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Neutrino masses in split supersymmetry
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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 SUSY extension 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.
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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-
i0s. 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 one finds 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 =
(—1)3B-L)*2S 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

WNR = aiijiﬁjbif + BijkﬁicDA]CDAlf + yijkiiijélg
+¢L,H, (1)

where B;;x = —Birj and y;jx = — Vi Asitis 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 a;j and B is of the order 102! 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:

(1) 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]

- . A
L8y = Liese + m*HYH = Z(H HY

kinetic
- [YquuRia'zH* + quLdRH + Yel_LeRH

+Migeo

M
2

2]§E+,L,LI:IZ;10'2[:]L1

M i +
2

+LHT((§ oW+ g B)H JriHTia2
\/E u u u \/i
X (=gq0W +g,B)H, +H.c. ] (2)

where
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H+
HZ(\}E(U-FQ{)O‘FZ#JO)) (3)

is the SM Higgs. In the above equations, we have the
SM fields q; , ug, dg, I}, e, 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 H,, and H; correspond to
the up and down Higgsinos. The parameters in Eq.
(2) are the following: m is the Higgs mass parameter,
A is the Higgs quartic self-coupling; Y, Y;, and Y,
are the Yukawa couplings; M5, M,, and M, are the
gaugino masses, u the Higgsino mass, and g,, g/,
&4, and g/, are trilinear couplings between the Higgs
boson, gauginos, and Higgsinos.
The Higgs-gaugino-Higgsino couplings in Eq. (2)
satisfy matching conditions at the scale /. 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 .
The supersymmetric Lagrangian includes the terms
N _ H! N .

£susy =] _MH£i0-2Hd - ﬁ(go-w + ng)Hu

"

ﬁ(gffW §'B)H,, “4)
which implies the following boundary conditions at
m:

g (i) = g(i) sinB(m),

84(m) = g(m) cos B(ri)

o o &)

g.(m) = g'(/) sinB(im), and

g4(m) = g'(in) cos B(m),

where g(im) and g'(im) are the gauge coupling con-
stants evaluated at the scale 7. At the same time the
angle B is the mixing angle between the two Higgs
doublets H; and H,, of the supersymmetric model. In
order to set our notation the two doublets are given

b
’ e+ dg +igg)
Hd — \/3 d 7d d ,
H,

(©)
Hy
M= <7< + )+ gl )

and tanB = v,/v,. 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 =
—ioyH} cosB(in) + H, sinfB(7i).

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, g, v
MSS — [ UG | (7)
5 8aV M
while the neutralino mass matrix reads as
Ml 0 - %giiv %g’;,v
MSS — 0 M, 1g,v —igwv
X° _ 1z 15 0 —
zgdv zgdv M
e —lge —e 0
®)

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

Q 1 ry 1 V
.Eizp;l\t/ = €Hlio,L; — \/_EaiHTi‘TZ(_ng-W
+ ng)Li + H.c., ®)

where €; are the parameters that mix Higgsinos with
leptons, and a; 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 (L;H,), which break
explicitly R parity. As it is well known, we can also
write the usual R-parity violating trilinear terms
(ODCL, L L E€). However, since the sfermions are
very heavy in split SUSY and 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

spli ~ I o=
£;pp\t, = —[H) + %aiv(chW3 — g’c’ﬁB)]V,-
+He +..., (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

MSS  (mSS)T
S — 0
M3 = [ mé(s o | (11
where Mf{% is given by Eq. (7) and m reads as
—%ggalv %gdalv 0 €]
mS =1 —1glayv Ig.av 0 e [ (12)

Y 15
38403V 38qa3v 0 &

We define the parameters A; = a;u + €;, which are
related to the traditional bilinear R-parity violation
(BRpV) parameters A; [9]1by A; = A;v,. Integrating
out the neutralinos, we find that the neutrino mass
matrix is given by
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Meff = _mSS(Miﬁ)—l(mSS)T

2
v
= _(M,3*+ M,3"?
detM)S(§( lgd ng
AN A
X1 WA A3 A |, (13)
BAL A3A, A

where the determinant of the neutralino mass matrix
is
detM} = — MM, + 50° n(M18,8q + M2g18))
+ 1gv* (8180 — 8.8 (14)
Notice that the effective neutrino mass matrix M¢ff
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.

