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ABSTRACT: The minimal supersymmetric (SUSY) standard model (MSSM) augmented by
right chiral sneutrinos may lead to one such sneutrino serving as the lightest supersymmet-
ric particle and a non-thermal dark matter candidate, especially if neutrinos have Dirac
masses only. In such cases, if the lightest MSSM particle is a stau, the signal of SUSY
at the LHC consists in stable charged tracks which are distinguishable from backgrounds
through their time delay between the inner tracker and the muon chamber. We show how
to determine in such scenarios the mass hierarchy between the lightest neutralino and right
sleptons of the first two families. The techniques of neutralino reconstruction, developed
in earlier works, are combined with the endpoint of the variable Mpy in smuon (selectron)
decays for this purpose. We show that one can thus determine the mass hierarchy for
smuons (selectrons) and neutralinos up to 1 TeV, to the level of 5-10%.
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1 Introduction

A persistent set of observations, encompassing things as diverse as galactic rotation [1],
anisotropy of the cosmic microwave background radiation (CMBR) [2] and gravitational
lensing effect around the tail of bullet clusters [3], have established that 23.8% of the energy
density of our university is due to dark matter (DM). The last of the above observations
points towards DM in the form of massive elementary particles, very likely having only
(super)weak interactions with standard model particles [4].

Though extra-terrestrial signals attributed to DM annihilation create sensations from
time to time [5-9], alternative (and often more convincing) explanations in terms of astro-
physical phenomena stand in the way of these becoming conclusive evidence [10, 11]. Under
such circumstances, terrestrial verification of the existence of DM, in either direct searches
for elastic scattering on nucleons [12] or in collider experiments [13-15], is a desideratum.

Direct search experiments are likely to yield positive results if the DM consists of
weakly interacting massive particles (WIMP) [16, 17]. Such detection is unlikely for feebly
interacting massive particles (FIMP).! Some scenarios not amenable to detection in direct
searches can still lead to signals at colliders as much as those with WIMP DM. A well-known
example is that of supersymmetry where missing transverse energy (MET) at the Large
Hadron Collider (LHC) is as likely a signal for a neutralino DM in the minimal supersym-
metric standard model (MSSM) as for the gravitino DM in gauge-mediated supersymmetry
breaking scenarios [21] with the associated visible particles serving as discriminator between

'Note however that some future experiments will be able to probe typical FIMP-electron scattering
cross-sections [18-20].



the two cases [22, 23].2 Interestingly, one can still envision other situations where direct
searches are inconsequential on the one hand, while LHC signals, on the other, are of a
drastically different kind. A case in point is the MSSM augmented by right-chiral neutrino
superfields, where a right-sneutrino becomes the DM candidate [29, 30].3

The above possibility is a natural extension of the MSSM. Consider, as the simplest
example, a right-chiral neutrino superfield for each family, with just Dirac masses for
neutrinos. Such a superfield, being an SM gauge singlet, has only Yukawa interactions
with the rest in the extended MSSM spectrum. Recent neutrino data constrain such
couplings to rather small values (y, ~ 107!3) [2, 36]. If the sfermion masses evolve
down to the TeV-scale from some high-energy values (not necessarily unified), then the
mass parameters for all gauge non-singlet fields tend to go up through running induced
by renormalisation group equations [37]. Running of the mass parameter corresponding
to Ugr, the superpartners of right-handed neutrinos, is, however, negligibly small. Thus
one of the right-sneutrinos is very likely to become the lightest supersymmetric particle
(LSP) and consequently a DM candidate in such a case. Moreover, the right stau (7gr)
can quite conceivably become the next-to-lightest supersymmetric particle (NLSP), since
its Yukawa coupling is relatively large. The g, however, has extremely weak interactions
with the rest of the MSSM spectrum, thus it typically does not reach thermal equilibrium
with other particles in the early Universe.

