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Abstract In split-family SUSY, one can use a U (2)? sym-
metry to protect flavour observables in the quark sector from
SUSY contributions. However, attempts to extend this proce-
dure to the lepton sector by using an analogous U (2)> sym-
metry fail to reproduce the neutrino data without introducing
some form of fine-tuning. In this work, we solve this problem
by shifting the U (2)? symmetry acting on leptons towards the
second and third generations. This allows neutrino data to be
reproduced without much difficulties, as well as protecting
the leptonic flavour observables from SUSY. Key signatures
are a u — ey branching ratio possibly observable in the near
future, as well as having selectrons as the lightest sleptons.

1 Introduction

The first run of the LHC has already been completed, with no
signs of any kind of new physics. Although this puts signifi-
cant pressure on most types of physics beyond the Standard
Model, models based on low-energy supersymmetry (SUSY)
seem to be at the heart of most discussions. The reason for this
is the apparent difficulty of the latter to completely remove
fine-tuning in the Higgs sector [1,2].

The question of what amount of tuning is acceptable, if any
at all, is still unresolved. However, it is generally acknowl-
edged that to minimise the problem one requires light stops,
light higgsinos and not too heavy gluinos [3] (see [4,5] for
alternative approaches). This, combined with current LHC
bounds on SUSY masses [6,7], suggests a departure from
simple SUSY models. In particular, if first generation squark
masses are pushed to higher values, it might be necessary to
introduce a split-family spectrum for sfermions [8—13].

Demanding such a spectrum raises a new issue regarding
flavour. Generally, in order to suppress SUSY contributions
to flavoured processes, the minimal flavour violation (MFV)
ansatz is invoked [14]. This, however, might not be accept-
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able any more in a split-family scenario, as MFV naturally
requires all sfermions to have equal masses, with family split-
ting appearing at first order in the spurion expansion. In order
to obtain non-degenerate masses, one requires a cancellation
between the leading two contributions to the third generation
soft masses.! This suggests that split-family SUSY cannot be
combined with MFV without recurring to some amount of
fine-tuning in the flavour sector.

An alternative ansatz without this problem was found
in [15], for quarks. Here, instead of the U (3)3 flavour sym-
metry of MFV, a U(2)? symmetry was imposed, acting on
the first two generations. This would allow the separation of
the (light) soft mass of the third generation squarks from
that of the (heavy) first two, simultaneously suppressing
SUSY flavour effects to a sufficient level. This work was
followed by further phenomenological studies in the quark
sector [ 16—18], as well as studies of perturbations due to RGE
effects [19].

To have a full understanding of this ansatz, it is necessary
to apply it also on the lepton sector. It was shown in [20] that
this is not straightforward, leading to a somewhat different
approach. Here, the starting point was set to be U (3) (i.e.
MFV), with a breaking of the symmetry to U (2)° on the
Yukawa sector, and to O (3) 1, on the neutrino sector. Although
this approach allowed the construction of the same Yukawa
matrices as in U (2)°, along with a satisfactory reproduction
of the neutrino oscillation parameters, it was found that the
soft terms suffered from the same problem as MFV: in order
to obtain a split-family sfermion spectrum, one requires a
cancellation.

In this work, we build an alternative framework to that
of [20], such that no cancellation is needed to split the
sfermion generations, neutrino data is easily reproduced, and
flavour is still protected from large SUSY contributions. The

1 Of course, RGE effects also introduce further splitting, up to a certain
degree.

@ Springer



2772 Page2of 9

Eur. Phys. J. C (2014) 74:2772

method is based on shifting the U (2)? symmetries acting on
leptons towards the second and third generations.

To understand our motivation, let us briefly review what
we know of flavour in the leptonic sector. The mixing of lep-
tons is observed in neutrino oscillation experiments, which
have measured three mixing angles [21]:

%= 03061082, = 0.022910030
533 = 044670007 @ 0.58710032. §))

These are very different from those of quarks, with the
smallest lepton mixing angle having a size similar to the
largest one for quarks.

