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Neutrino Masses from a Pseudo-Dirac Bino
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We show that, in U(1) z-symmetric supersymmetric models, the bino and its Dirac partner (the singlino)
can play the role of right-handed neutrinos and generate the neutrino masses and mixing, without the need
for traditional bilinear or trilinear R-parity violating operators. The two particles form a pseudo-Dirac pair,
the “birvo.” An inverse seesaw texture is generated for the neutrino-bivo sector, and the lightest neutrino is
predicted to be massless. Unlike in most models with heavy right-handed neutrinos, the bivo can be sizably
produced at the LHC through its interactions with colored particles, while respecting low energy constraints
from neutrinoless double-beta decay and charged lepton flavor violation.
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Neutrino oscillations have revealed that at least two of
the neutrinos in the standard model (SM) are massive.
While their absolute mass scale is not yet known, neutrino
squared-mass differences (Amy; = m; —m3) and mixing

angles are measured to be [1]
Am3, =7.6 x 1075 eV2, |Am2,| =2.4 x 1073 eV?,
sin0,, = 0.3, sin0,; = 0.47, sin%6,5 = 0.024.
(1)

It is not possible to generate the neutrino masses within
the SM particle content with renormalizable operators and,
thus, new physics is needed. The most straightforward
avenue is through the addition of right-handed (RH)
neutrinos and a Yukawa coupling Y, to the Higgs boson
and the left-handed neutrinos. In seesaw Type-I models
[2,3], the smallness of the light neutrino masses is
explained via a suppression by the RH neutrino
Majorana mass Mg, as m, ~ YT Mz'Y,v?, where v is the
Higgs vacuum expectation value. For instance, for
Mg ~ O(10'" GeV), and Y, ~ O(1), light neutrino masses
are at the eV scale. In these models, lepton number is
violated in the Lagrangian through the large RH Majorana
masses.

Another way to account for the smallness of neutrino
masses is the inverse seesaw (ISS) mechanism [4—6]. In this
case, RH neutrinos form pseudo-Dirac pairs and lepton
numbers are assigned in a way that the total lepton number
is (approximately) conserved in the Lagrangian. In this
framework, all lepton number violating effects (such as
light neutrino masses) are naturally suppressed. This allows
us to lower the RH neutrino mass scale, for example, to the
TeV scale, without introducing very small Yukawa cou-
plings. The phenomenological consequences in these
scenarios are wide, as they can lead to observable rates
in lepton flavor violating processes, or at the LHC. The
challenge, however, is to explain the texture needed in
the neutrino mass matrix, i.e., the pairing of the heavy

0031-9007/16/117(11)/111803(5)

111803-1

neutrinos in pseudo-Dirac states and the suppression of
lepton number violating effects.

In this Letter, we focus on a supersymmetric extension of
the SM, and construct a natural realization of an ISS
scenario that can fully account for the observed neutrino
masses and mixing at low energies. Most supersymmetric
models that address this problem typically generate neu-
trino masses via R-parity violating (RPV) bilinear terms of
the form u;H,L; (see, e.g., Refs. [7,8] and references
therein). In these models, however, it is usually necessary to
include trilinear RPV couplings and/or RH neutrinos to
explain the neutrino mixing structure (This is not always
the case, see, e.g., Refs. [8-10].). Here, we follow a
different approach. In U(1)g-symmetric supersymmetric
models with Dirac gauginos, the bino and its Dirac partner
are gauge singlets of the SM and therefore can play the role
of the RH neutrinos. Furthermore, they automatically form
a pseudo-Dirac pair and lead to an ISS texture for the
neutrino mass matrix. Small gaugino Majorana masses are
generated by U(1)p-violating effects, namely, the gravitino
mass. We show that this framework can explain neutrino
masses and mixing without any bilinear or trilinear RPV
terms. More importantly, no new RH neutrinos are needed.
Finally, unlike in traditional ISS scenarios, in this model the
RH “neutrinos” can be produced in decays of colored
particles. Thus, sizable production cross sections can be
obtained at the LHC without being in conflict with low-
energy observables, such as neutrinoless double-beta decay
or yu — ey constraints.