As has been pointed out in a series of studies, such a scenario leads to a very charac-
teristic signal in collider detectors if the NLSP is indeed the right-chiral stau [38-40]. All
SUSY cascades at the LHC should then end up producing stau (7r) pairs along with some
SM particles. These stau (7g)-pairs will not decay into ¥gs within the detector due to the
small y, and will travel all the way through, leaving their signature as massive charged
tracks. Such tracks can be distinguished from muonic tracks through event selection criteria
such as track-pr and the time delay between the inner tracker and the muon chamber [41].

Since the signal and the SUSY spectrum here are both quite different from the well-
studied case of a neutralino LSP, it is important to reconstruct the superparticle masses
in a scenario of this kind. Apart from collider phenomenology, the knowledge about the
spectrum can reveal clues on the SUSY-breaking mechanism that is operative here. The vg
DM candidate, of course, is illusive, since it is not even produced within the detector. The
mass reconstruction procedures for neutralinos, charginos and left-chiral sleptons have been
worked out in earlier works [42-45]. While the 7r-mass can be obtained from time-delay
measurements, we pay special attention here to the mass reconstruction for the right-chiral
smuon as well as the corresponding selectron, which thus yields a picture on the slepton
flavour structure of the underlying theory.

2Right-handed sneutrinos in certain simplified extensions of the MSSM can behave as WIMP DM can-
didates, which leave their footprints in the form of MET, in colliders [24-27]. Similar signatures are also
obtained in supersymmetric B — L extensions of the SM [28].

3Tt is important to note that a left-handed tau sneutrino, even when lighter than the lightest neutralino,
will not serve as a thermal DM candidate, as it is excluded by direct detection experiments [31-35].

“In fact the second lightest sneutrino, which we will assume to be almost degenerate with the sneutrino
LSP, is strictly speaking the NLSP. However, since the two additional sneutrinos have no impact on the
collider phenomenology, we will loosely use NLSP to designate the lightest charged particle.



In addition to the kinematic variables used earlier [38, 42—46], notably the pp of the
hardest jet and missing energy, F, we have formulated event selection criteria based on
additional quantities such as the stransverse mass, Mrpo [47, 48], to gain some insight
into the right slepton mass hierarchy. Our reconstruction procedure is applicable to right-
smuons as well as selectrons for both the cases where they are heavier and lighter than the
lightest neutralino (¥9).

The paper is organised as follows: in section 2 we discuss the model considered along
with the constraints imposed from both colliders results and cosmology. In section 3 we dis-
cuss the supersymmetric signals that we analyse, along with the strategy for the reconstruc-
tion of the slepton masses. Section 4 contains the benchmark points chosen for different case
studies together with an analysis of the discovery prospects corresponding to the signatures
considered in upcoming runs of LHC at an integrated luminosity of £ = 3000fb~!. The
M7y and slepton mass (m;) distributions for the two different mass orderings considered
are also studied in section 4. Finally we summarise and conclude in section 5.

2 The theoretical scenario, the spectrum and its constraints

We consider the MSSM supplemented with three families of right-handed (RH) neutrino
superfields (7r) with Dirac mass terms for the neutrinos. Hence the superpotential (sup-
pressing family indices) becomes

W = Wyrssym + yu I:Iu [:19%, (2.1)

where Wyrssn is the superpotential of the MSSM, y, is the neutrino Yukawa coupling,
L = (9g,11) is the left-handed (LH) lepton superfield and H, is the Higgs doublet that
couples to the up-type quarks. The physical states dominated by right sneutrinos (7g)
have all their interactions proportional to y,. For simplicity, we consider a scenario where
all (right) sneutrinos are degenerate and the sneutrino mass matrix is diagonal. After
electroweak symmetry breaking, the neutrinos acquire masses as shown below

Yu .
m, = —=v sin f3, 2.2
where v ~ 246.2 GeV and tan 8 = éﬁgi . Recent data from global fits on neutrino oscillation

and cosmological bound on the surg of neutrino masses, constrain the largest Yukawa
coupling in the range 2.8 x 10713 < (y, sinB) < 4.4 x 10713 [38]. The lower bound
is taken from a global fit on the neutrino oscillation parameters in the normal hierarchy
scenario [36], while the upper bound is obtained from a combination of Planck, lensing and
baryon acoustic oscillation data [2]. The latter bound can vary roughly by a factor of two
depending on the set of cosmological data included in the fit.”

