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ABSTRACT: Right-handed sneutrinos are natural components of left-right symmetric su-
persymmetric models where the gauge sector is extended to include right-handed weak
interactions. Unlike in other models where right-handed sneutrinos are gauge singlets,
here the right sneutrino is part of a doublet and could be a dark matter candidate whose
annihilation proceeds via gauge interactions. We investigate this possibility, and find that
relic density, low-energy observable and direct supersymmetry search constraints can be
satisfied when the lightest supersymmetric particle is a right-handed sneutrino. We intro-
duce benchmarks for left-right supersymmetric realizations where either a sneutrino or a
neutralino is the lightest superpartner. We then study the LHC signals arising through
resonant right-handed slepton production via a Wg gauge-boson exchange that lead to fi-
nal states enriched in leptons, additionally containing a large amount of missing transverse
momentum, and featuring a low jet multiplicity. We find that such a resonant production
would boost the chances of discovering these weakly interacting supersymmetric particles
for a mass range extending beyond 1TeV already with a luminosity of 100fb~!. Finally,
we compare sneutrino versus neutralino scenarios, and comment on differences with other
sneutrino dark matter models.
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1 Introduction

While the LHC Run 1 has established the existence of a Higgs boson with properties
consistent with those of the Standard Model (SM) one [1, 2] and found no other new
particles, the outstanding theoretical problems of the SM remain unresolved. In addition,
the existence of dark matter (DM) weighs heavily on the list of experimentally observed but
theoretically unexplained problems. One could argue that supersymmetry (SUSY), which
provides the best motivated candidate for DM in the lightest supersymmetric particle
(LSP), still stands as the best candidate of physics beyond the SM. Unfortunately no
signals of supersymmetry have been observed yet, discrediting its simplest incarnation, the
constrained minimal supersymmetric standard model (MSSM). In the latter configuration,
direct collider bounds push the masses of the strongly interacting supersymmetric partners
(gluino and squarks) to be larger than about 1 TeV, which also affects sleptons (their masses
being derived from the same universal scalar mass mg as the squarks) and electroweak



gauginos (their masses depending on the same universal mass m, 2 as the gluino). In
addition, the higgsino mass is under pressure from direct searches, leading to a situation in
which neutralino DM (either bino- or higgsino-dominated) is in jeopardy. An alternative
solution would be to abandon the minimal spectrum of the MSSM and introduce additional
symmetries and/or particles which could serve as DM candidates, keeping in mind that
SUSY mass limits depend critically on the nature and on the mass of the LSP.

A viable DM alternative has been provided by the sneutrino, which requires the MSSM
to be augmented by at least one right-handed (RH) neutrino superfield [3, 4]. The left-
handed (LH) sneutrino of the MSSM has a non-zero hypercharge and is thus excluded as a
DM candidate. Its coupling to the Z boson indeed causes it to annihilate too much in the
early Universe, yielding a relic density much lower than the one measured by the WMAP
and Planck satellites [5, 6]. In addition, the presence of a RH neutrino superfield helps
in providing a mechanism for generating light neutrino masses which is otherwise absent
in the MSSM.

The phenomenology of the MSSM with RH sneutrinos has been investigated in de-
tail, including implications for direct and indirect DM detection, signals at the LHC, and
restrictions on the model parameter space [7-18]. One could also abandon the MSSM
formalism and look for extended supersymmetric models, which cure some of the prob-
lems that the MSSM inherits from the SM and where the sneutrino emerges as a natural
DM candidate [20-41]. However, most analyses have been performed in the case where
the sneutrino is a gauge singlet, which results in LH and RH sneutrino mixings through
additional Yukawa and trilinear couplings independent of the LH sneutrinos.

No full investigation exists for the case where RH sneutrinos belong to doublets and
the theory possesses a symmetry linking the interactions of the LH and RH fields.! This
is the case of the supersymmetric left-right model (LRSUSY) which we propose to investi-
gate here. The LRSUSY model includes three generations of RH neutrino superfields (as
parts of RH lepton doublets), and a seesaw as the mechanism for generating the neutrino
masses [42, 43] emerges from choosing a triplet representation for the Higgs field respon-
sible for the breaking of the left-right symmetry. The RH neutrino partners are the RH
sneutrinos, one of which could be the LSP and thus be a DM candidate. We expect the
collider signatures of this model to differ from the cases in which the RH sneutrino is a
singlet, as now the sneutrino can couple differently, through gauge interactions.

Left-right supersymmetric models have been explored before [44-47]. They have sev-
eral attractive features, such that the fact that they account for neutrino masses, parity
violation, disallow explicit R-parity violation, offer a solution to the strong and weak C'P
violation problems without requiring to introduce an axion [48-50], and explain the ab-
sence of excessive SUSY CP violation. Left-right symmetry is moreover favored by many
extra-dimensional models and many gauge unification scenarios, such as SO(10). We shall
explore here left-right supersymmetric realizations which, while protecting against spon-

n ref. [19], the authors consider a different version of left-right models, where an additional (s)neutrino,
singlet under SU(2); and SU(2)r, is added. The seesaw mechanism induces a mixing between the left-
handed, right-handed, and singlet sneutrinos which can yield the right relic density through Z-channel
annihilation.



taneous R-parity violation, introduces only one extra singlet superfield. A specific related
aspect that has been overlooked so far concerns the possibility of resonantly producing
supersymmetric particles at colliders, in particular due to the presence of extra gauge
and Higgs bosons. In this context, we explore dark matter constraints and the expected
resonant collider signals, paying particular attention to distinguishing features.

Our work is organized as follows. In section 2 we give a description of the model, with a
particular emphasis on the slepton, sneutrino, chargino and neutralino sectors. We impose
current experimental constraints on the model and define our benchmarks in section 3.
We then discuss the phenomenology for cases where the dark matter candidate is either a
sneutrino or a neutralino in section 4 and analyze the characteristic signature of this model
at the LHC in section 5. Finally, we summarize and conclude our analysis in section 6.

2 A left-right supersymmetric model with R parity conservation

2.1 Model description

There are several realizations of a left-right symmetry in supersymmetry. In its general
formulation, the model is based on the SU(3), ® SU(2)r ® SU(2)r ® U(1)p—r, gauge sym-
metry. The embedding as a gauge symmetry of the only quantum number left ungauged
in the SM, B — L where B and L stand for the baryon and lepton numbers, is an addi-
tional attractive feature. The model contains left and right fermion doublets, as well as
two sets of gauge bosons lying in the adjoint representation of the SU(2); and SU(2)gr
groups and a neutral gauge boson connected to U(1)p_r. While R-parity, defined as
Rp = (—1)3B-L)+2s (with s being the spin of the particle), is imposed in the MSSM to
avoid dangerous baryon and lepton number violating operators, explicit R-parity breaking
is forbidden in LRSUSY by the model symmetries. Extra Higgs fields must be introduced
to spontaneously break the LRSUSY symmetry group, of which SU(2)r Higgs triplets con-
sist of the most attractive option as they induce a seesaw mechanism for neutrino mass
generation [42, 43]. R-parity may however not be conserved in this setup, this discrete
symmetry being broken spontaneously as the vacuum prefers a solution in which the RH
sneutrino gets a vacuum expectation value (VEV). Two scenarios have been proposed to
remedy this situation. One possibility is to introduce an extra singlet Higgs boson so that
a stable R-parity-conserving minimum is found once one-loop corrections are added to the
potential [51-53], while a second option requires to add two new Higgs triplets uncharged
under the B — L symmetry ©(1,3,1,0) and Q.(1,1,3,0) to break the left-right symmetry
spontaneously while conserving R-parity at tree-level [54-56]. Here we adopt the former,
as it is a more minimal realization, for which we present a short description below.