Neutrino experiments have also measured two mass
squared differences, although the sign of one of them has
yet to be determined. In the so-called normal hierarchy, the
mass differences are

Am2y, = 241775003 x 1073 eV2,

Am2y = (7.45T01%) x 1075 eV, )

sol —

from which we can extract a small parameter:
2 2 2
$7 = Amgy/Amy,,. 3)

On the basis where the charged lepton Yukawa is diagonal,
neutrino masses and mixing can be extracted from the Majo-
rana neutrino mass matrix m,,, appearing in the dimension-
five effective operator. Still in the normal hierarchy, on the
limit where 2 — 0 and s123 — 0, we find

1 00
(mimy)nn. = migy - {0 1 0
001
00 0
+Am§tm 0 S%?) s23¢23 |, “4)
0 sp3c23 €34

where mjjgh is the lightest neutrino mass.

This equation gives a very important hint on how to treat
neutrinos. On one hand, for large myign;, we find data prefers
degenerate neutrino masses, and thus disfavours the appli-
cation of any U (2) symmetry. This motivated the approach
used in [20], where U (3) 1, was broken to O (3) 1. for neutrinos
only.

However, for vanishing mj;gn, we can see that neutrinos
require a connection between the second and third genera-
tions, not between the first and second. It is this fact that
motivates this work.

In the following, we build a framework based on U 2)°
flavour symmetries, in such a way that it acts on the first
two generations in the quark sector, and on the last two in
the lepton sector. The setup is described in Sect. 2, where
we also show how this is applied on the quark sector. The

@ Springer

lepton and slepton sectors are addressed in Sects. 3 and 4,
respectively. Also in Sect. 4, we study lepton flavour viola-
tion (LFV) processes, and show that flavoured observables
are indeed protected from large SUSY contributions. The
neutrino sector is described in more detail in Appendices A
and B. We conclude in Sect. 5.

2 Setup and quark sector

The flavour symmetry acting on the MSSM Lagrangian shall
be URY QU 1)y @ U(1), @ U(1),. Apart from the Higgs
doublets, H, and Hy, which do not transform under any
flavour symmetry, we consider the matter content shown in
Table 1. These correspond to the MSSM quark and lepton
superfields, with the ¢ ¢ transforming as doublets under some
U(2) y symmetry. The py are U 2)> singlets, some of them
transforming under one of the three U (1) f.

In the limit of exact symmetry, the only term with quark
superfields allowed in the superpotential is

W=y PQ Pu Hy, (5)

where y; is an O (1) parameter. Thus, the superfield pg cor-
responds to the third generation Qy , and p, corresponds to
the third generation u.

Reproducing the Yukawa couplings of the quark sector
is straightforward. We proceed by adding spurions with the
following transformation properties under the flavour sym-
metries:

AYM - (21 27 17 19 1)(0,0,0)7
Vy — 2,1, 1,1, 1)(0,0,0),

AYy — (2,1,2,1,1)0,0,0)

o — (1,1,1,1, 1) —g.,00>
(6)

where the (a, b, ¢) subindices refer to the charges under
U(l)g,U(1)p and U (1),, respectively. These lead to the fol-
lowing terms in the superpotential, invariant under the flavour
symmetry:

W = (¢¢ Vq Pu+ o AY, ¢y)H,
+b 00 Pa + Yo b0 Vg pa + Po AYa pa)Ha,  (7)

where we have neglected O (1) constants. The spurions thus
give rise to the Yukawa couplings of [15], namely:

y, = (_A_Yu_lx_t Yq_) Y= <_A_Y£1 |ifb_vg Xb_) , 8)

where x; are complex O (1) constants that cannot be
removed by spurion redefinition. Here, everything to the left
of the vertical line has two columns, and everything above
the horizontal line has two rows. One then identifies ¢, ¢,
and ¢g with the first two families of Q,, u$% and dj. Notice
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Table 1 Symmetries and SM superparticle content. For U (1) symmetries, we show the actual charge of the field

%} o Du Pu d Pd oL oL Pe Pe
SUQB)c¢ 3 3 3 3 3 3 1 1 1 1
SUQ2) L 2 2 1 1 1 1 2 2 1 1
U(ly 1/6 1/6 —2/3 —2/3 /3 1/3 —12 -12 1 1
U)o 2 1 1 1 1 1 1 1 1 1
UQ), 1 1 2 1 1 1 1 1 1 1
UQ)y 1 1 1 1 2 1 1 1 1 1
UQR)L 1 1 1 1 1 1 2 1 1 1
U®). 1 1 1 1 1 1 1 1 2 1
U(l)y 0 0 0 0 0 Bi 0 0 0 0
Uy 0 0 0 0 0 0 0 B> 0 0
U, 0 0 0 0 0 0 0 0 0 B3

that the y, spurion plays the role of providing a justification
for the difference between the top and bottom quark masses.

