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FERMIONIC SPECTRUM IN THE SM 

A possible scenario ! 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Neutrino Properties 
The leptonic mixing matrix is given by: 

The experimental constraints  are: 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Perez 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∆m2
21 = (7.2− 8.9)× 10−5eV2

|∆m2
23| = (2.1− 3.1)× 10−3eV2

300 < θ12 < 380, 360 < θ23 < 540, θ13 < 100
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Neutrino Spectrum 

Normal Hierarchy  Inverted Hierarchy 

Pavel Fileviez Perez                NuFact‐09 



21/7/09  10 

Neutrinos 

In the SM the lepton number (0r B‐L) is an accidental 
symmetry and the neutrinos  are massless !  

Today we know that the neutrinos are massive and they can be: 

Dirac Fermion:                                        (L is conserved by hand!) 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νC ∼ (1, 1, 0)
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Masses 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TYPE I SEESAW MECHANISM 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TYPE I SEESAW  

Minkowski’77; 
 Yanagida’79; Gell‐Mann, Ramond, Slansky’79; 
Glashow’80; Mohapatra, Senjanovic’80 

Extra Fermions:  νC ∼ (1, 1, 0)

−LI = Yν l H νC +
1
2
MνCνC + h.c.

MI
ν =

v2

2
Yν M−1 Y T

ν

if Yν ∼ 1 and M ∼ 1014−15 GeV one hasMI
ν ∼ 1 eV

M is defined by the U(1)B−L breaking scale
Pavel Fileviez Perez                NuFact‐09 

Yν? M?
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TYPE II SEESAW MECHANISM 



Type II Seesaw 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Extra Scalar:  ∆ ∼ (1, 3, 1)

Konetschny, Kummer’77 
Chen, Li’80; Lazarides, Shafi, 
Wetterich’81; Schechter, Valle’80; 
Mohapatra, Senjanovic’81 

∆ =
(

δ+/
√

2 δ++

δ0 −δ+/
√

2

)

LII
ν = −Yν l ∆ l + µ H∆†H + h.c. + ...

if Yν ∼ 1 and v∆ ∼ 1 eV one gets the natural neutrino scale
Pavel Fileviez Perez                NuFact‐09 

Yν? M∆? µ?
MII

ν = Yν µ v2/M2
∆
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HIGGS DECAYS AND NEUTRINO MASSES 
H++ → e+

i e+
j

17

FIG. 13: Scatter plots for the H++ decay branching fractions to the flavor-diagonal like-sign dileptons versus the

lowest neutrino mass for NH (left) and IH (right) with Φ1 = Φ2 = 0.

FIG. 14: Same as Fig. 13, but forH++ decay to the flavor-off-diagonal like-sign dileptons.

values will be known to a better precision one can improve our predictions for the lepton number violating

Higgs decays.

The total decay width of H++ depends on the neutrino and Higgs triplet parameters. In terms of v∆,

the minimal width or the maximal decay length occur near the cross-over betweenWW -dominant and !!-

dominant regions near 10−4 GeV. As seen in Fig. 15, the proper decay length can be as largeas cτ >∼ 10 µm.

Pavel Fileviez Perez                Mainz‐09 

P.F.P., T. Han, G.Y. Huang, T. Li, K. Wang’08 

See Talk by F. de Aguila.   See also Garayoa, Schwetz; F. de Aguila et al, and others 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TYPE III SEESAW MECHANISM 



Type III Seesaw 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Foot, Lew,He,Joshi’89; 
Ma’98; Bajc, Senjanovic’07; 
P. Fileviez Perez’07 

Extra Fermions:  ρ ∼ (1, 3, 0)

−LIII = Yν l ρ H + Mρ Trρ2 + h.c.

ρ =
(

ρ0/
√

2 ρ+

ρ− −ρ0/
√

2

)

MIII
ν = v2 Yν M−1

ρ Y T
ν /2

Pavel Fileviez Perez                NuFact‐09 

Yν? Mρ?



Seesaw Mechanisms at Tree Level 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R‐Parity Viola=on in SUSY 

21/7/09  21 

In the MSSM: 

We need a mechanism for spontaneous R‐parity violation !!!! 