The matter sector of our LRSUSY model contains quark and lepton doublet superfields,
: ut 1 i diy 31.9% L
= ~]=13,2,1,- = - =1(3,1,2%, —
(QL) <dlL) ( y Ay Ly 3> ) (QR) <U7R> < e Ty )
i vi i EiR *
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(2.1)



where the respective representations under the SU(3).®SU(2) ® SU(2)r®@ U(1) p—1, gauge
symmetry have been indicated. The Higgs sector is in contrast more complicated and
features various superfields,
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S=(1,1,1,0).

The model superpotential is given by

W =(Qr)"Y5®1(Qr) + QL) Y5P2(Qr) + (L) Y7 ®1(Lg) + (LL) Y7 ®2(LR)
+ (L) YR Ao (L) + (Lr)TYAAR(LR) + S [)\LTr(AlL “Aop) + AR Tr(ALR - Agg)

+ )\3TI‘((I)I{’7'2(I)27'2) + )\4TI‘((I){7'2(I)17'2) + )\5T1"((I)g7'2(1)27'2) + )\SS2 + §F ) (23)

where generation indices are suppressed for clarity. Following the conventions of ref. [5§],
the Yukawa couplings Yé and YLj are 3 x 3 matrices in flavour space, the A\ parameters
denote various trilinear Higgs interactions (with 7 being the second Pauli matrix) and &
a linear singlet term. Explicit bilinear supersymmetric Higgs mass terms are in principle
allowed by the model symmetries, but we omit them. The bilinear terms are nevertheless
dynamically generated when the scalar singlet field S gets a vacuum expectation value.
The left- and right-handed matter superfields and gauge sectors can be related
through the parity transformation [48-50]. Since we may impose parity symmetry on
the Lagrangian, the parity violating @“”Gw—term is absent and the gluino mass param-
eter is real. Left-right symmetry further imposes the Yukawa matrices to be Hermitian
and the same is true for the soft trilinear terms. The hermiticity of Yukawa matrices also
makes the VEVs of the MSSM-like bidoublet Higgses (denoted by v1, vg in the following)
real, and hence the model can explain both the strong and SUSY CP problems without
introducing the axion as long as the parity breaking scale is not too large [51, 52, 57].
The gauge symmetry is spontaneously broken once the Higgs fields acquire their VEVs,

ve 0 iez‘al 0 Xz
<S> = 7%61045 ) <(pl> = ( v1 \/50 ) ) <(b2> = (Ué io \6§> ’
vz V2©

0 “UE 00
(AR) = (0 ‘6§> ; (AgR) = (»Li;g O> ,

where we assume the LH triplets A1z, Asr to be inert. This is on one hand motivated
by the constraints arising from the p parameter and stems on the other hand from the

(2.4)



radiative corrections to the doubly-charged Higgs mass that must be significant enough to
satisfy the current experimental bounds. Both these prevent the LH triplet VEVs from
being large.

The soft SUSY breaking Lagrangian reads

Lo = —% (M BB + Mot WEWpa + MopW Wra + Msg*Ga + hc.| — mi;, Tr(A] A )
—mAgr Tr(A Agr) = mi; pTr(A] pALR) — mAopTr(A]pAzg) — mi, Tr(2] 1)
— Mg Te(®4Ps) — mE|S|* +m3 QL Qr —m} QLQr—m3 (LyLi) —m3 (LhLr)
. {S[TLTr(Al 180r) + TRTE (A1 RA0R) + TsTe(® 79 ®oms) + Ty Tr(®T ma®1 1)
+ T5Tr(@F 12@272) + T6S + &6 + hoc. | + {T(Q0) 1(Qr) + TH(Q1) 02(Qr)

+ TE(EL)T‘IH(ER) —|—T12/(EL)T¢)2(ER) +TE(I~/L)TA2L(EL) +T3(I~JR)TA1R(I~JR) —|—h.C.},
(2.5)

and includes gaugino mass terms (first bracket), scalar mass terms (the m? terms) and
trilinear scalar interactions whose strengths are given by the T' couplings. For consistency
with the superpotential, a linear £ term has also been introduced.

The v;g, v1, v2, v}, vh and vg VEVs can be chosen real and non-negative, while the only
complex phases which cannot be rotated away by means of suitable gauge transformations
and field redefinitions are denoted by the explicit angles a1, as and «. However, the C P-
violating Wf - I/Vf%E mixing is proportional to vlv’lei"‘l and vgvéem?, and is constrained to
be small by K — K° mixing data. To reduce the dimensionality of the parameter space,
we therefore assume the hierarchy

/ / / /
VS, V1R, V2R > V2, V1, Uy, Uy and vp=vy=a; = =ag~0. (2.6)

This choice originates from the existing constraints on the SU(2)r gauge bosons that
impose the RH VEVs to be large. In the supersymmetric limit, the F-terms and D-terms
vanish, when Agpvigpvor = {r and vig = wvor [51, 52]. On the other hand, the singlet
VEV wvg is induced by the SUSY-breaking linear term &g so that its natural scale is the
supersymmetry-breaking scale. We finally realize an ad-hoc hierarchy vy, ve > v}, v5 ~ 0
by setting A4 and A5 and the corresponding SUSY-breaking parameters small. This is a
convenient setup where one, for instance, avoids potentially large flavour-changing neutral
currents. For further references, we define tan 5 = vy/v1 and tan Br = vor/vig.

The D-term contribution to the scalar potential (neglecting the squark pieces) is
given by

i ~ ~ |2
Vp = Z [ggL )TT(QAJ{LTZ'AIL + 200, 7 Aop + 7] D)) + LTLTiLL‘
7
; ~ ~ |2
+%R ‘Tr(QAI RTilR 4 200 i Aog + @ 7T @) + Lir L R) } (2.7)
2
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which yields, when expanded around the minimum of the potential, to a coupling between
the SM-like Higgs boson and the imaginary parts of RH sneutrino fields. Such a coupling
is given, when the small neutrino Yukawa couplings are neglected, by

1 . 1
Ahigopr = ZQ%U sin(a + ) ~ _1912'%7) cos 23, (2.8)

where « stands for the mixing angle between the ¢! and ¢ fields and where the approx-
imated form holds in the alignment limit. This coupling is essential when computing DM
annihilation rates in the case of a RH sneutrino LSP. At moderate or large values of tan 3,
cos 23 ~ —1 so that A\ppp,,, is nearly independent of any free parameter, in particular if
we assume gr = gr..

Minimizing the Higgs potential and solving the

ov._ov. _ov. oV _ oV _
81)1_81)2_81)1}3_81}23_8?)5_ ’

system of equations, we derive the masses and compositions of the various Higgs bosons.
The correct minimum of the potential can however only be evaluated once the one-loop
Coleman-Weinberg effective potential

yleor — > (-1)*(2s + )M |In MZY 3 (2.9)
“f T T6n2 & : w) 2]’ '

is included. Without this correction, the minimum would indeed be not phenomenologically
acceptable and correspond to the charge-breaking configuration

_L 0 unr _L 0 wvpg
<Am>—\/§<m 0 > <A2R>—\/§<02R 0 ) (2.10)

We refer to and use the results of the recent extensive analysis of ref. [53] for the calculation
of the masses and mixing pattern of the Higgs sector, and focus in the following subsections
on the slepton, sneutrino, chargino and neutralino sectors more relevant for this work in
which we wish to highlight the possibility for the sneutrino to be the LSP. It is nonetheless
equally interesting to look into the phenomenology of the other sectors of the model when
a sneutrino LSP is featured. This is left for future work.

