513€/ %P —C1a5p3 — S12Ca3513€70C7 €23C13

(11)

Here cjj = cosf;; and sj; = sin 0.
@ In order to simplify our calculations we parameterize s;» and sp3 as

51 = \%(1 +r), s = \2(1 +s) (12)

o The ranges for r and s can be found as (—8.8 x 1072,2.5 x 1072) and
(—8.2 x 1072,0.13). The ranges for s;3 is also around 0.15. So, if we
allow non-zero ¢; in our model, we can get non-zero r, s, 513.
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Our Model and Deviation from CSD

@ The relation for diagonalization of the seesaw mass matrix is
d T :
my; = Uppnsms, Upnmins = diag(my, mo, m3) (13)

e Expanding m} and Uppns in power series of €;, r, s, s;3 which are
small, one can see that m¢ need not be in diagonal form. Therefore
we demand off-diagonal terms to be zero giving €; in terms of r, s,
s13. Now from the diagonal terms of m¢ we can get the three
neutrino masses in terms of the model parameters.
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Our Model and Deviation from CSD

In limit where ¢;, r, s, s13 tend to zero, we get the leading order expressions

342 2e?
my = 07 my = , M3 = M .
sol atm

(14)

@ mj is zero at leading order. m; will also zero at sub-leading orders.
This is a consequence of the fact that two right handed neutrino
model is proposed.

@ So, we can have only normal mass hierarchy. Then my and m3 can be

fitted into \/Am2,, and \/Am?,,,.

@ We can fit
2 2
a /A2 € a2
~ 1/ Am — ~ A/ AmMmE, . 15
Msol sol» Matm atm ( )
Am?
@ It is noticed 2s°l ~ 513.
Mtm
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Our Model and Deviation from CSD

We re-express our diagonalization formula

! m? = ————(UbyunsmSU )
/= PMNS PMNS
A/ Amgtm \/ Amatm

my m3

(16)

1
So, 7mg

\/ Amatm

/ Amsol
Arnatm

can be expanded in power series of €;, r, s, s;3 and
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First Order Correction

@ Up to first order in €;, m} can be expanded as
S

m, = m,sj(o) + mls/(]_)7 (17)

myq) = mpMgtmp, my ) = mpMp(Amp)T + AmpMgtm}

@ Similarly, up to first order in r, s and si3, the expansion for Upyns is

Upmns = Ursm + AU, (18)
_\/La % | e i0crg 4
AU = —r+s  €%CPs;3  r42s+v2e’CPs)5 s
- V6 V3 2v/3 V2
r+s e’CP ;3 r—2s—+/2e'%CP 55 _ s
V6 V3 2V3 2
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First Order Correction

Terms up to first order in 7ng are given below.
Amgtm

1 a_ 1 d d
0 0

d 0 322 J x| X2 X{3
!/ / /
My(0) = 0 Mso1 02 » Myaqy = X}z ng X33 )
0 0 = Xi3 Xp3 X33
X{I = 07 X]/.2 = 07
2
e .
s = \@T[\fz(%l — e+ €3+ 25) —4e°Psy3], x5, =0,
atm
2
e .
X£3 = \/gT[\/E(El + € — €3 — 25) — 26’60P513],
atm
2e2
X33 = (€2 +€3) (19)
Matm
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First Order Correction

@ Now, equating the diagonal elements on both sides of the
diagonalization formula we get the expressions for the three neutrino
masses, which are

3a? 2¢2  2¢?
= L 2t )
Msol Matm Matm

m; = 0, my = (20)

@ From the above equations we can see that only m3 get correction at
the first order level.

