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Grand Unification and the Flavour puzzle

Why this peculiar structure of the Yukawa couplings?
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SO(10) GUT: which disadvantages?
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16⇥ 16 = 10+ 120+ 126

Yij
1016i16j10H + h.c.

3 possible Higgs representations

+...
SO(10) GUT: which disadvantages?

Structure of the Yukawa couplings:

Are ANARCHICAL O(1) Yukawas allowed?

Can any mechanism ORDER the 
parameters and create the hierarchies?

Is this compatible with unified 
description of fermions in SO(10)?
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Anarchy and order interplay: the basic idea
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Yd = FQ Yd Fdc

FQ1 ⌧ FQ2 ⌧ FQ3

Fd1 . Fd2 . Fd3

Fu1 < Fu2 < Fu3}
Ye = FL Ye Fec

FL1 ⇡ FL2 ⇡ FL3

Fe1 ⌧ Fe2 ⌧ Fe3
}
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O(1)
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[Kawamura, (2001
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A 5D SO(10) SUSY model: compactification

• Extra dimension compactified on Orbifold: 

& MGUT ⇡ 1016 GeV1
R

& MGUT ⇡ 1016 GeV

0 ⇡R

S1/(Z2 ⇥ Z 0
2)

0

⇡R/2

⇡R

Z2 : y $ �y
Z 0
2 : y0 $ �y0

y0 ⌘ y � ⇡R/2

0 y ⇡R

2

All the fields in ED are defined 
in the fundamental interval:

• Kaluza-Klein expansion: for each field propagating in the ED

H(xµ, y) =
X

n

Hn(xµ)fn(y) =) f0(y) =

r
2m

1� e�2m⇡R
e�myProfile in the


extra dimension 
n=0 mode describes the 

massless particle (MSSM field)

with assigned parities ( P, P’ ) 
under Z2 ⇥ Z 0

2

with flat metric

[Pati Salam (1974), 
Kawamura, (2001)] 

[Pomarol, Quiros (1998),
Arkani-Hamed et al. (2002)] 
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0 y
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PS brane

SU(4)⇥SU(2)L⇥SU(2)R

45V

45V

(15,1,1)
(1,3,1)
(1,1,3)

16i (4,2,1)i! SM weak 
doublets: Q,L

(4̄,1,2)i!160
i

SM weak singlets +  
RH neutrinos:

uc
L, d

c
L, e

c
L, ⌫

c
L
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The model: fermions profiles

• Superpotential in the bulk:

• 0-mode profiles: 

exponentials modulated by bulk mass parameters:


- bulk masses can be corrected by VEV

+

160c
i

h
m̂0

i + @y �
p
2g5 45�

i
160

i

Wbulk = 16c
i

h
m̂i + @y �

p
2g5 45�

i
16i

f160 i(y,m
0
i)

h45�i

f16i(mi, y) =

r
2mi

1� e�mi⇡R
e�miy ;

0 y

m>0 m<0

⇡R

2

Higgs

- distinguish between doublets and singlets still leptons + quark 
unified
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16 = 10�1 + 5̄3 + 1�5

(Q, uc, ec) (dc, L) (N c)

• in the bulk: SO(10) �! SU(5)⇥ U(1)X
h45�i

f16 �! {f10, f5̄, f1}

The model: quarks-leptons splitting

• Splitting from spontaneous symmetry breaking:

mr
i = mi �

p
2g5 Q

r
X h45�i

• bulk mass correction  SO(10) �! SU(5)⇥ U(1)X charges:/
mr

i = mi �
p
2g5 Q

r
X h45�if16 �! {f10, f5̄, f1}

• decomposition underSO(10) �! SU(5)⇥ U(1)X :

• the same is happening for m0
i

flavour universal 
due to gauge interaction


(SUSY constraint)

[Kitano, Li (2004)] 
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The model: fermions profiles splitting

• Combining SO(10) �! SU(5)⇥ U(1)Xf16 �! {f10, f5̄, f1}PS with SO(10) �! SU(5)⇥ U(1)X
h45�iZ 0

2 : y0 $ �y0

:

aQi = mi +
p
2g5h45�i ; aLi = mi � 3

p
2g5h45�i

au
c

i = m0
i +

p
2g5h45�i ; ad

c

i = m0
i � 3
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2g5h45�i

ae
c
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i +

p
2g5h45�i ; aN

c

i = m0
i + 5

p
2g5h45�i

Q10
X = �1 Q5̄
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Q1
X = �5
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• Globally 3+3+1=7 parameters create 15 different profiles 