2.2 Charged sleptons and sneutrinos

In the interaction basis (~§—J, I}ZR), the squared-mass matrix for the sleptons is given by

M m%L +m2 + D (T3);5vcos B+ pegmy tan 3 (2.11)
L= (TE)UU cos B + fermy tan 8 m%R + m% + Dy ) .

where o = A3vs/ V2 and where the D-terms read

2
D=~ cos23 4 by et ) e

9%

Doy = 3 [2(vig — v3R) — V¥ cos2B] — gh_1 (ViR — V3R). (2.12)



We then extract the scalar and pseudoscalar sneutrino mixing matrices that are of the form
2 2
M2 = <M1?LI7L MDLDR> ) (2.13)

In the scalar case, the mass matrix entries are

Mg 5, =mi + D,

2% L
. vcos
MZ 5, = M5, = (Tiv = YEY vig) sin f + Ygﬂeﬁﬁ : (2.14)
M3 5, = m% + Doz +2(Y]) 0l — V2T iR + Y ARvsvar,

where D1 and Dag are given in eq. (2.12). The terms depending on the Yukawa couplings
YL2 that should have been included within the diagonal blocks have been neglected, as they
need to be small to get viable neutrino masses. Moreover, the RH-LH neutrino mixing
term will turn to be small as well, unless Tf is large. The pseudoscalar mass matrix entries
are given by

M2 o =M2 - = (T?w+Y2Y vg)sing + Y7 veosf
VILVIR VIRVIL ( L LtL 1R) /8 L:u’eff \/5 (215)
MI%IRDIR = m%R + Do + Q(Yé)QU%R + \/iTéle - YL4)\R0502R
with Mgmﬂm being identical to Mng;L. Adopting large values for Ar and a choice of

positive parameters implies that the last term of eq. (2.15) will drive the sneutrino masses.
One of the pseudoscalar states, with a flavour aligned with the largest element in the YL4
matrix, will be the LSP unless the corresponding soft supersymmetry breaking mass term
is significantly larger than the other terms.

2.3 Charginos and neutralinos

We refer to ref. [58] for detailed information on the chargino and neutralino sector of the
model. We recall below the corresponding mass matrices that will be useful for the design
of the benchmark scenarios relevant for this work.

The model has six singly-charged charginos whose associated mass matrix can be
written in the (Af, Aﬁ, éf, <I>2i, I/T/Li, Wl:%t) basis as

ALvs/vV2 0 0 0 0 0
0 Apus/V2 0 0 0 —JRVIR
M = 0 0 0 feff  gLUu/V2 0 7 (2.16)
0 0 Heft 0 0 —grva/V?2
0 0 0 grva/V2  Msy 0
0 grRv2R  —9RVu/V2 0 0 Msp

where v, = vsin 3, vq = v cos S.
Although the particle spectrum contains twelve neutralinos, the corresponding mass
matrix can be arranged into three block-diagonal pieces when the LH triplet and two neutral



bidoublet Higgs bosons are inert. The first two blocks are expressed, in the (51 L 52 1) and
(¢27 951) b&SGS, as

My, = 0 pr and Mg, = 0 —pes : (2.17)
pr 0 —feft 0
whilst the last block reads, in the (&1, B2, 011, 00R, S, B, WLO, WI%) basis,
0 —per O —pa 0 vl —g\R/%”
— [heff 0 0 — 0 _g\L/%d g\R/%d
0 0 0 pr - MEEE guig 0 —gruig
Mo | O 0 R /\%R —9'var 0 —gru2R 518
X0~ _ _ ARV2R  ARVIR 0 0 0 ’ (2.18)
Hd Hu V2 V2 Hs
0 0 g/UR —g/ng 0 M1 0 0
grLvu _ grv
\L@ \L/id 0 0 0 0 Moy, 0
—e 4L —gruir —grv2r 0 0 0 Mag
Vs Vs

Vu,d

and Hoyd = )\3 V2

where we have defined ug = /\5\/57 WI.R = )\L7R\/§

3 Constraints on the spectrum and model parameters

We study in this work the collider signals associated with sneutrino dark matter LRSUSY
scenarios at the LHC. As we shall argue in the following, the resonant production of RH
sleptons via a Wgr-boson exchange is a promising channel. Moreover, the decay chains
of heavier superpartners to sneutrinos typically lead to multileptonic final states, and the
corresponding SM background is small.

We have computed the particle spectrum with SPHENO-3.3.8 [59], the model files
being generated with SARAH [60]. For a reliable computation of the doubly-charged Higgs
mass, we have used the dedicated method introduced in ref. [61]. We have then scanned
the parameter space to design our four benchmark scenarios. We describe in the next
subsections the constraints that we have imposed and the corresponding phenomenological
consequences of our benchmark design strategy.

3.1 Right-handed gauge sector

Unlike in non-supersymmetric left-right symmetric extensions of the SM, predictions for
the masses of the right-handed gauge bosons exhibit an upper limit, which depends on
the SUSY breaking scale [62, 63|, as the charge-conserving vacuum is not stable when
vR > Msusy. However, such a limit does not hold if B— L = 0 triplets stabilize the vacuum
and the right-handed gauge sector is extremely heavy, with masses of O(10!) GeV [54-56].

Both the ATLAS and CMS collaborations have searched for RH charged and neutral
gauge bosons. Current bounds on such additional gauge bosons are derived from both
their hadronic and leptonic decay channels [64-69] and are quite strong, the Wg and Zg
masses being constrained to lie above about 2.7 TeV. However, in the LRSUSY setup, the



gauge bosons can easily possess additional decay modes to a pair of lighter supersymmetric
particles (usually electroweakinos or sleptons) or to some of the new scalar bosons. All
these new modes invariably affect the total decay width and the branching ratios of these
gauge bosons so that the existing limits cannot be directly /blindly applied.

We define our benchmark points by setting the branching fraction of the Wg-boson to
supersymmetric final states to be of 10-15%, while the total branching ratio into SM final
states is fixed to 65-70%. This implies that decays into Higgs states are as well possible.
The current bound of 2.7 TeV obtained in the CMS dijet analysis [68, 69] can thus be easily
relaxed, the choice My, = 2.7TeV being perfectly viable.

We firstly adopt an optimistic benchmark scenario where the Wg-boson mass is close
to 2.7 TeV, which gives, since the RH triplet VEV and the Zz-boson mass are related,

My, =2.7TeV, vr = 5.7 TeV and Mz, =4.5TeV. (3.1)

We secondly include in our study a more pessimistic benchmark point where the Wgr-boson
mass is larger,

My, =3.5TeV, vp = 7.5TeV and Mgz, =59TeV. (3.2)

The current LHC bounds on the existence of a Zr boson [67, 70, 71] are satisfied in
both cases.

Eventually, the LHC will probe higher Wx masses. It has been shown that the discovery
of Wg bosons with masses reaching up to 5 TeV and their exclusion for masses as large as
6 TeV could be achieved with 300 fb~! of proton-proton collisions at a centre-of-mass energy
of /s = 14TeV [72]. Our LRSUSY parameterization allows for stable vacua featuring a
heavy Wpg boson with a mass ranging of up to about 8 TeV. The total exclusion of Wg
bosons predicted in LRSUSY models nevertheless requires a higher collision energy than
the one available at the LHC, as there will always remain parts of the parameter space
where the Wx boson can escape detection (see also discussion in section 3.2).

