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We consider a scenario inspired by natural supersymmetry, where neutrino data is
explained within a low-scale seesaw scenario. We extend the Minimal Supersymmet-
ric Standard Model by adding light right-handed neutrinos and their superpartners,
the R-sneutrinos, and consider the lightest neutralinos to be higgsino-like.
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lightest supersymmetric particle. Assuming that squarks and gauginos are heavy,
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I. INTRODUCTION

The discovery of the Higgs boson in the 8 TeV run of the LHC [1, 2] marks one of the
most important milestones in particle physics. Its mass is already known rather precisely:
my, = 125.09 + 0.21 (stat.) £0.11 (syst.) GeV [3], and the signal strength of various LHC
searches has been found consistent with the SM predictions. While this completes the
Standard Model (SM) particle-wise, several questions still remain open, for example: (i) Is
it possible to include the SM in a grand unified theory where all gauge forces unify? (ii) Is
there a particle physics explanation of the observed dark matter relic density? (iii) What
causes the hierarchy in the fermion mass spectrum and why are neutrinos so much lighter
than the other fermions? What causes the observed mixing patterns in the fermion sector?

(iv) What stabilizes the Higgs mass at the electroweak scale?

Supersymmetric model address several of these questions and consequently the search for
supersymmetry (SUSY) is among the main priorities of the LHC collaborations. Up to now
no significant sign for physics beyond SM has been found. The combination of the Higgs
discovery with the (yet) unsuccessful searches has led to the introduction of a model class
called ‘natural SUSY’ [4-15]. Here, the basic idea is to give electroweak-scale masses only
to those SUSY particles giving a sizeable contribution to the mass of the Higgs boson, such
that a too large tuning of parameters is avoided. All other particle masses are taken at the
multi-TeV scale. In particular, masses of the order of a few hundred GeV up to about one
TeV are assigned to the higgsinos (the partners of the Higgs bosons), the lightest stop (the
partner of the top-quark) and, if the latter is mainly a left-stop, also to the light sbottom In

addition the gluino and the heavier stop masses should also be close to at most a few TeV.

Neutrino oscillation experiments confirm that at least two neutrinos have a non-zero mass.
The exact mass generation mechanism for these particles is unknown, and both the SM and
the MSSM remain agnostic on this topic. Although many ways to generate neutrino mass
exist, perhaps the most popular one is the seesaw mechanism [16-21]. The main problem
with the usual seesaw mechanisms lies on the difficulty in testing its validity. In general, if
Yukawa couplings are sizeable, the seesaw relations require Majorana neutrino masses to be
very large, such that the new heavy states cannot be produced at colliders. In contrast, if
one requires the masses to be light, then the Yukawas need to be small, making production

cross-sections and decay rates to vanish. A possible way out of this dilemma lies on what
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is called the inverse seesaw [22], which is based on having specific structures on the mass
matrix (generally motivated by symmetry arguments) to generate small neutrino masses.
This, at the same time, allows Yukawa couplings to be large, and sterile masses to be light.

We consider here a supersymmetric model where neutrino data are explained via a min-
imal inverse seesaw scenario where the gauge-singlet neutrinos have masses in the range
O (keV) to O (100 GeV). We explore this with a parametrization built for the standard see-
saw, and go to the limit where the inverse seesaw emerges, such that Yukawas and mixings
become sizeable. Although non-SUSY versions of this scenario can solve the dark matter
and matter-antimatter asymmetry problems [23-25], we shall make no claim on these issues
in our model.

In view of the naturalness arguments, we further assume that the higgsinos have masses of
O (100 GeV), whereas the gaugino masses lie at the multi-TeV scale (see [26] for an example
of such a scenario). In addition, we assume all squarks are heavy enough such that LHC
bounds are avoided, and play no role in the phenomenology within this work!. In contrast
we allow for fairly light sleptons and investigate the extent to which current LHC data can
constrain such scenarios.

This paper is organized as follows: in the next section we present the model. Section
IIT summarizes the numerical tools used and gives an overview of the LHC analysis used
for these investigations. In Section IV we present our findings for the two generic scenarios
which differ in the nature of the lighest supersymmetric particle (LSP): a Higgsino LSP
and a sneutrino LSP. In Section V we draw our conclusions. Appendices A and B give the

complete formulae for the neutrino and sneutrino masses.

II. THE MODEL

We add three sterile neutrino superfields g, and assume conserved R-parity. With this,

the superpotential reads as

1 ~ A = fa A
Werr = Waissm + §(MR>ij VRiVr; + (Yo)ij Li - Hy Vg (2.1)
The corresponding soft SUSY breaking terms are given by
S0, ~% o~ 1 ~ ~ T ~
VoIt = Vit + (m3,)iiVi i + 5 Bo)igPrivr + ()i Li - HuUp,g (2.2)