The model.—In U(1)gz-symmetric supersymmetric mod-
els [11,12], superpartners have +1 R charges while the SM
fields are not charged under U(1)g. Gaugino Majorana
masses are thus forbidden. In order to give Dirac masses to
gauginos, adjoints with opposite R charges are introduced.
Dirac gauginos alleviate supersymmetric CP and flavor
problems and require less fine-tuning for large gluino
masses [12,13]. In these scenarios, Higgsino masses are
also forbidden; however, they can be generated by
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TABLE 1. Superfields relevant for the discussion and their
charge assignments. L;, E{ are the lepton superfields and H, is
the up-type Higgs superfield. The subindex i indicates the
fermion generation. The fermionic component of ®g, S, is the
Dirac partner of the bino B and is called the singlino. W/, is a
spurion field with a D term. The R — L charge is obtained as the
U(1)g charge minus the lepton number of the field.

Superfields  SU.(3) SU,(2) Uy(1) U U,
L 1 2 -1/2 1 0
E¢ 1 1 1 1 2
H, 1 2 1/2 0 0
we 1 1 0 1 1
Dy 1 1 0 0 0
W/, 1 1 0 1 1

extending the Higgs sector. A 125 GeV Higgs boson mass
can also be accommodated, see, e.g., Refs. [14,15]. Here,
we follow a similar approach, but instead of a U(1)g
symmetry we consider a global U(1),_, symmetry, where
L is the lepton number, as discussed in Refs. [16,17] (It
should be stressed that while in Ref. [17] neutrino masses
are generated through the bilinear and trilinear RPV terms,
these will not be considered here.). For convenience,
Table I lists the U(1)g_, charges of the fields relevant
for this study.

We assume that supersymmetry is broken in a hidden
sector that communicates with the visible sector at a
messenger scale Ay, and supersymmetry breaking is incor-
porated via the spurion field W), = 6,D, where D is a
supersymmetry-breaking order parameter that is U(1)g_,
neutral. A Dirac mass for the bino is generated as [13]

W D
/d29c—“wgq>s N

BS=Mp,B 2

where ¢ is a dimensionless coefficient of O(1) and @y is the
chiral superfield whose fermionic component is the singlino
S, i.e., the Dirac partner of the bino. Specifically, Band S are
the Weyl components of the Dirac field y™ = (B, ST). The
(pseudo)scalar component of $g can get a negative con-
tribution to its mass squared from the supersoft term
Wi, W'*®dg. These terms however can be forbidden, see,
e.g., Ref. [18].

U(1)g_, must be broken by supergravity. Then,
Majorana masses for the bino and the singlino will be
generated through anomaly mediation [19,20],

1
mpg Nms~@m3/2, (3)

where m3 ), is the gravitino mass. We take m3 , to be small, so
that U(1),_, is approximately conserved. Thus, for M, >
m3,, the bino and the singlino acquire small Majorana
masses and ™ = (B, St) becomes a pseudo-Dirac fermion,

which will be referred to as the “biro” in the rest of this
work.

The phenomenology of U(1)g—symmetric supersym-
metric models has been extensively studied in the literature,
see, e.g., Refs. [21-23]. Here, we focus on the bivo
interactions that are relevant for generating the light
neutrino masses and mixing. First, let us consider the
U(1)g_—conserving d = 6 operator

fi f:MD
A%y Ay

Here, f; and f; = f;/c are dimensionless coefficients of
O(1), and the index i refers to the lepton family. After
electroweak symmetry breaking, this term generates a
Dirac mass term between the active neutrinos and B. In
this sense, the bino acts as a heavy right-handed neutrino in
this model. Note that although this term violates R parity
and lepton number, it conserves U(1)g_; .