3.2 The Higgs sector

In LRSUSY, the doubly-charged Higgs sector plays a central role, not only in terms of
the construction of the model, but also for its phenomenology. The doubly-charged Higgs
mass matrix has a negative eigenvalue at tree-level once the neutral component of the
triplet gets a VEV, and one-loop corrections must be included for stabilizing the scalar
potential [51, 52]. The original work relied on the lepton-slepton contributions and hence
the couplings of the leptons to the RH triplet Higgs superfield must be taken large for at
least one generation. The same couplings however govern the decays of the doubly-charged
Higgs boson and it is important to verify the consistency with the various LHC bounds.
The latter are strong, with the exception of the case in which the doubly-charged Higgs
boson decays into a ditau final-state [73—75]. Such searches have so far managed to push
strong bounds on setups where the lightest doubly-charged Higgs boson is of a LH triplet
nature. These bounds can be evaded in typical LRSUSY scenarios for RH doubly-charged
Higgs bosons, since the associated production of ++6T through Wf is not possible and in



the pair production the triplet Higgs couples to the Z-boson only through the B — L and
Wsr components leading to a suppression in the production cross section compared to the
left-handed triplets.

Whereas one may assume that the triplet Higgs superfield mostly couples to third
generation (s)leptons, non-zero couplings to the other generations are needed to generate
masses for the RH neutrinos. In order to evade all doubly-charged Higgs LHC constraints,
we fix the model free parameters in a way in which the branching ratio of the doubly-
charged Higgs boson into muons and electrons stays below 10%.

Further constraints arise from the sign of the overall one-loop correction to the doubly-
charged Higgs mass, which depends on the slepton masses and vg. If the slepton masses
are much smaller than vg, the correction will be negative and worsen the problem of the
negative mass eigenvalue [63]. The large value of vg that we have adopted hence disfavors
a light slepton option. It has however been recently found that the gauge and Higgs
sectors can also significantly contribute to the doubly-charged Higgs mass, which opens up
a window for lighter RH sleptons and sneutrinos [61].

To obtain a heavy enough doubly-charged Higgs boson, we set the A parameter to a
large value, which leads to a large contribution to the doubly-charged Higgs-boson mass
from the Higgs sector. We moreover make the electroweakinos rather heavy for benchmarks
featuring a sneutrino LSP in order to avoid a neutralino LSP. As mentioned in section 2,
we assume that the LH Higgs triplets are inert, so that the corresponding masses are
determined by the soft supersymmetry-breaking parameters. Being less relevant for the
phenomenology of interest, we set their value larger than 1TeV.

Whereas in the work of ref. [61], the highest values for ma++ turned out to be around
650 GeV, stable vacua can still be achieved with doubly-charged Higgs boson masses slightly
above 800 GeV. The projected LHC sensitivity for 100 fb~! of luminosity shows a reach for
a potential 3o discovery that extends up to 950 GeV when the doubly-charged Higgs boson
exclusively decays into electrons or muons [76]. The doubly-charged Higgs boson limits
stemming from decay modes with tau leptons are not as stringent, due to the efficiency
of tau identification. Excluding a 800 GeV doubly-charged Higgs boson decaying solely to
same-sign taus would require an improvement of two orders of magnitude with respect to
the latest CMS bound [75], which will be challenging even with 3000 fb~1. Tt is therefore
uncertain whether the LHC will be able to exclude the model on the basis of doubly-charged
Higgs boson searches only due to the structure of the Yukawa couplings (and the various
doubly-charged Higgs boson branching ratios). Moreover, if the vacuum is stabilized by
the introduction of B — L = 0 triplets, the doubly-charged Higgs boson can be heavier and
outside the reach of the LHC. Furthermore, the discovery of a doubly-charged Higgs boson
would not be a signal specific to LRSUSY setups and should be used in conjunction with
other measurements to draw conclusive LRSUSY statements. The discovery of a doubly-
charged scalar field along with doubly-charged higgsinos and a RH gauge boson would be a
strong hint towards establishing a left-right supersymmetry without discovering any other
SUSY particle, simply by virtue of the robustness of the signal. Such signals have therefore
already been studied widely in the literature [77-82], and in this work we focus on another
sector of the model.
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The upper limit on the tree-level mass of the SM-like Higgs-boson can be much larger
than in the MSSM by the virtue of the extended gauge sector. If g;, = gg, one finds [83]

miTe < V2myy ~ 113.7 GeV (3.3)

a value that can be easily lifted to about 125 GeV by incorporating the radiative corrections
and by adjusting the stop masses and mixing. The latter depends on tan 3, and for values
close to one, the tree-level mass of the lightest scalar boson tends to vanish, like in the
MSSM. However, the LRSUSY D-terms can increase the tree-level Higgs mass beyond
values that are typical from the MSSM. Focusing on the rest of the Higgs sector, the
second CP-even, the lightest C'P-odd and the lightest singly-charged Higgs boson can
have masses below or slightly above 1TeV. Close to the alignment limit, their dominant
decay modes involve third generation fermions and the related LHC reach is thus similar
as for the heavier states of the MSSM.

We choose a moderate value for tan 8 so that the bounds stemming from both the
direct heavy Higgs-boson searches in the H/A — 77 channel [84, 85] are weaker and
the contributions to the rare By — pp decay are smaller than for large tan 8. This has
an additional advantage to suppress the mixing in the neutral Higgs sector, which may
challenge the SM-nature of the lightest state and lead to a large deviation from the SM for
the h — bb branching ratio [53].

Turning to singly-charged Higgs bosons, indirect constraints originating from b — sv
data [86] suggest that they must be heavy [87], at least if there are no cancellations in the
SUSY loop-contributions to the single-charged Higgs-boson mass. This can be accommo-
dated in LRSUSY setups if tan S deviates from one and if vg is large. Such a deviation
will subsequently impact one of the diagonal elements of the doubly-charged Higgs mass
matrix, making it smaller, and render the task of satisfying the doubly-charged Higgs mass
constraints more difficult. We therefore adopt

tan S ~ 1.05, (3.4)

which, with our chosen values for vg, pushes all the MSSM-like Higgs states to be heavier
than current LHC bounds. They have masses squared proportional to g%v%{(tanz Br—1)
and are hence at most just above the TeV scale. Moreover, all additional scalar bosons
have masses of the order of vg, vg, or of the LH triplet soft mass parameters and hence
are a lot heavier.

3.3 The neutrino sector

The RH Wg-boson directly decays into RH leptons and neutrinos, provided this decay chan-
nel is open. In this case, RH neutrinos could be significantly produced via the resonant
production of a Wr-boson, which offers a handle to constrain the masses of the RH neutri-
nos as a function of the Wgr-boson mass. As the RH neutrino subsequently decays through
the Ng — {Wp — (jj channel, the corresponding collider signal (pp — Ngl — £jj) is
made of two charged leptons and two jets, the Majorana nature of the neutrino implying
a similar amount of same-sign dilepton and opposite-sign dilepton events [88]. CMS has
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relied on these considerations to derive simultaneously bounds on the RH neutrinos and
gauge bosons and express them as contours in the (Myy,, My, ) mass plane, both for the
electronic and muonic channels [66]. The bounds are stronger when the neutrino masses lie
in the [400 GeV, 1 TeV] mass window, the Wg-boson being constrained to be heavier than
3TeV. In contrast, for setups with neutrinos lighter than 200 GeV, like in the benchmark
scenarios used in this study, the Wg-bosons are instead only constrained by resonance
searches in the dijet mode (see section 3.1). We additionally verify that the (weaker) lower
bounds extracted from LEP data are fulfilled, which requires the RH Majorana neutrino
masses to be above about 90 GeV [89].

