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Fermion mass puzzle : several facets Neutrino flavour parameters and low energy data

OSC' I |atIOﬂ data. M. C. Gonzalez-Garcia and M. Maltoni, Phys. Rep. 460, 1 (2008), R. Z. Funchal, talk at 2008
» 3 mixing angles : |01, = 32° , 0,3 ~ 45°, 6,3 < 10° (upper bound)

» family replication and the resulting proliferation of couplings,
» the observed hierarchy in the fermion masses and mixing angles,

» the origin of CP violation in weak interactions and its absence in strong interactions, and
» the origin of tiny neutrino masses.

Quark mixing «~  CKM matrix
Ve = V Vi = (VEZ Ve ¥ZE) Fermion mass (MeV)

Via Vis Viwp

» 2 mass-squared differences : |[Am3, ~ 7.7 x 107>eV? and |[Am3,| ~ 2.5 x 10—3eV?

Non-oscillation data
» (3-decay experiments, mg = \/Zi Ui |2m? = \/cfSszmf + c2;52,m35 + s2;m3, Img < 1.8 eV|(Mainz+Troitsk)

» Ov 33 experiments (sensitive to Majorana nature & phases), mgg = | 3 U2 m;| = |c2,c2,m; + cZ;s2,e'%2m, + s2.e'*mj|,
mgg ~ 0.16 — 0.52(0 — 0.25) eV| (Heidelberg-Moscow (Cuoricino))

» Cosmology, 2, ox > = > m;, > < 1.3eV | (WMAP5)
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explain the origin of large/maximal mixing in the neutrino sector by exploiting the fact that in most grand unified models,

Our focus is to obtain large mixing and tiny mass
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usually there are more than one seesaw mechanisms at work or there are more than one independent sources of neutrino
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naturally in the neutrino sector.

mass. With only one seesaw mechanism, it is possible to explain the smallness of neutrino masses, but there are some

problems viz., the mixing angles are small and CKM like. Here we consider more than one seesaws which is a natural
feature of most grand unified models and show that we can get rid of this problem. We show that the small mixing can get
enhanced to large or maximal by adding the two seesaws in an appropriate way. This is intimately connected with near

Unresolved issues at the present epoch

degenerate neutrino mass pattern. Alternately, we can decompose the quasi-degenerate mass pattern in to sum of

hierarchial and inverse hierarchial patterns with small mixings. The left-right symmetric model where the type | and the

Mass pattern Absolute mass and its origin

» future 3 decay, Ov(33 experiments
» Need to invoke beyond SM physics to give masses to neutrinos

» Normal hierarchy: Am2, > 0 type Il seesaw mechanisms are related by the same Yukawa provides a framework where small mixings can be converted

» Inverted hierarchy: Am2, < 0 - - g o _ _ : : .

. = A > It Majorana, seesaw mechanism can explain tininess to large mixing angles, for degenerate neutrinos. With three generations, we show that either one or all three mixing angles
uacrRegeneiaie i = Mz = s Dirac vs Majorana

M IXINQ and CP violation > 0v38 experiments will be able to tell if neutrinos are Majorana can become large, which is not desired. We propose a way to obtain two large and one small mixing angle if either one or

» Why two large and one small i _ _ -

» Dirac-type CP violation 2 MajOrana phaseS both the sub matrices contain large mixing.

» very hard but Ov 33 process is sensitive to them

lllustration of degeneracy induced large mixing in the two g eneration case

- m®@) (1)
Case (A) : m;7; and m  ; are large Decomposition of degenerate spectrum :

