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Neutrino masses and mixings are very different from quark masses and mixings.

Quark masses are O (Mgw). Neutrinos are not heavier than O (1 eV).

They are strongly hierarchical, Their masses can be degenerate.

Even if the masses are hierarchical,

. : 10-% . 10-2 .
My : Me 2 Mg ~ 10772107721 the mass ratio of the heavier neutrino

mg:mg:my~107%:1072: 1 masses is constrained,
mo - Amgol 1
ms Amgtm B 5) .
Small mixing among quarks, Mixing is close to ‘tribimaximal mixing’,
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The symmetries and the particle content of the standard model (SM) point towards
GUTs as the next step in the unification of all forces.

In particular, SO(10) is a very attractive candidate:

e All quarks and leptons of one generation are unified in a single multiplet,
16 = (Q,u,d, L, v, €°);

e anomaly free;

e gauged U(1)z_,: B—L breaking gives rise automatically to Majorana masses for the
singlet neutrinos and the seesaw mechanism;

Mgy

mV

~01eV — MY ~10" GeV,

close to the MSSM unification scale, Mgyt ~ 1016 GeV.

e SO(10) contains both SU(5) and Gps = SU(4)~ x SU(2); x SU(2) as subgroups.
— left-right symmetric.
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Fermion masses arise from a few Yukawa couplings.

Mimimal model with large representations: 10y, 1265 + 1265, 210y

. . . . , . d _ € oV
Y160 167 105 + Y4 164,167 1265 = Yis = 0 0 M 7MW
10 “FM=Eag=PH T T126 SEM S =R 20T 4 (Hy(126)) 4 (H,(126))

Uu

Y126, Which determines the Majorana mass matrices, is highly constrained by charged
fermion masses.

Models with small representations (10, 16 + 16, and 45 or 54;) have more
couplings and are less constrained/ predictive.
[Albright, Barr; Babu, Pati, Wilczek 1998. . .; SW, Willenbrock 2007]

They share the pattern

SUSYO07 Neutrino Masses and Mixings from Quark Mass Hierarchies Soren Wiesenfeldt



However, if we have additional heavy matter, this pattern is no longer valid!

Consider model with three spinorial and one vectorial matter fields, 16, 5 3 and 10,,.
Then 10,, adds a fourth generation and down quarks and leptons.

m® is 3 x 3 matrix, whereas m<, m¢ and m” are 4 x 4, [cf. Nomura, Yanagida 1998; Asaka 2003]

)

M(3><3) M
mt ~ Mg&ﬁx(&) , m ~ mé ~ m¥ ~ af a4l

\ Myq M4 )

e Fourth generation acquires GUT-scale mass when the GUT symmetry is broken.

e If My, or M,4 are comparable to My, the mixing among LH or RH states is large;

— effective 3 x 3 mass matrix is much different from m%* ~ Mé?»ﬂx3>_
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[Asaka, Buchmiiller, Covi; Hall, Nomura, Okul, Smith 2001]

Consider 6D N=1 SUSY SO(10) compactified on T/ (Zy x Z5° x Z$°).
The discrete symmetries break the extended supersymmetry and
Pps : SO(10) — SU(4) x SU(2) x SU(2) , Pgg : SO(10) — SU(5) x U(1) .

The breaking is localized at different points in the extra dimensions, O, Ops and Ogg.

Physical region: ‘pillow’ with four — Four fixed points with local gauge groups
fixed points (branes). SO(10), SU(5), flipped SU(5), and Gps.
ele Of The unbroken gauge group of the effective 4D

theory is given by the intersection of the sub-
groups at the fixed points, Ggy x U(1).

O Ops
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The three families are located at different branes; they have only diagonal Yukawa
couplings with the bulk Higgs fields, direct mixings are exponentially suppressed.

However, they mix with bulk field zero modes without suppression, so the zero modes
V4 C C I/C C
L4 (gb) — ( ) ) L4 (QJ) ) — ( j) ) d4 (H5) d4 (H6> )

act as a (vectorial) fourth generation of down quarks and leptons and mix with the three
generations of brane fields.