As indicated in section 3.2, the doubly-charged Higgs-boson is enforced to decay into
an electron or a muon pair with a small branching ratio. This simultaneously drives the
RH neutrino masses to low values, as they arise mostly from the Higgs triplet couplings.
The lepton-slepton contributions to the doubly-charged Higgs mass cannot however be
too negative to ensure that the LHC direct search limits are satisfied, which consequently
provides an upper limit on these couplings. We hence set the Yukawa coupling matrix YL4
to be diagonal, and include a hierarchy on the diagonal entries so that the doubly-charged
Higgs-boson ditau decay mode is associated with a branching ratio larger than 90%.

3.4 The neutralino and chargino sector

We investigate in this work scenarios in which a sneutrino is a DM candidate, so that
neutralinos and charginos must be heavier. The mass of the gaugino-dominated states can
be made heavy by setting the corresponding soft masses to large values and we use the
singlet superpotential self-coupling Ag to prevent the singlino-dominated state to be too
light and thus the LSP. The higgsino states are in contrast automatically heavy by virtue
of the large vi1g, vor and vg values.

The LHC phenomenology connected to LRSUSY neutralino and chargino states has
been recently analysed in ref. [58], where it has been shown that the leptonic channels
are the best probes for LRSUSY neutralinos and charginos. The production rates are in
general larger than in the MSSM for not too heavy gauginos, so that this additionally offers
handles to distinguish the LRSUSY case from the MSSM. For a comparative study with
cases where the neutralino is the LSP, we focus on LRSUSY realizations where the lightest
neutralino is bino-dominated. In this case, we fix the bino soft-mass M; to a value yielding
a DM relic density as measured by the Planck satellite.

3.5 Benchmark point definitions

As mentioned in section 3.1, we consider two sneutrino LSP benchmark points, the first
one (BP1) featuring a lighter Wg-boson with My, ~ 2.7TeV, and a second one (BP2)
featuring a heavier RH gauge boson with My, ~ 3.5TeV. We additionally define two
comparative scenarios BP3 and BP4 where the lightest neutralino is bino-like and the LSP,
for the same Wgr-boson masses of 2.7 and 3.5 TeV respectively.

We present the values of the most important model parameters in table 1, as extracted
from our scanning procedure, and the relevant part of the particle spectrum in table 2.
The latter also includes the values of several low-energy observables that have been used
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Parameter Value Parametor Value Parameter |BP1 BP2 BP3 BP4
- 05 . o Tev tanBr  |1.05 1.05 1.04 1.04
S —U. R _
Ts —2TeV Ty 1 TeV vg (TeV) |57 75 57 7.5
T 1
M3ip a1 2TeV? M 3.5 TeV vs (Aev) 0715 . f() 0710 05(5)8
Y .019,0.022,0.1 — 2 3 .15 0.10 0.10 0.
O)i  (0.019,0022,0.)]  ¢r SO0 GeVT] |y & (GeV)|1200 900 700 700

Table 1. Benchmark scenario definitions. Parameter values common to all benchmark points are
shown in the left panel, while benchmark-specific choices are shown in the right panel. We moreover
set \y = A5 =T =Ty = Ts = 0 for simplicity.

to constrain the model, enforcing the predictions to agree within two standard deviations
with the current experimental values. Whereas we only list the masses for the three lightest
neutralino states, the next two lightest neutralinos are nearly degenerate in mass with the
1 neutralino. In the BP1 case, the four lightest states are all higgsino-dominated and the
fifth one is bino-dominated, whereas for the other benchmark points, the bino-dominated
state is the lightest and the next four neutralinos are higgsino-dominated.

4 Dark matter phenomenology

In this section, we respectively focus on scenarios where the LSP is a sneutrino (section 4.1)
and a neutralino (section 4.2). We explore the impact of small deviations from the bench-
marks introduced in the previous section on the dark matter relic density and investigate
how well this agrees with the observed value [6],

Qpmh? = 0.1198 +0.0015, (4.1)

Qpm being as usual the dark matter energy density evaluated relatively to the critical
energy density of the universe and h the reduced Hubble parameter. We additionally
investigate the robustness of the direct DM detection bounds as a function of the model
parameters.

4.1 Sneutrino dark matter

If the particle spectrum is such that there is no DM co-annihilation channels significantly
relevant, sneutrino LSP mostly annihilates via a SM-like Higgs-boson exchange in the s-
channel, as depicted in figure 1. For setups where RH neutrinos are lighter than sneutrinos,
a t-channel neutralino exchange diagram also exists, although it turns out to be suppressed
for heavy neutralinos. We concentrate in this work on scenarios where the RH neutrinos
are always heavier than the LSP.

Dark matter relic density and direct detection constraints have been calculated with
MADDM v2.0 [90], and we have used MICROMEGAS [91] to validate our findings. Due
to the dominance of the relic density on the s-channel diagrams given in figure 1, it only
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Particle BP1 BP2 BP3 BP4
h 125.2 125.5 124.8 125.3
Hy 551.1 7485 492.4 657.9
Hy 1958 2076 1949 2363
Ay 551.1 7485 492.4 657.9
Hi 563.7 757.7 506.0 668.1
Hi* 339.1 494.6 431.7 509.8
Wi 2668 3510 2668 3510
z' 4476 5889 4476 5889
Ve 104.2 136.8 104.7 137.6
VRy 120.7 158.4 121.2 159.2
VRr 548.5 719.6 550.8 724.1
U1 266.5 271.6 416.0 299.7
Dre 813.8 663.6 632.2 896.3
I 856.9 716.2 792.0 947.3
DRe 1301 1454 1159 1488
URy 1331 1566 1312 1590
URr 2262 2983 2269 2742
éR 931.7 813.8 7733 1011
fir 931.7 928.2 947.3 1105
R 1399 1837 1449 1678
0%l 731.1 609.8 61.9 62.4
Y 750.6 711.3 486.6 447.2
X9 750.9 716.3 501.1 459.3
X 744.0 703.7 487.5 447.8
BR(b—sy) |3.04x107* 3.10x107* 3.03x107* 3.08x107*
BR(B; = pp) | 2.74 x 1077 3.68 x 1079 3.44 x 107 2.71 x 107*
Aay, 12x10710 1.5x1071% 21x1071% 1.9x1071°

Table 2. The relevant particle spectrum of the four adopted benchmark points, presented together
with the values of several low-energy observables suitable for constraining the model. All of the
sleptons given here are RH. The subscripts R and I in sneutrinos refer to real and imaginary parts,
respectively. All masses are given in GeV.

depends on the RH sneutrino mass. Existing bounds are found to be satisfied with sneu-
trinos having a mass lying in the [250 GeV, 290 GeV] range (provided all co-annihilation
channels are negligible). We adjusted the lightest sneutrino mass to lie in this range for our
benchmarks. For the exact BP1 and BP2 parameters, we obtain a relic density prediction
of Qpyh? = 0.119 and 0.116 for the BP1 and BP2 point respectively. In addition, the
spin-independent cross sections for DM-nucleon scattering is smaller than 2.5 x 10719 pb
for both benchmark scenarios, which agrees with the current bounds.