Once we have the Yukawas built in this manner, the anal-
ysis and conclusions are analogous to those of the original
U(2)3 framework, for both the quark and the squark sec-
tors [15—18]. In particular, we can keep the parametrisation

iotf
Avp=( ) ard
spe 'Y cf

where € ~ )%KM, and AY? means that the matrix has been
diagonalised. If we choose s, < s4 ~ Ackm, we reproduce
the CKM mixing matrix.

3 Lepton sector

For the lepton sector, we introduce spurions with transfor-
mation properties analogous to those for quarks:

AY, — (1,1,1,2,2)0,0,0)
AL — (1,1,1,1, 1)(0,—/32,0)v

Ve - (19 17 1’ 27 1)(0,0,0)’

Ae = (1,1, 1,1, 1)(0,0,—3)>
(10)

from which we build the charged lepton Yukawa matrix.
The key assumption used to shift the U(2) y symmetries
to the second and third generations lies on taking (ApA.) =
Ye, 1.€. the first generation Yukawa coupling. This gives the
charged lepton Yukawa a different structure. When ordering
the states in terms of ascending eigenvalues, and re-defining
the spurions in order to absorb the O (1) parameters, we find

"0
Y, = ::ye::‘,:::: . (11)
Vede AY,

In this case, everything to the right of the double vertical lines
has two columns, and everything under the double horizontal
lines has two rows. Thus, the small value of the A7, A, spurion
combination shifts the U (2) L ® U (2), symmetry in the lepton
sector towards the second and third generations.

For the neutrino sector, we build the effective Majorana
mass matrix using the same spurions as for the Yukawas. We
find it necessary to introduce an additional spurion:

Ap — (1,1,1,3,1)0,0,0) (12)

such that the matrix in the dimension-five operator becomes
r )\.i ! AL VeT
my=|:===Z=S======-:-]ky,.
e

with 71 and r; being the only O (1) complex couplings that
cannot be re-absorbed into the spurions. The spurion «,, acts
as a complex parameter with mass dimension, breaking lep-
ton number.

For the lepton sector, we find it more useful to use a differ-
ent parametrisation from that for quarks. We keep AY, fully
diagonal from the start, such that V, is unaligned:

AYe:<y“ 0 ) Ve=<se>e.
0 Yt Ce

Here we take the suppression in V, equal to that in V,,
with s, (c.) being the sine (cosine) of an undetermined mix-
ing angle 6,. As there is only one leptonic Yukawa, we find
it possible to remove all phases from Y,. The resulting struc-
tures are

(13)

(14)

Ye 0 0
Ye=|Se€re yu 0 |, (15)
Ce€re 0y
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rzse)LLG

rzce)\.L€>
T K
Uf DU, v

rzce)»Le (16)

A
m =
v rzse)\.Le

where we have parametrised the Ay + V, VeT combination
using:

die’® 0 >

D= (0 dzefm)E : (17)
c 54 €13

Up = (_‘f’s¢ iy C‘Z ) (18)

The d;, s4 and w; parameters are functions of s, and the
elements of Ay. We fix our parametrisation such that d; <
d>. Given the suppression of V, VI, we expect d to be at
least of O (1).

The study of the parameter space is non-trivial, and is
carried out in more detail on Appendices A and B. We find it
possible to reproduce the neutrino parameters for both normal
and inverted hierarchies. However, the latter requires a strong
connection between Ay, and d, which are not related by any
symmetry. Thus, we conclude that this framework favours
the normal hierarchy, and shall present results valid only in
this scenario.

As in leptonic MFV [22], the charged lepton and neutrino
data are used to obtain information as regards the spurion
structure and suppression, to be used later for estimating new
physics contributions to flavoured processes. To this end, the
following parameters are relevant:

AL = 1072, (19)
he = ye 10, (20)
AL = O(e?), (1)
s, = (unconstrained). (22)

Although the neutrino data does not put any bounds on
Se, a comparison with the quark sector suggests that taking
se ~ O (1071) is reasonable.

