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We investigate the possibility of generating neutrino masses in the context of split supersymmetric

scenarios where all sfermions are very heavy. All relevant contributions coming from the R-parity

violating terms to the neutrino mass matrix up to one-loop level are computed showing the importance of

the Higgs bosons one-loop corrections. We conclude that it is not possible to generate all neutrino masses

and mixings in split SUSY with bilinear R-parity violating interactions. In the case of partial split SUSY,

the one-loop Higgs bosons contributions are enough to generate the neutrino masses and mixings in

agreement with the experiment. In the context of minimal SUSY SU(5), we find new contributions that

help us to generate neutrino masses in the case of split SUSY.
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I. INTRODUCTION

Supersymmetric extensions of the standard model (SM)
have been considered as one of the most appealing candi-
dates for physics beyond the SM. Recently, different super-
symmetric scenarios have been studied extensively. We
mention low-energy SUSY [1], where the supersymmetric
scale is around TeV, and split SUSY where all the scalars,
except for one Higgs doublet, are very heavy [2]. In both
supersymmetric scenarios mentioned above it is possible to
achieve unification of the gauge interactions at high scale
and the lightest supersymmetric particle could be a natural
candidate to describe the cold dark matter of the Universe
once the so-called R-parity is imposed as an exact sym-
metry of the theory. In split- SUSY scenarios, by ignoring
the hierarchy problem, most of the unpleasant aspects of
low-energy SUSY, such as excessive flavor and CP viola-
tion, and very fast dimension-five proton decay, are
eliminated.

It is very-well known that in general interactions that
break the lepton or baryon number (or R-parity) are pre-
sent in any SUSYextension of the SM. Therefore, we have
the possibility of generating the neutrino masses and
mixing [3], and we have to understand the predictions
for proton stability [4]. For several phenomenological as-
pects of R-parity violating interactions see Ref. [5]. The
possibility of describing the neutrino properties with
R-parity violating interactions in the context of the mini-
mal supersymmetricstandard model has been studied in
detail for several groups in the context of low-energy
supersymmetry (See, for example, Refs. [6,7]). In the
context of split SUSY the possibility of describing the
masses and mixing of neutrinos has been studied in
Ref. [8], where the authors concluded that it is not possible
to use the R-parity bilinear terms alone to describe the
neutrino properties.

In this work we re-examine the possibility of describing
the properties of neutrinos using the R-parity violating
interactions in the context of split supersymmetric scenar-
ios. We agree with the results presented in Ref. [8] that in
split supersymmetry, where only one Higgs doublet re-
mains at the weak scale, it is not possible to generate the
neutrino masses in agreement with the experiments and
explain the reasons in detail. We study an alternative split
SUSY scenario, where only the sfermions are very heavy,
while all Higgs can be light. We refer to this scenario as
‘‘partial split SUSY’’. Notice that in this scenario we can
keep the nice features of split SUSY such as the suppres-
sion of proton decay due to R-parity violation and unifica-
tion of gauge couplings at high scale. In this SUSY
scenario, we show that it is possible to generate neutrino
masses using all relevant interactions once the heavy sfer-
mions are integrated out. Computing all contributions up to
one-loop level, we find an example solution, where it is
shown that all constraints coming from neutrino experi-
ments on the R-parity violating interactions are satisfied. In
this scenario even if R parity is broken one could have the
gravitino as a possible cold dark matter candidate.
We conclude that in partial split SUSY (PSS) it is pos-

sible to generate all neutrino masses and mixing in agree-
ment with the experiments using the bilinear terms alone
and the trilinear R-parity violating couplings are essen-
tially irrelevant. The key element is that the symmetry of
the neutrino mass matrix at tree level is broken by the
Higgs bosons loops together with neutralinos and chargi-
nos. The terms that break the symmetry of neutrino mass
matrix vanish in the decoupling limit, making the descrip-
tion of the neutrino masses in the ‘‘standard’’ split SUSY
scenario impossible. We study the same issue in the context
of the minimal supersymmetric SU(5), where onefinds new
contributions that help us to generate neutrino masses in
agreement with the experiments in the case of split SUSY.
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II. R-PARITY VIOLATION AND NEUTRINO
MASSES IN SPLIT SUSY

As we know in any supersymmetric extension of the
standard model there are interactions terms that break the

so-called R-parity. The R-parity is defined as R ¼
ð�1Þ3ðB�LÞþ2S, where L, B, and S are the lepton and baryon
number, and the spin, respectively. Usually this symmetry
is considered as an exact symmetry of the minimal super-
symmetric extension of the standard model (MSSM) in
order to avoid the dimension four contributions to proton
decay, and at the same time there is a possibility of havng
the lightest supersymmetric particle as a good candidate
for the cold dark matter of the Universe.

In the context of the MSSM, the so-called R-parity
violating terms are given by

W NR ¼ �ijkQ̂iL̂jD̂
C
k þ �ijkÛ

C
i D̂

C
j D̂

C
k þ �ijkL̂iL̂jÊ

C
k

þ �iL̂iĤu; (1)

where �ijk ¼ ��ikj and �ijk ¼ ��jik. As it is well known

due to the presence of the first and second terms in the
above equation one has the so-called the dimension-four
contributions to the decay of the proton. In this case, in
order to satisfy the experimental bounds on the proton
decay lifetime, one has to assume that the multiplication
of the couplings �ijk and �ijk is of the order 10�21 when

the SUSY scale is at electroweak scale. In order to avoid
these very small couplings in the theory, one imposes by
hand the R-parity symmetry. There is a second way to
avoid these small couplings if the SUSY breaking scale
is large,; this is the case of split SUSY. Since in this case
there is no need to impose any symmetry by hand, we stick
to this possibility and study the generation of neutrino
masses in this context.

Let us discuss how to generate neutrino masses through
this mechanism in three different scenarios:

(i) MSSM with split SUSY: In this supersymmetric sce-
nario called split SUSY, all scalars are very heavy,
except for one Higgs doublet. Integrating out the
heavy scalars all possible R-parity conserving inter-
actions in split supersymmetric scenarios are given
by [2]

Lsplit
susy ¼Lsplit

kineticþm2HyH��

2
ðHyHÞ2

�
�
Yu �qLuRi�2H

� þYd �qLdRHþYe
�lLeRH

þM3

2
~G ~GþM2

2
~W ~WþM1

2
~B ~Bþ� ~HT

ui�2
~Hd

þ 1ffiffiffi
2

p Hyð~gu� ~Wþ ~g0u ~BÞ ~Huþ 1ffiffiffi
2

p HTi�2

�ð�~gd� ~Wþ ~g0d ~BÞ ~HdþH:c:

�
; (2)

where

H ¼ Hþ
1ffiffi
2

p ðvþ�0 þ i’0Þ
 !

(3)

is the SM Higgs. In the above equations, we have the
SM fields qL, uR, dR, lL, eR, and the superpartners of
the Higgs and gauge bosons present in the MSSM.

Following our notation, ~G, ~W, and ~B are the gaugi-
nos associated to the SU(3), SU(2), and U(1) gauge
groups, respectively. While ~Hu and ~Hd correspond to
the up and down Higgsinos. The parameters in Eq.
(2) are the following:m is the Higgs mass parameter,
� is the Higgs quartic self-coupling; Yu, Yd, and Ye

are the Yukawa couplings; M3, M2, and M1 are the
gaugino masses, � the Higgsino mass, and ~gu, ~g

0
u,

~gd, and ~g0d are trilinear couplings between the Higgs

boson, gauginos, and Higgsinos.
The Higgs-gaugino-Higgsino couplings in Eq. (2)
satisfy matching conditions at the scale ~m. Above
this scale, the theory is supersymmetric and the
squarks, sleptons, and heavy Higgs doublet have a
mass assumed to be nearly degenerate equal to ~m.
The supersymmetric Lagrangian includes the terms

Lsusy 3 �� ~HT
ui�2

~Hd �Hy
uffiffiffi
2

p ðg� ~W þ g0 ~BÞ ~Hu

�Hy
dffiffiffi
2

p ðg� ~W � g0 ~BÞ ~Hd; (4)

which implies the following boundary conditions at
~m:

~g uð ~mÞ ¼ gð ~mÞ sin�ð ~mÞ;
~gdð ~mÞ ¼ gð ~mÞ cos�ð ~mÞ
~g0uð ~mÞ ¼ g0ð ~mÞ sin�ð ~mÞ; and

~g0dð ~mÞ ¼ g0ð ~mÞ cos�ð ~mÞ;

(5)

where gð ~mÞ and g0ð ~mÞ are the gauge coupling con-
stants evaluated at the scale ~m. At the same time the
angle � is the mixing angle between the two Higgs
doubletsHd andHu of the supersymmetric model. In
order to set our notation the two doublets are given
by

Hd ¼
1ffiffi
2

p ðvd þ�0
d þ i’0

dÞ
H�

d

 !
;

Hu ¼
Hþ

u
1ffiffi
2

p ðvu þ�0
u þ i’0

uÞ
 !