! Note, that even a light stop with mass of 3 TeV is consistent with 3% fine-tuning in the context of high

scale models with non-universal Higgs mass parameters, see e.g. [27] and refs. therein.
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For the neutrino sector we use a Casa-Ibarra-like parametrization [28, 29], the details of
which can be found in Appendix A. In this work, for simplicity, we shall use a non-trivial R

matrix which will enhance the Yukawa couplings of the two heaviest neutrinos, allowing us

to write:
2mas M,
(Y))as = ZNH , / m3 ® cosh Y56 €T3 (2.3a)
2mas M,
(Yu)a6 = ZNH a6 COSh V56 6:':Zp56 . (23}3)

2
Here, mj3 is the mass of the largest light neutrino mass, M, are the masses of the heaviest
neutrinos, and a = e, u, 7. The parameters psg and 756 are the real and imaginary compo-
nents of a complex mixing angle, appearing in the R matrix. The ZX! factors depend on
the PMNS mixing matrix and ratios of light neutrino masses, and are in general of O (1).
The only exception is ZN!, which is slightly suppressed due to the small s;3.

The Yukawas can be significantly enhanced by taking a large 7s6. Furthermore, we
can see that, if M; = Mjg, the two Yukawa couplings have the same size. From here, it
is straightforward to redefine the sterile states, and demonstrate that the resulting mass
matrix has the same structure as the one of the inverse seesaw.

In this work, we denote v, = 1153 and v, = v56. Since the Yukawas for the lightest
right-handed neutrino v4 are not enhanced, this particle effectively decouples in the model.

For the sneutrino sector, we have written the full sneutrino mass matrix in Appendix B.
For simplicity, we neglect terms proportional to Y;, and take vanishing B; and 7,%. In this
case, we do not need to split the sneutrino fields into scalar and pseudoscalar components,
and can work with the 77, and 7§ states. We can then approximately write the sneutrino

mass matrix as:
2 1,2
ms + sm3, cos 23 0
R o (2.4)
0 mg,, + MpMpg
such that we can assume that three 7; states shall be dominantly 7y, and other three states
shall be dominantly vgz. Thus, we refer to them as L-sneutrinos and R-sneutrinos, respec-

tively. In the following, we take m?2

7 and m%R flavour diagonal, so the only source of sneutrino

mixing comes from Mg, which is very small. Thus, we denote the L-sneutrinos through their

2 We have checked that this is a very good approximation if B; < 1074 x (m2 + M]J[BM r) as well as having

T, ~ O (Y, x 10 TeV).
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FIG. 1. Various tree-level cross sections in fb for the production of one generation of sleptons
and sneutrinos at the LHC with 13 TeV as a function of the corresponding soft SUSY mass
parameter M: green (bright) full line o(pp — érv¥;) + o(pp — €] Ver), green (bright) dashed line
o(pp — Per¥,), red (dark) full line o (pp — €1&;) and red (dark) dashed line o(pp — éréy). M

is either the soft SUSY breaking parameter Mj or M depending on the particles considered.

interaction eigenstates (Ver, Uur, Urr), while R-sneutrinos are denoted as ;2 3. Notice that
in our results we use the full formulae shown in Appendices A and B.

As usual, the model contains neutralinos and charginos. As mentioned before, we assume
in the following that the gaugino mass parameters are much larger than the Higgsino mass
parameter |u|. Therefore, the lightest states are two Higgsino-like neutralinos )2(1)72 and a
Higgsino-like chargino Y~ which are nearly mass degenerate, see e.g. [30] for a discussion of
the resulting spectrum.

The best way to probe this model and to distinguish it from the MSSM is by discovering
and studying the R-(s)neutrino properties. However, it is clear that their direct production
at the LHC is not a very efficient process, as the cross sections are proportional to the
corresponding Yukawa couplings. A better way to generate them is through cascade decays
of heavier particles, such as L-sleptons or Higgsinos. Thus, in this work, we always consider
L-sneutrinos heavier than R-sneutrinos.

In Figure 1 we present the cross sections for é;, p/7;, production at tree-level. Notice that

these cross sections are the same for the fiy z/7, and 7p, /71 flavours. It is well-known
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that QCD corrections shift these to larger values [31], so we apply an overall K-factor of
1.17. Note that the sum of the processes pp — €,7}; and pp — €} .y, has by far the largest
cross section, followed by éé; and 7.7}, pair production. In the following, we focus on
the resulting signal from the decay of these states, as they explain the main features of our
results. Nevertheless, in the numerical analysis we have included all possible processes, such

that the available data is fully exploited.

Note that left-right mixing in the stau sector is large, such that both 7, and 7, states
have a relatively large 7, component. This means that in the following we need to study

the decays of both states.

The final states, and thus the signal, depend on the nature of the LSP, which can be
either an R-sneutrino or a neutralino. Moreover, in case of an R-sneutrino LSP, we also
have a different phenomenology depending on whether the Higgsinos are lighter or heavier
than the L-sleptons. In addition, in the case of Higgsinos being lighter than the L-sleptons,
we shall also have a dependence on the size of the small gaugino admixture to the physical

charginos and neutralinos.