If the sensitivity of direct detection experiments increases by a factor of three, we
should either see a signal or exclude typical benchmarks like BP1 or BP2. As the DM-
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1% SM

v SM

Figure 1. Dominant DM annihilation process for scenarios where the sneutrino is the LSP. The
final state generically denotes any SM particle the Higgs boson couples to.

nucleon scattering is mediated mostly via the SM-like Higgs boson, a direct detection
signal will be largely unaffected by the details of the unknown particle spectrum and thus
provides a robust way of testing right sneutrino DM in LRSUSY models. In presence of
coannihilations or large mixing between the left and right sneutrino sectors, the observed
relic density may point to another mass range than in our case. Moreover, if heavier
sneutrinos are allowed, the direct detection bounds are weaker and the exclusion will be
more difficult.

We observe a remarkable feature originating from the left-right symmetry. By con-
struction, the RH sneutrino fields are a part of SU(2)g doublets while the SM-like Higgs
boson is in contrast originating mainly from the Higgs bidoublets. As the RH neutrino and
Higgs bidoublet fields couple very strongly, the annihilation cross section is large enough for
ensuring a correct relic density, even if the associated process occurs non-resonantly. The
RH sneutrino coupling to the Z-boson is on the other hand weak enough for preventing
dark matter annihilation to be too efficient. As a consequence, the only relevant parameters
driving the relic density are the SU(2) g gauge coupling (see eq. (2.8)) and the LSP mass,
so that a correct relic density can be obtained for a broad range of LRSUSY realizations.
This drastically differs from cases where RH sneutrinos are gauge-singlet and where a reso-
nant annihilation is needed to guarantee a correct relic density, like in the next-to-minimal
supersymmetric standard model (NMSSM) extended with RH neutrinos [92-95], or when
the dark matter candidate is a mixture of LH and RH sneutrinos [3, 7-18, 96, 97]. In
both these cases, extra free parameters are available to tune the relic density to match
the experimental bounds, in contrast with the LRSUSY setup unless one includes a large
left-right mixing in the sneutrino sector.

The main DM annihilation channel proceeding via a Higgs-boson exchange, this con-
sequently implies that the main sneutrino pair-production mode at the LHC will proceed
via an s-channel Higgs-boson exchange as well. Typical DM searches relying on initial-
state radiation would then be insensitive to this LRSUSY setup, the order of magnitude
of the corresponding cross section being at the attobarn level due to a suppression by the
weakness of the Higgs interactions with the QCD partons and the non-resonant config-
uration driven by the Higgs-boson and RH sneutrino mass difference. RH sneutrino are
hence dominantly produced from the decay of other particles. One obvious candidate is
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the heavier MSSM-like Higgs state, but its (gauge) couplings to the sneutrinos whose form
is similar to eq. (2.8) vanishes in the alignment limit. The dominant LHC RH sneutrino
production mode therefore proceeds via the resonant production of a Wgr-boson.

4.2 Neutralino dark matter

LRSUSY neutralino dark matter has been already discussed in the past, but under assump-
tions different from ours. Ref. [98] considers neutralinos that are pure gauge eigenstates, so
that their results must be generalized to the case where neutralinos are admixtures of elec-
troweakinos and higgsinos, whereas ref. [99] has built a LRSUSY model where B — L =0
Higgs triplets are included and RH Higgs triplets VEVs are decoupled, forbidding the
Wr-induced production of pairs of superpartners.

In our LRSUSY parameterization, the composition of the lightest neutralino depends
on the soft gaugino masses. We have chosen M to be the smallest gaugino mass parameter
to guarantee a bino-dominated LSP, and fix its value in order to obtain a relic density
prediction in agreement with data. The M; parameter is nonetheless connected to the
U(1) p—r gaugino (that we abusively call bino), so that it does not couple to the light gauge
bosons and the bidoublet Higgs fields. The bino however mixes with the other gauginos,
which ensures non-vanishing couplings to the Z-boson and the SM-like Higgs-boson.

The resulting relic density is in general too large and we need a resonant contribution to
increase the DM annihilation cross section. For this reason, our neutralino LSP benchmarks
feature a x| mass slightly below half the Higgs-boson mass my,/2. The kinematically
allowed h — 9%} decay is suppressed since the LSP is bino-dominanted and the bidoublets
are not charged under U(1)p_r. The corresponding branching ratios for the BP3 and BP4
cases are found to be about 4 x 10~4, which is of the same order as the SM Higgs-boson
invisible branching ratio, and the associated relic density is respectively Qpyh? = 0.107
and 0.124 for the two benchmark scenarios. Furthermore, the spin-independent and spin-
dependent nucleon-DM scattering cross sections are of 3 x 10~ pb and 2 x 1076 pb for
both benchmark points, which satisfies current direct detection bounds [100].

5 Collider phenomenology at the LHC

5.1 Analysis strategy for discovering LRSUSY at the LHC

In the MSSM, the production of weakly interacting superpartners in proton-proton col-
lisions at a center-of-mass energy of 13 TeV is limited, so that current search limits for
sleptons and electroweakinos are weaker than for the strongly interacting sector. These
searches additionally rely on a very high LHC luminosity to be sensitive to superparticles
lying in the 1 TeV mass regime. Moreover, production cross sections for RH scalar partners
are smaller than for LH partners for a given superparticle mass. This is one of the most
crucial differences for the LRSUSY case, RH scalar production cross sections being here
enhanced thanks to the gauging of the RH sector, on top of the fact that a RH sneutrino
can be a good DM candidate.

Right-handed slepton and sneutrino production at the LHC is mediated by heavy RH
gauge boson exchanges. The corresponding rates are enhanced if resonant configurations
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BP1I BP2 BP3 BP4

o(pp — Wg) (tb) 245 38 245 38
BR(WR — . ly) 0.52% 0.52% 0.38% 0.61%
BR(Wr — ire 6) 0.64% 1.06% 0.80% 0.82%
BR(Wg — i1,0,,) 0.60% 0.98% 0.57% 0.74%
BR(Wr — vgele) 0.21% 0.60% 0.42% 0.47%
BR(Wr — 7r,ul,) 0.24% 0.47% 0.19%  0.36%

o x S BR(Wg — f) (fb) | 5.4 1.4 5.8 1.1

Table 3. Wgk-boson production cross sections for proton-proton collisions at a center-of-mass
energy /s = 13 TeV, and Wx branching ratios to sleptonic final states.

are reached, so that the LHC is possibly sensitive to high mass scales. In this section,
we make use of resonant slepton and sneutrino production to show how robust and clean
these signals can be and how they can provide handles for pushing the LHC reach for the
weakly-interacting sector beyond 1TeV. We consider the production process

pp%ZﬂlZ (5.1)

where we sum over all possible final states, i.e., we include three generations of sleptons and
of scalar and pseudoscalar RH sneutrinos. We observe that the bulk of the cross section
originates from on-shell Wﬁ production followed by its decays into a slepton-sneutrino final
state. Our predictions rely on the UFO libraries [101] outputted by SARAH to generate
the relevant hard-scattering matrix elements with MADGRAPH5_aMC@NLO [102]. More
precisely, we convolute these matrix elements with the NNPDF 2.3 sets of parton densi-
ties [103] to obtain the leading-order cross section values indicated in table 3, the branching
ratios being those returned by SPHENO. We find that the smaller Wg-boson production
cross sections for the BP2 and BP4 cases are partly compensated by the larger branching
ratios, but will also feature a sleptonic decay phase space configuration where a slightly
harder transverse-momentum (pr) is expected for the heavy gauge boson decay products.

As O(100fb~1) of integrated luminosity can be recorded by the LHC current and
future runs, our cross section results show that a fairly reasonable number of signal events
could be expected for our typical benchmark scenarios. Slepton production could hence be a
promising mode to look for LRSUSY signals provided the SM background could be reduced.