Pavel Fileviez Perez                NuFact‐09 

WRpV = εiL̂iĤu + λijkL̂iL̂jÊ
C
j + λ

′

ijk Q̂iL̂jD̂
C
k + λ

′′

ijk ÛC
i D̂C

j D̂C
k

R = (−1)3(B−L)+2S



Local B‐L and Spontaneous R‐Parity ViolaBon 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V. Barger, P.F.P., S. Spinner, Phys. Rev. Lett.102:181802,2009 

Pavel Fileviez Perez                NuFact‐09 

SU(3)C

⊗
SU(2)L

⊗
U(1)Y

⊗
U(1)B−L

Matter: 

N̂C ∼ (1, 1, 0, 1) (for anomaly cancellation) 

Q̂ L̂ ÛC ÊCD̂C
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R‐Some R‐Parity Violating couplings 

1
2
gBL vR νC B̃

′ 1
2
g2 vL ν W̃ 0

1
2
g1 vL ν B̃

MN =




0 MD

ν Γ(
MD

ν

)T 0 G
ΓT GT Mχ̃0



(
ν, νc, χ̃0

)

Neutrino‐Neutralino Mass Matrix 

Type I Seesaw and RpV:  Mν = (M̃D
ν )M−1

νC (M̃D
ν )T + ΓM−1

χ̃0 ΓT
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MECHANISMS AT ONE‐LOOP LEVEL 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Zee Model  A. Zee’80 

6

ν νe ec

h H1

H1

H2

FIG. 3: One-loop radiative neutrino mass.

C. Zee/Babu Model

ν νl lc lc l

φ0 φ0

χ+χ+

ζ++

FIG. 4: Two-loop radiative neutrino mass.

In the previous model, if the second Higgs doublet is replaced by a doubly charged singlet ζ++, a two-loop

neutrino mass is obtained [16, 17], using the additional interactions ζ++χ−χ− and lci l
c
jζ

−−. Note that it

is doubly suppressed by lepton masses as in Eq. (15). However, nonzero diagonal entries are now allowed

in the neutrino mass matrix and there are enough free parameters not to be ruled out. Processes such as

µ → eee and τ → µµµ, µµe, µee, eee are possible at tree level and act as constraints as well as opportunities

for discoveries.

D. Scotogenic Neutrino Mass

A recent new development [10, 18] is to connect the origin of neutrino mass to the existence of dark matter,

i.e. scotogenic. The idea is very simple. Let the SM be extended to include three N ’s and a second scalar

doublet (η+, η0) [19] which are odd under a new exactly conserved Z2 discrete symmetry, whereas all SM

particles are even. In that case, the usual Yukawa term (νφ0 − lφ+)N is forbidden, but (νη0 − lη+)N is

allowed. However, unlike the case {8} discussed in Section 3, 〈η0〉 = 0 here because of the conserved Z2.

Hence there is no mD linking ν and N . However, ν gets a radiative Majorana mass (of Type V) directly as

shown in FIG. 5.

Specifically, this diagram is exactly calculable from the exchange of
√

2Reη0 and
√

2Imη0, i.e.

(Mν)ij =
∑

k

hikhjkMk

16π2

[

m2
R

m2
R − M2

k

ln
m2

R

M2
k

−
m2

I

m2
I − M2

k

ln
m2

I

M2
k

]

. (15)

The Zee‐Wolfenstein model is ruled out ! 
 The general model still alive. See He’03 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Zee Model  A. Zee’80 

Extra Higgses:  h ∼ (1, 1, 1) H2 ∼ (1, 2, 1/2)

−LZee = Y l l h + µ H1 H2 h† + Y1 eC H†
1 l + Y2 eC H†

2 l + h.c.

Y = −Y T

Oν
5 = c11 l l H2

1 + c12 l l H1 H2 + c22 l l H2
2
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3

generation of neutrino masses since they can be produced at the LHC with large cross sections when their

masses are below a TeV.

νi ρ
×

ρ νj

S S

H0 H0

Fig. 1. Mechanism at one-loop level.

Let us now analyze the different scenarios where neutrino masses are generated through Fig. 1.