0 y

xµ

φ = 0
x5 = 0

φ = π
x5 = πR

AM , Ψ

χL(x)

Figure 11: Orbifolded higher dimensional spacetime (with boundaries)

which live in the “bulk” of the 5D spacetime, there is a 4D Weyl fermion pre-
cisely confined to one of the 4D boundaries of the 5D spacetime, say φ = π.
It can couple to the gauge field evaluated at the boundary if it carries some
non-trivial representation, say triplet. This represents a second way in which
the chirality problem can be solved, localization to a physical 4D subspace
or “3-brane” (a “p”-brane has p spatial dimensions plus time), in this case
the boundary of our 5D spacetime. The new fermion has action,

Sχ =

∫
d4x χ

L
î(x)

[
i∂µδ îĵ + gA îĵ

µ (x, φ = π)
]
χ

L
ĵ(x) . (5.12)

At low energies, E ≪ 1/R, this fermion will have identical gauge coupling as
the Ψ(0) triplet, but it will have no Yukawa coupling, thereby giving a crude
representation of a light fermion of the standard model.

Well, there are other tricks that one can add to get closer and closer to
the real world. Ref. [14] gives a nice account of many model-building issues
and further references. I want to move in a new direction.
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ĵ(x) . (5.12)

At low energies, E ≪ 1/R, this fermion will have identical gauge coupling as
the Ψ(0) triplet, but it will have no Yukawa coupling, thereby giving a crude
representation of a light fermion of the standard model.

Well, there are other tricks that one can add to get closer and closer to
the real world. Ref. [14] gives a nice account of many model-building issues
and further references. I want to move in a new direction.

20

⇡R

2

fNc i

⌘ fec i



Denise Vicino Flavour scenarios from 5D SO(10): order and anarchy interplay

+ �(y)w⇡(H,H 0,⌃,⌃, T ) w0(16H ,16H)+ �

✓
y � ⇡R

2

◆
. . .

11

The Higgs sector on the brane

• Yukawa couplings on the PS brane:

• For the Higgs we can select only doublets: no DT splitting problem 

H,H 0⇠ (1, 2, 2)

• lower dimensional representations with respect to SO(10) brane:

less number of 4D fields
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• Superpotential on the branes:
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Effective Yukawas

• Effective Yukawa couplings

Profiles
µ1, µ2, µ3, kX

Higgs Mixing Yukawas

0.5  |Yij |  1.5

• Parameters counting:

+ +

7 free bulk mass

parameters O(1)

fitting 17 
observables 
(masses and 

mixing angles of 
quarks and 

leptons)

Yu = FQ Yu Fuc

Yd = FQ Yd Fdc

Ye = FL Yd Fec

Y⌫ = FL Yu FNc

Fr ⌘
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@
fr1(

⇡R
2 ) 0 0

0 fr2(
⇡R
2 ) 0

0 0 fr3(
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2 )

1

A

MR ⌘ h⌃i2

⇤
FNcYRFNc

M⌫ ⌘ �⇤v2 sin2 �

h⌃i2
FL (YuY

�1
R Y T

u ) FL

µ0
1, µ

0
2, µ

0
3

✓u, ✓d Y, Y 0, YR

2 free angles 44  parameters
constrained ⇡
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Numerical fit

[tanβ=50]

• Agreement is not so trivial: only large tanβ allowed 
(unification of the third generation)

full range [0, 2⇡]. The aim of this exercise is to assess whether our model can accommodate

the data or not. We carry out this exercise assuming normal (NO) or inverted ordering

(IO) in the light neutrino masses and each of the two cases is analyzed for two values of

tan�. We get poor fits for small tan� corresponding to minimized �2 values ⇠ 100 and

⇠ 300 for NO and IO cases respectively. The results for tan� = 50 are displayed in Table

3 for which we get good fits for both NO and IO cases. As it can be seen, all the data are