(1) 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 77 are given by

Lo - [m%H} Hy+m3H{H, — m},(HT eH,
1 tyyeg L 17 )2
+HC)+§/\1(Hde) +§/\2(HuHu)
+ As(H}H)(HH,) + A4|H§GHM|2]
+h,agHl€q, — hydrHY eq, — h,exHY el
1 e ama ] o
__HI(guUW"‘g;B)Hu_—Hg(ng'W

V2 V2

—g/B)H,;+H.c. (15)
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In the above equations, the two Higgs doublets that
survive at the weak scale are H; and H,. The pa-
rameters in Eq. (15) not defined before are the fol-
lowing: m3, m3, and m?, are the Higgs mass
parameters, A;, i = 1, 2, 3, 4 are the Higgs quartic
self-couplings; and 4, hy, and h, are the Yukawa
couplings. The Higgs-gaugino-Higgsino, gauge, and
Yukawa couplings in Eq. (15) satisfy matching con-
ditions at the scale 7. Above this scale, the theory is
supersymmetric, and the squarks and sleptons have a
mass assumed to be nearly degenerate to 7. The
supersymmetric Lagrangian above 7 includes the
terms

LIS > —[m%H;Hd +m2HYH, — m%,(HY eH,
+Hec)+ %(g2 +¢?)(H H,)>
(@ + gHLH,) (6 ¢
X (HYH )(HIH,) — %g%Hﬁ eHuP]
+ M igHleq, — AydrHYeq, — A erHY €l

L oW+ g, -l (goW
V2 N/

—¢'B)H,+H.c. (16)

Consequently, at the scale /% we have the following
boundary conditions for the Higgs couplings:

A=A =4(g* + g,
Ay = (g% — g"), (17)
Ay = _%gz

for the Yukawa couplings h, = A,, hy = Ay, h, =
A, and for the Higgsino-gaugino Yukawa couplings,
g.=8s=28 &, =g,=g. All of them are eval-
uated at the scale 7. 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 + v2 = v2, such that m}, =
1/2g?v* and m2 = 1/2(g* + g"*)v?, 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

1~
mess - | MR g
X 7V8acp M
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while the neutralino mass matrix reads as

P
M PSS
X

M, 0 —18hcpgv 1glspy
_ 0 M, %gdcﬁv —%gusﬂv
_é‘?ilcﬂv %?{cﬁv 0 —
38usgV  —58uSpV —n 0
(19)

The difference with the split supersymmetric case in
Egs. (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

1
V2
+ He, (20)

LR = —eHTel; — —=b,H! e(3,0W — g,B)L,

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

LY = —[&HS + 1b,(3,W; — §,B)]v; + Hee.
+..., 21

where v; = veg and v, = vsg 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

—1gbywv, 1gbiv, 0 €
mPSS = —1g b, 1g.bv, 0 € | (22)
—18bsv, 13.bsv, 0 e
The effective neutrino mass matrix obtained after
diagonalizing by blocks is
Meff = _mPSS(Ml)iES)—l(mPSS)T
A% AN, AN,
A A, A% AyA5 |,
AN, AN, A%

(23)

. =2
_ M\g; + Myg'y
4 detM®3S
X

with A; = ub;v, + €;v,, and with the determinant
of the neutralino submatrix equal to

detMiﬁS = —u*M\M, + %vuvdM(Mlgugd
+ M,3,8)), 24)

which is analogous to Eq. (14).

(ii1) 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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S

w;{é@) — T]igigH 5 4H5H + A,]klo 5

(25)
where our notation is 57 = (D€, —ﬁTiGQ), 10 =
(Q UC EC) 5T (f H ) and 2A4H (28, 23,

2(3 %) 2(3 2 224) Since all trilinear terms are com-
ing from the same term in SU(5) one finds

@ii/2 = Bijk = Vijk = Nijg = =Ny (26)

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

3¢;
215

+ He, (27)

1 .
Loy = —a;v;HY + 5 Civi S3HO + = ;3. HO

where at the renormalizable level My, = 5Ms, =
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 X5 and 2. It is important
to mention that a; = 7, — 3(3,,)¢;/2+/15. Now, in-
tegrating out the fields 25 and 2,4 one finds that the
mass matrix for neutrinos is given by

2

Su(5 vy
MO = MSS + s i< (28)

where one can have Ms = 10715 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 with W, Z, and light Higgs inside the loop.
We show in Appendix A that Z and W 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]
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ij 1
AM) = 11;;(0) = _WbeGijfbmeO(O;m]%, m3),

(29)

where the sum is over the fermions (f) and the bosons ()
inside the loop, m; is the fermion mass, and Gjjs, is
defined by the couplings between the neutrinos and the
fermions and bosons inside the loop. Once the smallness of
the €; and A; parameters is taken into account, each con-
tribution can be expressed in the form

AH’] = A(l)/\lA] + B(l)(ElAJ + ej)\i) + C(l)fl‘f (30)

I
with A, BV and CV parameters independent of €; and
A;, 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

ML = A© ), with

2
W(Mlgd‘i‘Mzg 2), (31)

A0 =
and we define the one-loop corrected parameters A =
AQ + A B =BW and C = .