Barring the right neutrino superfields, we consider the phenomenologically constructed

MSSM (pMSSM) [50]. Thus the soft SUSY breaking terms are free parameters. The

®For a recent compilation see ref. [49].



addition of the RH neutrino superfield entails the following additional soft terms in the
MSSM Lagrangian:

— Lsofy D ng’&Ryz + (yu A H, [Nf&fz + h.C.), (23)

where A, plays a role in the left-right mixing in the sneutrino sector. The sneutrino mass
matrix is defined as

m2, —y,vsinf(ucot B — Ay)

—yhvsin B (u*cot B — A¥) m2

VR

M2 = (2.4)

where mj, and mgp, are respectively the soft scalar masses for the left- and right-chiral
sneutrinos. One then finds that the left-right sneutrino mixing angle, ©, can be written as

2y, vsinf|pucot f — Ay

2 2 ;
o~ My

tan 20 =

- (2.5)

thus implying that the admixture of SU(2) doublets in the Zp-dominated mass eigenstates
are limited by the neutrino Yukawa couplings.

As mentioned in the introduction, the present study focuses on scenarios with the
lighter stau (71) as the NLSP. Such a stau, upon production at the LHC, will eventually
decay into the right sneutrino LSP through modes such as 71 — W®ip, driven, as
expected, by the neutrino Yukawa coupling. For ms > my, + my, the width of the
above two-body decay is given by

6 [ 2mE tmd)  (md - mi)? ]
= U1 = |1 — + — , (2.6)

T1 1

L1
327 miy m

where g is the SU(2), gauge coupling, myy the W-boson mass and U(™) parametrises the
left-right mixing of the staus. Assuming A, is of the same order as the other trilinear cou-
plings, the 7is are fairly long-lived with a typical life-time of O(1) sec for all the benchmark
points that we will consider in section 4. Thus, the decay length of 77 is large compared to
the typical collider scale. All processes at the LHC, which are initiated with the production
of superparticles, will ultimately lead to the production of a pair of quasi-stable 71s which
will travel all the way up to the muon-chamber. In addition to making the NLSP stable at
the collider scale, the smallness of y,, also implies an out-of-equilibrium decay of the NLSP
in the early universe into the vp LSP. The contribution to the g relic density has two
components. The first of which arises from the decay of the stau after it freezes out, and
can be estimated as

QFop? = M . p?, (2.7)

mz

where Qz h? is the (thermal) relic density of the quasi- stable NLSP when it freezes
out. This contribution can be calculated via 2z h? using a standard package such as
microOMEGAs [51].



In addition to the contribution ensuing from the out-of equilibrium decay of the 74
NLSP, the remaining heavy supersymmetric particles, viz., the left-handed sleptons, left-
handed sneutrinos, neutralinos, charginos etc., may also decay while still in thermal equi-
librium. These latter contributions which arise from the freeze-in mechanism [52, 53] can
be approximated as

1.09 x 10%7
QER? ~ e m,,RZgZ d (2.8)

where ¢g* ~ 106.75 [29], is the average number of effective degrees of freedom contributing
to the thermal bath, and the sum runs over all the aforementioned relevant superparticles.
Besides, I';, m; and g; are respectively the decay width to i, mass, and degrees of freedom
of the i*" superparticle. The decay widths of several such superparticles into 7z are listed
in ref. [29]. Thus, the total relic density of the sneutrinos is given as

-

VR

2 _ 0FO02 FIy2
h? =QfOn? + Qllp (2.9)