We start with processes in which the lightest sneutrino is produced. For the BP2,
BP3 and BP4 scenarios, charged sleptons almost always decay into a charged lepton of the
same flavor and a light neutralino X}. In contrast, in the BP1 scenario, this decay mode
only occurs with a probability of about 30% and sleptons mostly decay into a £x2 final
state with a branching ratio of 70%. The heavier Y2 neutralino then decays entirely into a
final-state system made of a W-boson and the lightest chargino that further decays, with
a 100% probability, into the LSP and a tau lepton. When the lightest neutralino X} is the
LSP for the BP3 and BP4 scenarios, it decays invisibly for the BP2 scenario so that the
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Figure 2. Parton-level charged lepton multiplicity distributions for the LRSUSY signals (left) and
for the dominant SM backgrounds (right), all curves being normalised to 1.

three benchmarks will feature a similar signature,
BP2-BP3-BP4: pp— Wg — » i — 1+ Pr. (5.2)

For the case of the first benchmark scenario, extra signatures have to be considered, in
particular as a same-sign dilepton signal could arise due to the Majorana nature of the
intermediate Y2 state,

BP1 : p— Wi = > {0 > L+ Fp or L+7+W+Er. (5.3)

The golden same-sign dilepton signal however suffers from the low W-boson leptonic
branching fraction. On the other hand, heavier sneutrinos produced in association with
charged sleptons decay down to a chargino and a charged lepton (e or u) almost half of
the time, which suggests that at least one highly energetic final-state charged electron or
muon can be expected in such processes.

For simplicity, we ignore all electronic or muonic tau decays in the rest of our analysis,
although 7-enriched final states would be more frequently produced as the sneutrino LSP
is of the 7 flavor. In figure 2 we present the charged lepton multiplicity of the signal that
is expected for the different benchmark points (left) as well as for the dominant source SM
background (right). The predictions are calculated at the parton level and the results have
been normalized to 1. This suggests to consider two possible signal signatures,

(i) >W+nj+Er  with n<3,

5.4
(ii) >20+nj+Fr  with n<3, (5:4)

+

where ¢ = e* or u* and the constraint on the jet multiplicity originates from the topology

of the signal that is poor in final-state jets. Even if appealing, the second LRSUSY signal
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handle (i7) may be challenging to use, the associated production rate being expected to
suffer from an important suppression relative to the first signature (7). We therefore focus,
for this pioneering study, on final-state systems containing one or more charged leptons
accompanied by a large amount of missing transverse momentum [ and a small number
of jets. The dominant source of SM background is expected to consist of charged-current
Drell-Yan-like production (in association with jets) where typical final-states feature a
single hard lepton (as shown in the right panel of figure 2) and missing energy carried
by the final-state neutrino. Top quark-antiquark pair production also contributes when
leptonic top quark decays are considered, as well as various diboson production channels
that traditionally give rise to lepton-enriched final-states featuring missing energy as well.
Neutral current Drell-Yan events could in principle contribute, but the corresponding final-
state does not usually exhibit a large amount of missing energy so that it can be rejected
quite strongly with an appropriate missing energy selection, such as the one performed in
our analysis (see below). We have also verified that triboson contributions are negligible
after event selection, so that both the neutral-current Drell-Yan-like and triboson processes
have been omitted from our simulation.

Signal and background hard scattering events have been generated at the leading-
order accuracy with the MADGRAPH5_aMC@NLO program, using the NNPDF 2.3 parton
density sets, and matched with the parton shower infrastructure and hadronization frame-
work of PYTHIA 8.2 [104]. Our simulation strategy furthermore follows the MLM merging
scheme [105] for combining event samples featuring a different jet multiplicity. We have sim-
ulated the response of an LHC-like detector by employing the DELPHES 3.0 program [106]
and finally reconstructed all final-state jets by means of the anti-k7 algorithm [107] as
embedded into FASTJET [108].

The transverse momentum pgp and pseudorapidity 7 of all electron and muon candi-
dates are required to satisfy

p7>20GeV  and  |n] <25, (5.5)
and we consider jet candidates whose transverse momentum pf‘f and pseudorapidity n’ fulfill
pjf > 40 GeV and Inj| < 2.5. (5.6)

We have moreover imposed that all reconstructed objects are isolated from each other in
the transverse plane, their angular distance AR being required to be larger than 0.4 (0.5 in
the case of two jets). In order to optimize the selection to push the signal-to-noise ratio to a
large level, we use the MADANALYSIS 5 software [109] to implement our phenomenological
analysis. We require the presence of at least one reconstructed lepton and at most three
reconstructed jets,

Ng Z 1 and Nj S 3, (57)

and constrain the amount of transverse missing energy to satisfy

Fr > 200CeV . (5.8)
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BP1 BP2 BP3 BP4 |diboson top-antitop Drell-Yan

Preselection 216 83 299 45 2065 7192 5.94 x 10°
Mrp(4y, ET) >250GeV | 153 77 279 42 521 708 142
pr(f1) > 100 GeV 134 75 274 42 440 559 124
Ep > 250GeV 113 67 258 40 229 149 69

Table 4. Number of events surviving each step of our selection strategy for the four signal bench-
mark scenarios and the three main background components. We assume an integrated luminosity
of 100 b1,

We moreover veto all events featuring either isolated photons with a pp greater than 10 GeV
or b-tagged jets, using b-tagging efficiencies and misstagging rates typical of the CMS de-
tector (and implemented in the DELPHES detector parameterization). The above selections
allow us to reduce all backgrounds (the b-tagged jet requirement specifically aiming to re-
duce the tt background) to a large extent while maintaining a signal efficiency of about 50%.

The largest background contribution comes at this stage from charged-current Drell-
Yan-like events and still overwhelms the signal. The latter however features leptons and
missing energy originating from the decay of very massive superpartners. This can be
used to design an appropriate selection, relying on, e.g., the transverse mass My ({1, Br)
of the system made of the leading lepton and the missing transverse energy. This observ-
able is represented in figure 3 for both the four signal benchmark scenarios (left) and the
backgrounds (right) after that all the previous selections have been applied. We addition-
ally compare the signal and background distributions in the missing transverse momentum
(figure 4) and in the transverse momentum pr(¢;) of the leading lepton (figure 5). This
demonstrates that all these three observables yield neat handles for enhancing the signal
over background ratio, the signal spectra for each case being much harder than the back-
ground ones. Analyzing the signal only, we observe that the distributions are harder for
the BP3 and BP4 scenarios than for the BP1 and BP2 scenarios. This results from the
superparticle spectrum associated with these scenarios (see table 2), which features an im-
portant mass gap between the light LSP and the charged sleptons that decay into the LSP
and the corresponding lepton. This contrasts with the BP1 and BP2 benchmarks where
leptons also originates from slepton decays, but where there is not such a large mass gap
with the LSP. From the above considerations, we impose a set of three selections,

Fr >250GeV, Mp(ly, Fr) >250GeV  and pr(fy) >100GeV for f=e, p,

(5.9)

which yields to an important background rejection, as illustrated in table 4 for an integrated
luminosity of 100 fb~1.