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,

vj V;

which is proportional to the neutralino mass m ML Here, ,\/2
and H are the neutralino and Higgs mass eigenstates, but
the graph is calculated in the basis where v; are not mass
eigenstates. The fields v; 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]

h  — nnh ~ynnh nnh Rynnh
Gz]k 2 Oij OLki + ORjkORki ’ (32)

where the relevant vertex is

}{ ,,,,, [Ozzh(l V5) +Onnh<1+%)}

013005-5
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Here, F¥ are the seven eigenvectors linear combination of
the Higgsinos, gauginos, and neutrinos. The O; and Og

1 3 h — hy#= ~
couplings satisfy O7}! = (O%}!)* and above the scale 7
we have

Ot = HN ulgspN o = g'sp N 1) = NalgepN o
= 8'cgNj1) + NigralgseNjp — g's¢ N j1)
+ (i = (33)

where we have an implicit sum over ¢ = 1, 2, 3. We allow
the matrix elements of the matrix N to be imaginary when
one of the eigenvalues is negative, such that we do not need
to include explicitly the sign called 7; 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 X 7 matrix, and the
Higgs mixing angle has been replaced by a« = B — /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 /7 in Eq. (9)
with the relevant term of the supersymmetric Lagrangian
above 7 given by

I . - ~
Lgusy D ——=Li(go*W* — ¢'B)L; 34
Susy Nok (g g'B)L; (34)
and considering the mixing between sleptons and Higgs
bosons above that scale, a correspondence is found when
the replacement L; — —s;io,H is made. The relevant
matching condition at 71 is

s, (i)

cosB(rm)’ (33)

a;(m) =

where the parameters s;(/7) represent the amount of slepton
L; in the low-energy Higgs H, and related to the sneutrino
vev present above the scale 7,

~ L + & + i),

Li=<\/§(vl ~_Al l pl) , (36)
€L

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

vyh ~ ~ ~
Oy =5—(@spNia — &'5pNi)éia — Nia(@spéin
= &'spén) + (ZcpNiy — §'cpNi)(éi — a))
+ Ni3(§epéin — &'cgéin)h (37)

Notice that there is no term proportional to €; since there is
a cancellation in &5 — a;. It can be checked using Egs.
(A4) and the definition of A; = a;u + €;. This implies that
the contribution of the light Higgs boson has the form

Al_[?j = Ah/\i)lj, (38)

which does not break the symmetry of the neutrino mass
matrix at tree level. The detailed expression is given by
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1
1672 £

M-

h —
ATTY =

Avyh
(0¥ )2)\,»/\ij280(0; mig, m?),

1
(39)

with
Avxh ~ ~ ~
O =H— (85N — §'spN)és — Niu(@spés

— &'spé1) T (gcpNip — §'epN) (&3 — 1/ 1)

+ Ni3(§epés — &'clpéi)) (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, i, 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,

vj V;

h H
where the G factor in Eq. (29) is,
Gl = MO, O, + O, O). (D)

The relevant coupling above the scale /2 is the CP-even
neutral scalar couplings to two neutral fermions, given by,

0
L
0
Sk _ nns (1=75) nns (1+75)
""" =1 \0Lijr——=  tVrijpn——5 |
Fio
where
OZ?}Yk = %[(_Rgle,% + R22N74 - R2€+2N7€+4)
XNy =g N+ (i< j)] (42)

and Oy} = (02’}},()*. The fields SY are linear combinations
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of CP-even Higgs and sneutrinos whose mass matrix in the
basis (9, ¢9, €%) is given in Appendix B. In the PSS, the
mass matrix can be diagonalized by

h — 5, Cy —s% 0
_ j 0
H - Cu Sa _tjs u |
7 —So8y T Caly  CoSy T Suts Oy sj

where the angle « is analogous to the CP-even neutral
Higgs bosons mixing angle of he MSSM. An expression
for the mixing angles si and i above the scale 7t can be
found in Appendix B. Comparing the supersymmetric
Lagrangian above the scale 7 in Eq. (34) with the terms
of the psSUSY Lagrangian in Eq. (20) we find the follow-
ing matching conditions:

s§(f) = —b(m)c,;  607) = —bi(i)s,,  (44)
where s’ (7i2) represents the amount of slepton L, present in
the low-energy light Higgs A, and analogously with 7 (i)

for the low-energy heavy Higgs H. In the limit where the
sleptonic fields have a very large mass, they satisfy

. v . v,
si— —c,—, th— —s,—, (45)
UM vu

which tells us that the parameter b;, defined below 71, is
directly proportional to the sneutrino vacuum expectation
value v;, defined above the scale 7.