The interaction above is not enough to explain the
neutrino oscillation data, though, since there are not enough
degrees of freedom to give different masses to (at least) two
of the SM neutrinos. However, the singlino can also
contribute to the generation of light neutrino masses
through an analogous term to that in Eq. (4). The operator
®gH,L; is not charged under U(1),_; and cannot be
present in the superpotential. Nevertheless, it can be
introduced through a d =5 Kiéhler potential term using
the conformal compensator ¢ = 1 + 6%m; /25

_ . d:®H L.
/ d29d29¢*7d’ S ui

, 5
v (5)
where d; are dimensionless coefficients. Equation (5) leads
to the following U(1)g_,-breaking contribution to the
superpotential:

/ oW, WeH L; — h,B;. (4)

d.
B2y / POBH L, — S5
Ay Ay

Therefore, the singlino acts as the second right-handed
neutrino. We emphasize that the coupling in Eq. (6) is
highly suppressed with respect to the one in Eq. (4) as it
violates U(1)g_, , with m3,, << M. Next, we will show the
interactions in Eqs. (4) and (6) alone are able to explain the
neutrino masses and mixing.

Neutrino masses.—For simplicity, we take the lightest
neutralino to be a pure bivo (A significant mixing with the
higgsino and the wino will just modify the neutralino
mixing matrix, but will not affect the neutrino sector.) We
also assume that the bivo is the lightest supersymmetric
particle, besides the gravitino. Using the interactions in
Egs. (4) and (6), in the basis (1/,-,13’, S), the neutrino-bivo
mass matrix is

h,St;. (6)

03><3 Yv Gv
M = YTU mé MD ) (7)
GT’U MD mg

where Y = (Y,.Y,.Y,) and G" = (G,.G,.G,) are gen-
erated through Egs. (4) and (6) after electroweak symmetry
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breaking, as Y; = fiMp/Ay and G; = d;ms;,/Ay. [The
up- and down-type Higgs field vacuum expectation values v,,
and vy, respectively, satisfy v? = v2 + v% = (246 GeV)>
Using tan 8§ = v,,/v,, we have v2 = [v?/1 + (tan 8)~2]. For
tan > 1, weuse v, = v. Itis straightforward to rederive the
bounds in this Letter for different values of tan f3.] Therefore,
alarge hierarchy between Y and G is naturally expected, due
to the hierarchy m3/,, < Mp. As already mentioned, the
hierarchy my, mg << M, is also expected. Hence, the above
mass matrix automatically assumes an ISS texture.

A detailed diagonalization of the neutrino mass matrix
for an ISS texture has been performed, e.g., in Ref. [24]. We
focus on a normal ordering scenario, i.e., Am%l > 0. It is
straightforward to generalize the results for the inverted
ordering scenario Am3; < 0. In order to recover the correct
mixing structure, Y; and G; should have the form [24]

M

Y, =—=> (\/1+PU?3+VI_PUf2)’
\/EAM
msz

G =——— 1+ 5= 1=pU%), 8

where p = 0.7 is determined by the neutrino mass split-
tings, and U is the light neutrino mixing matrix. We ignore
the two possible CP-violating phases in this system as they
do not affect the discussion significantly. With the mixing
parameters given in Eq. (1) we get

(03 ~0.06
Y=22|085 | G= 32 044 | (9
"\ 039 "\ 0.89

In finding the above relations we ignore the Majorana
masses. Nonzero Majorana masses modify G — G+
(mg/Mp)Y. Thus, they can be ignored as long as
G; > Y;mg/Mp, which is always satisfied in this model
since mg = m3/2/(16ﬂ2) < m3/2.

The mass matrix M has one zero eigenvalue correspond-
ing to a massless neutrino. The other two light neutrino
masses are given by

2
ms; v
my = (1-p), ms = A/2
M

We emphasize that the neutrino masses in Eq. (10) are
independent of the Dirac bivo mass, unlike in most neutrino
mass models. Hence, M, is still a free parameter in the
model. However, in the discussion above, neutrino masses
are obtained in an effective operator approach, which
implicitly assumes that Mp > v. We will therefore take
the bivo to be at the TeV scale. For a benchmark value of
Ay = 100 TeV, this requires /D = 10 TeV, see Eq. (2).
Taking ms3), ~O(keV) as our benchmark value, the
neutrino mass constraints require a messenger scale
Ay~ O(10-100 TeV), in order to reproduce the mass
splittings in Eq. (1). [While the gravitino can decay into
neutrinos and photons via the neutrino-bivo mixing, its

(I+p). (10)

lifetime T=!(G — vy) = M2,/(6°m3 ;) = 10% s is long
enough to be a good dark matter candidate [25]. Here,
0 ~ 1073 is the neutrino-bivo mixing angle, see the later
text.] Hence, in this model the (assumed) hierarchy
between Ay, and ms), directly relates to the hierarchy
between neutrino masses and the electroweak scale.