Before we give details of each scenario, we first review the relevant part of the interaction

Lagrangian of I, and [ with charginos and neutralinos:

ijl ij

L= | Z (Z(cfﬂPL + e PR)XY + (ks P + el PR)XOD; + h.c.>

k=12
j=L,R
with
L * 1 /
Cip = —YilNi Crf = 7 (9'Ni1 + gNi2) (2.6)
Cz‘LRl~ - —\/ﬁg’Ni*l 053[ = —Y|N;3 (2.7)
X 1

CZLLD =-Y,N; Ciu = E (glNz‘l — gNi2) (2.8)
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dir =Y Vi ;= —gUn (2.10)
dipr =0 = YiUps (2.11)
déLﬂ = YUy, dkRLD = —9Vin (2.12)
dips =0 At = Y, Vi (2.13)

where, for simplicity, we have neglected generation indices as well as left-right mixing. This
is a very good approximation for the sneutrinos, the first two slepton generations, and for
the staus in case of small to medium values of tan .

The neutralino mixing matrix NN is in the basis lN), w3, f]d, Iqu, and in our model we have
|Ni1l, [Nia| < |Nisl, | Nia|, for ¢ = 1,2. Moreover, U and V are the chargino mixing matrices,
in the basis @*, H*, such that in our model we have |Uy, |Vi1| < |Ussl, |Viz|. In addition,
we know that Y}, Y, < ¢, g, the only exception being Y, which can become O (¢’) in case

of very large tan 3.

A. Sneutrino LSP and Light Higgsinos (my, < u < mj)

This scenario is characterized by subsequent two-body decays. The heavier L-sleptons
decay into states involving )2(1)72 or )Zli, which then decay into states involving R-sneutrinos.
The decay chains have several branches, with the dominant branching ratio for L-sleptons
depending on the size of the couplings and the respective elements of neutralino and chargino
mixing matrices.

In the following, for each slepton, we compare two scenarios. In the first one, we set
M; = M, =2 TeV, such that there is a small but non-negligible gaugino admixture on the
neutralino and chargino states. On the second one, both gauginos are “decoupled” from the
model by setting their masses at 1 PeV.

For definiteness, we shall set mj; = 600 GeV, pp = 120 GeV and tan 8 = 6. In Figure 2, we
show the most important branching ratios of each slepton as a function of M; = Ms, which
shall now be discussed. Notice we neglect to comment those cases where two contributions
interfere destructively, as this effect is not of our interest.

For the smuon ji;, the 2 TeV gaugino scenario leads to primarily f; — p~x° (75%),
followed by fi; — vrx~ (25%). The latter decay is due to a gauge coupling, and its branching

ratio vanishes when the gauginos decouple. In contrast, ji; — u~x° is due to a combination
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FIG. 2. Branching ratios for sleptons as a function of gaugino mass M; = My, for u < mj Decays
for charged sleptons (sneutrinos) are shown on the left (right) column. The last panels describe

the colours for the branching ratios shown in each column. In case of neutralinos, the sum over

the two lightest states is shown.

Tesis publicada con autorizacion del autor

No olvide citar esta tesis




of Y, and gauge contributions, and its branching ratio rises to unity in the decoupling regime.
The muon sneutrino v, follows a very similar pattern, with ,;, — p~ X" dominating (70%
at 2 TeV, and then 100% in the decoupling scenario), followed by 7, — v;x°, which
decreases in front of rising gaugino masses.

The case for the selectron €; is very similar to the one for i, in the 2 TeV case, replacing
i by e, and with very similar branching ratios. However, in the gaugino decoupling scenario,
we find that the most relevant decay is €, — vy X~ (90%), followed by é; — e~ x° (9%) and
é; — vrx~ (1%). The reason for this is that the first decay proceeds through a Y, coupling,
which is larger than the Y, coupling that governs the second decay. Again, the electron
sneutrino 7y, decays are similar to the 7, for 2 TeV gauginos, and in the decoupling case
they change to ., — v X" (60%), Der, — €7 X" (30%) and g, — vrX° (10%).

Stau decays are somewhat unique, as the mass eigenstates have large components of
both 7, and 7. We find that the lightest stau, 7", which is mostly 7, decays in equal
proportions through 7, — 77x° and 7, — vrx~ (50%). In contrast, the heaviest stau,
mainly 77, decays through 7, — 77x° (97%) and 7, — v X" (3%). Ignoring interference
effects, the branching ratios of both 7, and 7, are independent of the mass of the gauginos.
The reason for this is that the stau states can always couple with higgsinos through the Y,
coupling, which is relatively large. For 75, the difference in the values of the branching ratios
is due to 7, — v x T being somewhat suppressed due to the need of LR mixing.

The tau sneutrino 7., follows a different pattern, as here there is no large mixing with any
vR, such that gaugino couplings can play an important role again. For the 2 TeV gaugino
scenario, the dominating decay is v, — 7= X" (90%), followed by 7,1, — vrX° (10%). The
former increases to (100%) in the decoupled case, as in the 7, scenario.