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 = L(saNG + caNi(—gén + 8'€n)
+ (=54éi3 = coéiy + 50Ny, — &N
o = (=calNiz + 5aNp)(—8&n + &'&n)
+ (cadin = safu + 1Ny, — &'Ni)l (46)

After isolating the terms proportional to €; in the cou-
plings, and using Eq. (44), we find the following expres-
sions valid below 7:

~ 1
h vxh
OZ(I; = OL/I\{/ Ai + 2—

cos(a — B)(gN}, — &'Ny e
MmSg

v v . ; .
OL{,{H = OL),gHAi + Toes sin(e — B)(gN;, — &'Ni))e€
MSp
47

with the term proportional to A; given by
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AV, 1 s 0
OL)l\c/h = _EI:(SO‘NB + CaNk4)(g§2 - g'é)
ca * *
+ (Sa§3 +clés t —)(gNkz - g/Nkl):I
n,
A 1 % %
O = 5| Caliy = 5N gz — 881
SOt * *
+ (Ca§3 —5q&4 — /L_v)(gNkz - 8/Nk1)j|- (48)

Notice that the presence of the term proportional to €; in
Eq. (47) implies that the contribution of the CP-even Higgs
bosons has the form

AHU:AAIAJ+B(Al6j+Aj€l)+C6lEj (49)
breaking the symmetry of the neutrino mass matrix at tree

level, and generating a solar mass. Explicitly, this contri-
bution is

| &2
ATIMH = — = > SUEIA; + Fie)(ELA,
T j=1n=1
+ F,’{'ej)mXQBO(O;Mi(k., m%,"), (50)
with
1 _ Avxh 1 COS(a - ,8) s -
E, =0, Fk—zi(gNkz_gNu)
MmSp
in(a — B) ey
~uyH sin(a — ) .
E; = O/, Fi = W@Nkz — &'Nip)

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

G’

_ _1(np Hnnp nnp Annp
ijkr — 2(0ijr0Lkir + ORjkrORkir : (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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Y

J

nnp (1—7s5) + o (147s5)

""" = OLijkT Rijk ™ 2

FY

(2
where
027};( = _%[(_RII:I :N;_% + R/C2N;4 - RZ@+2~IN;€+4)
X (NG =g N7y + (i = j)]
and Of;f = —(0}1)*. The fields P} are linear combina-
tions of CP-odd Higgs and sneutrinos whose mass matrix

in the basis (@9, ¢, €9,) is given in Appendix B. In the
psSUSY, the mass matrix can be diagonalized by

(53)

G —cp Sg AV E

A = S,B C,B _t{; QDS

~i , , . . ~0

VlP _CBS;, +Sﬁflp Sﬁslp +Cﬁtlp 5” €pj
(54)

An expression for the mixing angles si, and t;', above the
scale 7 can be found in Appendix B. Comparing the
supersymmetric Lagrangian above the scale 7 in Eq.
(34) with the terms of the psSUSY Lagrangian in Eq.
(20) we find the following matching conditions:

sy (1) = b;(i)sg; 1, () = bi(im)cg,  (55)

where s}, (/1) represents the amount of slepton L, present in

the Goldstone boson G, and analogously with 7,,(s) for the

low-energy CP-odd Higgs A. In the limit where the slep-
tonic fields have a very large mass,

i Vi

Sp — Sﬂ ‘U_u y

(56)

i Vi
tp — Cﬂ ‘U_M,
which indicates b; = v;/v, 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

0% = —(=sgNj5 + cgNi(—g&n + g'En)
+ (spéin — cpéu + 1,)(gN, — &'Nil

If we isolate the terms proportional to €;, using Eq. (55),
we find

(57)

vya AVya 1 ® 5
O/ = OF"Aj + ——(gN}, — g'Niei.  (58)

2usg
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

PHYSICAL REVIEW D 79, 013005 (2009)
AV 1 s %
OL)Iga = _5[(SBN/<3 - CﬁNk4)(g§2 —g'¢&y)
+ (5585 — cpéa + —L)@Ns — g/NI) | (59
sg€z — cpéy (&N, —&'Ni) | (59)
p,

In this way, the CP-odd contribution is

1 &
_ 3 3 3
b= kEZI(EkAi + Fle)(EIN,;
with
~ 1 y .
E} = 07", Fi= 2usg (gNg = &'Nyy)- (61

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

This is because the CP-even terms are proportional to
cos?(a — B)B,(0; mio, m?) and sin?(a — B)ByX
k

(0; mio, m%), while the CP-odd term is proportional to
k

—By(0; mf(g, m3).

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 w, the gaugino
masses M, and M,, the mass of the lightest CP-even Higgs
my,, the CP-odd Higgs mass my, and the tangent of the
CP-odd Higgs mixing angle tanf3. As a working scenario
we choose the numerical values given in Table I. In this
scenario the four neutralino masses are m, = 147, 282,
455, 476 GeV, with the lightest neutralino the lightest
supersymmetric particle. In the Higgs sector, the charged
Higgs mass is mj;, = 1003.2 GeV, the heavy neutral
CP-even Higgs mass is my = 1000.2 GeV, and the
CP-even Higgs mixing angle is given by sina = 0.101.