;

(6)

and tan� ¼ vu=vd. In terms of these two Higgs
doublets of the MSSM, the light fine-tuned Higgs
doublet H in the low-energy effective model is H ¼
�i�2H

�
d cos�ð ~mÞ þHu sin�ð ~mÞ.

As we mentioned before in split SUSY scenarios at
low energy we have the SM fields, the charginos, and
neutralinos. Using the above notation the chargino
mass matrix is given by
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M SS
	þ ¼ M2

1ffiffi
2

p ~guv
1ffiffi
2

p ~gdv �

" #
; (7)

while the neutralino mass matrix reads as

M SS
	0 ¼

M1 0 � 1
2
~g0dv

1
2
~g0uv

0 M2
1
2
~gdv � 1

2
~guv

� 1
2
~g0dv

1
2
~gdv 0 ��

1
2
~g0uv � 1

2
~guv �� 0

2
6664

3
7775:

(8)

Now, since we are interested in the possibility of
describing the neutrino masses in split SUSY, we
write all relevant R-parity violating interactions as

L split
RpV ¼ �i ~H

T
ui�2Li � 1ffiffiffi

2
p aiH

Ti�2ð�~gd� ~W

þ ~g0d ~BÞLi þ H:c:; (9)

where �i are the parameters that mix Higgsinos with
leptons, and ai are dimensionless parameters that
mix gauginos with leptons. Notice that the first
term is the usual bilinear term, while the last two
terms are obtained once we integrate out the sleptons
using the bilinear soft terms ( ~LiHu), which break
explicitly R parity. As it is well known, we can also
write the usual R-parity violating trilinear terms

(Q̂D̂CL̂, L̂ L̂ ÊC). However, since the sfermions are
very heavy in split SUSYand the contributions to the
neutrino mass matrix coming from those terms are at
one-loop level, those interactions cannot play any
important role. Using Eq. (9), after the Higgs ac-
quires a vacuum expectation value (vev), we find the
relevant terms for neutrino masses

Lsplit
RpV ¼ �½�i ~H0

u þ 1
2aivð~gc� ~W3 � ~g0c0� ~BÞ�
i

þ H:c:þ . . . ; (10)

where v is the vacuum expectation value of the SM-
like Higgs field H. Knowing all R-parity violating
interactions, we can write the neutralino/neutrino
mass matrix as

M SS
N ¼ MSS

	0 ðmSSÞT
mSS 0

" #
; (11)

where MSS
	0 is given by Eq. (7) and m reads as

mSS ¼
� 1

2
~g0da1v

1
2
~gda1v 0 �1

� 1
2
~g0da2v

1
2
~gda2v 0 �2

� 1
2
~g0da3v

1
2
~gda3v 0 �3

2
6664

3
7775: (12)

We define the parameters �i � ai�þ �i, which are
related to the traditional bilinear R-parity violation
(BRpV) parameters�i [9] by�i ¼ �ivd. Integrating
out the neutralinos, we find that the neutrino mass
matrix is given by

M eff

 ¼ �mSSðMSS

	0 Þ�1ðmSSÞT

¼ v2

4 detMSS
	0

ðM1~g
2
d þM2~g

02
d Þ

�
�2
1 �1�2 �1�3

�2�1 �2
2 �2�3

�3�1 �3�2 �2
3

2
64

3
75; (13)

where the determinant of the neutralino mass matrix
is
detMSS

	0 ¼ ��2M1M2 þ 1
2v

2�ðM1~gu~gd þM2~g
0
u~g

0
dÞ

þ 1
16v

4ð~g0u~gd � ~gu~g
0
dÞ2: (14)

Notice that the effective neutrino mass matrix Meff



has only one eigenvalue different from zero. As in
the case of R-parity violation in the MSSM with
bilinear terms, at tree level only one neutrino is
massive. Therefore, we have to investigate all pos-
sible one-loop contributions to the neutrino mass
matrix, which help us to generate the atmospheric
and solar neutrino masses. It has been argued in the
literature [8] that using the bilinear terms it is not
possible to explain the neutrino masses and mixing.
We study this issue in detail, and as we will show in
the next section, once we include the one-loop con-
tributions to the neutrino mass matrix it is not pos-
sible to generate all neutrino masses in agreement
with the experiment.

(ii) MSSM with partial split SUSY Let us study the same
issue of how to generate neutrino masses through R-
parity violating interactions in partial split SUSY,
where only the sfermions are very heavy, while the
Higgs can be light. Notice that in this case proton
decay can be suppressed, and the unification of the
gauge interactions at high scale is possible as well.
We will show that in this scenario the contributions
from the light Higgs bosons is enough to generate the
neutrino masses at one loop, and study the decou-
pling limit in order to have a better understanding of
the results presented in the previous section.
We integrate out the heavy squarks and sleptons and
find that the R-parity conserving (RpC) interactions
below the scale ~m are given by

LRpC
PSS 3�

�
m2

1H
y
dHdþm2

2H
y
uHu�m2

12ðHT
d�Hu

þH:c:Þþ1

2
�1ðHy

dHdÞ2þ1

2
�2ðHy

uHuÞ2

þ�3ðHy
dHdÞðHy

uHuÞþ�4jHT
d�Huj2

�

þhu ��RH
T
u�qL�hd �dRH

T
d�qL�he �eRH

T
d�lL

� 1ffiffiffi
2

p Hy
u ð~gu� ~Wþ ~g0u ~BÞ ~Hu� 1ffiffiffi

2
p Hy

d ð~gd� ~W

� ~g0d ~BÞ ~HdþH:c: (15)

NEUTRINO MASSES IN SPLIT SUPERSYMMETRY PHYSICAL REVIEW D 79, 013005 (2009)

013005-3



In the above equations, the two Higgs doublets that
survive at the weak scale are Hd and Hu. The pa-
rameters in Eq. (15) not defined before are the fol-
lowing: m2

1, m2
2, and m2

12 are the Higgs mass
parameters, �i, i ¼ 1, 2, 3, 4 are the Higgs quartic
self-couplings; and hu, hd, and he are the Yukawa
couplings. The Higgs-gaugino-Higgsino, gauge, and
Yukawa couplings in Eq. (15) satisfy matching con-
ditions at the scale ~m. Above this scale, the theory is
supersymmetric, and the squarks and sleptons have a
mass assumed to be nearly degenerate to ~m. The
supersymmetric Lagrangian above ~m includes the
terms

LRpC
susy 3�

�
m2

1H
y
dHdþm2

2H
y
uHu�m2

12ðHT
d�Hu

þH:c:Þþ1

8
ðg2þg02ÞðHy

dHdÞ2

þ1

8
ðg2þg02ÞðHy

uHuÞ2þ1

4
ðg2�g02Þ

�ðHy
dHdÞðHy

uHuÞ�1

2
g2jHT

d�Huj2
�

þ�u ��RH
T
u�qL��d

�dRH
T
d�qL��e �eRH

T
d�lL

� 1ffiffiffi
2

p Hy
u ðg� ~Wþg0 ~BÞ ~Hu� 1ffiffiffi

2
p Hy

d ðg� ~W

�g0 ~BÞ ~HdþH:c: (16)

Consequently, at the scale ~m we have the following
boundary conditions for the Higgs couplings:

�1 ¼ �2 ¼ 1
4ðg2 þ g02Þ;

�3 ¼ 1
4ðg2 � g02Þ;

�4 ¼ �1
2g

2

(17)

for the Yukawa couplings hu ¼ �u, hd ¼ �d, he ¼
�e, and for the Higgsino-gaugino Yukawa couplings,
~gu ¼ ~gd ¼ g, ~g0u ¼ ~g0d ¼ g0. All of them are eval-

uated at the scale ~m. Note the difference between
these boundary conditions and the corresponding
ones in the original split supersymmetric model:
the former do not involve the angle �. At the weak
scale, the minimization of the Higgs potential leads
to a vacuum expectation value for both Higgs dou-
blets, which satisfy v2

d þ v2
u ¼ v2, such that m2

W ¼
1=2g2v2 and m2

Z ¼ 1=2ðg2 þ g02Þv2, as usual for a
two Higgs doublet model.
As we mentioned before, in split SUSY scenarios,
the charginos and neutralinos survive at low ener-
gies. Using the above notation the chargino mass
matrix is given by

M PSS
	þ ¼ M2

1ffiffi
2

p v~gus�
1ffiffi
2

p v~gdc� �

" #
; (18)

while the neutralino mass matrix reads as

M PSS
	0

¼
M1 0 �1

2
~g0dc�v

1
2
~g0us�v

0 M2
1
2
~gdc�v �1

2
~gus�v

�1
2
~g0dc�v

1
2
~gdc�v 0 ��

1
2
~g0us�v �1

2
~gus�v �� 0

2
6664

3
7775:

(19)

The difference with the split supersymmetric case in
Eqs. (7) and (8) is in the mixings between Higgsinos
and gauginos. Now, with the neutrino masses in
mind, we write all relevant R-parity violating inter-
actions in partial split SUSY

LRpV
PSS ¼ ��i ~H

T
u�Li � 1ffiffiffi

2
p biH

T
u�ð~gd� ~W � ~g0d ~BÞLi

þ H:c:; (20)

with bi dimensionless parameters. Using Eq. (20),
after the Higgs acquires a vev, we find the relevant
terms for neutrino masses

LRpV
PSS ¼ �½�i ~H0

u þ 1
2bivuð~gd ~W3 � ~g0d ~BÞ�
i þ H:c:

þ . . . ; (21)

where vd ¼ vc� and vu ¼ vs� are the vev of the

two Higgs doublets. The neutralino/neutrino mass
matrix still has the form given in Eq. (11), but in
this scenario the matrix m reads as

mPSS ¼
� 1

2
~g0db1vu

1
2
~gdb1vu 0 �1

� 1
2
~g0db2vu

1
2
~gdb2vu 0 �2

� 1
2
~g0db3vu

1
2
~gdb3vu 0 �3

2
6664

3
7775: (22)

The effective neutrino mass matrix obtained after
diagonalizing by blocks is

M eff

 ¼ �mPSSðMPSS

	0 Þ�1ðmPSSÞT

¼ M1~g
2
d þM2

~g02d
4 detMPSS

	0

�2
1 �1�2 �1�3

�2�1 �2
2 �2�3

�3�1 �3�2 �2
3

2
64

3
75;

(23)

with �i ¼ �bivu þ �ivd, and with the determinant
of the neutralino submatrix equal to

detMPSS
	0 ¼ ��2M1M2 þ 1

2vuvd�ðM1~gu~gd

þM2~g
0
u~g

0
dÞ; (24)

which is analogous to Eq. (14).
(iii) SUSY SU(5) with split SUSY:Now, let us discuss how

one can find the R-parity violating couplings in the
context of the simplest UV completion of the
MSSM, the minimal SUSY SU(5). In this context
the relevant superpotential is given by
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W SUð5Þ
NR ¼ �i

�̂5i5̂H þ ci �̂5i2̂4H5̂H þ�ijk1̂0i �̂5j �̂5k;

(25)

where our notation is �5T ¼ ðD̂C;�L̂Ti�2Þ, 10 ¼
ðQ̂; ÛC; ÊCÞ, 5TH ¼ ðT̂; ĤuÞ, and 2̂4H ¼ ð�̂8; �̂3;

�̂ð3;2Þ; �̂ð�3;2Þ; �̂24Þ. Since all trilinear terms are com-

ing from the same term in SU(5) one finds

�ijk=2 ¼ �ijk ¼ �ijk ¼ �ijk ¼ ��ikj; (26)

and the relevant interactions for the generation of
neutrinos masses are given by

LRpV ¼ �ai
i
~H0
u þ 1

2
ci
i

~�0
3H

0
u þ 3ci

2
ffiffiffiffiffiffi
15

p 
i
~�24H

0
u

þ H:c:; (27)

where at the renormalizable level M�3
¼ 5M�24

¼
M�. Therefore, in this case one has the usual con-
tribution from the bilinear term plus an extra contri-
bution for the neutrino masses once we integrate out
the neutral component of �3 and �24. It is important

to mention that ai ¼ �i � 3h�24ici=2
ffiffiffiffiffiffi
15

p
. Now, in-

tegrating out the fields �3 and �24 one finds that the
mass matrix for neutrinos is given by

MSUð5Þ
ij ¼ MSS

ij þ v2
u

M�

cicj; (28)

where one can have M� � 1014–15 GeV in agree-
ment with the unification constraints [10].

III. ONE-LOOP CORRECTIONS TO THE
NEUTRINO MASS MATRIX

The one-loop corrections are crucial for the correct
characterization of neutrino phenomena. In the MSSM
usually the most important one-loop contributions to the
neutrino mass matrix are the bottom squarks, charginos,
and neutralinos contributions.

A. Split SUSY case

In split SUSY all scalars, except for one light Higgs
boson, are superheavy. Therefore, in this case the only
potentially important contributions are charginos and neu-
tralinos together withW, Z, and light Higgs inside the loop.
We show in Appendix A that Z andW loops are just a small
renormalization of the tree-level contribution. The Higgs
boson loop together with neutralinos has the same property
in the decoupling limit. We discuss those contributions in
detail in this section.

In general, the one-loop contributions to the neutrino
mass matrix can be written as [6]

�Mij

 ¼ �ijð0Þ ¼ � 1

16�2

X
f;b

GijfbmfB0ð0;m2
f;m

2
bÞ;

(29)

where the sum is over the fermions (f) and the bosons (b)
inside the loop, mf is the fermion mass, and Gijfb is

defined by the couplings between the neutrinos and the
fermions and bosons inside the loop. Once the smallness of
the �i and �i parameters is taken into account, each con-
tribution can be expressed in the form

��ij ¼ Að1Þ�i�j þ Bð1Þð�i�j þ �j�iÞ þ Cð1Þ�i�j; (30)

with Að1Þ, Bð1Þ, and Cð1Þ parameters independent of �i and
�i, but dependent on the other SUSY parameters. The
superindex (1) refers to the one-loop contribution. The
tree-level neutrino mass matrix in Eq. (13) has the form

Meff

ij ¼ Að0Þ�i�j with

Að0Þ ¼ v2

4 detMSS
	0

ðM1~g
2
d þM2~g

02
d Þ; (31)

and we define the one-loop corrected parameters A ¼
Að0Þ þ Að1Þ, B ¼ Bð1Þ, and C ¼ Cð1Þ.
In the MSSM with BRpV the neutral Higgs bosons mix

with the sneutrinos forming two sets of 5 scalars and 5
pseudoscalars. Nevertheless, in split SUSY, all the sneu-
trinos are extremely heavy and decouple from the light
Higgs boson H. In addition, the heavy Higgs boson also
has a very large mass, leaving the light Higgs as the only
neutral scalar able to contribute to the neutrino masses.
This contribution is represented by the following Feynman
graph,

which is proportional to the neutralino mass m	0
k
. Here, 	0

k

and H are the neutralino and Higgs mass eigenstates, but
the graph is calculated in the basis where 
i are not mass
eigenstates. The fields 
i are the neutrino fields associated
to the effective mass matrix given in Eq. (13). This con-
tribution to Eq. (29) proceeds with the coupling [6]

Gh
ijk ¼ 1

2ðOnnh
LjkO

nnh
Lki þOnnh

RjkO
nnh
Rki Þ; (32)

where the relevant vertex is
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Here, F0
i are the seven eigenvectors linear combination of

the Higgsinos, gauginos, and neutrinos. The OL and OR

couplings satisfy Onnh
Lij ¼ ðOnnh

Rji Þ� and above the scale ~m

we have

Onnh
Rij ¼ 1

2fN i4ðgs�N j2 � g0s�N j1Þ �N i3ðgc�N j2

� g0c�N j1Þ þN i‘þ4ðgs‘N j2 � g0s‘N j1Þ
þ ði $ jÞg; (33)

where we have an implicit sum over ‘ ¼ 1, 2, 3. We allow
the matrix elements of the matrixN to be imaginary when
one of the eigenvalues is negative, such that we do not need
to include explicitly the sign called �i in Ref. [6]. The
difference with the MSSM couplings given in Ref. [11] lies
in the fact that in our case N is a 7� 7 matrix, and the
Higgs mixing angle has been replaced by � ¼ �� �=2,
valid in the decoupling limit [12]. In addition, the third
term is not present in the MSSM and comes from the
second term in the supersymmetric Lagrangian of Eq. (9).