Consider . « 0 Finally, if two diagonal entries are large in individual matrices,
1 2 .
MV = Ml(/) -+ Ml(/) Mu = My (X (1 4 Z’)) + mo (y —yl> we can have a new class of solutions Degenerate Spectrum with |arge mixing can be
where M(Y) may originate from Type | Seesaw and M(?) may . e Case (C1): ; " | T
come from Type 1l Seesaw in a model like SO(10) where both Large mixing condition: my &~ mz ~ m - 1+ p X 1 X’ ecomposed Into two matrices with smafl mixings.
these are simultaneously present M. — m ( z X +, Y) v = ( X 1) ek (X' il - P') This decomposition is more general irrespective of
1 1 2 2 X Z
M — [Mee My i mee me;) | Y | | M. — (M2+mi(l1+p)  mix + mex’ mixing
v m&) m(l) ((f) m2) Note @(m) element vanishes and small entries appear in the »Z U mix +max’ my+ ma(l+ p) '
The mixing is given by - - total mass matrix. d = —1 =z = z"while (A) =z’ = 0. where x, x’ are small and p, p’ are such that 2x /p << 1 and Zeroth order textures
, , . . . I .
. 5 AM2 = m2(z + 2V /4(x + V)2 + (z — 27)2 2x"/p’ << 1to keep mixing small in M. This would mean -, :
tan 26 — 2(m( ) + m¢ )) ( )\/ ey + A ) hierarchy between the elements in M . Qualitatively this could MIXI ng = Small Maximal
- (2) (1) (2) _ (1) 2(X o _ ' ' - ' ' ' X X
e -nl nl 020 = 22D g g possil whens +y > zfor T 210w e of shtors wih cach b mares orming - Mot M
Z — 7 _ |
— _~- 2~ :
= tan26 1+ d +tan 26 1+ d 2’ — 0 | | tan26 ~ (x + x’)/(p’ — p) would remain small as NH 0 . 1p A
) ) orx,y ~ Z,é)' when z(l): z' & hlergrc_hla| pattern emerges X, X’ << p, p’ unless p = p’. But, then this will fall in class (C) A: Diag[0,1] (E 1) (1/2 1/2>
where d — i — Mee Case (B): Mee” and mee’ are large similar to case (A); need where both the conditions on diagonal elements are satisfied. IH
m&) — m& SENE CEMEEEWIES @F el e To sum up, the sum of 2 matrices with small mixing angles would | . piagr1.0] ( 1 —€> < 1/2 —1/2>
If ' are small, large mixing requires |[d = —1 Case (C) : For example, let m) = me naturally lead to a degenerate spectrum with maximal/large At —c U —1/2 1/2
Small () ZmSBL << (|m(') _ m(')|) and m(® =£ mge) 0 x 1 —y mixing provided there are no cancellations of large eigenvalues _g _ 10 10
: D 4 mO 4 m® 4 m o M, = m; (x 1) + (—y ; ) of individual matrices. The individual matrices could have the Co: Diag(L.1] (o 1) 0 1
Am® = (Mg’ +m; 7 +mg’ +m:l) form (a) NH + IH (Case C) or (b) quasi-degenerate themselves . Bianl. —1 2¢ 01
b h [ Ca: Diagl-L.1] 2¢ 1 10
m MmiX —m t with small mixing (Case C1).
. . . . o ! 6 —_— —
Assuming at least one diagonal entry in each M,(/') to be large the 2(M1x — may) Thus to convert small mixing into maximal/large, we need a pair
iti — _ _ : Individual mixings are small. But, tan 260 = _ _ _ _
condition|d = —1/leads to sub-cases: < _ m; — mpy of (quasi-) degenerate eigenvalues with same CP parity, ordered Note: Co= A4 B Ci=A—B Co=B—A
> (A)mB) = —m{) can be enhanced if m; and m; both have same sign. - | - | 0= e S 2= ;
> (B m(2) _m(l) Im; — my| < 2(m1x — myy) for large mixing. oppositely in the sub matrices. This is “degeneracy induced - : .
®) 2) _ (1)ee 2) _ (@) Spectrum hints towards a quasi-degenerate pattern. L Can be InCOrporated eaSIIy In
" (O Mee” = My OF My = Mee large mixing” models of neutrino masses.