@ Now, from the off-diagonal elements, we get the following expressions.
€1 = \@eiécpsl3, €2 — €3 = 2s (21)

@ From the above two equations we can see that, in our model, sinf13
will be non-zero if we take €3 # 0.
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Second Order Correction

Expansion for m;, and Uppns, up to second order in €, r, s and sj3 are
given below

s __ S s s s _ -1 T
m;, = my ) + My + Moy, Moy =AmpMg=(Amp) ", (22)
Upmns = Urem + AU + AU, (23)
_2sf3+r2 _ 5123 0
) 2v6 2v3
A2 U — 2513e";CP(r—25)+\/§(2rs+52) —r2+2rs—252—2\/§sl3e"SCP(r+s) 75%3-‘1-52
YA 43 2v/2
513€/9CP (r4-25)4+1/2rs r2—21/2s13€"°CP (r—s)4-2rs _ sZ+s?
23 43 22
° ﬁmg can be computed up to second order in €;, r, s, s;3 and
matm
Am? 1
2SO
Amatm
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Second Order Correction

Now, after using Eq.(21), the second order terms in L__md will be
Mytm
simplified. These are given below.
1 S e
My = —/—— | X12 X2 X23 )
\/ Am3, \/ AmZ,, X{5 XY X
2
" " a
xi1 = 0, xjp = ——(2e4 — €5+ €6 — 3r),
\ﬁMsol
2
" € i6 i
X}y = ————[s(3s — 2v/2e9CP 513) 4 2e3(s — V/2e"CP 513))],
\/§Matm
" 232 " 2 2
Xpp = (€a+e5 —€6), X33 = (63 + 2e35 +25% + 513)
Msol Matm
Xy = V3a? [V2(e5 + €6 + 25) + 27790 53]
2I\/Isol
&2

—37[263(\/ s+ /%P 513) + 5(3v/2s + 2e/°CF 513)], (24)
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Second Order Correction

Now, after equating the diagonal elements on both sides of Eq. (16), we
get corrections up to second order to neutrino masses, which are given
below.

0 3a2 n 232( n )
m =0, m= —— (€4 + €5 — €6),
Msol Msol
2e? 42 2e? 5 5 5
m3 = + €3+ 5) + —(Si3 + €3 + 2e35 + 257) (25
Mo Matm( ) Matm( 13 1+ €3 ) (25)
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Second Order Correction

After demanding that the off-diagonal elements of \/Alizmg should be
matm

zero, we get the following three relations.

2¢4 — €5 + €5 = 3r,
s(3s — 2\f2ei50P513) + 2e3(s — ﬁeiécpsm) =0,

Am2. . .
\ Arnnést(ie’¢[\/§(e5 + 6 +25) + 2673

—[263(v/2s + P 513) 4 5(3V2s + 26"P513) = 0. (26)
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Numerical Results

o the best fit values for the two mass-squared differences among the
neutrinos, which are given below

AmZ, =739 x 107° eV2,  Am?,, =2525x 1073 V2. (27)

@ In the analysis, we have varied the three neutrino mixing angles and
the CP violating Dirac phase dcp over the 30 ranges. These ranges
are

sin? 015 : 0.275 — 0.350, sin® 63 : 0.418 — 0.627,
sin2 13 : 0.02045 — 0.02439, dcp : 125° — 392°.  (28)

@ Since ¢; are complex, we have resolved them in to real and imaginary
parts, whose expressions are given below.

€ = Re(e,-) + i/m(e,-). (29)
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Numerical Results

@ In order to be compatible with neutrino oscillation observables, we

have obtained the allowed ranges for Re(e;) and Im(e;).

Re(e1) Im(eq) Re(e2) Im(ez), Im(e3) Re(e3)
(—0.221,0.221) | (—0.221,0.182) | (—0.106,0.225) | (—0.064,0.064) | (—0.15,0.095)
¢ | e Re(es) Im(es) Re(eq) Im(ep)
0| 01 | (—0.084,0.462) | (—0.119,0.101) | (—0.375,0.168) | (—0.119,0.101)
0| —01 | (—0.282,0.26) | (—0.119,0.101) | (—0.175,0.367) | (—0.119,0.101)
0| 0.1; | (—0.182,0.362) | (—0.019,0.199) | (—0.275,0.267) | (—0.219,0.001)
0| —0.1/ | (—0.182,0.362) | (—0.219,0.001) | (—0.275,0.267) | (—0.019,0.199)

Table: Allowed ranges for the real and imaginary parts of the ¢; parameters.