• Case 1) In this case two fermionic, χ ∼ (1, 2, 0), fields and two extra scalars, S ∼ (1, 3, 1/2), are

added to the minimal Standard Model. The new fields, S and χ occur inside the loop of Fig. 1. The

simultaneous presence of the Yukawa interactions and the quartic interaction between S and H tell

us that the lepton number is broken by two units generating the usual dimension five lepton-number

violating operator for neutrino masses. Notice that in this case the extra fields do not have direct

couplings to the SM quarks. The interactions needed to realized this mechanism are:

−L1 = Y1 lT C iσ2 S χ + Mχ χT C iσ2 χ + λ1 HT iσ2 S†S† H + h.c. . (1)

Unfortunately, since the extra fields S and χ give rise to fractionally charged (color singlet) parti-

cles there is always a stable charged particle in this scenario. Therefore this case is ruled out by

cosmological constraints and searches of exotic nuclei.

• Case 2) One can have alternative mechanisms where the extra fields live in non-trivial representations

of SU(3). In order to avoid new anomalies we stick to real representations, of SU(3), the one with

lowest dimension being the adjoint. Adding one (two) extra scalar S1 ∼ (8, 2, 1/2) and two (one)

fermionic fields ρ1 ∼ (8, 1, 0) it is possible to generate neutrino masses at one-loop level via Fig. 1.

Since the scalar octet has hypercharge 1/2 one can use the quartic interactions between this field

and the SM Higgs in order to generate the dimension five operator for neutrino masses. Notice that

ρ1 has the same quantum numbers as the gluino in supersymmetric models and S1 will have extra

couplings to the Standard Model quark fields [9]. As in the previous cases we show explicitly the

relevant interactions (here we write just one possible quartic interaction for simplicity) needed to

COLORED MECHANISM 

P.F.P., M. B. Wise, arXiv:0906.2950 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COLORED MECHANISM 
P.F.P., M. B. Wise, arXiv:0906.2950 

1) ρ1 ∼ (8, 1, 0), S1 ∼ (8, 2, 1/2)

5

Seesaw Scenario Extra Scalar Representations Extra Fermion Representations Status

Tree Level

I (1,1,0) OK

II (1,3,1) OK

III (1,3,0) OK

One Loop Level

Zee model (1,1,1) OKa

Case 1) (1,3,1/2) (1,2,0) ruled out

Case 2) (8,2,1/2) (8,1,0) OK

Case 3) (8,2,1/2) (8,3,0) OK

Case 4) (8,3,1/2) (8,2,0) ruled out

aThe Zee-Wolfenstein model, where only one of the Higgs doublets couples to the leptons, is ruled out [6].

TABLE I: Different Seesaw Scenarios

Consider case 2 with two copies of the new fermions. Working in the mass eigenstate basis for the two

new fermions ρα
1 the neutrino mass matrix reads as,

M
ij
ν = Y iα

2 Y jα
2

λ2

16π2
v2 I

(

Mρα

1
,MS1

)

, (5)

with α = 1, 2. The loop integration factor, I
(

Mρα

1
,MS1

)

, is given by,

I
(

Mρα

1
,MS1

)

= 4Mρα

1







M2
S1

− M2
ρα

1

+ M2
ρα

1

ln(M2
ρα

1

/M2
S1

)
(

M2
S1

− M2
ρα

1

)2






(6)

With just this minimal number of copies of the new fields there is a massless neutrino. Therefore, there are

two types of spectra: Normal Hierarchy withm1 = 0, m2 =
√

∆m2
sol, and m3 =

√

∆m2
sol + ∆m2

atm,

and Inverted Hierarchy withm3 = 0, m2 =
√

∆m2
atm, and m1 =

√

∆m2
atm − ∆m2

sol. Here ∆m2
sol ≈

8 × 10−5 eV2 and ∆m2
atm ≈ 2.5 × 10−3 eV2 are the solar and atmosphere mass squared differences. We

can also have a minimal scenario with two extra octet scalars and one fermionic octet.