The LHC turns out to be sensitive to the BP3 and BP1 scenarios that feature a lighter

Wr boson with a mass of about 2.7TeV with a statistical significance of 110 and 5o

respectively. Although the BP2 and BP4 scenarios suffer from the reduction of the signal

cross section induced by the Wg-boson mass of about 3.5TeV, significances of 30 and

1.860 are obtained. As evident from figure 5, the BP2, BP3 and BP4 benchmarks implies

a pr(f1) distribution that is very hard, as expected from the decay pattern of eq. (5.2),
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Figure 3. Distribution in the transverse mass Mt of the leading lepton and the missing transverse
momentum for the different benchmark point signals (left) and for the SM background (right). The
distributions are shown after the basic acceptance selections defined in the text and normalized to 1.
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Figure 4. Same as in figure 3 but for the missing transverse energy F.

which provides an extra way to increase the significance. For example, a selection of
200 GeV on the leading slepton transverse momentum would suppress the total number of
background events to 250, for an integrated luminosity of 100 fb~!, whereas the number
of signal events drops to 72, 63, 235 and 38 for the BP1, BP2, BP3 and BP4 scenarios
respectively. This improves the significance for BP4 to about 2.30. Our analysis hence
clearly suggests that LRSUSY sleptons with masses of around 800 GeV could be accessible
at the current run of the LHC with a luminosity that is as low as 50fb™!, provided the
Wgr-boson mass is around 3 TeV.
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Figure 5. Same as in figure 3 but for the transverse momentum of the leading lepton.

BP1 BP2 BP3 BP4 | diboson top-antitop
ng>2; pr(f1) >200GeV | 55 21 77 14 94 50
pr(fz) > 40 GeV 50 18 66 13 72 38
Mr(ba, Bp) > 50 GeV 46 17 63 13 41 21

Table 5. Number of events surviving each step of a typical LRSUSY selection targetting the
signature (ii) of eq. (5.4). We assume (and omit), as a preselection, the analysis depicted in table 4.

We have verified that for the second signature of eq. (5.4), there is a marked suppression
in the number of selected signal events, so that any potentially visible excess would require
a significantly higher integrated luminosity. The impact of a typical analysis strategy is
shown in table 5, the selection requiring the presence of at least two charged leptons. The
second lepton is constrained to be harder than 40 GeV and the transverse mass for this
second lepton and the missing momentum is required to be larger than 50 GeV.

5.2 Collider consequences of the LSP nature in LRSUSY models

For LRSUSY scenarios with a bino-dominated LSP, charged sleptons and sneutrinos both
decay into the neutralino LSP and either a lepton or a RH neutrino with a large branching
fraction. The RH neutrino then decays into an £jj system so that the full decay chain
is connected with a signature that includes two leptons, two jets and missing transverse
energy. In the case where sneutrinos cannot decay into a vgY! final state, they instead
decay invisibly to a vy x? system which does not yield any multileptonic final state. As a
result of the decay tables of our benchmarks, decay modes exhibiting three or more leptons
are rare and the corresponding number of events amounts to about 10% of the number
of dilepton events. The situation is slightly different for scenarios where the LSP is a
sneutrino. One expects lepton-enriched final states, as intermediate charginos that can be
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produced in the longer decay chains lead to additional leptons (like for the BP1 point). In
this case, the number of events featuring three leptons amounts to 20-30% of the number
of expected dilepton events. With a luminosity of 100fb~!, this number is however too
small to get any statistically-significant way to distinguish a sneutrino LSP scenario from
the corresponding neutralino LSP scenario. However, there is hope for the high-luminosity
phase of the LHC, as for the study of the rarer same-sign dilepton signature that seems
very unlikely to yield any visible signals at the low-luminosity phase of the LHC.

LRSUSY sneutrino LSP scenarios present also a very different phenomenology from the
corresponding MSSM scenarios where the MSSM is extended by RH neutrino superfields.
In this last case, the Lagrangian includes Dirac mass terms for the neutrinos and the
lightest stau is often close in mass to the sneutrino. Due to the small associated Yukawa
coupling, the lightest stau is long-lived [110], which contrasts with our scenarios where the
stau is much heavier than the sneutrinos (see egs. (2.11), (2.14) and (2.15)). In LRSUSY,
the next-to-lightest superpartner (NLSP) turns thus out to be another particle, and the
presence of larger couplings of the sneutrino to the other particles guarantees that the
NLSP is typically not long-lived.

The LHC is expected in general to be more sensitive to LRSUSY realizations with
a sneutrino LSP than for MSSM setups with a RH neutrino. Equivalently, higher super-
partner masses could be reached. In the MSSM, multileptonic final states arise from elec-
troweakino decays that can be either directly produced or indirectly produced from squark
and gluino decays [97, 111, 112]. The production rate of electroweakinos with masses lying
beyond 1TeV is however small, whereas the presence of the RH gauge sector in LRSUSY
enhances it, at least if the Wg-boson mass is not much greater than 3 TeV. Corresponding
events feature, in addition, a larger amount of missing transverse momentum and at least
one very hard lepton, which helps to suppress the SM background.

6 Summary and conclusions

In this work we investigated the phenomenology of right-sneutrinos in LRSUSY models.
The RH neutrino superfields being part of a doublet, the expectations are different from
those of models with singlet neutrino superfields. We studied the impact of having an LSP
RH sneutrino and shown that it could be a viable DM candidate satisfying all cosmological
constraints. In particular, the DM annihilation cross section does not need any specific
enhancement to accommodate the relic abundance observations. The only coupling re-
sponsible for DM annihilation in the early Universe is a gauge coupling and there is a wide
range of sneutrino masses yielding a correct relic density.

We devised four benchmarks for our comparative study of LRSUSY scenarios with a
sneutrino and with a neutralino LSP, two benchmarks featuring a right-sneutrino LSP, and
two a neutralino LSP. We considered two values of the Wr-boson mass, chosen to agree
with limits stemming from dijet measurements at the LHC. In addition, the benchmarks
have been imposed to satisfy dark matter constraints, experimental mass limits and the
measurements of several low-energy observables.
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We investigated the LHC phenomenology of our LRSUSY scenarios, focusing on a
LRSUSY signal originating from resonant slepton production via a Wgr-boson exchange and
containing one or more charged leptons and missing transverse momentum. For optimistic
scenarios with a light Wx boson whose mass is 2.7 TeV, we have shown that the transverse
mass of the lepton/missing momentum systems, the missing transverse energy and the
transverse momenta of the final-state leptons are suitable observables to differentiate the
signal from the background even with a low LHC luminosity of 100 fb~!, both for scenarios
with a sneutrino and with a neutralino LSP. For benchmarks with a heavier Wx boson
with a mass equal to 3.5 TeV, the discovery of the signal would require a slightly higher
integrated luminosity, which the LHC should be able to attain within a few years of running.

Turning to signatures featuring more than two leptons, we have found that the asso-
ciated signal rates are lower than the dilepton one by about 20-30%. This contrasts with
neutralino LSP scenarios where this number goes down to about 10%. Using these probes
for distinguishing different LRSUSY setups therefore requires the high-luminosity phase
of the LHC. Sneutrino LSP in left-right supersymmetry scenarios also reveal significant
differences with sneutrino LSP setups in supersymmetric realizations where the MSSM is
extended by a gauge-singlet neutrino superfield. The mass difference between the stau and
the sneutrino is larger in LRSUSY, and the stau here is in general neither the NLSP, nor
long-lived.

Considering right sneutrino as the DM candidate in LRSUSY realizations presents
novel features in the particle spectrum, the corresponding dark matter analysis and the
subsequent collider signals. In particular, we propose that a resonantly-enhanced slep-
ton production cross section, otherwise overlooked in typical LRSUSY signals, allows for
an improved sensitivity to heavier slepton searches at the LHC. This also constitutes a
promising supersymmetric signal of physics beyond the MSSM.
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