Comparing the Lagrangian below the scale ~m in Eq. (9)
with the relevant term of the supersymmetric Lagrangian
above ~m given by

L SUSY 3 � 1ffiffiffi
2

p ~Ly
i ðg�a ~Wa � g0 ~BÞLi (34)

and considering the mixing between sleptons and Higgs
bosons above that scale, a correspondence is found when
the replacement ~L�

i ! �sii�2H is made. The relevant
matching condition at ~m is

aið ~mÞ ¼ sið ~mÞ
cos�ð ~mÞ ; (35)

where the parameters sið ~mÞ represent the amount of slepton
~Li in the low-energy Higgs H, and related to the sneutrino
vev present above the scale ~m,

~L i ¼
1ffiffi
2

p ðvi þ ~‘0si þ i~‘0piÞ
~‘�Li

 !
; (36)

as explained in Appendix B. Using the approximation for
the matrix N from Appendix A, we obtain for the cou-
pling below the scale ~m

O

	h
Rik ¼ 1

2f�ð~gs�Nk2 � ~g0s0�Nk1Þ
i4 � Nk4ð~gs�
i2

� ~g0s0�
i1Þ þ ð~gc�Nk2 � ~g0c0�Nk1Þð
i3 � aiÞ
þ Nk3ð~gc�
i2 � ~g0c0�
i1Þg; (37)

Notice that there is no term proportional to �i since there is
a cancellation in 
i3 � ai. It can be checked using Eqs.
(A4) and the definition of �i ¼ ai�þ �i. This implies that
the contribution of the light Higgs boson has the form

��h
ij ¼ Ah�i�j; (38)

which does not break the symmetry of the neutrino mass
matrix at tree level. The detailed expression is given by

��h
ij ¼ � 1

16�2

X4
k¼1

ð ~O
	h
k Þ2�i�jm	0

k
B0ð0;m2

	0
k

; m2
hÞ;

(39)

with

~O
	h
k ¼ 1

2f�ð~gs�Nk2 � ~g0s0�Nk1Þ
4 � Nk4ð~gs�
2

� ~g0s0�
1Þ þ ð~gc�Nk2 � ~g0c0�Nk1Þð
3 � 1=�Þ
þ Nk3ð~gc�
2 � ~g0c0�
1Þg: (40)

Since the gauge and Goldstone boson contribute to the
neutrino mass matrix in the same form, as can be checked
in the Appendix, we conclude that it is not possible to
generate the neutrino masses in split supersymmetry with
bilinear R-parity violating interactions alone. This conclu-
sion is in agreement with the results presented in Ref. [8],
and in Ref. [13], where the contribution from the Higgs
boson can be inferred taking the decoupling limit [17].

B. Partial split SUSY case

In this scenario, the five physical Higgs states, h, H, A,
H� are light and contribute to the neutrino mass matrix. In
the following subsections, we divide them in CP-even,
CP-odd, and charged Higgs contributions.

1. CP-even neutral Higgs bosons

The two CP-even neutral Higgs bosons contribute to the
neutrino mass matrix through the following graphs,

.

where the G factor in Eq. (29) is,

Gs
ijkr ¼ 1

2ðOnns
LjkrO

nns
Lkir þOnns

RjkrO
nns
RkirÞ: (41)

The relevant coupling above the scale ~m is the CP-even
neutral scalar couplings to two neutral fermions, given by,

,

where

Onns
Lijk ¼ 1

2½ð�R0
k1N

�
j3 þ R0

k2N
�
j4 � R0

k‘þ2N
�
j‘þ4Þ

� ðgN �
i2 � g0N �

i1Þ þ ði $ jÞ� (42)

andOnns
Rijk ¼ ðOnns

LijkÞ�. The fields S0k are linear combinations
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of CP-even Higgs and sneutrinos whose mass matrix in the

basis ð�0
d; �

0
u; ~‘

0
siÞ is given in Appendix B. In the PSS, the

mass matrix can be diagonalized by

h
H
~
i
s

0
@

1
A ¼

�s� c� �sjs
c� s� �tjs

�s�s
i
s þ c�t

i
s c�s

i
s þ s�t

i
s �ij

0
B@

1
CA �0

d

�0
u

~‘0sj

0
B@

1
CA;
(43)

where the angle � is analogous to the CP-even neutral
Higgs bosons mixing angle of he MSSM. An expression
for the mixing angles sis and tis above the scale ~m can be
found in Appendix B. Comparing the supersymmetric
Lagrangian above the scale ~m in Eq. (34) with the terms
of the psSUSY Lagrangian in Eq. (20) we find the follow-
ing matching conditions:

sisð ~mÞ ¼ �bið ~mÞc�; tisð ~mÞ ¼ �bið ~mÞs�; (44)

where sisð ~mÞ represents the amount of slepton ~Li present in
the low-energy light Higgs h, and analogously with tisð ~mÞ
for the low-energy heavy Higgs H. In the limit where the
sleptonic fields have a very large mass, they satisfy

sis ! �c�
vi

vu

; tis ! �s�
vi

vu

; (45)

which tells us that the parameter bi, defined below ~m, is
directly proportional to the sneutrino vacuum expectation
value vi, defined above the scale ~m.

In the coupling in Eq. (42), we take the first neutral
fermion as a neutrino and the second as a neutralino,
obtaining the following couplings for both Higgs bosons
h and H,

O

	h
Lik ¼ 1

2½ðs�N�
k3 þ c�N

�
k4Þð�g
i2 þ g0
i1Þ

þ ð�s�
i3 � c�
i4 þ sisÞðgN�
k2 � g0N�

k1Þ�
O
	H

Lik ¼ 1
2½ð�c�N

�
k3 þ s�N

�
k4Þð�g
i2 þ g0
i1Þ

þ ðc�
i3 � s�
i4 þ tisÞðgN�
k2 � g0N�

k1Þ�: (46)

After isolating the terms proportional to �i in the cou-
plings, and using Eq. (44), we find the following expres-
sions valid below ~m:

O

	h
Lik ¼ ~O


	h
Lk �i þ 1

2�s�
cosð�� �ÞðgN�

k2 � g0N�
k1Þ�i

O
	H
Lik ¼ ~O
	H

Lk �i þ 1

2�s�
sinð�� �ÞðgN�

k2 � g0N�
k1Þ�i;
(47)

with the term proportional to �i given by

~O
	h
Lk ¼ � 1

2

�
ðs�N�

k3 þ c�N
�
k4Þðg
2 � g0
1Þ

þ
�
s�
3 þ c�
4 þ c�

�vu

�
ðgN�

k2 � g0N�
k1Þ
�

~O
	H
Lk ¼ 1

2

�
ðc�N�

k3 � s�N
�
k4Þðg
2 � g0
1Þ

þ
�
c�
3 � s�
4 � s�

�vu

�
ðgN�

k2 � g0N�
k1Þ
�
: (48)

Notice that the presence of the term proportional to �i in
Eq. (47) implies that the contribution of theCP-even Higgs
bosons has the form

��ij ¼ A�i�j þ Bð�i�j þ�j�iÞ þ C�i�j (49)

breaking the symmetry of the neutrino mass matrix at tree
level, and generating a solar mass. Explicitly, this contri-
bution is

��hH
ij ¼ � 1

16�2

X4
k¼1

X2
n¼1

ðEn
k�i þ Fn

k�iÞðEn
k�j

þ Fn
k�jÞm	0

k
B0ð0;m2

	0
k

; m2
Hn
Þ; (50)

with

E1
k ¼ ~O
	h

Lk ; F1
k ¼

cosð�� �Þ
2�s�

ðgN�
k2 � g0N�

k1Þ

E2
k ¼ ~O


	H
Lk ; F2

k ¼
sinð�� �Þ

2�s�
ðgN�

k2 � g0N�
k1Þ;

(51)

where we work in the Feynman gauge.

2. CP-odd neutral Higgs bosons

Loops including the CP-odd Higgs boson A must be
added through the graph,

where the G factor in Eq. (29) is

Gp
ijkr ¼ �1

2ðOnnp
LjkrO

nnp
Lkir þOnnp

RjkrO
nnp
RkirÞ: (52)

The relevant coupling above the scale ~m is the CP-odd
neutral scalar couplings to two neutral fermions, given by
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where

Onnp
Lijk ¼ �1

2½ð�Rp
k1N

�
j3 þ Rp

k2N
�
j4 � Rp

k‘þ2N
�
j‘þ4Þ

� ðgN �
i2 � g0N �

i1Þ þ ði $ jÞ� (53)

and Onnp
Rijk ¼ �ðOnnp

LjikÞ�. The fields P0
k are linear combina-

tions of CP-odd Higgs and sneutrinos whose mass matrix

in the basis ð’0
d; ’

0
u; ~‘

0
piÞ is given in Appendix B. In the

psSUSY, the mass matrix can be diagonalized by

G

A

~
i
p

0
BB@

1
CCA¼

�c� s� �sjp

s� c� �tjp

�c�s
i
p þ s�t

i
p s�s

i
p þ c�t

i
p �ij

0
BBB@

1
CCCA

’0
d

’0
u

~‘0pj

0
BB@

1
CCA:

(54)

An expression for the mixing angles sip and tip above the

scale ~m can be found in Appendix B. Comparing the
supersymmetric Lagrangian above the scale ~m in Eq.
(34) with the terms of the psSUSY Lagrangian in Eq.
(20) we find the following matching conditions:

sipð ~mÞ ¼ bið ~mÞs�; tipð ~mÞ ¼ bið ~mÞc�; (55)

where sipð ~mÞ represents the amount of slepton ~Li present in

the Goldstone bosonG, and analogously with tipð ~mÞ for the
low-energy CP-odd Higgs A. In the limit where the slep-
tonic fields have a very large mass,

sip ! s�
vi

vu

; tip ! c�
vi

vu

; (56)

which indicates bi ¼ vi=vu in agreement with the
CP-even case.