In the limitMS1
$ Mρ1

the neutrino mass matrix becomes,

Mij
ν = Y iα

2 Y jα
2

λ2

4π2
v2

Mρα

1

M2
S1

. (7)

Using as input parameters, Mρ1
= 200 GeV, v = 246 GeV and MS1

= 2 TeV we find that in order to

get the neutrino “scale”, ∼ 1 eV, the combination of the couplings, Y 2
2 λ2 ∼ 10−8. If λ2 ∼ 1 the elements

of theYukawa coupling matrix, Y2 ∼ 10−4. The Yukawa couplings can be larger if λ2 is smaller. In the
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I
(

Mρα

1
,MS1

)

= 4Mρα

1







M2
S1

− M2
ρα

1

+ M2
ρα

1

ln(M2
ρα

1

/M2
S1

)
(

M2
S1

− M2
ρα

1

)2






(6)

With just this minimal number of copies of the new fields there is a massless neutrino. Therefore, there are

two types of spectra: Normal Hierarchy withm1 = 0, m2 =
√

∆m2
sol, and m3 =

√

∆m2
sol + ∆m2

atm,

and Inverted Hierarchy withm3 = 0, m2 =
√

∆m2
atm, and m1 =

√

∆m2
atm − ∆m2

sol. Here ∆m2
sol ≈

8 × 10−5 eV2 and ∆m2
atm ≈ 2.5 × 10−3 eV2 are the solar and atmosphere mass squared differences. We

can also have a minimal scenario with two extra octet scalars and one fermionic octet.

In the limitMS1
$ Mρ1

the neutrino mass matrix becomes,

Mij
ν = Y iα

2 Y jα
2

λ2

4π2
v2

Mρα

1

M2
S1

. (7)

Using as input parameters, Mρ1
= 200 GeV, v = 246 GeV and MS1

= 2 TeV we find that in order to

get the neutrino “scale”, ∼ 1 eV, the combination of the couplings, Y 2
2 λ2 ∼ 10−8. If λ2 ∼ 1 the elements

of theYukawa coupling matrix, Y2 ∼ 10−4. The Yukawa couplings can be larger if λ2 is smaller. In the

−L = Y2 l S1 ρ1 + Mρ1Tr ρ2
1 + λ2Tr

(
S†

1H
)2

+ h.c.
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3

The possibility to achieve unification in the present context has been investigated in Ref. [2, 3]. There

we showed that there are only three fields which can help to achieve successful unification. Those are

Σ3 ⊂ 24H , Φa ⊂ 15H , and Φb ⊂ 15H . We present in Fig. 1 the appropriate parameter space that

generates successful unification of gauge couplings at one-loop. It corresponds to the region bounded by
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FIG. 1: The whole parameter space is shown where we can achieve gauge coupling unification. The points P1, P2,

and P3 define the allowed region, and the corresponding boundary values for the masses ofΦa, Φb, and Σ3 are shown.

the lines of constantMΦa = 130GeV,MΦb
= 242GeV, andMΣ3

= MZ .

In fact, the maximal value of MGUT at the two-loop level is somewhat larger than the one that corre-

sponds to the benchmark point P1 in Fig. 1. Namely,MGUT = 4.5 × 1014 GeV for MΣ3
= MΣ8

= MZ ,

MΦa = 1.1 × 104 GeV, MΦb
= 242GeV and α−1

GUT = 37.1. With this set of values we can establish an

accurate upper bound on the proton decay lifetime. In a model independent way the proton lifetime τp is

bounded by the inequality [7]:

τp ≤ 6 × 1039 α−2
GUT (MV /1016GeV)4 (0.003GeV3/α)2 years, (1)

where α is the matrix element, andMV is a common mass of gauge bosons responsible for proton decay.

For our purposes we set α = 0.015GeV3 [8] and identifyMV = MGUT . (The main source of uncertainty

in Eq. (1) comes from the matrix element α. For an up-to-date discussion on α see [9]. For a review

on proton stability see [10].) Using the two-loop values of αGUT and MGUT mentioned above we find



Type I plus Type III Seesaw 

21/7/09  39 Pavel Fileviez Perez                NuFact‐09 



21/7/09  40 Pavel Fileviez Perez                NuFact‐09 

Adjoint SU(5)



21/7/09  Pavel Fileviez Perez                NuFact‐09  41 

Neutrino Masses in Adjoint SU(5) 

2

joint representation has to be the field responsible for the Type III seesaw mechanism. This result strongly

motivates us to study the leptogenesis mechanism in the context of Adjoint SU(5) since in this case there

is no ambiguity about which field is responsible for leptogenesis.