We by and large assume the three right-handed sneutrinos to be mass degenerate.
However, this assumption may not be realised in practice, and one may encounter small
splittings among the three families. In such cases, the heavier right-handed mass eigen-

~F_ may in principle be produced from the decay of heavier superparticles

states, viz., Up
following equation (2.8). These 75" when produced, will ultimately decay into the 7 LSP.
However, these decays are suppressed by two powers of the neutrino Yukawa coupling, and
hence almost always have lifetimes greater than the present age of the universe. Therefore,
the two other r-dominated states will make a substantial contribution to the relic density
regardless of whether the three 7gs are mass degenerate or not. Thus, the QF R{ h? must
also include the abundances of 17;’“

So far, we have discussed only about the p LSP and 7y NLSP. However, depending
on the details of the SUSY breaking scheme, one can have various mass hierarchies in the
non-strongly interacting superparticle sector, particularly in the masses of the right-chiral
smuon and the selectron, which we assume to be degenerate and heavier than the stau
NLSP, with respect to the lightest neutralino mass, m_o. Hence, one may encounter two

X1
distinct mass orderings between these particles, viz.,
Case I = mgo > mpp = Mep, (2.10)
and
Case I : mup = meg > myo, (2.11)

These different hierarchies may leave their markedly unique footprints in collider signals.
Hence, experimentally identifying the relevant mass ordering may unveil the physics behind
the SUSY breaking. Thus, the main focus of this present work is to understand the effects
of these hierarchies on the collider signals and to devise strategies to separate one from
the other. However, before detailing the analyses dedicated solely for the discrimination in
the two hierarchies at the high luminosity run of the LHC (HL-LHC), we ensure that our
benchmark points satisfy all the following constraints.



e The mass of the lightest CP-even Higgs is required to lie in the range 123 GeV <
mpo < 128 GeV, which is consistent with the Higgs mass measurements from various
channels at the LHC [54, 55].

e The signal strengths of the SM-like Higgs boson are required to lie within the ex-
perimentally measured values and their uncertainties [56, 57]. We use LILITH [58]
in order to compute the likelihood function and require them to be ~ 1 for all our
chosen benchmark points (BPs). Furthermore, we also perform a cross-check and
find that the signal strengths in the individual Higgs decay channels lie within their
experimental uncertainties upon employing the HiggsBounds package [59].

e We impose that the relic density of the LSP, Q;,h?, satisfies the upper bound (at
the 20 level) obtained by PLANCK, namely Qpy/h? = 0.1199 4+ 0.0027 [2].

e A long-lived charged particle with hadronic decay modes can affect the standard Big
Bang Nucleosynthesis (BBN). In particular, it may lead to an over-prediction of the
abundance of light nuclei like deuterium. In order to avoid destroying the successful
predictions of the light element abundance, we require that the stau NLSP lifetime
does not exceed 100 seconds [38, 60, 61].

e The current model-independent studies on heavy stable charged tracks from the LHC
requires 71 > 360 GeV, as obtained by CMS for a pair produced scenario [62].

e Furthermore, we demand the gluino and squark masses to be mz > 2.1TeV, mg >
1.4TeV and m; > 1.1 TeV from recent available bounds from the LHC [63, 64]. These
limits are based on searches in the jets + missing energy channel, which are relevant
for the MSSM with a neutralino LSP. However, in the absence of any dedicated
SUSY search results based on stable charged track signals, we conservatively use the
aforementioned limits.

3 Mass reconstruction strategy

In order to decipher the actual ordering of the masses in the SUSY electroweak sector, in
particular of X and jir/ég, we have to reconstruct the following three particles, viz., 71, X}
and [ir/ér, with the fig and ég being considered to be degenerate in mass. As discussed
above, the mass of the 71 can be reconstructed using the time-of-flight measurements follow-
ing [38, 41] while the neutralino(x}) reconstruction can easily be performed using the pro-
cedure envisioned in ref. [42]. For completeness, we briefly summarise these two strategies.