If we take the coupling in Eq. (53) and expand on small
R-parity violating parameters we find for the CP-odd
Higgs bosons couplings

O
	a
Lik ¼ �1

2½ð�s�N
�
k3 þ c�N

�
k4Þð�g
i2 þ g0
i1Þ

þ ðs�
i3 � c�
i4 þ tipÞðgN�
k2 � g0N�

k1Þ�: (57)

If we isolate the terms proportional to �i, using Eq. (55),
we find

O
	a
Lik ¼ ~O
	a

Lk �i þ 1

2�s�
ðgN�

k2 � g0N�
k1Þ�i: (58)

It is shown in Appendix A that the Goldstone boson con-
tribution completely cancels out when gauge dependent
terms from gauge couplings and tadpoles are included. The
~O coupling is defined by

~O
	a
Lk ¼ � 1

2

�
ðs�N�

k3 � c�N
�
k4Þðg
2 � g0
1Þ

þ
�
s�
3 � c�
4 þ

c�
�vu

�
ðgN�

k2 � g0N�
k1Þ
�
: (59)

In this way, the CP-odd contribution is

��A
ij ¼

1

16�2

X4
k¼1

ðE3
k�i þ F3

k�iÞðE3
k�j

þ F3
k�jÞm	0

k
B0ð0;m2

	0
k

; m2
AÞ; (60)

with

E3
k ¼ ~O
	a

Lk ; F3
k ¼

1

2�s�
ðgN�

k2 � g0N�
k1Þ: (61)

Note that the CP-odd contribution in Eq. (61) has the
opposite sign of the CP-even contribution. In addition,
the �i�j terms in the limit of equal neutral Higgs masses.

This is because the CP-even terms are proportional to
cos2ð�� �ÞB0ð0;m2

	0
k

; m2
hÞ and sin2ð�� �ÞB0�

ð0;m2
	0
k

; m2
HÞ, while the CP-odd term is proportional to

�B0ð0;m2
	0
k

; m2
AÞ.

IV. NUMERICAL RESULTS

A. Partial split SUSY

As seen in the previous chapters, partial split supersym-
metry is determined by the following supersymmetric pa-
rameters: the supersymmetric Higgs mass �, the gaugino
massesM1 andM2, the mass of the lightest CP-even Higgs
mh, the CP-odd Higgs mass mA, and the tangent of the
CP-odd Higgs mixing angle tan�. As a working scenario
we choose the numerical values given in Table I. In this
scenario the four neutralino masses are m	 ¼ 147, 282,

455, 476 GeV, with the lightest neutralino the lightest
supersymmetric particle. In the Higgs sector, the charged
Higgs mass is mþ

H ¼ 1003:2 GeV, the heavy neutral
CP-even Higgs mass is mH ¼ 1000:2 GeV, and the
CP-even Higgs mixing angle is given by sin� ¼ 0:101.

TABLE I. PSS and neutrino mass matrix parameters.

Parameter Solution Units

tan� 10 —

� 450 GeV

M2 300 GeV

M1 150 GeV

mh 120 GeV

mA 1000 GeV

Q 830 GeV

A �2:7 eV=GeV4

B �0:0005 eV=GeV3

C 0.315 eV=GeV2
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The one-loop corrected parameters A, B, and C intro-
duced in Eq. (49) are calculated with the results in Eq. (50)
for the neutral CP-even Higgs bosons, in Eq. (60) for the
neutral CP-odd Higgs boson, and in Eq. (A24) for the
charged Higgs boson. These contributions give rise to a
set of parameters A, B, and C given in Table I. The value of
A ¼ �2:7 eV=GeV2 is mainly due to the tree-level con-
tribution, and C ¼ 0:315 eV=GeV4 is completely gener-
ated by radiative corrections.

The parameter C is subtraction scale independent, while
the parameters A and B depend on the subtraction scale Q.
As a way of fixing this scale, we have chosenQ such that it
minimizes the parameter B, making the solar mass com-
pletely scale independent. For the scenario in Table I, we
find that Q ¼ 830 GeV gives rise to B ¼
�0:0005 eV=GeV3, which is already negligible.

We notice that in the decoupling limit scenario the light
CP-even Higgs h contribution to the solar mass (or equiv-
alently, to the parameter C) is negligible, since it is pro-
portional to cosð�� �Þ ! 0. Therefore, it can be said
properly that the solar mass comes exclusively from the
contributions of the heavy Higgs bosons H and A.
Furthermore, as indicated by Eqs. (51) and (61) the con-
tributions from H and A have opposite signs and tend to

cancel each other in the decoupling limit, where sinð��
�Þ ! 1 and mH ! mA. In our scenario, cosð�� �Þ ¼
0:0016 and mH �mA ¼ 0:2 GeV, and the cancellation
between H and A contributions to C is at the 0.07% level.
Within the scenario in Table I,we look for a solution to

the neutrino observables varying ~� and ~�. An example
solution is given in Table II. This solution satisfies �1 �
�2, �3, and j�2j � j�1j, �3. The sign of these parameters
has a very small influence. Also in Table II we list the
neutrino observables. The atmospheric mass �m2

atm ¼
2:34� 10�3 eV2 and the solar mass �m2

sol ¼ 8:16�
10�5 eV2 are practically at the center of the experimentally
allowed regions. The atmospheric angle tan2�atm ¼ 1:04 is
slightly deviated from maximal mixing, while the solar
angle tan2�sol ¼ 0:455 is nonmaximal with a value cen-
tered on the experimentally allowed region. The other two
parameters, the reactor angle tan2�13 ¼ 0:0247 and the
neutrinoless double beta decay mass mee ¼ 0:00394 eV,
have not been experimentally measured, and the predic-
tions of our model are well below the experimental upper
bounds.
In order to study the dependence of the neutrino physics

solutions on different parameters we have implemented the
following 	2:

	2 ¼
�
103�m2

atm � 2:35

0:95

�
2 þ

�
105�m2

sol � 8:15

0:95

�
2

þ
�
sin2�atm � 0:51

0:17

�
2 þ

�
sin2�sol � 0:305

0:075

�
2
: (62)

In each of these terms, we evaluated how many standard
deviations the prediction is from the measured experimen-
tal central values [15]. In Fig. 1, we have 	2 in the vertical
axis as a function of A and C, in perspective in the left
frame and level contours in the right frame. The preferred
solution of Table I appears at the center of the graphs.
Neutrino observables are very sensitive to the parameters A
and C as shown by contours, where the darkest ellipsoid
(blue) corresponds to 	2 & 10, while the white center

TABLE II. BRpV parameters and neutrino observables.

Parameter Solution Units

�1 0.0346 GeV

�2 0.265 GeV

�3 0.322 GeV

�1 �0:0269 GeV2

�2 �0:00 113 GeV2

�3 0.0693 GeV2

�m2
atm 2:34� 10�3 eV2

�m2
sol 8:16� 10�5 eV2

tan2�atm 1.04 —

tan2�sol 0.455 —

tan2�13 0.0247 —

mee 0.00 394 eV
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FIG. 1 (color online). Neutrino physics 	2 as a function of the neutrino mass matrix parameters A and C, keeping ~� and ~� as
indicated in Table I.
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corresponds to 	2 & 1. There is a second minima, but it
does not reach values near unity.

A good approximation for the neutrino masses in this
scenario is the following:

m3 ¼ Cj ~�j2 þ A
ð ~� 	 ~�Þ2
j ~�j2 m2 ¼ A

j ~�� ð ~�� ~�Þj2
j ~�j4

(63)

with the third neutrino massless [14]. Despite the fact that
C is one-loop generated and A receives contributions at tree
level, the first term in m3 is dominant, and thus more
important for the atmospheric mass scale. The A term is
the only one contributing to the solar mass, as indicated in
Eq. (63).