In all scenarios, the charginos decay into a charged lepton, and a light sneutrino: y; —
(=11 93. The charged lepton is usually a muon or a tau, due to the ZNM factors in the
Yukawa couplings, Eqs (2.3), with the branching ratio into an electron being below 10%.
Moreover, due to their couplings, the branching ratio of the decay into 7; is very suppressed,
so charginos decay mostly into 7 3. In principle, these should decay further through 3-body
processes into additional leptons and 7. However, we find 5 3 to be long-lived, and escape
the detector. Thus, charginos contribute to our signal with a charged lepton and missing
energy. Neutralinos follow a similar trend, but decay into a light neutrino instead of a

charged lepton. Thus, neutralinos can be considered missing energy.
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Finally, one has to take into account the decays of the heavy neutrinos, which are in-
dependent of the SUSY scenario considered. The heaviest neutrinos form a pseudo-Dirac
pair, and shall decay promptly [32]. We shall concentrate on decays involving at least one

charged lepton: vsg — £7qq or vsg — £~ 1, with off-shell mediators.

B. Sneutrino LSP and Heavy Higgsinos (mz, < m; < u)

The situation changes drastically once the p parameter is larger than the slepton mass. In
that case, the previous decays are not possible, and one either needs to consider alternative
two-body channels, or new three-body decays. We show the available branching ratios in
Figure 3, as a function of the slepton mass, where we have fixed y = 400 GeV.

For é; and fi;, we find that the dominant decay is gz — D W™*, with the virtual W~
giving jet pairs or a charged lepton plus a light neutrino. As usual, decays with quark final
states have larger branching ratios.

Another possibility is to decay directly to an R-sneutrino and a real W~ (EE — Dy sW7).
This process depends on the small LR mixing in the sneutrino sector, so it is proportional
to Y,. We find that the branching ratio for fi; is generally smaller than 20%. As mentioned
earlier, the Z)" factor in Y, is slightly suppressed with respect to Zy", so for & the
branching ratio is smaller.

The stau sector has a slightly different phenomenology, due to the large left-right mixing.
In particular, this leads the predictions of this scenario to depend strongly on tan /3. The
mixing splits the states, such that 7,7 — 7, Z% decay is allowed. The inclusion of this new
channel modifies the other o, W~* and v, 3 W~ branching ratios.

The 7, on the other hand, for small m;, has similar ., W ™" decays, with non negligible
vrW ™" contributions. The reason for this is that the mixing-induced mass shift implies that
7, is close in mass to the 7, leading to a strong kinematical suppression. As a consequence
the two-body decay into g W~ clearly dominates once kinematically allowed, despite the
fact that there is only a small left-right mixing in the sneutrino sector. Thus, with the
exception of 7, , charged slepton decay shall usually produce one additional 7y;,. These
states shall be accompanied by jets more than 50% of the time.

We find that all 7, flavours have the same behaviour. For low masses, the decays are

governed by off-shell Z°- and h%-boson exchange, and a 7z emission. For larger masses,
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FIG. 3. Branching ratios for sleptons as a function of slepton soft mass mj, for m; < u = 400 GeV.

Decays for charged sleptons (sneutrinos) are shown on the left (right) column. The last panels

describe the colours for the branching ratios shown in each column.

the branching ratios are dominated by two-body decays into a 7z and an on-shell Z° or A"

boson, if kinematically allowed. When both bosons are accessible, the decays into the light

Higgs have larger branching ratios.
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12
C. Higgsino LSP (u < mjy)

For completeness, we also study the case where the higgsino is the LSP. This is motivated
by the fact that it has not been considered so far in the literature.

In this scenario the sleptons and sneutrinos have two-body decays only as described above
for the case of M; = M, = 2 TeV. We note that, at the one-loop level, a mass splitting
between the lightest neutralino and the chargino is induced via the photon-loop yielding the

e H1902) (1 (1) 14

m

contribution [30]

This implies that the chargino will always have a sufficiently large decay width such that it
decays inside the detector. However, due to the small mass differences, the decay products
of the lightest chargino and the second heaviest neutralino are so soft that they mainly
contribute to the missing transverse momentum.

Note that, in this case, ; are hardly produced in the decays of the sleptons and heavier

L-sneutrinos.

III. SET-UP

For this investigation we have used a series of public programs: As a first step we have used
SARAH [33-37] in the SUSY/BSM toolbox 2.0.1 [38, 39] to implement the aforementioned
model into the event generator MadGraph5_aMC@NLO 2.5.2 [40]. We use the CTEQ6L1 PDF
set [41] in MadGraph, which uses PYTHIA 8.233 [42] internally for showering and hadroniza-
tion to generate events at tree-level. We also use PYTHIA for the heavy neutrino decays. As
default we generate 25000 events for every production process, that is, for pp — gz vy The
generated events are then fed into CheckMATE 2.0.7 [43, 44], which uses Delphes 3.4.0 as
detector simulation [45].

Given a specific experimental search, CheckMATE compares the number of events passing

each signal region with the observed S95 limit obtained by the experiment via the parameter

S —1.96-AS
ré¢ = T (31)

obs

with S being the number of events in the considered signal region, AS the error from the

Monte Carlo and S%, is the experimentally observed 95% confidence limit on the signal
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[43, 46]. In our work, we indicate CheckMATE to compare our predicted signal with all of the
available experimental searches.