71 reconstruction. As 7ys are very heavy, typically O(100) GeV particles, they are slow.
Their velocity distributions can be obtained using the time delay between the production
of 71s at the interaction point and their detection in the muon chamber. Combining this
with the momentum measured in the muon chamber, one can reconstruct the 71 mass by
exploiting the relation,

(3.1)

mz =

P
By’



where p, 5 and v are respectively the momentum, speed with respect to the speed of light
and the Lorentz factor, of the 7;. In order to be fairly realistic with the experimental
situation, we smear the actual velocity of 71s with the Gaussian (Box-Muller) prescription
by choosing a standard deviation of og = 0.024, upon following ATLAS collaboration as
shown in figure 1 (right) in ref. [65].

XY reconstruction. In order to reconstruct the %) mass, one may look for 27 + 27
states, dominantly produced by ¢, g initiated cascades. The invariant mass distributions of
these 71 +7 pairs will peak around the ¥} mass. The most challenging part of this technique
is the reconstruction of 7s because of their semi-invisible decays. To tackle this difficulty
of reconstructing the 7 masses, we employ the collinear approximation as described below.

Collinear approximation. Following the method described in [66], one can fully recon-
struct the 7s with the knowledge of the fraction, z-,. (i =1,2), of the parent 7 momentum
carried by the ensuing visible charged jet or lepton. Each event has two unknowns, viz.,
the two components of the momenta of the neutrinos (one (two) neutrino(s) per hadronic
(leptonic) 7 decay). These two unknowns can be solved on an event-by-event basis upon
knowing the two components of the missing transverse energy, I%T. If pf and p‘T‘Ci are the
four momenta of the two parent 7-leptons and the corresponding visible charged objects,
then one has

pg{ci = xTci pé‘t’ (32)

s 1 5 1 .
ET - ( - 1>pTc1 + ( - 1)]?7—62, (3-3)
Tr,, Tr,

where the 7 has been considered to be massless and the neutrinos from these 7 decays are

and one obtains

assumed to be collinear in the direction of their corresponding visible charged objects. Pro-
vided the decay products are not back-to-back, the above equation provides two conditions
(from the z- and y-components of F7) for ., and one finally obtains the 7 momenta as

pTci /"'U'rci :

Slepton reconstruction. Finally, in order to reconstruct the slepton masses
(Mjg,Mey), we consider the Drell-Yan production of fig fi};, (ér €};) followed by the slep-
ton’s decay into a lepton (u/e), a 71 and a 7, mediated by an off-shell or an on-shell
X} depending on their mass ordering. The topology of the process is shown in the left
panel of figure 1. In the following, for both hierarchies mentioned in eqs. 2.10 and 2.11 we
investigate the two possible signatures,

e 2 7s + 2 opposite sign same flavour leptons (OSSF) + 1 7-tagged jet + Er
e 2 75 + 2 opposite sign same flavour leptons (OSSF) + 2 7-tagged jet + Fr.

To reconstruct the slepton mass, we utilise the popular stransverse mass variable,
My [47, 48]. In general, Mpo is a useful variable for measuring the mass of a particle
when it is pair-produced in a hadron collider and thereafter decays into a visible object
along with invisible particles, thus giving rise to missing transverse momentum. Hence, the
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Figure 1. Representative diagrams for the Drell-Yan production of I is shown in the left. The
right panel illustrates a SUSY cascade process initiated by SUSY particles from the strong sector
that mimics the final state of the left panel, modulo hard jets.