@ The maximum values of |Re(es)| and |Re(eg)|can be around 0.4
depending on €4 and ¢ values.
@ For this reason we have computed allowed values for neutrino mixing

angles and dcp by restricting |Re(es)| and |Re(eg)| to be less than
0.23 for the case of =0 and ¢4 = 0.1.
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Numerical Results

035
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Figure: Allowed regions in neutrino mixing angles and dcp by demanding |Re(es)|
and |Re(es)| to be less than 0.23, for the case of ¢ =0 and €4 = 0.1. dcp is
expressed in degrees.
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A Model for the Dirac Mass matrix

Here we construct a model in order to justify our Dirac mass matrix and
also to explain the smallness of ¢;.

Ga | Os | ¢ | b5
SuB)| 313|313
Z3 w | W] w | wW?
Zb TP w|w

Xa | Xs | VR VR
1 1 1 1

w2 w w2 w

E ||
=W~

H
1
1
1

w W w w

Table: Charge assignments of the relevant fields under the flavor symmetry
SU(3) x Z3 x Z} are given. Here, w = €>™//3. For other details, see the text.

With these charge assignments, the leading terms in the Lagrangian are

L = ¢a L ath_|_ ¢5 L SOIH—|— 5 ¢a L ath+ 5 d)s L soIH
Mp M Mp
%Wuam ) + he (30)

Here, Mp ~ 2 x 1018 GeV is the reduced Planck scale, which is the cutoff

scale for this model.
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A Model for Dirac Mass Matrix

we can see that neutrinos acquire Dirac mass terms, once the following
N H . / /
scalar fields acquire vevs: ¢,, ¢s, ¢}, &5, &.
@ In order to explain the structure of Dirac mass matrix of CSD, we

assume that these vevs to have the following pattern

0 1
(%a) _ {bs) _
Mp P 1 C oM Y _11 (31)

Here, ya,, ys are dimensionless quantities. These vevs will give leading
order contribution to effective Yukawa couplings.

@ The vevs of ¢, ¢, ¢ give sub-leading contribution to Yukawa
couplings for neutrinos. Here, we need not assume any pattern for the
vevs of ¢, ¢.. Hence, after writing % = ¢, we can have

(© (91) n ° (©) (90) n o
Mene =Ya| v2 |e=val @ | wman=vs| v |e=ys| e
y3 €3 }/§ €6
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A Model For Dirac Mass Matrix

@ (xa) and (xs) generate masses for right handed neutrinos, we should
have (xa), (xs) ~ 1 TeV.

@ The vev of £ is such that it explains the smalleness of ¢; parameters.
For this we have % ~ 0.1, we get (£) ~ 1017 GeV.

e By taking the masses of the active neutrinos to be O(0.1) eV, we
found that (6.), (6s), (L) (L) ~ 1012 GeV.

@ After noticing that there is a large hierarchy among all vevs, We can
achieve this hierarchy, in this model, by appropriately fixing the
relevant parameters in the scalar potential among all mentioned scalar
fields.

Joy Ganguly Co-author: Raghavendra Srikant July 6, 2021 23/26



Conclusion

@ In this work we have attempted to explain the neutrino mixing in
order to explain neutrino oscillation data.

@ Here we have considered a model where we have modified the Yukawa
couplings of CSD model by introducing small ¢; parameters.

@ Thereafter we followed an approximation procedure in order to
diagonalize the seesaw formula and we have computed expressions up
to second order level to neutrino mass and mixing angles in terms of
small €; parameters.

@ Using these expressions we have demonstrated that neutrino mixing
can deviate from TBM pattern by choosing ¢; parameters.

@ Finally we have constructed a model in order to justify the neutrino
Yukawa coupling structure of our model.
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Thank You
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