The choice of parameters that best describes neutrino data
also has implications on the lightest neutrino mass. We find
an upper bound mjjgne S 10~ 2 eV, meaning that we expect no
observation of neutrinoless double beta decay [23], as well
as no constraints from cosmology [24].

4 Slepton sector

Following the same philosophy as MFV, the spurions in the
Superpotential also appear in the soft mass matrices and tri-
linear terms. This leads to the following structure for the soft
mass matrices, at leading order and neglecting O (1) cou-

plings:

@ Springer

2
ﬁ _/__h :::::::A‘Z‘:/LT:::::::: 8
m? LV TT A AYIAYT A VIV ATAL)

(23)
2 2,2
me% :gné/:m:h: :)Li‘é:A:Y:: (24)
mi  \r AY, V. T+ AY]AY,

Here, ml2 and m%l are SUSY-breaking terms. As usual,
we assume that the SUSY-breaking term associated to the
U (2)5 doublets is much heavier than the one for singlets (i.e.
m2 n > mj 2y, This can be achieved in principle through specific
SUSY-breaking mechanisms, such as [25,26]. Notice that, in
contrast to the squark sector, where the stops and sbottoms
are expected to be light, here it is the selectron, and not the
stau, the one which becomes the lightest slepton.?

The parameter 85 contains all possible spurion combina-
tions that can form singlets, such as

Ss=1 +Zc,,(xLx ) +ch(x P%s LR (25)

For simplicity, we shall absorb §5 &~ 1 into m%

In the following, we neglect the A} Ay contribution, as
we expect it to be of order €*. We also expect the size of
L R-mixing effects to be O (m,/myp), such that the left and
right sectors do not mix. This means we can treat L L and
R R mixing separately.

For L L mixing, we neglect the contribution coming from
the diagonalisation of Y, YJ . As mentioned in Appendix A,
for low enough values of A., the matrices that diagonalise
Y, Y, are nearly diagonal. Thus, if we have R”m%RL =

(mzz)diag, the mixing matrix has the form

1 SeA L€ CehL€
2
RL ~ | —Sehre 1 SeCeSs (26)
2 o
—CeALE —SeCeSS 1
yr

where we have neglected some real O (1) couplings. Notice
that due to the near degeneracy of the smuon and stau, the
sleptonic 2—3 mixing is not small. However, this should not
be a problem for LFV processes, as the latter are expected to
be very heavy.

For R R mixing, notice the off-diagonal terms of m~( are
highly suppressed. However in contrast to the LL sector the
diagonalisation of Y, Y, does give a non-negligible contri-
bution to the mixing. Taking these effects into account, we
find

1 _Se)tee/yu. —Cehe€/Yr
RE ~ | sohee/yu 1 0 . (27)
Cere€/yr 0O 1

2 For concreteness, we neglect possible RGE effects.
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For the 1 —2 sector, taking into account that y./y, ~
O (0.1¢€), we find that, contrary to leptonic MFV, here RR
mixing is about 50 times larger than L L mixing. For the 1-3
sector, both types of mixing are comparable.

4.1 Lepton flavour violation

We consider two types of physical processes where slep-
ton flavour mixing plays a role: high-energy and low-energy
LFV.

For high-energy LFV, we are interested in selectron decay
into a neutralino plus a muon or tau lepton. These are possible
both at the LHC and linear e e~ colliders (for recent studies,
see [27,28]).

The plausibility of observing high-energy LFV can be
described using ratios of branching ratios. For simplicity, we
shall only consider the decay of ey, which can be produced
either directly, or from (wino-like) chargino decay. Given the
values for the parameters favoured by neutrino data, we find

Be; — w
(~L ,U:X()) ~ Sez)\'% 2 ~ 10—75,3’
B(er — €xo0)

B(er — tx0)

(28)

~ 23222 0 10-7,2
R C AT € 107 ¢z,

B(er — €xo) 2
where we have neglected lepton masses. Thus, the observa-
tion of LFV in selectron decays is unforeseeable in the near
future.

The presence of light selectrons, along with the lack of
significant mixing effects, means we would only expect elec-
trons in final states when performing slepton or chargino
searches at colliders. This fact could modify current LHC
bounds on slepton or chargino masses, as such searches gen-
erally consider degenerate smuons and selectrons [29,30].