Our first finding is that theCP asymmetry is generated only by the vertex correction since the self-energy

contribution vanishes. When the neutrino mass hierarchy isnormal, successful leptogenesis is possible in a

large region of the parameter space. On the contrary, when the spectrum for neutrinos is inverted, we find

consistent solutions for a very restricted mass range. Finally, we show that imposing the constraints coming

from leptogenesis one can rule out a large region in the parameter space of the theory which was allowed

by the unification of gauge interactions and the constraints coming from proton decay.

The paper is organized as follows: In Section II we discuss the theory of Adjoint SU(5) and its pre-

dictions for neutrino masses. In Section III we present our computation of the baryon asymmetry through

leptogenesis, and derive bounds on the mass of the field responsible for the Type III seesaw. In Section IV

we discuss the possible constraints on the spectrum of the theory from successful leptogenesis. In the last

section we summarize our main results.

II. ADJOINT SU(5) UNIFICATION AND NEUTRINO MASSES

In the context of Adjoint SU(5) [? ] neutrino masses are generated through the Type I [? ] and

Type III [? ] seesaw mechanisms. In this theory the Higgs sector is composed of 5H, 24H, and 45H

and the matter fields live in 5̄ = (dC , l)L, 10 = (uC , Q, eC )L and 24 = (ρ8, ρ3, ρ(3,2), ρ(3̄,2), ρ0)L =

(8, 1, 0)
⊕

(1, 3, 0)
⊕

(3, 2,−5/6)
⊕

(3, 2, 5/6)
⊕

(1, 1, 0). In our notation ρ3 and ρ0 are the SU(2)L

triplet responsible for Type III seesaw and the singlet responsible for Type I seesaw, respectively. See

reference [? ] for the supersymmetric version of the theory.

The relevant interactions for neutrino masses in this context are given by:

V = cα 5̄α 24 5H + pα 5̄α 24 45H + M Tr 24
2 + λ Tr

(
24

2
24H

)
+ h.c.

= −cα #T
α iσ2ρ3 H1 + 3pα #T

α iσ2ρ3 H2 +
3cα

2
√

15
#T
α iσ2ρ0 H2 +

√
15

2
pα #T

α iσ2ρ0 H2 + . . .(1)

where α = 1, 2, 3, and H1 and H2 are the Higgs doublets living in 5H and 45H, respectively. Once 24H

gets the expectation value, 〈24H〉 = v diag(2, 2, 2,−3,−3)/
√

30, the masses of the fields responsible for

seesaw living in 24 are given by:

Mρ0 =

∣∣∣∣∣
m −

λ̃MGUT√
αGUT

∣∣∣∣∣
, and Mρ3 =

∣∣∣∣∣
m −

3λ̃MGUT√
αGUT

∣∣∣∣∣
, (2)

3

where we have used the relations MV = v
√

5παGUT/3, λ̃ = λ/
√

50π and chose MV as the unification

scale. The predictions coming from the unification of gauge interactions and proton stability was studied in

detail in [? ]. In this recent study the authors concluded that in order to satisfy the unification and proton

decay constraints the field ρ3 has to be the lightest field in the 24 representation. Therefore, the theory [? ]

is a good theory for leptogenesis since one can predict whichfield generates the lepton asymmetry.

Once the GUT symmetry is broken by the vev of 24H, all elements of the mass term for the Higgs

doublets are large, of order the GUT scale. Diagonalizing the mass matrix, one obtains one light eigenstate,

to be identified with the SM Higgs H , and one heavy eigenstate H ′ with a mass at the GUT scale. In

particular, it is relevant for our study that ρ3 is only kinematically allowed to decay into the SM HiggsH .

Writing H1 = cos α H − sin α H ′ and H2 = sin α H + cos α H ′, and since only H gets a vev

〈H〉 = v0/
√

2, we have that cos α = v5/v0 and sin α = v45/v0. The relevant terms in Eq. (??) with the

addition of the mass terms are then given by

Vν = hα1 %T
α iσ2 C ρ3 H + hα2 %T

α iσ2 C ρ0 H + Mρ3 Tr ρ
T
3 C ρ3 +

1

2
Mρ0 ρT

0 C ρ0 + h.c. (3)

where1

hα1 =
1

2
√

2v0
(cα v5 − 3pα v45) and hα2 =

√
15

2
√

2v0

(cα v5

5
+ pα v45

)
, (4)

with v0 = 174 GeV. In the above equations v5/
√

2 = 〈5H〉, v45/
√

2 = 〈45H〉151 = 〈45H〉252 = 〈45H〉353 ,

and the matrix representation for ρ3 is given by

ρ3 =
1

2



 T 0
√

2T+

√
2T− −T 0



 . (5)