V1 V2 . .
Occ Of e Connect hierarchy to the location of the SM

generations in the extra space-coordinates;

e the Yukawa couplings satisfy only the GUT
symmetry of the local fixed point (local unification);

e the mixing between generations appears due to
O Opsg mixing with bulk fields zero modes with the same
V3 quantum numbers.
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General pattern of quark and lepton mass matrices: [Asaka, Buchmiiller, Covi 2003]

1 00 m
w00 (1 i
m-~——m ~ |10 pu 0, m ~m ~m ~ )
tan 3 Uy 0 0 p3 i3

0 0 pus

\M, M, M M)
with (hierarchical) 11, i = O (Mgyw) and (non-hierarchical) M=0 (M.).

() (05
Oce Of

0 Ops
V3
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General pattern of quark and lepton mass matrices:

0 O
m m’ o~
tan G UJQV H2
0 0 pus

, mt~m®~m"~

[Asaka, Buchmiiller, Covi 2003]

/ w10 ﬁl\
0 w2 0 f2
O 0 us 3

YA

with (hierarchical) 11, i = O (Mgyw) and (non-hierarchical) M=0 (M.).

e m" can be chosen diagonal and real.

e m (m?, me, mY) contains three phases, which can be chosen as

( p1q €'
0
0

\ My

0 0 fi1 \
i €' 0 2
0  pge® i
M,  M;
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Assume universal Yukawa couplings at each fixed point (tan 3 ~ 50).

The “diagonal” elements u; are given by the hierarchy between the up quarks,

P12 2 5 3 N My 2 M 2 My W00
while the down quark mass matrix (smaller hierarchy) m~ 0 pu O
Is dominated by the /i;, 0 0 pus
My > 3 ~ 3, Mg = flg =
M 2 2 ( 0 0 [Ll\
The mixing angles are given by ratios of /i, U B R
- - ~ 0 0 1
Vie= O~ EL 0y B2y, o 2L 77, I, }Z ]%34)
12 M3 3

Low-energy CP violation is suppressed by "¢, i.e. phases must be large,

J ~ — QCmd—Z% (sin (A3 — B2) + sinfy) ~ 107" (sin (A3 — O) + sin ).

my,
Soren Wiesenfeldt
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The Dirac mass matrices are very similar to the down-quark mass matrix, but the
left and right handed fields are exchanged.

— large mixing between left-handed but small mixing among right-handed states.

The heavy state is effectively an SU(2)-doublet of Dirac fermions as MY « M ~ Mguyr.

The mass ratio of electron and muon is much smaller than the ratio of down and strange

quark, _ ~

m m —~ ~

me:(u;g1> < (Mié”) ~ 4 = uS<pd andlor § <
M 2 e d
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The Dirac mass matrices are very similar to the down-quark mass matrix, but the
left and right handed fields are exchanged.

— large mixing between left-handed but small mixing among right-handed states.

The heavy state is effectively an SU(2)-doublet of Dirac fermions as MY « M ~ Mguyr.

The mass ratio of electron and muon is much smaller than the ratio of down and strange

quark, _ ~

m m —~ ~

me:(u;g1> < (Mié”) ~ 4 = uS<pd andlor § <
M 2 e d

Use basis, where the charged leptons are diagonal. Then the effective Dirac neutrino
mass maitrix reads

o o o = o~ ,UJS M3 — s , 0 : me,
Apy Dpy py PLo P (M li )
mY 5 5 D - ~ s — M3 i3+ , P
m- = | Bpy Epy pa | P2 NIOQM M pzuugu ’ Y

3
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The light neutrino masses result from the see-saw mechanism. The Majorana matrix for
the right-handed neutrinos is diagonal, but it can have complex entries,

) My e%ién 0 0
my, = —m”T—N mY m” = 0 Mye2i¢2 0
m .
0 0 My e2is

Assuming py : ps : p3 ~ mg : mg : my, We find the neutrino mass ratios

2 52 2
ma p2M3Nmsth02 mi MgdethO2
— 2, 2.
ms3 p3 Mo mg Me ms3 p3 M,y mg My,

e The weak hierarchy in the neutrino sector can be traced back to the non-perfect
compensation between down and up quark hierarchies.