Mo variable can be relevant for the reconstruction of slepton masses for the first signature
involving a single 7-tagged jet. The variable Mpo is defined as

Mry = min <max {mT(ﬁTyl,ﬁTl,m,mmv) va(ﬁTﬁaﬁTga m, mmv)}) , (34
pT,1+¢T,2:ET 7 7

where m, pr;, ﬁTﬂ, and mgy,, are respectively the mass of the visible objects, transverse mo-
menta of the visible objects, the missing transverse momenta and the mass of the invisible
particles in the i*" leg and mq refers to the standard transverse mass variable. The actual
mass of the mother particle will always be bounded from below by M7 and hence the end
point of the Mpy distribution will give a fairly accurate estimate of its mass. The above
definition is slightly modified to accept asymmetries, which leads us to the asymmetric
Mo variable [67] and is shown to be more useful than its symmetric counterpart while
reconstructing the slepton masses. The asymmetric M7o variable is defined as

Mry = min (maX {me (P, Pr s M1 Minw,1) ,mT(ﬁT,z,ﬁTQ,mz,mmv,z)}) :
VT,1+¢T,2:ET 7 7

(3.5)
with different masses for the invisible particles in the two legs. For our first scenario involv-
ing a single 7-tagged jet, the other visible 7 decay product escape the detector undetected.
Hence the two visible particles (in each leg) required to construct the asymmetric Mpo
are the 71 along with its nearest (in the 7-¢ plane) lepton. The 7-tagged jet is considered
to be part of that leg for which it is nearest (in its AR = \/An? + A¢? separation) to
the 71 and it is thus combined with the corresponding 71¢ pair. Hence, both the v, and
the undetected 7-jet/7-lepton contribute to fp in this case. Owing to the smallness of the
mass of the 7, one can safely use mny,1 = Miny2 =~ 0 while constructing the Mry variable.
The asymmetric Mpy variable constructed in this way will be bounded above by m . (zy)-
For the signature involving double 7-tagging, we fully reconstruct both the sleptons
upon using the invariant masses of the three individually reconstructible objects, wviz.,
71,7 and £*. The 7s for this analysis are reconstructed according to the collinear approxi-

mation discussed above. In order to reconstruct both the sleptons properly, we construct



all possible pairs of invariant masses msz ,;+ and compute the difference between the in-
variant masses of each pair. The pair yielding the least difference in the invariant mass is
regarded as the correct pair.

Lastly, pair production of strongly interacting superparticles also leads to similar final
states but exhibit different topologies (as shown in figure 1 (right)), namely the cascade
decay has additional jets at the parton level. Hence, one cannot use the aforementioned
procedures for slepton mass reconstruction for such processes. Our strategy is to choose cuts
in order to suppress the contribution of processes initiated by strongly interacting particles.
The cascade processes will always give rise to harder jets, to higher jet multiplicities and
to a harder J; distribution as compared with DY production. Hence a hard cut on the pr
of the hardest jet as well as a cut on the jet multiplicity for jets above a certain threshold
pr ~ 100GeV, and a hard upper cut on the £, can efficiently reduce the effects of the
cascade processes, as we will see below. Moreover as J plays an important role in the
construction of the My variable, which will, at the end be our most important observable
for the mass reconstruction of the sleptons, removing the cascade processes with this cut
will help in achieving faithful reconstructions of the sleptons.

3.1 Signal and background

In the remaining part of this section, we focus on the various details of our collider analy-
ses. The presence of 7is in the signal makes it easier to reduce the major SM backgrounds
ensuing from the two real backgrounds, viz., ZZZ and Zh and the following fakes, ZZ,
ttZ,and ZWTW—. All these SM backgrounds have been merged with up to two additional
partons upon employing the MLM merging scheme [68] with appropriate choices for merg-
ing parameters. We ensure at least two muons, exactly two taus and two additional leptons
(electrons or muons) for the real backgrounds. For the fake backgrounds, the additional
merged jets will fake the tau jets or the leptons, as we will discuss below. As has already
been discussed, the long-lived 71s have signatures similar to muons, but are much heavier.
Because of their significantly large mass, these particles are sluggish, having much lower ve-
locities than their SM muon counterparts. The pr and velocity distributions of the 71s will
be utilised to discriminate them from the SM muons. Following the footsteps of certain ex-
perimental analyses [65, 69], we impose a hard cuts on the py of the two hardest muons (or
71s for the signal) with an additional requirement of the 71/ speed to be (= &) < 0.95.