Integrating out the fields responsible for the seesaw mechanism, the mass matrix for neutrinos reads as

Mν
αβ =

(
hα1 hβ1

Mρ3

+
hα2 hβ2

Mρ0

)
v2
0. (6)

The theory [? ] predicts one massless neutrino at tree level. Therefore, we could have either a normal

neutrino mass hierarchy: m1 = 0, m2 =
√

∆m2
sol and m3 =

√
∆m2

sol + ∆m2
atm, or the inverted neutrino

mass hierarchy: m3 = 0, m2 =
√

∆m2
atm and m1 =

√
∆m2

atm − ∆m2
sol. ∆m2

sol % 8 × 10−5 eV2 and

∆m2
atm % 2.5 × 10−3 eV2 are the mass-squared differences of solar and atmospheric neutrino oscillations,

respectively [? ].

1 Compared to [? ] we use the more convenient definition in the context of leptogenesis aα ≡ hα1 and bα ≡ hα2, which makes

apparent the similarity between the model under consideration and the type I seesaw model with two right-handed neutrinos.
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0 C ρ0 + h.c. (3)

where1

hα1 =
1

2
√

2v0
(cα v5 − 3pα v45) and hα2 =

√
15

2
√

2v0

(cα v5

5
+ pα v45

)
, (4)

with v0 = 174 GeV. In the above equations v5/
√

2 = 〈5H〉, v45/
√

2 = 〈45H〉151 = 〈45H〉252 = 〈45H〉353 ,

and the matrix representation for ρ3 is given by

ρ3 =
1

2



 T 0
√

2T+

√
2T− −T 0



 . (5)

Integrating out the fields responsible for the seesaw mechanism, the mass matrix for neutrinos reads as
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+
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)
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The theory [? ] predicts one massless neutrino at tree level. Therefore, we could have either a normal

neutrino mass hierarchy: m1 = 0, m2 =
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sol and m3 =
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∆m2
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Matter: 

Higgs Sector: 

Gauge Symmetry:  SO(10)

16 =
(
Q, L, uC , dC , eC , νC

)

10H = 5H

⊕
5̄H = (H,T )

⊕
(H̄, T̄ )

45H , ....

SO(10) Unification 

Georgi’75, Fritzsch, Minkowski’75 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Naïve SO(10) 

−LY = Y10 16 16 10H + h.c.

MU = MD
ν = vu

10 Y10 (wrong!)

MD = ME = vd
10 Y10 (wrong!)

Y10 = Y T
10
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Realistic Renormalizable SO(10) 

−LY = Y10 16 16 10H + Y126 16 16 126H + h.c.

MD
ν = vu

10 Y10 − 3 vu
126 Y126

MU = vu
10 Y10 + vu

126 Y126

MD = vd
10 Y10 + vd

126 Y126

MνR = Y126 vR

Mν = −MD
ν M−1

νR
MD

ν + Y126 vL
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neutrino masses 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context see: 

Babu, Mohapatra’93 

Bajc, Senjanovic, Vissani’02, ’04 

Goh, Mohapatra, Ng’03 

Fukuyama, Okada’03 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type-II mixed’ mixed type-I

|ξ| 0 10−4 0.3587 3.59 × 106

arg(ξ) − 0.866π 1.018π 1.318π
|r| 0.3278 1.9977 0.47896 0.3551
arg(r) 0.408π 1.849π 0.0013π 0.0057π
fu 16.62 11.51 18.77 19.23
fν 1.671 × 10−10 4.519 × 10−10 8.732 × 10−10 3.613 × 10−17

observable pred. pull pred. pull pred. pull pred. pull
md [MeV] 0.7662 − 1.16 0.4956 −1.82 1.122 −0.29 0.4719 −1.87
ms [MeV] 31.33 1.85 22.46 0.15 22.85 0.22 19.99 −0.33