Notice that Eq. (3.1) does not capture all theoretical uncertainties, such as missing higher
order corrections in the production and decays of the various particles. Moreover, there are
effects due to variations of the input parameters. For example, in case of an rr-LSP, the
charginos will decay into either a p or 7 plus one of the R-sneutrinos which escapes detection.
The ratio of p over 7 depends on Y, and varies with the choice of neutrino mixing angles.
We therefore follow the basic idea presented in ref. [46] to capture such uncertainties: we
do not take the r¢ = 1 value as sharp boundary but assume that all points with r¢ > 1.2
(r¢ < 0.8) are excluded (allowed) whereas for the range in between one would need a more
detailed investigation.

For each point, we have also checked that the Z and Higgs invisible width respect ex-
perimental bounds, and that the heavy neutrino mixing is small enough to avoid direct
detection [47]. We have also checked that LFV processes such as u — ey, do not exceed
current constraints. We find no constraints from these processes, which is easily understood
from the point of view that the mixing of the three light active neutrinos with the heavy

neutrinos is still sufficiently small.

IV. RESULTS
A. Higgsino LSP

We study first the case of a Higgsino LSP. In these scenarios the sleptons decay directly
into either a lepton and missing energy, or invisibly. The latter case occurs in case of | — vy~
because the decay products of the charginos are very soft.

For the following investigation we have fixed M; = My = 1 TeV implying that (i) the é
decays are mainly via the small gaugino admixtures in the chargino and neutralinos and (ii)
there will be practically no right-handed neutrinos produced in the slepton decays. From
this point of view we are effectively in the usual MSSM with a Higgsino LSP. However, to
our knowledge the bounds on the slepton mass parameters due to the LHC data have not
been presented in the literature.

In this scenario, the most important analysis is the search for two same sign leptons
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FIG. 4. Constraints on combinations of mz and m; due to slepton/sneutrino production in case
of a Higgsino LSP with M} = My =1 TeV, = 120 GeV and tan 8 = 10. Red points are excluded,
blue ones are allowed and in case of the green ones no conclusive statement can be drawn, within

the known theoretical and experimental uncertainties.

in combination with large missing transverse energy, carried out in [48]. This leads to
bounds on the mj; — m; plane, which are shown in Figure 4 for the case p = 120 GeV and
tan 8 = 10 GeV. On this Figure, one can see that m; < 400 GeV is excluded, independent
of my. This constraint increases up to 500 GeV if, in addition, light lz} are present.

In contrast, even {x with a mass of 200 GeV cannot be excluded, which can be seen in
the Figure in the limit of heavy gz. We understand this is due to insufficient LHC data
having been analysed. However, this might change in the near future, once the full 2016
data set has been investigated by ATLAS and CMS.

The structure for mj; > 600 GeV and mj < 250 GeV can be understood from the inter-
play of different signal regions defined in [48]. These regions differ mainly in the required
bound on the ‘stransverse’ mass mrpo [49, 50]: mpo > 90, 120, 150 GeV, corresponding to the
signal regions 2LASF, 2LBSF and 2LCSF, respectively. Taking, for example, mj; = 625 GeV,
one finds that for mj = 200, 225, 250 and 275 GeV, the signal region 2LASF, 2LBSF, 2LBSF

and 2LCSF is the most important one, respectively.
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FIG. 5. 7r¢ as a function for tan 8 = 10, M1 = My = 1 TeV and p = 120, 150, 200 and 250 GeV,
respectively. The grey band (0.8 < r¢ < 1.2) gives the region where one cannot draw a conclusion

whether the point is allowed or not, values below are allowed and those above are excluded.

Last but not least, we remind that if the mass difference between the sleptons and the
Higgsinos gets too small, then the average value of the transverse moment of the lepton
could be below 20 GeV. This can be a problem, as the py cut for the leading (subleading)
lepton in this search is of 25 GeV (20 GeV). In this situation, one cannot carry out any

exclusions, as the final states are not energetic enough to pass the triggers.

We note that the results hardly depend on the value of tan 3, whose main effect is to
enlarge the mass splitting of the staus for growing values. More importantly is the size of u
as this affects the kinematics, e.g. larger values of |u| imply softer leptons for fixed slepton
mass parameters. This is demonstrated in Fig. 5, where we display the r°-value for different
values of p as a function of m; = mj. As we have mentioned previously, scenarios with
r¢ values below 0.8 are allowed, the ones with r¢ > 1.2 are excluded whereas for those in
between (gray band) not conclusive statement can be made. The structure close to the

maxima of the different curves is again due to the interplay of the different signal regions.
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IT1~Dpry,. Colour conventions follow Figure 4.
B. R-Sneutrino LSP

As we have seen in Sections ITA and IIB, on the R-sneutrino LSP scenario, different
decays occur depending on the size of p with respect to mj;. Thus, in order to study
this situation appropriately, we first need to understand the constraints on chargino pair
production.

As mentioned previously, after production, each chargino decays into a 7, 3 and a charged
lepton. Thus, the main constraints arise from the search for two leptons plus missing trans-
verse energy at 13 TeV [48]. For very small values of u, additional constraints arise from
the measurement of the W*W ™~ cross section at 8 TeV, with subsequent decays of the W
into leptons [51]. In this case, the charginos would contribute more than what is allowed by
the experimental uncertainty to the W+W ™ signal regions.