In Fig. 2, we plot 	2 as a function of �2 and �3 in two
frames as described for the previous figure. The rest of the
BRpV parameters are fixed to the values in Table I, while
the values of A and C are calculated from the loop con-
tributions. In our scenario, an approximated expression can
be found when �1 and�2 are neglected. It turns out that the
atmospheric angle and mass squared difference depend
strongly on �2 and �3. They are given by

�m2
atm � C2ð�22 þ �23Þ2tan2�atm �

�
�2
�3

�
2
: (64)

Notice that it is the atmospheric mass that receives the
main contribution from loop corrections, with C generated
entirely at one loop. Equal values for the atmospheric mass
correspond to circles around the origin in the �2-�3 plane,
while equal values for the atmospheric angle are repre-
sented by straight lines passing through the origin. This
geometry can be visualized in Fig. 2.
In Fig. 3, we plot 	2 as a function of�1 and �3 with the

other parameters as indicated in Table I. The solar mass
squared difference and angle depend strongly on �1 and
�3 as indicated by the following approximations:

�m2
sol � A2

�
�2

1 þ
�2

3

1þ ð�3=�2Þ2
�
2
tan2�sol

� �2
1

�2
3

�
1þ

�
�3
�2

�
2
�
: (65)

When the � parameters are kept constant, equal values for
the solar mass are represented by ellipses, while constant
values for the solar angle are represented by straight lines
passing through the origin. As with the previous figure, this
geometry can be visualized also in Fig. 3.
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FIG. 2 (color online). Neutrino physics 	2 as a function of the BRpV parameters �2 and �3, keeping the rest of the parameters as
indicated in Table I.

-0.045
-0.04
-0.035
-0.03
-0.025
-0.02
-0.015
-0.01
-0.005

0.020.040.060.080.10.12

1

10

210

310

410

χ2

Λ3 Λ1
-0.045 -0.04 -0.035 -0.03 -0.025 -0.02 -0.015 -0.01 -0.005

0.02

0.04

0.06

0.08

0.1

0.12

Λ3

Λ1

FIG. 3 (color online). Neutrino physics 	2 as a function of the BRpV parameters �1 and �3, keeping the rest of the parameters as
indicated in Table I.
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B. SUSY SU(5)

As expressed in Eq. (28), the tree-level contribution
from BRpV to the neutrino mass matrix is complemented
in our SU(5) supersymmetric model by a contribution
suppressed by one power of the M� mass scale. The
dimensionless coefficients ci are expected to be of order
unity, but different from each other due to renormalization
group equations effects. Despite that in split supersymmet-
ric scenarios the light Higgs cannot contribute at one loop
to the neutrino mass matrix, this extra SU(5) term is
capable of generating a solar mass.

Keeping the low-energy supersymmetric parameters
equal to their values in the examples shown for partial split
supersymmetry in the previous section, we look for solu-
tions in the case of SU(5) split SUSY with BRpV. In
Table III we show two solutions for two different values
of the scaleM�. The resulting neutrino mass coefficients A
and C are also shown in the same table. The A coefficient is
independent of the mass scale M�, but C is inversely
proportional to it.

In Solution I, with a high value for M� ¼ 9�
1015 GeV, the A term in the neutrino mass matrix domi-
nates over the C term, such that the atmospheric mass
comes mainly from A�i�j, and the smallness of the reactor

angle is achieved with a small value for �1. The solar mass
is generated with the Ccicj term, with the ci of order unity.

In Solution II, we lower the value for M� ¼
5� 1015 GeV, reversing the situation. Now the Ccicj

term dominates generating the atmospheric mass. Since
we look for solutions with ci of order one (we accept 0:5<
ci < 1:5), the value of tan2�13 grows to values close to its
experimental upper bound. In this way, lower values ofM�

are severely restricted. In this solution, the solar mass is
generated by the A�i�j term. See Table IV.

V. SUMMARY

We have studied in detail the possibility of describing
the neutrino masses and mixing angles in the context of
split supersymmetric scenarios, where the sfermions and/
or Higgses are very heavy. We have considered all relevant
contributions to the neutrino mass matrix up to one-loop
level coming from the R-parity violating interactions,
showing the importance of the Higgs one-loop corrections
in the case of partial split SUSY, where only the sfermions
are very heavy. We have found new contributions in the
context of the minimal supersymmetric SU(5), which can
help us to generate the neutrino masses in agreement with
the experiments in the split SUSY scenario.

ACKNOWLEDGMENTS

The work of M.A.D. was partly founded by Conicyt
Grant No. 1060629 and Conicyt and Banco Mundial Grant
‘‘Anillo Centro de Estudios Subatómicos.’’ The work of
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APPENDIX A: GAUGE AND GOLDSTONE BOSON
LOOPS IN SPLIT SUSY

In this appendix we show the properties of the gauge
boson one-loop contributions to the neutrino mass matrix.

1. Z and neutral Goldstone boson loops

In Z loops the fermionic sum in Eq. (29) is over neutral
fermions F0

k, of which only the neutralinos are relevant.

There is no bosonic sum since only Z contributes.

TABLE IV. SU(5) BRpV parameters and neutrino observables.

Parameter Solution I Solution II Units

c1 0.62 0.51 —

c2 �0:52 �1:49 —

c3 0.85 1.38 —

�1 0.0008 0.0015 GeV

�2 �0:0037 �0:0016 GeV

�3 �0:0038 �0:0011 GeV

�m2
atm 2:4� 10�3 2:6� 10�3 eV2

�m2
sol 8:2� 10�5 8:3� 10�5 eV2

tan2�atm 1.02 1.00 —

tan2�sol 0.45 0.50 —

tan2�13 0.026 0.049 —

mee 0.004 0.005 eV

TABLE III. SU(5) split SUSY and neutrino mass matrix pa-
rameters.

Parameter Solution I Solution II Units

tan� 10 10 —

� 450 450 GeV

M2 300 300 GeV

M1 150 150 GeV

M� 9� 1015 5� 1015 GeV

A �1:7� 103 �1:7� 103 eV=GeV2

C 6:7� 10�3 1:2� 10�2 eV
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The coupling GZ
ijk is equal to

GZ
ijk ¼ �2ðOnnz

LjkO
nnz
Rki þOnnz

RjkO
nnz
Lki Þ; (A1)

where the coupling of a Z boson to two neutral fermions is
[16]

with

Onnz
Lij ¼ �ðOnnz

Rij Þ�;

Onnz
Rij ¼ � g

2cW

�
N �

i4N j4 �N �
i3N j3

� X3
a¼1

N �
iaþ4N jaþ4

�
:

(A2)

The matrix N diagonalizes the 7� 7 neutrino/neutralino
mass matrix, giving non-negative eigenvalues. Without
including the final rotation on the neutrino sector, it can
be approximated in the following way [6]:

N � N N
T

�
 1

� �
; (A3)

whereN diagonalizes the 4� 4 neutralino mass submatrix.
The parameters 
 are defined by


i1 ¼ ~g0d�M2

2 detM	0

�i 
i2 ¼ � ~gd�M1

2 detM	0

�i


i3 ¼ vu

4 detM	0

ðM1~gu~gd þM2~g
0
u~g

0
dÞ�i � �i

�


i4 ¼ � vd

4 detM	0

ðM1~g
2
d þM2~g

02
d Þ�i:

(A4)

For notational brevity we define the 
i parameters as
�i
1 ¼ 
i1, �i
2 ¼ 
i2, �i
3 � �i=� ¼ 
i3, and �i
4 ¼

i4. The couplings in Eq. (A2) can be approximated with
the help of Eq. (A3) to

O

	z
Rik � g

2cW
ð2Nk4
i4 þ Nk1
i1 þ Nk2
i2Þ; (A5)

where i labels the three neutrinos and k labels the four
neutralinos. Considering Eq. (A4) we conclude that

��Z
ij ¼ AZ�i�j; (A6)

with

AZ ¼ � g2

16�2c2W

X4
k¼1

ð2Nk4
4 þ Nk1
1

þ Nk2
2Þ2m	0
k
B0ð0;m2

	0
k

; m2
ZÞ: (A7)

This contribution is only a renormalization of the tree-level
mass matrix, which does not break its symmetry, i.e., it
does not generate mass to all neutrinos.
There is an extra contribution to AZ dependent on the

gauge parameter 
. This is canceled by the following loops
involving the neutral Goldstone boson,

as demonstrated in Ref. [6].

2. W and chargedGoldstone boson loops

InW loops the fermionic sum in Eq. (29) is over charged
fermions Fþ

k , of which only the charginos are relevant.

There is no bosonic sum since only W contributes.