mb [MeV] 1147 0.61 1096 0.25 1078 0.13 1029 −0.35

mu [MeV] 0.5543 0.02 0.5576 0.03 0.5512 0.00 0.5538 0.02
mc [MeV] 213.1 0.17 213.5 0.18 210.6 0.03 213.1 0.16
mt [MeV] 78030 −0.29 77411 −0.34 81659 −0.05 78117 −0.29

sin φCKM
23 0.0345 −0.43 0.0352 0.08 0.0351 0.03 0.0349 −0.13

sin φCKM
13 0.00331 0.23 0.00319 −0.02 0.00319 −0.01 0.00323 0.06

sin φCKM
12 0.2245 0.11 0.2243 0.02 0.2243 0.01 0.2243 0.01

δCKM [◦] 79.35 1.38 59.47 −0.04 61.41 0.10 61.11 0.08

sin2 θPMNS
23 0.3586 −2.17 0.5126 0.19 0.5027 0.04 0.4944 −0.09

sin2 θPMNS
13 0.0145 0.93 0.0106 0.68 0.0066 0.43 0.0095 0.61

sin2 θPMNS
12 0.2829 −1.08 0.3078 −0.09 0.3094 −0.02 0.3078 −0.09

∆m2
21[10

−5eV2] 7.863 −0.12 7.894 −0.02 7.898 −0.01 7.896 −0.01
∆m2

31[10
−3eV2] 2.385 0.50 2.232 0.09 2.210 0.03 2.223 0.06

m1/
p

∆m2
21 0.279 0.478 0.382 0.361

δPMNS [◦] −0.70 −59 −0.70 4.9

α1 [◦] 1.1 30 1.8 −2.1
α2 [◦] 91 126 −84 90

χ2 14.5 4.1 0.35 4.3

TABLE II: Parameter values and predictions in four example solutions corresponding to different terms dominating the
neutrino mass matrix: type-I, type-II, or both contributions of comparable size (mixed and mixed’). In the column “pred.”
the predicted values Pi for the observables are given, the column “pull” shows the number of standard deviations from the
observations, (Pi −Oi)/σi, using the data and errors from Tab. I. Deviations of more than 1σ are highlighted in boldface. The
final χ2 is the sum of the squares of the numbers in the “pull” column. See the text for comments on the values of the leptonic
CP phases.

not to apply here. This solution is not plagued by
the problem of accomodating the correct δCKM phase
found in Ref. [17], and discussed on general grounds
in Ref. [24].

For a pure type-II solution with |ξ| = 0 there
is more tension in the fit. Although a χ2 ! 14.5
might be acceptable for 15 data points from a sta-
tistical point of view, several observables are 1 to 2σ
away from the central value. Among all, one needs
a large value of the strange-quark mass, namely
ms ! 31 MeV that is 1.85σ too large, while the
PMNS angle θ23 is too small by 2.2σ. Furthermore,
md, the CKM phase, and the PMNS angle θ12 show
a pull greater than 1σ. These results agree with pre-
vious analyses of pure type-II solutions [14, 24, 25].

The dashed line in Fig. 1 corresponds to an inter-
esting variant of a solution with comparable type-
I and type-II contributions. Formally this solution
has a rather small value of |ξ|, which would signal
type-II dominance. However, in this case one eigen-

value of (Md − M!) is very small, i.e., this matrix
is close to singular, which implies that its inverse
has large entries. As a consequence the second term
in Eq. (6) turns out to be comparable to the first
term, in spite of the small value of |ξ|. Let us de-
note the type-II term in Eq. (6) by M II and the
type-I term by M I. Then for the solution denoted
mixed’ in Fig. 1 and Tab. II we find that the matrix
entries are of a similar size: 0.2 ! |M I

ij/M
II
ij | ! 1.5

for all i, j = 1, 2, 3. Obviously this solution involves
a very precise tuning between the Md and M! matri-
ces such that the difference becomes close to singu-
lar. Changing the input values for the down-quark
masses and the charged lepton mixing matrix W! by
a factor of (1 + 10−4) destroys in general the fit and
leads to χ2 values of order 100.2 Let us add that we

2 The type-I, type-II, and mixed solutions require tuning of
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FIG. 3: χ2 as a function of sin2 θPMNS
23 (left), sin2 θPMNS

13 (middle) and of R ≡ m1/
q

∆m2
21 (right) for the type-I, type-II,

mixed, and mixed’ solutions given in Tab. II. The shaded regions are excluded at 2σ according to the data given in Tab. I.
The dotted vertical line shows roughly the sensitivity to θPMNS