Normal ordering Inverted ordering
Observable Fitted value Pull Fitted value Pull

yt 0.51 0 0.52 0.33
yb 0.37 0 0.38 0.50
y⌧ 0.51 0 0.51 0

mu/mc 0.0027 0 0.0028 0.17
md/ms 0.051 0 0.052 0.14
me/mµ 0.0048 0 0.0048 0
mc/mt 0.0023 0 0.0023 0
ms/mb 0.016 0 0.017 0.50
mµ/m⌧ 0.050 0 0.050 0

|Vus| 0.227 0 0.227 0
|Vcb| 0.037 0 0.037 0
|Vub| 0.0033 0 0.0030 -0.50
JCP 0.000023 0 0.000023 0

�S/�A 0.0305 0 0.0305 0
sin2 ✓12 0.304 0 0.304 0
sin2 ✓23 0.452 0 0.442 -0.20
sin2 ✓13 0.0218 0 0.0218 -0.10

�2
min ⇡ 0 ⇡ 0.96

Predicted value Predicted value

m⌫lightest [meV] 3.9 10.6
|m�� | [meV] 4.96 48.2

sin �lCP -0.39 -0.89
MN1 [GeV] 190 7.12
MN2 [GeV] 8.02⇥ 105 6.75⇥ 105

MN3 [GeV] 1.43⇥ 1014 1.38⇥ 1014

�R [GeV] 0.04⇥ 1016 0.056⇥ 1016

Table 3. Results from numerical fit corresponding to minimized �2 for normal (NO) and inverted
ordering (IO) in neutrino masses. The fit is carried out for the GUT scale extrapolated data given
in Table 2 for tan� = 50. The input parameters are collected in the Appendix.

fitted with negligible deviations from their central values. The model parameters obtained

at the minimum of �2 are listed in the Appendix. The basic features of the best fit results

are similar to the ones obtained in the previous model [66]. The observed hierarchies of

quark and lepton masses requires |kX | ⇠ |µ2,1|, |µ0
2,1| ⌧ |µ3|, |µ0

3|. This in turn enforces a

common bulk mass for quarks and leptons of the third generation and leads to approximate

Yukawa unification yt ⇠ yb ⇠ y⌧ , which prefers large tan� [85, 86].

– 13 –

from global 
�2

minimization
(including 
Yukawas)
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Random O(1) Yukawas

Naturalness test

|Yij | 2 [0.5, 1.5]

arg(Yij) 2 [0, 2⇡]

• Uniform variation of the parameters:

• Fitting  17 observables 

with 9 free parameters (8 d.o.f)
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• If the Higgs sector was on SO(10) brane…
- Minimal Higgs content:
10H ,120H 126H

l i g h t h e a v y

- 8 Higgs mixing parameters

PS

SOH 10 L
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ty

• Fitting  17 observables 

with 15 free parameters (2 d.o.f)

30% of 

successful 

cases


[Feruglio, Patel, DV (2014)] 
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Predictions for NO [tanβ=50]

• Predictions result quite stable 
with respect to the Higgs 
dynamics on the branes, they 
depend almost entirely on the 
mechanism of lepton-quarks 
distinction. 
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• Effective Majorana neutrino mass 
and lightest neutrino mass: • RH neutrinos mass spectrum:


very hierarchical 

Figure 3. The Yukawa interactions of PS brane: prediction for various observables obtained for
p > 0.001 (corresponding to �2

min/⌫ < 3.27 for ⌫ = 8) in case of normally ordered neutrino masses
and tan� = 50. The black points in the bottom-right panel are model predictions while the green
(red) regions are the allowed ranges for |m�� | and the lightest neutrino mass in case of NO (IO).
The di↵erent horizontal and vertical grey bands correspond to the currently excluded regions by
GERDA-I [87] and Planck Cosmic Microwave Background measurements and galaxy clustering
information from the Baryon Oscillation Spectroscopic Survey [88]. The dashed lines indicate the
near future reach of GERDA-II and KATRIN [89] experiments.

in the range 1-5 meV, which is beyond the reach of the current generation of experiments.

Future detection of neutrino masses well above 0.05 eV and/or of |m�� | well above the

range 1-5 meV would rule out the present model. Since the CP violation is coming from

anarchic O(1) Yukawas, we get no particular preference for the Dirac CP phase in the

lepton sector. The model do not favour specific values also for the Majorana CP phases

as revealed from the correlations between the |m�� | and the lightest neutrino mass in the

bottom-right panel in Fig. 3.