Lepton flavor violation.—Lepton flavor violating (LFV)
observables severely constrain Y; in Eq. (8) (see, e.g.,
Refs. [24,26-28]). Current upper bounds on LFV decays of
charged leptons are [29-31]

Br(u — ey) <4.2x 10713,
Br(r — ey) < 3.3 x 1078,
Br(r — py) < 44 x 1078, (11)

The strongest limit comes from y — ey and implies

1)2

Myey; <24x107 = Ay 230 TeV.  (12)
Additional limits can be obtained from ¢ — e conversion in
nuclei. Although these are not yet as strong, future experi-
ments like Mu2e [32] are expected to further constrain A,,.
Following Ref. [33], we obtain a projected sensitivity for
the Mu2e experiment of Ay, = 65 TeV.

We conclude this section by combining the constraints
from LFV observables and neutrino masses in Fig. 1. The
solid and dashed lines indicate the values of m3,, and Ay,
that can reproduce the right neutrino mixing and masses at
low energies in this model, for the normal and inverted
ordering scenarios. The shaded area shows the region ruled
out by the 4 — ey constraint (the projected reach from
1 — e conversion in nuclei is also shown). As can be seen
from this figure, the combination of the two translates into a
lower bound on the gravitino mass, ms;, 2 keV.

Neutrinoless double-beta decay.—In the ISS limit
(Mp > mg, mg and Mp, Yv > Gv), the additional con-
tributions to the neutrinoless double-beta decay rate due to
the exchange of heavy neutrinos can be expressed as [34]

v AZ0?
My ~ () 52 [(2my + mg) Y2~ 2MpY G
D

where f(A) ~O(0.1), and A, ~0.9 GeV come from an
approximation for the nuclear form factor [35,36]. This
contribution is largely suppressed and the rate is below the
current constraints, mg,z; < 60 meV [37].

In principle, corrections at 1-loop could induce neutrino-
less double-beta decay directly through a nonzero e —e
entry in the light neutrino mass matrix [38—40]. However,
these corrections are also strongly suppressed since they
are proportional to [34] 1/(47)26°mp ~ O(m;)n0v*/
[(47)*A3,]), where @~ Ywv/M), stands for the mixing
between the light and heavy neutrino states.

Collider phenomenology.—Collider bounds for U(1)-
symmetric models tend to be weaker than for other
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Projected MuZ2e constraint

(2]
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FIG. 1. Constraints on the messenger scale A, and the

gravitino mass mszs,. The dark shaded region is excluded by
u — ey searches [29]. The black curves indicate the values
needed to reproduce the light neutrino masses for a normal
(solid) and inverted (dashed) neutrino mass ordering. In the light
shaded region we show the future reach from y — e conversion in
nuclei, projected by the Mu2e experiment [32].

supersymmetric scenarios. For instance, the limits on
squark masses in U(1)g_, -symmetric models can be as
low as 600 GeV [41]. A detailed study of current LHC
bounds on our model is left for future work. Here, we
outline the general signatures expected at the LHC for a
particular choice of benchmark parameter values.

Athadron colliders, the bivo can be produced in two main
ways. The first mechanism is through off-shell electroweak
bosons (W and Z), just like any other heavy RH neutrino [see
the diagram of Fig. 2(d)]. However, this mode is strongly
suppressed with the square of the neutrino-bivo mixing
angle, 6>~ (Yv/mp)*~ (v/Ay)? ~O(107). Thus, the
cross section for this production mechanism would be too
small to give an observable number of events at the LHC.

A much larger bivo -production cross section is obtained
viaits interactions with colored particles, see the diagrams of
Figs. 2(a)-2(c). For instance, for a minimal supersymmetric
SM scenario with degenerate squark masses m; ~ 1.5 TeV,
where stops and gluinos are decoupled, the squark pair
production cross section [diagram of Fig. 2(a)] at the 13 TeV
LHC is 2-3 fb [42]. Assuming a 100% branching ratio for
q— qf?, this would be the leading bivo production mecha-
nism at the LHC. Subleading contributions come from gg —
q B and qq — BB [diagrams of Fig. 2(b) and 2(c)], see, e.g.,
Ref. [43] for cross section estimates.