13 of neutrino oscillation experiments within a timescale of 10
years [43].

prediction for this angle and very good fits are pos-
sible with values of θPMNS

23 in the whole range al-
lowed by the data. In contrast a scenario with pure
type-II seesaw shows a clear preference for small val-
ues of sin2 θPMNS

23 . In particular, maximal mixing
sin2 θPMNS

23 = 0.5 is disfavoured with respect to the
best fit value sin2 θPMNS

23 = 0.36 with ∆χ2 ≈ 11.
Hence, the pure type-II seesaw model predicts siz-
able deviations from maximal mixing within the
reach of upcoming neutrino oscillation experiments,
see, e.g., Refs. [40, 42]. This result is in agreement
with Refs. [24, 25]. Let us stress, however, that de-
viations from maximal mixing are not a general pre-
diction of the SO(10) model under consideration; it
holds only for the pure type-II case.

Concerning the mixing angle θPMNS
13 , for all solu-

tions the best fit point predicts values close to the
present upper bound and clearly within the reach of
upcoming neutrino oscillation experiments [40, 43].
Also in this case the pure type-II solution gives the
most stringent prediction. However, if the fit is
stretched to some degree, the type-I and mixed so-
lutions allow also for smaller values of θPMNS

13 that
might be difficult to detect in the next round of ex-
periments. For instance, in the mixed solution case a
fit with χ2 ≈ 7 is possible for sin2 θPMNS

13 = 2×10−3.
An interesting feature of the mixed’ solution is that
even for very tiny values of sin2 θPMNS

13 ! 10−4 a
reasonable fit can be obtained with χ2 ≈ 12.6. The
main contributions to the χ2 in this case are devia-
tions of −1.7σ for md, −1.2σ for ms, −2.0σ for mt,
and +1.4σ for sin2 θPMNS

23 . The existence of this so-
lution shows that if no signal of θPMNS

13 is detected
by the upcoming experiments it might be still pos-
sible to construct models with viable predictions for

fermion masses and mixings, although the amount
of fine tuning will increase.

Another interesting information the setup under
consideration provides, concerns the shape of the
neutrino mass spectrum. The most solid predic-
tion is the normal mass ordering, which means that
m1 < m2 < m3, i.e., ∆m2

31 > 0; no viable solution
has been found for inverted ordering (∆m2

31 < 0)
which is equally allowed by present oscillation data.
The predictions for the absolute neutrino mass scale
are given in terms of the ratio of the lightest neu-
trino mass m1 to the square root of the “solar” mass-
squared difference:

R ≡
m1

√

∆m2
21

. (14)

The best fit values for this ratio given in Tab. II for
the four example solutions are in the range 0.28 ≤
R ≤ 0.48. These values show that there is only a
modest hierarchy in the neutrino masses. For exam-
ple, a value of R = 0.3 implies that m2 & 3.5 m1,
i.e., m1 and m2 are of the same order of magnitude.
From the plot in the right panel of Fig. 3 one can
infer the allowed ranges for the ratio R. We find
reasonable fits for values in the range

0.2 ! R ! 2 , (15)

where the upper bound implies m2 & 1.1 m1. For
the pure type-II solution the ratio R is stronger con-
strained to values around the best fit point of 0.28,
whereas the constraint is weakest for the mixed so-
lution. Note that a quasi-degenerate neutrino spec-
trum with m1 & m2 & m3 would correspond to
R "

√

∆m2
31

/∆m2
21

& 5.3 which is clearly excluded
within the SO(10) framework under consideration.

Bertolini, Schwetz, Malinsky’06 



Summary 
  We have presented a new mechanism for neutrino masses at one‐loop 

level called “ Colored Mechanism ”. 

  It has been shown that if the seesaw scale is low one could learn about 
the neutrino spectrum at the LHC in the case of Type II seesaw. 

  We have discussed how to realize the different seesaw mechanisms in 
the simplest grand unified theories pointing out the possible 
predictions. 

  In the context of SO(10) theories we have seen the possibility to make 
some predictions without assuming extra symmetries. 

  All the experimental efforts will be of great importance to undertstand 
how to prove the mechanism for neutrino masses. 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