On the other hand, low-energy LFV takes into account
radiative, leptonic and semileptonic LFV decays, such as
u — ey, v — 3eand T — un, as well as u — e con-
version in nuclei. In SUSY, it is well known that radiative
LFV decays give the strongest bounds on slepton mixing
(see [31] for a recent review).

For the latter, given the size of the mixings and the strength
of the different couplings, we find that u — ey andt — py

are dominated by the neutralino RR contribution, while the
main contribution to T — ey is given by charginos with LL
mixing. For the first two, it is useful to compare the dominant
contributions:

2
R D Rx
Ry Ry

B —ey) _ (mu)s e
RS Ry

B(t — uy) me) Ty

~5.1 (30)

2
2,227t
cohze

This result implies that the branching ration of T — uy
is suppressed by a factor O (10_7) compared to that of © —
ey . Considering the current bound on the latter by the MEG
experiment [32], this means that T — .y shall be impossible
to measure at Belle-1I [33].

For t — ey, given the different chargino and neutralino
masses and mixings, and taking into account the different
loop functions, one cannot come up with a similar, reliable
approximation.

In order to compare our results with those of [20], we fol-
low an identical scan: we fix tan 8 = 10, © = 600 GeV,
M> = 500 GeV, and set M| = 0.5M;. The complete 6 x 6
slepton mass matrix and the 3 x 3 sneutrino mass matrix are
diagonalised on the basis where Y, is diagonal. We take m%
in the range (200)—(1,000 GeV)? and m% between 52 and
1002 times heavier. The A( parameter is assumed to be pro-
portional to the heavy sfermion mass with a proportionality
constant in the range [—3, 3].

In our numerical simulation, we include both chargino-
and neutralino-mediated contributions to the three radiative
LFV decays. Results are shown in Fig. 1. In blue, we fix
se = sg = 0.2, similar to what was done in [20]. In red, we
vary s, > 0.1.

On the left panel of the figure, we show the branching
ratio of T — puy versus that for u — ey. As expected,
the former is very strongly suppressed. For the latter, we
see that the current bounds of MEG already rule out some
points, especially those for larger values of s.. This implies
a lower bound for the lightest selectron of about 700 GeV.
Nevertheless, there are still many points left, which can be
almost fully probed by the future MEG upgrade [34]. This

Fig. 1 Branching ratios for
radiative LFV. Left Tt — py vs
n — ey, Right t — ey vs.

n — ey. On all panels, blue
points correspond to s, = 0.2,
while red points indicate

se > 0.1. Gray region is
excluded by MEG, and dashed
line indicates the reach of the

107"

1072

BR(r—e y)

10—13 L

future MEG upgrade

1014

10‘—11

) 10L12
BR(u—e y)

103

10714

10712
BR(u—e y)

P DO
10718
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has the capacity of ruling out selectrons with masses up to
1.1 TeV.

On the right panel, we show the correlation between the
T — ey and u — ey branching ratios. We find their order of
magnitude to be similar. Thus, as for t — py, the branching
ratio of T — ey is expected to be too low to be measured at
Belle-11.

With this, we confirm that this framework protects most
flavoured processes in the lepton sector from SUSY contribu-
tions, to a sufficient degree. Without any doubts, the best way
to probe our ansatz is through u — ey decay, and through
the detection of selectrons as the lightest sleptons at the
LHC.

5 Conclusions

In this work we have explored an MFV-like ansatz based on
U (2)° flavour symmetry, compatible with split-family SUSY.
On its original version, this symmetry acted on the first two
generation superfields, leaving the third generation as a sin-
glet.

The main difference of this framework in comparison to
the ones studied in [15,20] is the inclusion of three U (1) r
symmetries. While the U(1), symmetry provides a justifi-
cation for the difference between the top and bottom quark
masses, the other two symmetries, acting on the lepton sec-
tor, provide a much stronger suppression. In fact, after order-
ing the charged lepton Yukawa matrix in terms of increas-
ing eigenvalue, the U (2) singlets become the first generation
superfields, thus shifting the U(2)> symmetry towards the
second and third generation.

The shifting of U (2)? allows the reproduction of the neu-
trino observables without any fine-tuning. In addition, the
sfermion sector can have family splitting with no need of
special cancellations. The consequence of this is a SUSY
spectrum consisting at least of light stops, sbottoms and selec-
trons.