Once it is produced, the bivo has four possible decay
modes: (i) B — f}y, (i) B—> W¢, (iii) B — Zv, and
(iv) B — hv. The decay mode (i) is strongly suppressed
with the Planck mass, ['(B — Gy) ~ M/ (Mym3,)~

108 eV. The rest of the decay modes are only suppressed
with the neutrino-bivo mixing and their branching ratios are

(d)

FIG. 2. Diagrams leading to B production at the LHC. Leading
contribution is through the squark-antisquark production and
subsequent decays, shown in diagram (a).

approximately equal to 1/3. This yields a total width
ot ~ MpY? ~ M3 /A3, ~ O(500 MeV), for M, ~1 TeV
and Ay, ~ 50 TeV. Thus, an important feature in this model
is that the bivo will decay promptly after being produced at
the LHC, unlike in many other supersymmetric models
where it leads to missing energy signatures (or displaced
vertices, depending on its lifetime).

For the leading production mechanism via gluon fusion,
assuming B(g — Bq) ~ 1, the final state will have two jets
and two bivos. Depending on whether the two bivos decay
via W, Z, or h, the signal at the detector will contain a
certain combination of charged leptons, jets, and missing
energy, e.g.,

pp — 2jIT172J, (13)

where J stands for a wide jet produced in the decay of a
boosted W. This signature is obtained when the two bivos
decay via a boosted W. There is no missing energy and all
intermediate resonances (E, W, g) can be fully recon-
structed. Thus, this would be the cleanest channel to search
for the bivo. The cross section at the 13 TeV LHC can be
obtained as

o(99 = 34) x B(B = ¢W)2B(W — jj)* =0.16 fb,

where we have assumed that B(§ — Bg) ~ 1, B(B — W¢)~
1/3, and we have used o(g9 — q q) ~ 3 fb [42]. A char-
acteristic feature of our model is that the branching ratios
B(B — ¢;W) are fully determined by the flavor structure,
which in turn is fixed by neutrino oscillation data. Thus, in
case a positive signal is observed, further tests can be
performed by comparing the signal rates for the processes
shown in Eq. (13) involving different charged leptons.

Additional signatures involving more leptons and/or
missing energy (for instance, when one or the two W bosons
decay leptonically) would be expected at a comparable rate.
However, these would be more difficult to distinguish from
the background as the intermediate resonances cannot be
fully reconstructed. Furthermore, lepton number violating
signatures at colliders are suppressed by the small bivo
Majorana mass and will not be observable.
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Leptoquark searches may also apply in certain regions of
the parameter space, for example, if the mass splitting
between the g and the B is relatively small. ATLAS has the
strongest constraints in this case: o(uujj) < 0.4 fb for
mpo ~ 1 TeV [44]. In this model, an additional suppres-
sion with respect to the process in Eq. (13) is obtained from
requiring that both bivos decay into muons, and therefore,
o(pp—2juu2J)~(1/2)26(pp—2jt£2J)~0.04fb. Thus,
current limits are not strong enough, but future LHC data
could further constrain this scenario.

Conclusions.—To summarize, we have argued that
U(1)g_,-symmetric supersymmetric models contain all
the necessary ingredients to produce an ISS texture for the
neutrino mass matrix. As the bino and the singlino have the
appropriate quantum numbers, they can form a pseudo-Dirac
pair (the bivo) and play the role of right-handed neutrinos. No
additional singlets are therefore needed. Furthermore, neutrino
masses, as well as the bino and the singlino Majorana masses,
are naturally suppressed since they explicitly violate U(1)x_, .

This model predicts the lightest neutrino to be massless. In
order to explain the neutrino mass structure and respect the
constraints from charged lepton flavor violating observables,
the supersymmetric messenger scale should be A=
50 TeV, and the gravitino mass 3, ~ O(keV). The collider
phenomenology of the model has also been outlined.
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