In Figure 6, we show the exclusion region in the p—m;,, parameter space, based on X" x~
production. From the plot, we see that, for vanishing mj,, the bound on my+ can be as
large as 375 GeV. Note that the 1y 3, for m;, = 0, have the same masses as the right-handed
neutrinos, to a very good approximation. For relatively small values of u, one finds that

R-sneutrino masses lighter than 1 —75 GeV are ruled out, with the allowed region increasing
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FIG. 7. Constraints on combinations of m;, and m; due to slepton/sneutrino production in case
of an R-sneutrino LSP with M; = My =2 TeV (M; = My =1 PeV) on the left (right) panel. We

fix 4 = my, + 25 GeV and tan 8 = 6. Colour conventions follow Figure 4.

for p 2 250 GeV. For completeness, we note that this exclusion does not depend on the sign

of p or the value tan .

In Section IT A, we analyzed two scenarios for the gauginos, one where M; = My = 2 TeV,
and another “decoupled” scenario, where we set M; = My = 1 PeV. Given our results for
chargino production, we explore two additional possibilities. On the first one (“varying u”),
we set = my, + 25 GeV, such that we always have m;, < g < mj. On the second
one (“fixed p”), we set u = 400 GeV, such that one also needs to take into account the
my, < mj < p case. Thus, four different exclusion plots will be generated. In all of these,

we merge exclusions from 8 and 13 TeV data.

We show the constraints on the varying p scenario in Figure 7. Here, the relevant analysis
is again [48], which searches for events with 2-3 leptons and missing energy. We find that,
for both choices of gaugino mass, we can rule out slepton masses as large as 575 GeV. In
addition, for lighter slepton masses, it is possible to rule out R-sneutrino masses as heavy

as 175-225 GeV, depending on the amount of gaugino admixture.

The exclusion for “decoupled” gauginos is stronger, which can be understood from Fig-
ure 2. For ¢ 1, all possible decays shall lead at least to one charged lepton, for all values
of gaugino mass (recall that, in this scenario, charginos decay always into final states with
visible charged leptons). However, for 7, one finds that it is possible to have only missing
energy on the final state, due to 7y, — v X" decay. This decay channel is suppressed in the

“decoupled” scenario, meaning that it is much more likely to have energetic charged leptons
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on the final state, which strengthens the multi-lepton signal.

The constraints on the fixed p case are shown in Figure 8, again, for different values of
gaugino mass. Here it is very interesting to note that there are very weak constraints when
mj < pr. The reason for this can be found in Figure 3. We see that in most of the cases,
we have the charged slepton decaying into 7,;, and light fermions. Given the proximity in
the slepton masses, most light fermions end up being very soft, and elude detection. On
the other hand, when the two resulting 7,;, decay, the decay products shall involve either an
on-shell h° or ZY. This is again problematic for detection, as fermions coming from these
states are generally avoided in New Physics searches. This leaves us sensitive only to the
very low mj region, where L-sneutrino three-body decays are allowed.

For large values of mj;, we return to the u < mj scenario. Here, again, we have [48]
giving the relevant constraints. The bounds reach m; as large as 575 GeV for vanishing
Mmy,. Morover, for smaller charged slepton masses, we can bound m;, up to 250 GeV. This

is all consistent with our results for the varying p scenario.

V. CONCLUSIONS

In this work, the MSSM was extended by three right-handed neutrino superfields, with
active neutrino masses being provided through through the Seesaw mechanism. In addition,

driven by naturalness arguments, the p term was kept relatively small, such that the light-
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est neutralinos were higgsino-like. We considered LHC data on this model, and produced

exclusion plots.

Two possibilities were considered for the nature of the LSP. On the first one, this was
a higgsino-like neutralino. In this case, one requires a non-vanishing gaugino admixture in
order not to have too long-lived charginos. The sleptons would decay into SM particles and
neutralinos. We carried out an analysis considering m; # m, for fixed neutralino mass,
and found that only mj could be bounded. For p = 120 GeV, we can rule out at least
mj < 400 GeV for all values of mg, and mj < 500 GeV for my = 200 GeV.

On the second possibility we considered, the right-handed neutrino superpartner, the
R-sneutrino, was taken as the LSP. This provided a very complex scenario, depending on
the relative size of the neutralino / chargino mass with respect to the slepton mass. The
phenomenology also depended on the amount of gaugino component within the neutralinos.
We found that, as long as ;t < mj, we can exclude slepton masses to a maximum of 575 GeV,
for vanishing m;,,. For lower values of slepton mass, the R-sneutrino masses can be excluded
up to about 200 GeV. In case mj < pu, constraints became very weak, as final states were

either too soft, or excluded from signal regions.
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Appendix A: Parametrization of the Neutrino Sector

In order to parametrize neutrino mixing, we generalize the work in [28, 29] to three heavy

neutrinos. The 6 x 6 neutrino mixing matrix U is decomposed into four 3 x 3 blocks:

Uy U,
U6><6 - ‘ " . (Al)
Usf Ush

where a = e, u, 7 and s = s1, S9, s3 make reference to the active and sterile states, while
(=1,2, 3and h =4, 5, 6 refer to the light and heavy mass eigenstates, respectively.