We find that the use of U(2)° symmetries protects
flavoured processes very efficiently from SUSY contribu-
tions. This is done to the point of leaving © — ey as the
only flavour observable in the lepton sector that could be
observed in the near future. In fact, the current bound by
the MEG experiment already excludes selectrons of mass
lower than 700 GeV. If the future upgrade does not observe
any signal, it would be able to rule out masses lower than
~ 1,100 GeV.
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Appendix A: Normal hierarchy

The neutrino PMNS matrix can be obtained by diagonalising
the neutrino mass matrix on the basis where Y, is diagonal.
Thus, before addressing m,,, we shall first discuss the need
to include information from the diagonalisation of Y.

Inspection of Eq. (15) shows that the main suppression
parameters for the off-diagonal terms are A, and €. For large
enough A, and low tan 8, one finds that the diagonalisation
of Y, can significantly modify the muon Yukawa eigenvalue,
leading to fine-tuning in order to correctly describe the muon
mass.

To avoid this fine-tuning, one needs to impose upper
bounds on A.. We find that, for tan = 10, we need
Le <5 x 1072 if we want to keep the modification of the
muon Yukawa lower than 1%. Moreover, for such values of
Ae, we find that the mixing angles diagonalising Y, YJ are
at most ((910_3). Thus, we can ignore the contribution from
the charged lepton sector when calculating the PMNS mixing
angles.

We now turn to m,,. Given that current neutrino data pro-
vides only three mixing angles and two mass squared differ-
ences, we find this framework to have too many parameters
in order to make any prediction on that sector. Thus, we use
neutrino data as constraints on our parameters.

We find that taking the .y — 0, d; — 0 limit repro-
duces neutrino data on the limit of Eq. (4), with the lightest
neutrino mass also vanishing. If we keep A; = 0 but take
non-vanishing d;, we find

2
;2=Z—12, 533 = 85, (31)
2
with all other mixing angles equal to zero. The observed ¢
indicates the need of a hierarchy between d; and d».

When taking A1 # 0, we generate the other mixing angles,
and find that the above relations are disturbed. Nevertheless,
this contribution is small, and ¢2 can obtain its correct value
by adjusting di = x4 fexp d2, With x4 of O (1).

On Fig. 2, we show the regions that satisfy the 30 con-
straints on neutrino oscillation parameters on the x; — Ay and
Se — ¢ planes. Other parameters are fixed, and no phases are
taken into account. On the left panel, we see that s%z and {2
show opposite behaviours on the x; — A, plane, such that they
intersect only on a specific region. This region can be made
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Fig. 2 Results for normal 1.0F
hierarchy. Left Regions on the
X4 — Ar plane satisfying 3o
constraints on oscillation 0.8r
parameters. Here we have

se = 0 and sy = 0.63. Right The

same on the s, — s4 plane. We 0.6/

set x4 = 0.6 and Xg

’r =9 x 1073, On all panels,

blue, brown, purple and green .41

regions satisty s§3, slzz, s123 and

2, respectively 0.2
0.0

AL

to coincide with the one reproducing the correct s123. The fig-
ure suggests taking A, = 1072, with deviations being taken
into account by the O (1) parameters appearing in Eq. (16).

By setting Ay at this value, and adjusting d; to reproduce
the observed hierarchy, one can do a more detailed analysis
of s123 and s]22, taking into account the variation of all param-
eters. For instance, s123 depends on the framework parameters
through:

AL ;
S13 X ——|ceCy — €' Psesgl.

5 e (32)

This explains the correlation between s, and sg, seen on
the right panel of Fig. 2. All parameters, with the exception
of s§3, shall present a similar behaviour with respect to these
angles.

In principle, Eq. (32) can be used to determine which
values of Ay /dp reproduce best the reactor angle. How-
ever, we find that for d; larger than O (1), corresponding to
Az > 1072, the intersection of regions for s122 and ;2 become
much smaller. Thus, we shall set d> as an O (1) parameter,
which justifies our choice of A; = 1072, This means that the
elements of A can be at most of order 2.

The equation for s%z is quite complicated. On the CP-
conserving scenario, one finds:

AL (SeCy + CeSp)

1
—tan20, X —— ————
2 ! dy € dle? —r?il /€2

. (dl dy € + ridyd2 — 12 (cocy — ses¢)2> : (33)

with all terms being relevant for the determination of the solar
mixing angle.