For the collider analyses, we generate the signal and background samples along with
their decays in the MadGraph5_aMC@NLO [70] framework. The parton showering and hadro-
nisation is done in Pythia 8 [71]. The jets are constructed with the anti-kT" [72] algorithm
with a minimum pp of 20 GeV and a jet parameter of R = 0.4, using the FastJet [73]
package. Finally, we perform a fast detector analysis in the Delphes 3 framework [74].
For all sample generations, we use the NNPDF2.3 [75] parton distribution function set,
at leading order (LO). The renormalisation and factorisation scales are set to the de-
fault dynamic values in MadGraph5_aMC@NLO. For the signal samples however, we use flat
K-factors to approximately capture the next to leading order (NLO) effects. For this pur-
pose, we determine our signal cross-sections at NLO with Prospino2.0 [76] and scale the
LO samples accordingly. Flat NLO K-factors for the backgrounds are computed within



Parameter pr(j1) Number of jets with pr(j) > 100GeV Er
Cut set A | < 200GeV <2 < 150 GeV
Cut set B | < 200GeV <2 < 200 GeV

Table 1. Selection cuts applied to suppress the squark-gluino processes. Here pr(j1) refers to the
transverse momentum of the hardest jet.

MadGraph5_aMC@ONLO by taking the ratios of the unmerged cross-sections at NLO and LO.
We scale the merged ZZZ, Zh, ZZ,ttZ and ZWTW ™ cross-sections by 1.53, 2.17 (which
also includes a correction factor to the Higgs branching ratio), 1.48, 1.32 and 2.03 respec-
tively. For the detector-level analyses, we employ the following cuts:

e For the two hardest muons (71s in the case of our signal), we require the transverse
momenta of the these two objects to be pf}m > 70 GeV, the speed, 12 < 0.95 and
the rapidity to lie in the range, |n(u1,2)| < 2.5. Furthermore, we require these objects
to be separated in the 7-¢ plane by A R(u1, p2) > 0.4.

e TFor the remaining opposite-sign-same-flavour (OSSF) leptons (e, i1), we require, pf >
10GeV, B(£) > 0.95, [n(£)| < 2.5 and AR(¢1,¥02) > 0.2.

e For all jets (quark/gluon initiated as well as T-tagged ones), we demand the jets to
have p. > 20GeV, |n(j)| < 5 and AR(j,j) > 0.4.

e In addition, we require, AR(f1,2,7) > 0.4 and A R(¢, j) > 0.4.

Moreover, in order to suppress the squark-gluino contamination, we implement the
additional cuts listed in table 1. In figure 2, we sketch the (§-distribution of the hardest
muon/7; for BP1 (as defined below) and for the ZZZ background, with the following
values for the mean and rms, fis9 = 0.768, piprg = 0.999 and o4y = 0.167, oppg = 0.024.5
One can clearly see that requiring 8 < 0.95 strongly suppresses the SM background events.
Thus, geared with this setup, we proceed with the reconstruction of the slepton masses in
the following section.

4 Results

In this section, we utilise the entire arsenal of techniques discussed above to finally show
the viability of the slepton reconstructions and illustrate the possibility of probing the two
mass hierarchies. For this purpose, we choose six benchmark points from the pMSSM
spectrum, augmented with three additional families sneutrino fields. We ensure that all
these BPs abide by the constraints listed in section 2. Three of these BPs correspond to
the case Mg0 > Mg ep and are summarised in table 2. The remaining three corresponding
to mgo < My ¢, are shown in table 3.