e The light neutrino mass spectrum is hierarchical with

2
mo ATnsol

mi ~ mo9 ~
’ my  Amgn,
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Since A, C ~ % B ~ %’ and D, E, I ~ 1, we have

By P [AMe pa oy pa JATey oy po
5 Pz N Amgy Wy P2\ Amgy, M, P2
2
v M2 P2 Amg,
Mege ~ | B2 + £,/ —sd
eff T n\ ami 1

/| Am?
M2 & sol 1
HQ _|_ p2 ATn‘gtm

e atmospheric mixing angle 6,3 is naturally large;

2
AWbsol

Am?

atm

)

ms .

e smallness of the electron mass yields small reactor mixing angle ¢;3;

e alarge solar mixing angle 6, requires ps ~ po.

S A~ and B~ D~ E~F~1 fixed!
Mo
613 is rather large due to corrections %2 2%5:; .

e =
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Ov (G0 is only allowed if neutrinos are Majorana particles.

The decay width reads & e
p

=G ‘/\/ﬂ M| 2,

where G is a phase space factor, M the nuclear matrix element, and m.. = (m),,.

We can estimate the size of m.,,

2 2
Ko —2ip, 2 —2igy [ M2 P2
Mee ~ \/AM2. = ¢ + v/ AmZ e (—N ——~>
atm N% sol 112 09

in agreement with

Mee = M3 sin’ 013 + cos® O13 (mg e?%2 5in” 019 + my e2'¥* cos? 912) .
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The strength of Dirac-type CP violation is obtained from

11 1
2i A2 N2

2 m% mg \/ ATnsol
’B‘ m m4 ~ )
200 \/ Amigym,

provided that the phases are O (1).

J = det [heg, A, off = (mgff>]L M

Compared to

J = COS 013 sin 2613 sin 26012 sin 2053 sin ¢ ~ 0.1 sin 263 sin ¢ ,

where ¢ is the CP violating Dirac phase in the (extended) standard model,
the magnitude is enhanced by one order of magnitude.
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e The decay of right-handed neutrinos generates a lepton asymmetry, which is
converted to a baryon asymmetry by sphaleron processes.

e The out-of-equilibrium decay leads to the CP asymmetry [Covi, Roulet, Vissani 1996]
Im I\/I%
_ ’L M = m” [m T
167T Z I\/|11v i, m [m ]

e \We estimate the size of ¢,

e~ 107 [sin A¢13 — sin (2A¢13 + 03) + sin 2 (A3 + 03) + sin 2A¢12],

where ¢; are the phases of m', §5 the phase of ps.

e Then the size of the baryon asymmetry is ng ~ 10719,

— Right order of magnitude with large phases.
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Why are masses and mixings of quarks and neutrinos so different and how does this
happen in grand unified theories?

e The CKM mixings are small because LH down-quarks are pure brane states.
The large mixings of RH down quarks, together with the down-quark mass
hierarchy, leads to small mixings for LH quarks.

e The MNS mixings are large because neutrinos are mixtures of brane and bulk
states, which are unrelated to quark and charged lepton masses and therefore not
suppressed by small mass ratios.

e Neutrinos have a small mass hierarchy because of the seesaw mechanism and the
mass relations m? ~ m”, m* ~ m?,

T 1
m”~—<md) — m?
mu

The ‘squared’ down-quark hierarchy is almost canceled by the larger up-quark
hierarchy.

Neutrino phenomenology is fixed in terms of quark masses and mixings.
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These results are generally valid in the case where

(,Ul 0O 0 m
0

w0 0 0
muNmNN 0 12 0 5 mdeeNmVN H2 /fz )
O 0 pus i3
0 0 M3 —~ —~ —~ —~
KM1 My Ms M4)

with (hierarchical) ;, i = O (Mgw) and (non-hierarchical) M = O (Mayr).
[cf. Asaka 2003]

For simplicity, we assumed degenerate M and universal Yukawa couplings 1 and p;

mq @ Mg — pdifio~1:4
exception: po (p2), where ¢ m, : m,, —  pS5 e ~1:10
L tan 2912 ~1 — P2~ ,52
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