For the normal hierarchy, each block can be parametrized in the following way:
Uw = Upnns H Uar = i Upmins Hm;/QRTMh_l/Q ; (A2)
Uy =iHM, "> Rm)* | Uy =H, (A3)

where m, = diag(my, mq, ms) and M, = diag(M,, M5, Ms) are 3 x 3 matrices including

the light and heavy neutrino masses, respectively, and:

H= (1 +my? Rt M Rm;”)_m

= (1 + M Y2 Rmy RY M,jl/Q)_l/2 . (Ad)
In addition, Upyns corresponds to the standard PMNS matrix in the limit where H — I,

and R is a complex orthogonal matrix as in [28], which we parametrize in the following way:

1 C46 S46 C45  S45
R= C56  S56 L —S45 C45 (A5)
—S56 Cs6 —S46  C46 1
Here, s;; and ¢;; are, respectively, the sine and cosine of a complex mixing angle, p;; + ;.

With these parameters, one can rebuild the Y, and Mg matrices, meaning that the neutrino

sector is described without ambiguities:

2 -~ _
Y, = _iviU;MNSH*m;/Q (meR" + RTM,) M, " H (A6)
Mg = H* M} (I = M; *R*m2R' M, ") M,*H (A7)

1/2

In general, active-heavy mixing is suppressed by (m,/M})"/?, which would imply heavy

neutrinos being difficult to probe if their masses are much heavier than those of the light
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neutrinos. However, this result can be avoided by taking large 7;;. Since these involve
hyperbolic sines and cosines, at least one large «;; would lead to an exponential enhancement
of the mixing.

In order to simplify our analysis, in the following we keep v4 decoupled from v5 and v,
setting p4s = pas = Va5 = Va6 = 0, that is, only psg and 56 are not zero. For GeV masses,

and 756 in the range 3 — 10, we find the standard results:

2 My

2
a = a s A
U \(UPMNS>1 i (48)
|Ugs|* = |ZNH‘ cosh V56 (A9)
|Ua6|2 |ZNH‘ — cosh” Y56 (A10)

M6

where ZM is a factor of O (1) depending on the PMNS mixing angles and the neutrino

mass ordering. This limit also leads to Eqs. 2.3.

Appendix B: Sneutrino Mass Matrix

Being electrically neutral, the sneutrino interaction states can be split into real and

imaginary parts:
3 i & v - 1
vy = E <¢LR + Z¢L1> Vp = E

We can define ¢ = (¢rr, orr)T and br = (¢r1, drr)T, such that the sneutrino mass term

(QERR - iqzm) (B1)

is divided into four 2 x 2 blocks:

mass T~ 7 M]%LR MIQ%I ¢R
£y = (@5 o | em M) € (B2)
MIR MII ¢I

The blocks are:

m% + %m% cos 2 + %vngYj Fe [ (T +Y, ]\4T WY, cot B)]

M, =
o Re [\”/—% (TVT—FM};Y,,T — @Yy cotﬁ)} m2, + MEMp + 202V}, + Re[B;]
(B3)
o m + 7nZCOSQB+11)2YYT §Re[ (T YMT /L*Y,,COtﬁ>:|
Ir= u TyT x\ T T 1,2
Re [7§< , — MRY) — iy, cotﬂ)} m2, + MLMp + 502YY, — Re[By] -
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L 0 Sm [—2 (TU + Y, Mp + 7Y, cot 5)]
= o oy (17 o 7o) -omis;
(B5)
MIQR = (M?EI)T (B6)

It is possible to avoid the splitting of 7 and ¥, into ¢ pyry if M3z = M7 and
M3, = M?, = 0. This is achieved by taking CP conservation, as well as vanishing B; and
Y,,M;-C. In this work, we have real pu and 7, and very small YI,J\J;E2 and B;. Thus, to a
very good approximation, we can assume that the real and imaginary parts of each field are

aligned, so we can work directly with 7y, and 7.
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Problemas del Modelo Estandar

« Materia Oscura.

o Asimetria materia-antimateria.

e Mecanismo de generacion de masa de neutrinos.
« El problema de jerarquia.

e Entre otros....

Problema de Jerarquia de la masa del Higgs

Correciones cuanticas a la masa del Higgs:
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Problema de Jerarquia de la masa del Higgs

En Supersimetria:

Modelo Minimo Supersimétrico

Standard particles Supersymmetry particles
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N..‘d. ¥ s J Y b”‘ e

own Strange Bottom Photon e >
O “ “ e Higgs W W & \Z) nggsmos
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Seesaw Estandar

Introducimos nuevos estados (campos right)
_ 1 _
Lseesaw = Lsp — MpURVL + 5MRPR ”U% VR + h.c.