Am? = 4meinlimitm; ~my ~mande = m(x —y)

Model considerations and extension to the three generation c ase

Three generation case: two possibilities
() Two Seesaw mechanisms or two sources of neutrino masses: Total mass matrix (with 3 small mixings in the two sub matrices)
g 1 2 1 1)\ (1 2 2)\ (2 1 1)\ (1 2)\ (2
Single (Type I) Seesaw m? +mf (g —m{P)e + (m —mP)ey () —mP)erd + (mf? —m)el?
. : M., = % (1) + m(z) (m(l) —m 1))6(1) + (m(z) (2)) (2)
Minkowski (1977), Gell-Mann, Glashow, Mohapatra, Ramond, v 3 2 (1) (2)
: . . : m}
Senjanovic, Slanski, Yanagida (1979/1980), Valle Farn drmnss e VleiE e e s * * +
| 5 hge hBe 1/Mg1 O hge hgu 0 x 1y Constraint - 8,3 must not be large. We can generate only one large mixing angle in this case when there are two sub matrices.
—M =v hD hD 0 1/Mgz/) \nD hD f = (x 1) , Y = (y O) Assuming that one of the matrices enhances the small mixing via degeneracy condition, while the other generates large mixing, we
2 D 1D D \2 KD D propose textures for this. Here too we can decomposition degenerate spectrum into 2 sub matrices
(h ) heehe (h ) h eh leadi t
M{hohd, (h2)?) T M2 (ho'he (ko 3% S
ee’‘ep pe’ pp
O m]_X m2 1 _ 2Xy y(l _ Xy) . . . . . . . . .
Parameter region for quasi-degeneracy and large mixing M, = ( MiX My ) T2 (y(l —xy) y2 Mixi Nng — Small S ngl e maximal Bimaximal Tribimaximal
. If MR, = MRr» the Yukawa parameters can be
hP :jl(’)(l)RhD ~ X,hP ~ —y hP ~ O(1) or = i( 2“2(1 —2xy) m1x3+£n2y(1 —ny)> O 0 e 000 000 000
Sy " g° ke o ke x2 \ Mx= + myy (1 —xy) MiX< + myy A: Diag[0,0,1] 0 0 e oi1 011 01!
hee =~ O(l)’heu ~ _X’hue - y’huu ~ O(1) 2 €13 €23 1 0 % % 0 % % 0 % %
Thus each RH neutrino couples with LH neutrinos with where m; = v and m; = v©/vg. 10 0 o L 1 1 2 2
small mixing but the total mass matrix ensures maximal Mixing angle, By: Diag[L,-1,01 ( 21‘E —2e112 _:13) (o L ) . d/i \65 3, "3 3
mixing. o o St 23 22 V2 3 6 6
4 N 2(mx3 4+ moy (1 — xy)) —€3 €3 0 0 ; —3 5 0 0 -
Two Seesaws (Type [+lI) mix? + moy? — ma(1 = 2xy) o L 0 e r 8 S re s r e S
Lazarides, Magg, Mohapatra, Senjanovic, Shafi, Wetterich (1981) Degeneracy requirement m1x2 ~ m, — large mixing o —€13 —€x3 O 0 _2% 1? 0 _2% 12 0 _2% 1?
LeftTRight symmetric model - Effect of radiative corrections, _ 100 100 100 100
Joshipura (1994,1995), Akhmedov and Frigerio (2006), ... . Co: Diag[1,1,1] 010 010 010 010
f tan 29 = . 2Wmax® + may (1 = xy)){1 + d) 00 1 00 1 00 1 00 1
Ly = _E (VI(_:VLAL + VIgVRAR> + h.c. (1 + 5)2m1X2 + m2y2 — mz(l — 2xy) —1 2e€12 2e€13 —100 0 % _%\ _% % _%\
where 4, (r) IS the triplet Higgs he Now, m1x2(1 + §)? ~ m, for large mixing and keeping Jeis 0 1 0 01 Vi1 1 ) 2 0 )
Lo =—-YTvro? + h.c. o 0 ’ _ZL ZL ;3 3_232\
- - degeneracy stable. Of course, the splitting of the _ 1 —2e12 O 100 V2 fz\ 3. T3 3
In the limit where vg > v, total mass matrix is C,: Diag[1,-1,1] Dz —ib P 00 1 _LZ % % —§ % %
va_o o degeneracy can come from the radiative effects. 0 2e3 1 010 L 1 1) = a9
My = v = 0viy | 1 0 —2es 10 0 10 0 1 0 0
— Type II(NH) + Type I(IH) Cs: Diag[1,1,-1] 206 216 —26123 8 01 —01 8 01 P 8 01 —01
— &£C€13 T <4623 - - - -
(i) Three Seesaw mechanisms : 3 Maximal Mixing Angles Cabibbo and Wolfenstein
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