TABLE I. PSS and neutrino mass matrix parameters.
Parameter Solution Units
tanB 10 —

M 450 GeV
M, 300 GeV
M, 150 GeV
my, 120 GeV
ny 1000 GeV
0 830 GeV
A -2.7 eV/GeV*
B —0.0005 eV/GeV?
C 0315 eV/GeV?
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TABLE II. BRpV parameters and neutrino observables.

Parameter Solution Units
€ 0.0346 GeV
€ 0.265 GeV
€3 0.322 GeV
Ay —0.0269 GeV?
Ay —0.00113 GeV?
A 0.0693 GeV?
AmZ, 2.34 X 1073 eV?
Amfol 8.16 X 1073 eV?
tan?6,, 1.04 —
tan%f, 0.455 —
tan’6,5 0.0247 —
My, 0.00394 eV

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 = —2.7 eV/GeV? is mainly due to the tree-level con-
tribution, and C = 0.315 eV/GeV* 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 chosen Q 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 =830GeV gives rise to B=
—0.0005 eV/GeV?, 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 cos(a — B) — 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 Egs. (51) and (61) the con-
tributions from H and A have opposite signs and tend to

O

\\“‘\vv
W
N

\W!
‘\\\
NN

‘5/%
%27
22%
%%
2%

8
\:“

>0 02 04 0608
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cancel each other in the decoupling limit, where sin(a —
B)— 1 and my — my. In our scenario, cos(a — B) =
0.0016 and my — m, = 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 A. An example
solution is given in Table II. This solution satisfies €; <K
€, €5, and |A,| < |A|, A;. The sign of these parameters
has a very small influence. Also in Table II we list the
neutrino observables. The atmospheric mass Am2,, =
234X 107% eV? and the solar mass Am?; =8.16 X
1073 eV? are practically at the center of the experimentally
allowed regions. The atmospheric angle tan’6,,,, = 1.04 is
slightly deviated from maximal mixing, while the solar
angle tan’f,; = 0.455 is nonmaximal with a value cen-
tered on the experimentally allowed region. The other two
parameters, the reactor angle tan’6,; = 0.0247 and the
neutrinoless double beta decay mass m,, = 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 x*:

- <103Am§tm - 2.35)2 (105Am§01 - 8.15)2

0.95 0.95
s 02 _ 2 in2 — 2
n (sm 0 atm 0.51) n (sm 001 O.305) ()
0.17 0.075

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 y? 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 x> =< 10, while the white center

>
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FIG. 1 (color online). Neutrino physics x> as a function of the neutrino mass matrix parameters A and C, keeping € and A as

indicated in Table I.
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corresponds to > < 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:

(é- Ap

_ 4 Jex (A X &)?
|€l?

m3=C|E|2+A my = |_,|4
€

(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 m5 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 x? as a function of €, and €5 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 €; and A, are neglected. It turns out that the
atmospheric angle and mass squared difference depend
strongly on €, and €5. They are given by

€,\2
Am2,, = C?(€2 + €2)*tanfy, = (6—2) .

(64)

FIG. 2 (color online).
indicated in Table 1.

FIG. 3 (color online).
indicated in Table I.
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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 €,-€5 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 y? as a function of A, and A5 with the
other parameters as indicated in Table I. The solar mass
squared difference and angle depend strongly on A, and
A5 as indicated by the following approximations:

A2 2
Am?, = Azl:A% + 3 )2] tan’f,,

1+ (63\/62

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

Parameter Solution I Solution II Units
tanS 10 10 —

yn 450 450 GeV
M, 300 300 GeV
M, 150 150 GeV
My 9 x 101 5% 10 GeV
A -1.7 X 10° -1.7 X 10° eV/GeV?
C 6.7 X 1073 1.2 X102 Y
TABLE IV. SU(5) BRpV parameters and neutrino observables.
Parameter Solution I Solution II Units
c 0.62 0.51 —
c) —0.52 —1.49 —
c3 0.85 1.38 —
A 0.0008 0.0015 GeV
Ay —0.0037 —0.0016 GeV
A3 —0.0038 —0.0011 GeV
Am2, 2.4%x1073 2.6 X 1073 eV?
Am2 82X 1073 83X 1073 eV?
tan6 1.02 1.00 —
tan’f,, 0.45 0.50 —
tan®6,5 0.026 0.049 —
m 0.004 0.005 eV

ee

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 My mass scale. The
dimensionless coefficients ¢; 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 scale M. The resulting neutrino mass coefficients A
and C are also shown in the same table. The A coefficient is
independent of the mass scale My, but C is inversely
proportional to it.