Eventualmente obtendremos

v __ 1 na7e - vL
[’mass_ﬁ LMNL+h.C. NL_(’U% )
2
mlzﬂ
MR

Modelo R-sneutrino

Superpotencial
Warssu = (Ya)isQi - Hully; — (Ya)iyQi - Hady,
_(Ye>ij[:i ) ﬁed?{j + .uf{u ’ ﬁd

AN

Wers = Wussm + 5(MR)ij Ur,i VR j + (Y2)ij Li - Hy VR,
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Modelo R-sneutrino

Términos soft-breaking

Vatdins = —3(Msgg + MoWW + MiBB + c.c.) — QF(m3) Q5 — (%)} (m2 )i, ;

_d%,i*(m%)ijd%,j - L:(m%)ijl/j - é%z,i*(m%)ijé%,j — (Tu) i Qi - Huﬂiz,j

—(T4)ijQi - Had$, ; — (T.)ij Ly - Haé$, ; + c.c.) —m3; HIH, — milde;Hd

Parametrizacion del sector de Neutrinos

Matriz de mezcla:

. Ual Uah
U6X6 N ( Usl Ush ) a=e, T

s = 51,82,53

Parametrizando la matriz U, tenemos:

Uar = UpnunsH Uah = ?JUPMNsHmzl/zRTZWh_1/2




Parametrizacion del sector de Neutrinos

Sea R una matriz ortonormal:

R = Cs6  S56 IO'L] -+ Z’}/ZJ

—S56 Cs6

“Y permitira incrementar el acoplamiento de Yukawas de los dos neutrinos mas pesados

2ms M. :
(Y,)as = £(ZH)* % cosh 56 €775
Uu
2ms M, :
. rNH 3Meg
(Yo)ae = —i(Z, ) T2 cosh vz €7
B a . 67 /’1’7 T
Sector de Sneutrinos
Sleptones
m? 4 (me)? + (—% + sin® Oy )m% cos 23 S5 ((Te)" — p(Ye)* tan ) o
(%)
e 24 (1) — p*(¥,)T tan f) (ML) + (me)? + (— sin® 6w)m cos28 ) N R
Sneutrinos
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Sector de Sneutrinos

Neutralinos

My 0 —CpSwinz SgsSwmyz NB
(B WO o ﬁg) 0 M, cgewmyz  —Spewmyz I/YS
—cgswmyz  cgewmyg 0 — H,
sgswmz — —SgCwimzg — 0 HO
Charginos B
W+
. 0o XT H;
(W= Hy W+ Hi)(x 0) e
Hy
Mo ﬁsBmW
X = _
( VZegmy y My = My >> p

;. Donde podemos probar el
modelo?

ATLAS

No olvide citar esta tesis




Analisis del modelo

Queremos producir los R-neutrinos y R-sneutrinos.
La mejor forma de estudiar sus propiedades es através de desintegracion en cascada de
particulas pesadas, tales como L-sletopnes o higgsinos.

Para esto tenemos que entender como se producen estas particulas.

Por ejemplo:

Proceso Drell-Yan electrodébil

Analisis del modelo

La seccion de choque es determinada por MadGraph.

L

— VeL éz +8& V;L

100

S |

alfo]

0.01

200 300 400 500 600
M[GeV]
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Analisis del modelo

* Sleptones cargados: ~

9 %
2
) Y< o
e B n <
~071— e e
— vl
>‘§— )Z_ Yi y 9, gl =
— X U - l
_______ g

g8 X
vL
e Sneutrinos:  _______
Y, _ Xt

01 —))ZO’Uh Up v
~_|_ — ) i LSRR RS
_>>’§Ol )20 lev.q
o i < li
9,9

Analisis del modelo

* Charginos: UR
~ ~ X_
X~ — Upl™
l_
* Neutralinos:
UR
>~<0
X" = Ury;
v

Para ver el comportamientos de las superparticulas, fijamos los valores:

mj = 600 GeV p= 120 GeV

tan 3 = 6 M, = M,
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Sneutrino LSP y Higgsinos ligeros
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Sneutrino LSP y Higgsinos pesados
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Resultados

SARAH .- construye modelos supersimétricos.

Spheno .- proporporciona el espectro y branching ratios.

MadGraph5 .- calcula los cross section.

Pythia8 .- realiza el parton showering y la hadronizacién.

Delphes .- es un detector de simulacion rapida.

CheckMate .- determina si el modelo esta excluido o no a 95% C.L.

Desintegracion de Charginos

pp — XX~ = 1Tl 0rvy
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Sneutrino (LSP) y higgsinos pesados
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Conclusiones

En el presente trabajo, el R-sneutrino es la particula supersimetrica mas ligera (LSP).

La fenomenologia del R-sneutrino depende de las masas de los gauginos (M; = M, )

y la masa de los sleptones.

En el escenario donde tenemos higgsinos ligeros, podemos descartar masas de

sleptones a un maximo de 575 GeV.

Para valores bajos de la masa del slepton, se puede excluir la masa del R-sneutrino al
rededor de 200GeV.

Las masas de los R-sneutrinos pueden ser excluidos hasta 200 GeV, para valores

bajos de la masa del slepton.

En el caso de higgsinos pesados, las restricciones son muy débiles.
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