To summarise, the charged lepton and neutrino sector
demand the following constraints on the framework param-
eters:

AL =102, Ao =y, 102,
di = x4 Lexpda, 53 € [0.36, 0.67].

(34)
(35)

0000  0.005  0.010

S

0.5f

Se 0.0f

0.015 0.020

The rest of the parameters must have values such that s122
and sf3, determined through Egs. (33) and (32), follow the
experimental observations.

Appendix B: Inverted hierarchy

For the inverted hierarchy, if one takes the s123 — 0 and
Amfol — 0 limit, an equation similar to Eq. (4) is obtained:

1 00
2\ 2
(Mv )l.h. — mligh[ . 010
001
10 0
+amZ, | 0 —52323 (36)

2
0 —s23c23 533

To reach this limit, we require dp — A% /62, di — 0and
€ — 0. Although this limit imposes only one more condi-
tion on our parameters, this new condition relates d» and A,
which are associated to different symmetries of the frame-
work. This suggests that the inverted hierarchy might require
some tuning.

To generate Amgol, we need to take deviations of ds, i.e.
we set dy = x)\)\%/e? For instance, if the value of x; > 1,
we get

2 xf—l
7] = 5
x5

(37)

Thus, x; cannot be much more different from unity.

Variations of d; do not affect much our results. We set
d = yy\%/ez, where we assume Yy, is small. For x; > 1,
this implies

2
x:—1
% = 22— (38)
A~ YA
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Fig. 3 Results for inverted 1.10F - 1.0F T — —
hierarchy. Left Regions on the o L N
x) — € plane satisfying 30 | L \
constraints on oscillation ‘

1.051 4 0.5F ‘ J
parameters. Here we have = \
se = 0.73 and s = 0.65. Right = \ !
The same on the s, — sy plane. % \ {
We set x; = 1.013 and X; 1.00 g;/ 1 s 00F N -
€ = 3.25 x 102 On all panels, — \
blue, brown, purple and green » \
regions satisty s%, slzz, s123 and '
2, respectively 0.95

0.90k . . - 4 - 4

0.01 0.02 0.03 0.04 0.05 0.5 1.0

€

We see that y; does not have to be vanishingly small, and
we have checked that values as large as 10~! do not disturb
numerical results. Still, x; must remain close to unity, mean-
ing that non-vanishing d; does not make the situation any
more flexible.

As one increases € from zero, one generates non-zero s]22
and s123. Moreover, for very large € (~ )%KM), its contri-
butions spoil the value of ¢2. Thus, similarly to the normal
hierarchy, we need to modify our previous equations. In the
following, we shall explore the following relation:

(39)

which corresponds to our previous limit for x; > 1 when
x; =1

For our numerical analysis, we set A\ = Ackm, ya = 0,
and no CP phases. We show results in Fig. 3. On the left panel,
we fix sy = 0.65 and s, = 0.73, and plot the 30 confidence
intervals on the x; — € plane. We find a small region that does
satisfy all parameters. Nevertheless, its area is very small, as
5122 has a very small acceptable region.

The fine-tuning of the inverted hierarchy is also made evi-
dent on the right panel of the figure, where we show the
se —5¢ parameter space, forx; = 1.013ande = 3.25x 1072,
Clearly, both s122 and ¢ require very specific values of s,
s¢ and x} to be properly reproduced. In fact, throughout the
parameter space, the values of both oscillation parameters are
generally much larger than the ones required, which makes
this particular scenario very unattractive.

On the previous analysis, we have taken A;, = Ackwm.
Smaller values of A require smaller values of €, meaning
that the inverted hierarchy does not allow us to follow the
assumption of € ~ AéKM. This is not a problem, but it does
not bring any improvement in the analysis.

One could also be tempted to use Az, = 1 by removing the
U (1) symmetry. This would require the Ay spurion not to

@ Springer

be suppressed, which would bring issues with the perturba-
tive expansion in the slepton sector.

To conclude, although the inverted hierarchy can provide
regions in the parameter space that reproduce the 3o observed
values, these regions seem strongly fine-tuned. Apparently,
we require two tunings, one between Ay and d;, and another
one between s4 and s,. The former tuning is the most dis-
turbing, as it relates two parameters that have no symmetry
connection between them.
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