In Solution I, with a high value for My =9 X
10! GeV, the A term in the neutrino mass matrix domi-
nates over the C term, such that the atmospheric mass
comes mainly from AA;A;, and the smallness of the reactor
angle is achieved with a small value for A;. The solar mass
is generated with the Cc;c; term, with the ¢; of order unity.

In Solution II, we lower the value for Ms =
5 X 10" GeV, reversing the situation. Now the Cc;c;

PHYSICAL REVIEW D 79, 013005 (2009)

term dominates generating the atmospheric mass. Since
we look for solutions with ¢; of order one (we accept 0.5 <
c¢; < 1.5), the value of tan’6,5 grows to values close to its
experimental upper bound. In this way, lower values of My
are severely restricted. In this solution, the solar mass is
generated by the AA;A; 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.
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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 F?, of which only the neutralinos are relevant.
There is no bosonic sum since only Z contributes.
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The coupling Giz.k is equal to

GF = ~20}5045 + O} OL),

Tk (Al)

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

EO
Z Onnz ’Y5 4 Onnz 1*;’}’5)i|
0
F;
with
ot = 08"

nnz _
ORij

s (NN - NN,

o Z Nta+4 ja+4)'

The matrix N diagonalizes the 7 X 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]:

w=[ 5]

where N diagonalizes the 4 X 4 neutralino mass submatrix.
The parameters ¢ are defined by

(A2)

(A3)

£ = SamuM, £, = — gamM,

T 2detM = 2detM o

: M\2,84 + Myglg)A; — =

& = 4d tM ———— (M, 8,84 28u8Y) L (A4)
e M3 + Myg?)A.,.

Eia 4detM —( 18d 28 )

For notational brevity we define the &; parameters as
Aiéy = &ins Aiér = €y Miés — €/ = &3y and A€y =
&.4. The couplings in Eq. (A2) can be approximated with
the help of Eq. (A3) to
v 8
Ol = F(ZNM&A + Nuéi + Naén), (A5)
114

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

AITZ = A7, (A6)

with

2

4
g D (@Nwéy + Ny

AZ = —
l6mc}, &

+ Nipér)?m o Bo(0; m%,, m3). (A7)
k Xk
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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 A* dependent on the
gauge parameter ¢. This is canceled by the following loops
involving the neutral Goldstone boson,

0
Xk
Vj V;
\ 1
\ /
\ /
el
///—\\\
/ \ 0
!
\ /IG
\\ //
~;-
I
1
Vj :Sk Vi
_I_ > I >

as demonstrated in Ref. [6].

2. W and chargedGoldstone boson loops

In W loops the fermionic sum in Eq. (29) is over charged
fermions F,, of which only the charginos are relevant.
There is no bosonic sum since only W contributes.

The coupling G, i 1s equal to

(A8)

||/ new yncw ncw yncw
Gl]k 4(0ij ORik + ORjk Lik /7

where the coupling of a W boson to two fermions is

FO
w
[Oziju(l v5) +Om‘w<1+2’75)

with
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1

1
NiUp + \/—5

NG
X Z Nta +4 a+2)

8(Nizyj1 - \/_ENM jz)

oy = —g( N +
(A9)
OFy = -

The U and "V matrices diagonalize the 5 X 5 chargino/
charged lepton mass matrix, and can be approximated to

(6]

,uz[ U Uf{]’

—é 1

Vz[g (1)] (A10)

where U and V diagonalize the 2 X 2 chargino submatrix.
The parameters ¢; are

il gd ) 2 gugdvu o E
L2 detM v L 2pudetM « " p’
(A11)
with
detMX+ = ILLMZ - %gug’dvuvd, (A12)

and similar to what we did in the previous subsection, we
define the parameters §L j =1, 2, with the relations §’1 =

EL Ay and €7 = 50 — €;/ . The couplings in Eq. (A9)
can be approxmlated to

Olléi(jw (Vllgﬂ \/§V72§14)
y 1
o5 = g(Ujlfiz - \/—Esz[f —&p]— \/— Uj & )
(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 A;

AILY = A", (Al4)

with

2
= S Toue - SR - e+ et

V
x (Virka = <Ry BoOim ), (ALS)

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.
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As for the case of AZ, there is an extra contribution to A"
dependent on the gauge parameter ¢. This is canceled by
loops involving the charged Goldstone boson,

+
Xk
V; V;
\ !
\ /
\ 7/
\éi’
7/ e . b > \
/ \
IGT
\ /
N 7/
N
1
1
v Ok

-+

. 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,

+
Xk
V; v;
\ !
\ /
\ 7/
H+

where the G factor in Eq. (29) is

s+ — ((nes (Hens nes yens
G - (OijrOLkir + ORjkrORkir)'

ijkr (A16)