The coupling GW
ijk is equal to

GW
ijk ¼ �4ðOncw

Ljk O
ncw
Rik þOncw

Rjk O
ncw
Lik Þ; (A8)

where the coupling of a W boson to two fermions is

with
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Oncw
Lij ¼ �g

�
N �

i2Uj1 þ 1ffiffiffi
2

p N �
i3Uj2 þ 1ffiffiffi

2
p

� X3
a¼1

N �
iaþ4Ujaþ2

�

Oncw
Rij ¼ �g

�
N i2V �

j1 �
1ffiffiffi
2

p N i4V �
j2

�
:

(A9)

The U and V matrices diagonalize the 5� 5 chargino/
charged lepton mass matrix, and can be approximated to
[6]

U � U U
T
L

�
L 1

� �
; V � V 0

0 1

� �
; (A10)

where U and V diagonalize the 2� 2 chargino submatrix.
The parameters 
L are


i1
L ¼ ~gdffiffiffi

2
p

detM	þ
�i; 
i2

L ¼ � ~gu~gdvu

2� detM	þ
�i � �i

�
;

(A11)

with

detM	þ ¼ �M2 � 1
2
~gu~gdvuvd; (A12)

and similar to what we did in the previous subsection, we
define the parameters 
L

j , j ¼ 1, 2, with the relations 
i1
L ¼


L
1�i and 
i2

L ¼ 
L
2�i � �i=�. The couplings in Eq. (A9)

can be approximated to

O
	w
Rij � g

�
V�
j1
i2 � 1ffiffiffi

2
p V�

j2
i4

�

O

	w
Lij � g

�
Uj1
i2 � 1ffiffiffi

2
p Uj2½
i2

L � 
i3� � 1ffiffiffi
2

p Uj1

i1
L

�
;

(A13)

where i labels the three neutrinos and j labels the two
charginos. Similar to what happened with the Z contribu-
tions, the W contribution depends only on the �i

��W
ij ¼ AW�i�j; (A14)

with

AW ¼ g2

2�2

X2
k¼1

�
Uk1
2 �Uk2ffiffiffi

2
p ð
L

2 � 
3Þ þUk1ffiffiffi
2

p 
L
1

�

�
�
Vk1
2 � Vk2ffiffiffi

2
p 
4

�
m	þ

k
B0ð0;m2

	þ
k

; m2
WÞ; (A15)

adding to the tree-level contribution without changing the
symmetry. Therefore, the W and Z loops do not help us to
generate mass to all neutrinos.

As for the case of AZ, there is an extra contribution to AW

dependent on the gauge parameter 
. This is canceled by
loops involving the charged Goldstone boson,

. The rest of the tadpoles form a gauge invariant set, and
renormalize the vacuum expectation values [6].

3. Charged Higgs boson loops

The last loops we consider are the ones that include a
charged scalar and a charged fermion. The loop is repre-
sented by the following graph,

where the G factor in Eq. (29) is

Gsþ
ijkr ¼ ðOncs

LjkrO
cns
Lkir þOncs

RjkrO
cns
RkirÞ: (A16)

The relevant coupling above the scale ~m is the charged
scalar couplings to a charged and a neutral fermion. It is
given by

where the Ocns
L and Ocns

R couplings are
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Ocns
Lijk ¼ h�R

Sþ
k1N

�
j7V

�
i5 � RSþ

k2

�
gffiffiffi
2

p N �
j2V

�
i2 þ

g0ffiffiffi
2

p N �
j1V

�
i2 þ gN �

j4V
�
i1

�
� h�R

Sþ
k5N

�
j3V

�
i5 �

ffiffiffi
2

p
g0RSþ

k‘þ5N
�
j1V

�
i‘þ2

Ocns
Rijk ¼ RSþ

k1

�
gffiffiffi
2

p N j2Ui2 þ g0ffiffiffi
2

p N j1Ui2 � gN j3Ui1

�
þ h�R

Sþ
k8 ðN j7Ui2 �N j3Ui5Þ

þ RSþ
k‘þ2

�
gffiffiffi
2

p N j2Ui‘þ2 þ g0ffiffiffi
2

p N j1Ui‘þ2 � gN j‘þ4Ui1

�
; (A17)

with Ocns
Lijk ¼ Oncs�

Rjik and Ocns
Rijk ¼ Oncs�

Ljik . The fields Sþk are
eight linear combinations of charged Higgs bosons and
charged sleptons, whose mass matrix in the
ðHþ

d ; H
þ
u ; ~‘

þ
Lj; ~‘

þ
RjÞ basis is in Appendix B. This mass ma-

trix is diagonalized in psSUSY by the rotation

Gþ

Hþ

~lþLi
~lþRi

0
BBBBB@

1
CCCCCA ¼

c� s� �sjL 0

�s� c� �tjL 0

c�s
i
L � s�t

i
L s�s

i
L þ c�t

i
L �ij 0

0 0 0 �ij

0
BBBBBB@

1
CCCCCCA

�

Hþ
d

Hþ
u

~‘þLj
~‘þRj

0
BBBBBB@

1
CCCCCCA: (A18)

An expression for the mixing angles siL and tiL above the
scale ~m can be found in the Appendix B. Comparing the
supersymmetric Lagrangian above the scale ~m in Eq. (34)
with the terms of the psSUSY Lagrangian in Eq. (20), we
find the following matching conditions:

siLð ~mÞ ¼ bið ~mÞs�; tiLð ~mÞ ¼ bið ~mÞc�; (A19)

where siLð ~mÞ represents the amount of slepton ~Li present in
the charged Goldstone boson Gþ, and analogously with
tiLð ~mÞ for the low-energy charged Higgs Hþ. In the limit
where the sleptonic fields have a very large mass,

siL ! s�
vi

vu

; tiL ! c�
vi

vu

; (A20)

indicating that bi ¼ vi=vu are in agreement with the
CP-even and CP-odd cases. Now we make an expansion
of the couplings in Eq. (A17), and we find

O

	hþ
Lik ¼ c�

�
gffiffiffi
2

p 
i2V
�
k2 þ

g0ffiffiffi
2

p 
i1V
�
k2 þ g
i4V

�
k1

�

O
	hþ
Rik ¼ s�

�
gffiffiffi
2

p 
i2Uk2 þ g0ffiffiffi
2

p 
i1Uk2 þ g
i3Uk1

�

þ gtiLUk1;

(A21)

and isolating the terms proportional to �i, using Eq. (A19),
we write

O

	hþ
Lik ¼ ~O


	hþ
Lk �i;

O

	hþ
Rik ¼ ~O


	hþ
Rk �i � 1

�s�
gUk1�i;

(A22)

where we have defined

~O

	hþ
Lk ¼ c�

�
gffiffiffi
2

p 
2V
�
k2 þ

g0ffiffiffi
2

p 
1V
�
k2 þ g
4V

�
k1

�

~O

	hþ
Rk ¼ s�

�
gffiffiffi
2

p 
2Uk2 þ g0ffiffiffi
2

p 
1Uk2 þ g
3Uk1

�

þ gUk1

c�
�vu

:

(A23)

Finally, the charged Higgs contribution to the neutrino
mass matrix is

��hþ
ij ¼ � 1

16�2

X2
k¼1

~O

	hþ
Lk

�
2 ~O


	hþ
Rk �i�j

� gUk1

�s�
ð�i�j þ�j�iÞ

�
m	þ

k
B0ð0;m2

	þ
k

; m2
HþÞ:

(A24)

Note that there is no �i�j term.

APPENDIX B: HIGGS SLEPTON SECTOR

Here, we give details on the Higgs slepton mass matrices
and approximations in the case when the slepton masses
are much heavier that the Higgs masses.

CP-even Higgs-sneutrino mixing

The CP-even Higgs and sneutrino fields mix to form a
set of five neutral mass eigenstates S0i . We organize the
mass terms in the Lagrangian in the following way:

L 3 � 1

2
½�0

d; �
0
u; ~‘

0
si�M2

S0

�0
d

�0
u

~‘0sj

2
664

3
775: (B1)

The mass matrix is divided into blocks [6]

M 2
S0

¼ M2
S0hh

M2
S0h~


M2T
S0h~


M2
S0 ~
 ~


" #
: (B2)

The Higgs 2� 2 submatrix is equal to
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M 2
S0hh

¼ B0�
vu

vd
þ 1

4g
2
Zv

2
d þ�~� 	 ~v

vd
þ Td

vd
�B0�� 1

4g
2
Zvdvu

�B0�� 1
4g

2
Zvdvu B0�

vd

vu
þ 1

4 g
2
Zv

2
u � ~B� 	 ~v

vu
þ Tu

vu

2
4

3
5; (B3)

where we call g2Z ¼ g2 þ g02, and in supergravity models
we have Bi

� ¼ Bi�i. In this matrix we have eliminated the
Higgs soft masses using the minimization conditions of the
scalar potential (or tadpole equations) [6]. These Higgs
tadpole equations at tree level are

Td ¼ ðm2
Hd

þ�2Þvd þ vdD��ðB0vu þ ~v 	 ~�Þ
Tu ¼ �B0�vd þ ðm2

Hu
þ�2Þvu � vuDþ ~v 	 ~B�

þ vu ~�
2;

(B4)

with D ¼ 1=8ðg2 þ g02Þð ~v2 þ v2
d � v2

uÞ. At tree-level, it is
safe to set Tu ¼ Td ¼ 0, and if we take the R-parity con-
serving limit �i, vi ! 0, we can recognize the CP-even
Higgs mass matrix of the MSSM. The 2� 3 mixing sub-
matrix is given by