Since the RH neutrinos are accommodated in 16-plets, their masses are predicted

– 16 –

•      and Majorana 
phases:


no preferred value

�CP
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Conclusions

• O(1) Anarchical Yukawa matrices for both quarks and leptons can be nicely 
reconciled with the observed fermion masses and mixing angles in the 
framework of extra-dimension, where the hierarchies are created by 
different localisation of the fermions;


• This scenario can be combined with the unification of one fermion 
generation implied by the SO(10) GUT, exploiting a dynamical mechanism 
for splitting the profiles of quarks and leptons.

• Drawbacks: currently no experimental test can confirm the model.

• Different models can be realised, changing the dynamics on the branes, but 
the predictions depend almost entirely on the mechanism of lepton-quarks 
distinction. More free parameters on the branes improve the success rate, 

• Both NO and IO are allowed, but NO is more natural with respect to the 
random variation of Yukawas.

• Tendency to unify the third generations makes the model compatible only 
with large tanβ.
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Conclusions

• O(1) Anarchical Yukawa matrices for both quarks and leptons can be nicely 
reconciled with the observed fermion masses and mixing angles in the 
framework of extra-dimension, where the hierarchies are created by 
different localisation of the fermions;


• This scenario can be combined with the unification of one fermion 
generation implied by the SO(10) GUT, exploiting a dynamical mechanism 
for splitting the profiles of quarks and leptons.

• Drawbacks: currently no experimental test can confirm the model.

Thank you!

• Different models can be realised, changing the dynamics on the branes, but 
the predictions depend almost entirely on the mechanism of lepton-quarks 
distinction. More free parameters on the branes improve the success rate, 

• Both NO and IO are allowed, but NO is more natural with respect to the 
random variation of Yukawas.

• Tendency to unify the third generations makes the model compatible only 
with large tanβ.



Denise Vicino Flavour scenarios from 5D SO(10): order and anarchy interplay 17

Backup slides

S5 =
R
d

5
x[ 1

g2

R
d

4
✓

⇣
@5V � 1p

2
(�+ �̄)

⌘2

+ 1
4g2

R
(d2✓ W↵W↵ + h.c.)

+
R
d4✓

�
H̄e2qQV H + H̄ce

�2gQV Hc

�

+
�R

d2✓ Hc

�
m+ @5 �

p
2gQ�

�
H + h.c.

�

The whole action in abelian  theory



Denise Vicino Flavour scenarios from 5D SO(10): order and anarchy interplay 18

Backup slides

Bulk fields content:
G

a
u

g
e

 f
ie

ld
s

Vector multiplet

Hypermultiplet

Hypermultiplet

Vector multiplet

Chiral multiplet

Chiral multiplet

Chiral multiplet

Chiral multiplet

Chiral multiplet

Z 0
2 : y0 $ �y0Z2 : y $ �y

M
a

tt
e

r 
fi

e
ld

s

Im
po

se
d}PS Adjoint 

SO(10) Adjoint 

SM weak 
singlets +  
RH neutrinos:

uc
L, d

c
L, e

c
L, ⌫

c
L

SM weak 
doublets:

Q,L

C
on

se
qu

en
ce

 o
f i

nv
ar

ia
nc

e 

∂}



Denise Vicino Flavour scenarios from 5D SO(10): order and anarchy interplay 19

Backup slides

Higgs mass splitting and mixing angles
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• Profiles parameters distributions (NO)2 and 3 respectively.

Figure 2. The distributions of bulk mass parameters fitted with �2
min/⌫ < 3.27 (or p > 0.001) in

case of NO and tan� = 50. The green (red) distribution corresponds to unprimed (primed) bulk
mass parameters.

One finds preference for positive bulk masses for the first and second generations,

which are localized close to the y = 0 brane. The third generation is localized on the PS

brane with a negative bulk mass. From the distributions shown in Fig. 2, it is clear that

the SO(10) breaking by Z 0
2, which distinguishes µi and µ0

i, is crucial in generating realistic

fermion masses in this model. This is particularly true for the first two generations where

di↵erence between µi and µ0
i is significant. Notice that this di↵erence is the only source

of breaking of the mass degeneracy between the charged leptons and down-type quarks

in this model. The kX parameter is required to be positive and of the order of the bulk

masses of the first two generations. Among the observable quantities in the lepton sector,

the lightest neutrino mass is predicted to be below 10 meV corresponding to strongly

hierarchical neutrinos. The e↵ective mass of the neutrinoless double beta decay |m�� | lies

– 15 –