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

Ft

(3

_ ens (1=75) cns (1+75)
= [OLijk 5+ ORii—s

Fo

J

where the 07" and O%" couplings are
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cns + s s +f 8 s
Oerfk - hTRfl Nﬂvz'S - Riz (\/_5 sz \/—
/

ns +f 8 8
ORitk = R}, <7§ NpUpy + NG

.
+ RS NpUipsr + ==

k€+2<\/— \/_

with 075 = OJi and Ogis, = O The fields Sy are
eight linear combinations of charged Higgs bosons and
charged sleptons, whose mass matrix in the
(H!, H, €L+j, €r;) basis is in Appendix B. This mass ma-
trix is diagonalized in psSUSY by the rotation

Gt cp sg —sf; 0
H™ | _ —sg cp -1 0
ljfi cpsy — sply  sgsp tcpty 8 0
Igi 0 0 0 5
Hy
H+
X . (A18)
€L]
€RJ

An expression for the mixing angles si and i above the
scale /7 can be found in the Appendix B. Comparing the
supersymmetric Lagrangian above the scale /i in Eq. (34)
with the terms of the psSUSY Lagrangian in Eq. (20), we
find the following matching conditions:

s1.(m) = b;()s g; 1, (m) = b;(im)cpg, (A19)
where s/, (7i7) represents the amount of slepton L; present in
the charged Goldstone boson G*, and analogously with
1} (m) for the low-energy charged Higgs H*. In the limit
where the sleptonic fields have a very large mass,
. Ul- . 'Ui
P —sg—, 1 —cg—, A20
S =SB v, L —Cp . ( )
indicating that b; = v;/v, 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

13 g * g/ * *
o = Cﬂ(\/_zfﬂvkz + \/—Efn Vio t gmek])

) (A21)

OVX/’H— _

g g
A =9 —F=G; U + — i U + i U
Rik B<ﬁ§2 k2 ﬁfl wtg&xUn
+ gt Uy,

and isolating the terms proportional to €;, using Eq. (A19),
we write

W* ,2 + gwj'zty;kl)

N,l'umz gwj€+4{ui1)r
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Ris W* V* \/_glRstN% 42

le’uiz - gNj?»Uil) + Ry (N 7 Up — N ;3Uss)

(A17)

vyh+ __ V/\/h+
O/ = 0 A,

(A22)

1
0113(15[+ - OVXMA ——8Upe,
Sp

where we have defined
~ vyh+ 8 % gl * -
0% :CB<\/—§§2V1¢2+$§1Vk2+g§4vk1>
Svyh+ 8 g’ 23
0”’“=s(—U+—U+ U)(A>
Rk B ﬁfz k2 \/551 T 8&3Uk

C
+gUpy .
p,

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

2
ATTE = —

Vxh+[20;/]\;h+A A

gU
_ ,us]; (Aje; + Aje,-):lm)(;Bo(O; mi:, mz.).

(A24)

Note that there is no €;€; 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 S?. We organize the
mass terms in the Lagrangian in the following way:

¢0

1 d
—5 L0 o0 MG | o0 | (BD)

o

sj

The mass matrix is divided into blocks [6]

M? M?
M20 — [ iS’;hh Sohv :I (B2)
s MSOhV Soﬂf/

The Higgs 2 X 2 submatrix is equal to
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M2 Bo,uv“+4gzvd+,ue

0

S'hh —Bou — 4gszUu
where we call g2 = g + g’, and in supergravity models

we have BL = B,¢;. 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

T, = (m%,d + wlvy +v,D — w(Byv, + U - €)

T, = —Bouvy + (mjy, + v, = v,D + - B, (B4)

+ v,é,
with D = 1/8(g? + ¢”)(¥* + v — v2). At tree-level, it is
safe to set 7, = T; = 0, and if we take the R-parity con-
serving limit €;, v; — 0, we can recognize the CP-even
Higgs mass matrix of the MSSM. The 2 X 3 mixing sub-
matrix is given by

2
M2 [MSOhdi}[ ] N [
07 2
Sy M SO, #
which vanishes in the R-parity conserving limit. Finally,

the sneutrino submatrix is given by

(M2

)

—ME T 387V,4V;

g1 L (BS)
e 3187ZVuV;

(M3, + D)§,; + igZv,v; + €6, (BO)

S‘),‘j 1-/)[‘/

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

T, =v,D+ €(—pv, + - € +v,B. +v;M?,. (B7)

It is clear from this equation that if the sneutrino vev’s are
zero, ue; = Biv,/v,, and therefore, the mixing between
the up and down Higgs fields with the sneutrino fields are
related by M = — tan,BM2 . Of course, this last
relation is not Vadhd if the sneutrlno 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