M 2
S0h~


¼ M2
S0hd~
i

M2
S0hu~
i

" #
¼ ���i þ 1

4g
2
Zvdvi

Bi
� � 1

4 g
2
Zvuvi

" #
; (B5)

which vanishes in the R-parity conserving limit. Finally,
the sneutrino submatrix is given by

ðM2
S0 ~
 ~


Þij ¼ ðM2
Li þDÞ�ij þ 1

4g
2
Zvivj þ �i�j; (B6)

where we have not yet used the corresponding tadpole
equations, and we have assumed that the sneutrino soft
mass matrix is diagonal. The sneutrino tadpole equations
are given by

Ti ¼ viDþ �ið��vd þ ~v 	 ~�Þ þ vuB
i
� þ viM

2
Li: (B7)

It is clear from this equation that if the sneutrino vev’s are
zero, ��i ¼ Bi

�vu=vd, and therefore, the mixing between
the up and down Higgs fields with the sneutrino fields are
related by M2

S0hd~

¼ � tan�M2

S0hu~

. Of course, this last

relation is not valid if the sneutrino vev’s are not zero.
In the case of large slepton masses, the mass matrix in

Eq. (B2) is diagonalized in two steps by the rotation matrix

RS0 ¼
1 0 �sjs
0 1 �tjs
sis tis �ij

0
B@

1
CA �s� c� 0

c� s� 0
0 0 �ij

0
B@

1
CA; (B8)

with the mixing angles at the scale ~m satisfying

sis ¼
�s�M

2
S0hd~
i

þ c�M
2
S0hu~
i

M2
Li
�m2

h

;

tis ¼
c�M

2
S0hd~
i

þ s�M
2
S0hu~
i

M2
Li
�m2

H

;

(B9)

where the Higgs masses can be neglected in front of the
slepton masses in this approximation. From Eq. (B5), we
find the following limits for large slepton masses:

sis ! �c�
vi

vu

; tis ! �s�
vi

vu

; (B10)

which links the smallness of the Higgs-sneutrino mixing
needed for neutrino physics, with the smallness of the
sneutrino vevs.

2. CP-odd Higgs-sneutrino mixing

The CP-odd Higgs bosons and sneutrinos mix to form a
set of five CP-odd scalars, whose mass terms in the
Lagrangian are

L � 1

2
½’0

d; ’
0
u; ~‘

0
pi�M2

P0

’0
d

’0
u

~‘0pj

2
64

3
75; (B11)

where we decompose the 5� 5 mass matrix in the follow-
ing blocks:

M 2
P0 ¼ M2

Phh M2
Ph~


M2T
Ph~
 M2

P~
 ~


" #
: (B12)

The Higgs sector is given by the 2� 2 mass submatrix

M 2
Phh ¼

B0�
vu

vd
þ�~� 	 ~v

vd
þ Td

vd
B0�

B0� B0�
vd

vu
� ~B� 	 ~v

vu
þ Tu

vu

2
4

3
5;

(B13)

where the tadpoles Tu and Td are defined in Eq. (B4). In the
R-parity conserving limit we reproduce the CP-odd mass
matrix in the MSSM. The Higgs-sneutrino mixing is given
by the 2� 3 matrix

M 2
Ph~
 ¼ M2

Phd ~
i

M2
Phu ~
i

" #
¼ ���i

�Bi
�

� �
; (B14)

which vanishes in the R-parity conserving limit. Finally,
the sneutrino 3� 3 mass matrix is

ðM2
P~
 ~
Þij ¼ ðM2

Li þDÞ�ij þ �i�j; (B15)

where we have assumed diagonal soft slepton mass
parameters.
If slepton masses are very large, the 5� 5 mass matrix

can be diagonalized with the following rotations:

RP0 ¼
1 0 �sjp
0 1 �tjp
sip tip �ij

0
B@

1
CA �c� s� 0

s� c� 0
0 0 �ij

0
B@

1
CA; (B16)

with the mixing angles sip and tip satisfying at the scale ~m,
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sip ¼ �c�M
2
Phd~
i

þ s�M
2
Phu ~
i

M2
Li
�m2

G

;

tip ¼ s�M
2
Phd~
i

þ c�M
2
Phu~
i

M2
Li
�m2

A

;

(B17)

and the Higgs masses m2
G and m2

A negligible in front of the

slepton masses. Using Eqs. (B14) and (B17) we find the
following mixing angles in the limit of large slepton
masses

sip ! s�
vi

vu

; tip ! c�
vi

vu

(B18)

also proportional to the sneutrino vacuum expectation
values.

3. Charged Higgs slepton mixing

The charged Higgs boson and slepton fields mix to form
a set of eight charged eigenstates Sþi , whose mass terms in
the Lagrangian are organized according to

L � ½H�
d ; H

�
u ; ~‘

�
Li; ~‘

�
Ri�M2

Sþ

Hþ
d

Hþ
u

~‘þLi
~‘þRi

2
6664

3
7775: (B19)

The 8� 8 mass matrix is written as

M 2
Sþ ¼ M2

Sþhh M2
Sþh~‘

M2T
Sþh~‘

M2
Sþ ~‘ ~‘

" #
; (B20)

with the following charged Higgs boson 2� 2 block:

M 2
Sþhh ¼ B0�

vu

vd
þ�~� 	 ~v

vd
þ 1

4g
2ðv2

u � ~v2Þ þ 1
2h

2
‘kv

2
k þ Td

vd
B0�þ 1

4g
2vdvu

B0�þ 1
4g

2vdvu B0�
vd

vu
� ~B� 	 ~v

vu
þ 1

4g
2ðv2

d þ ~v2Þ þ Tu

vu

2
4

3
5: (B21)

This mass matrix reduces to the charged Higgs mass matrix of the MSSM when the BRpV parameters are taken equal to
zero. Mixing between charged Higgs bosons and left- and right-charged sleptons appear through terms in the following
2� 6 block:

M 2
Sþh~‘

¼ M2
Sþhd ~‘Li

M2
Sþhd ~‘Ri

M2
Sþhu ~‘Li

M2
Sþhu ~‘Ri

2
4

3
5 ¼ ���i þ 1

4g
2vdvi � 1

2h
2
‘ivdvi � 1ffiffi

2
p h2‘ivu�i � 1ffiffi

2
p A‘ivi

�Bi
� þ 1

4g
2vuvi � 1ffiffi

2
p h‘ið�vi þ �ivdÞ

" #
; (B22)

which as expected vanishes in the R-parity conserving
limit. The charged slepton submatrix is further divided
into left- and right-slepton sectors

M 2
Sþ ~‘ ~‘

¼ M2
LL M2

LR

M2T
LR M2

RR

� �
; (B23)

which are given by the following expressions:

M2
LL ¼

�
M2

Li
þ 1

8
ðg2 � g02Þðv2

u � v2
d � ~v2Þ þ 1

2
h2‘iv

2
d

�
�ij

þ 1

4
g2vivj þ �i�j

M2
LR ¼ 1ffiffiffi

2
p ðvdA‘i ��vuh‘iÞ�ij

M2
RR ¼

�
M2

Ri
þ 1

4
g02ðv2

u � v2
d � ~v2Þ þ 1

2
h2‘iðv2

d þ ~v2Þ
�
�ij:

(B24)

Slepton soft mass parameters are taken diagonal, and the
MSSM expressions are recovered when we make �i ¼
vi ¼ 0. As before, if slepton soft masses are large, a
diagonalization can be accomplished by the rotations

RSþ ¼
1 0 �sjL �sjR
0 1 �tjL �tjR
siL tiL �ij 0
siR tiR 0 �ij

0
BBB@

1
CCCA

c� s� 0 0
�s� c� 0 0
0 0 �ij 0
0 0 0 �ij

0
BBB@

1
CCCA;

(B25)

with the following mixing angles at the scale ~m:

siL ¼
c�M

2
Sþhd ~‘Li

þ s�M
2
Sþhu ~‘Li

M2
Li
�m2

Hþ
;

tiL ¼
�s�M

2
Sþhd ~‘Li

þ c�M
2
Sþhu ~‘Li

M2
Li
�m2

Gþ

siR ¼
c�M

2
Sþhd ~‘Ri

þ s�M
2
Sþhu ~‘Ri

M2
Ri
�m2

Hþ
;

tiR ¼
�s�M

2
Sþhd ~‘Ri

þ c�M
2
Sþhu ~‘Ri

M2
Ri
�m2

Gþ
:

(B26)

When slepton masses are very large, the right mixing
angles vanish while the left mixing angles are proportional
to the slepton vevs,

siL ! s�
vi

vu

; tiL ! c�
vi

vu

; siR ! 0; tiR ! 0

(B27)

in a similar way as the previous two cases.
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