10 —si\( %« ¢« O

Ro=10 1 -—1¢ cao So 0], (B8)
sk 8y 0 0 6

with the mixing angles at the scale /7 satisfying
§i = =S MSOh vy te MSOh vy
: M
' (B9)
. ¢ Ms"h ,—i—s MS(,h 5
Iy = 2 2 ’
Mi, — my

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:
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T,
L —Bou — 387v4v
‘ Bouli4Llo2y2 — B .5 4L | (B3)
oMy, T 387V € v, T,
. V; . V;
e e P (B10)
v

u u

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

1 -
=Ll ol GIML | eu |, (B11)

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

M> M3,
M 2 — Phh Phv . (B 1 2)
P I: M%”ZT/ Mlz’f/ D :I

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

Mz, = | °
Phh I 4 r, |
UI{ vM

(B13)
where the tadpoles T, and T; 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 X 3 matrix

2
M%h = I:Mghdﬂi i| = [ _'L‘Le.i:l
~ et}
: My, 5, B,
which vanishes in the R-parity conserving limit. Finally,
the sneutrino 3 X 3 mass matrix is

(MPV V)lj

u _)- U T
oMt et Bou

Bou Bop it~ B, -

(B14)

(M7, + D)§;; + €€, (B15)
where we have assumed diagonal soft slepton mass
parameters.

If slepton masses are very large, the 5 X 5 mass matrix
can be diagonalized with the following rotations:

1 0 —s{, —cg sg O
Rw=|0 1 =t |l 55 ¢x 0] (Bl

with the mixing angles s, and 7}, satisfying at the scale i,
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_ 2 2
_ TcgMyy, 5t sgMpy, 5,

! ML, ~ s (B17)
i _ S8Mby5 T cpMpy, 5
tp - M2 _ m2 ’

L A

and the Higgs masses mZ and m3 negligible in front of the
slepton masses. Using Eqgs. (B14) and (B17) we find the
following mixing angles in the limit of large slepton
masses

. v . v;
s, — Sg—, t’P—>ch—’ (B18)

u u
also proportional to the sneutrino vacuum expectation
values.
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3. Charged Higgs slepton mixing

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

H+

~ o~ H+
—[Hy, Hy € CriMG. | 54 (B19)

ST 4

Cri

The 8 X 8 mass matrix is written as
M2, M?
M2 == [ S” hh S+h€ } (BZO)
St 2T 2 »
Ms*w Ms*M

with the following charged Higgs boson 2 X 2 block:

> T,
%) + S hpvp + Bou + 3 8%v,v,

Boﬂg—j—Be-UA“+}¢g2(v5+

) Bop i+ pé- 2+ 587wy —
Mgy, = | s oo | @2
Bou + 3 8%v,v, U)"‘E

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 X 6 block:

2 2 1,2 172 ) 1
M2 B MS hﬂ?u MS+hd‘{7Ri _ _,U,Ei ‘l’zg Vv, —§h€ivdv,- —%heivuei _VEA{?[U[' (B22)
STt M§+hl/“ M§+h”€~m —BL + 8% v,v; _\/%hei(//vvi Tevy) |
I
which as expected vanishes in the R-parity conserving  with the following mixing angles at the scale 7:
limit. The charged slepton submatrix is further divided
into left- and right-slepton sectors
M2 M;, M, (B23) i CBMS”’ i SBMSWH’L,
stié | M2L M2, | SL = 2 2 ’
LR RR Mz L, ~ My«
which are given by the following expressions: —
g y g eXp i sBMSle + CBMS+h 7
L= Z)
Mi, = [M2 +2 (g - gk =2 — ) + = helvd]ﬁ My, — mg. (B26)
1, ; CﬁMs*h Tri + SBM?*huERi
1 Sh = )
8V, T €e k MRI_—m%ﬁ
1 _
My = T(UdAfi - Mvuhei)5ij P SﬁMS*hdeR, * CﬁMS*h Wi
Ip = M2 — 2 .
R; G*

1
M2, = [M2 + 8w v *2)+ 72 (v3+52)]5i-
(B24)

Slepton soft mass parameters are taken diagonal, and the
MSSM expressions are recovered when we make €; =
v; = 0. As before, if slepton soft masses are large, a
diagonalization can be accomplished by the rotations

J*

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

i i i — i g & i e i e
1 0 —;’L —s% cg Sp 8 8 SL T 8g - L —=¢p v, sg =0, g0
0 1 - —r _SB C,B
Rei = ‘ . L R , (B27)
§ YY) 0jj 0 0 0 o5 0
s th 0 8 0 0 0 g9
(B25)  in a similar way as the previous two cases.
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