Before commencing the collider study, we make a small digression to explain the factors
contributing to the relic density. As is evident from tables 2 and 3, for all our benchmark

5The mean and the rms for the background are a result of the Gaussian smearing introduced by hand.
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Figure 2. [-distribution for signals as well as background events are shown. The distribution
clearly suggests that a negligible number of background events survives after the application of the
[-cut as mentioned in the text.

points, the Up relic density is in agreement with the value reported by the PLANCK
collaboration [2]. The dominant contribution comes from the freeze-in mechanism” Even
though the mass of the sneutrino LSP is not relevant for the collider analysis that follows, it
directly affects the relic density as is evident from equations (2.7) and (2.8). The neutrino
trilinear coupling (A4,) is also a deciding factor since it determines the decay widths that
control Qgéhz. On the one hand, large values of A, imply large QgéhQ. At the same time,
a small A, increases the lifetime of 71, thereby increasing the possibility of being strongly
constrained by the BBN. As an example, in the case of BP3, as we increase A, from -
2619 GeV to -400 GeV, the allowed value of my, increases from 39.2 GeV to 52.2 GeV,®
while the 7y lifetime increases from ~ 2 seconds to ~ 94 seconds. Therefore, in our analysis
we have fixed A, around the TeV-scale and thereby determine the allowed sneutrino mass
(mpy) in order to saturate the abundance.

4.1 The primary channel: one 7T-tagged jet

Our primary signature is comprised of events with two 71 /u tracks, two OSSF leptons
(electrons and muons), one 7-tagged jet along with f'7 and it obeys the topology in figure 1.
As the efficiency of tagging a hadronically decaying 7-lepton is below 100%, a statistically
significant number of events end up with a single 7-tagged jet. Thus, the final state having
a single T-tagged jet calls for the use of the asymmetric My variable, which exhibits all
the beneficial properties of the symmetric Mp9 variable but with the additional advantage
discussed in section 3. For the present work, we consider a 7-tagging efficiency of 70% (60%)
for the one- (three-) prong decay, as discussed in ref. [77]. The efficiency of mis-tagging a
QCD jet as a tau-tagged jet has been chosen to be ~ 1% — 2%.

"As an example, for BP3, with A, = —2619 GeV and ms, = 39.2GeV, we obtain Qgéif ~ 0.114 and
Qgg h? ~ 0.006. It might however be possible to have a larger freeze-out fraction by increasing the mass
of the decaying supersymmetric particle as in such case the freeze-in contribution (eq. (2.8)) is suppressed
relative to the freeze-out contribution (eq. (2.7)).

8For this case, the Qgéh2 and Q§§h2 change to ~ 0.112 and ~ 0.009 respectively, still keeping the
freeze-in contribution almost an order of magnitude larger than its freeze-out counterpart.
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Masses (in GeV) BP1 BP2 BP3
mg 2235 2200 2224
Mma, , M, 2004 2023 2124
My s Mép, 1922 1919 2020
mg ., ms, 2005 2025 2125
mg My 1914 1920 2020
mg, 1218 1266 1373
mg, 1764 1741 1843
my, 1705 1692 1797
my, 1740 1732 1840
Mg 802 1009 942
Mt 802 1009 913
M., M, 896 901 1011
mp,, 855 857 911
me, ,Mji, 900 905 1014
ms, 860 863 919
mso 591 810 902
Mg s Meg 491 684 813
ms 398 554 655
My, 36.5 36.5 39.2
M0 124 125 125
m A0 1696 1800 1800
tan 3 11.18 20.00 30.00
1 1590 1200 930
Qo h? 0.1127 0.1128 0.1203
Ay -2374 -2600 -2600
A, -2619 -2619 -2619
U 6.29x 1072 | 1.11x 107! | 1.38x 107!

Table 2. Benchmark points for studying the mgo > my, &, scenario.
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Masses (in GeV) BP4 BP5 BP6
mg 2190 2253 2253
ma, ,me, 1967 2322 2322
My s Mg 1885 2120 2120
mg, My 1968 2323 2323
mg. Mg 1877 2121 2121
m;, 1182 1499 1500
m;, 1730 2037 2039
mg, 1666 1822 1827
mg, 1705 2013 2017
mg 803 1017 1104
m 803 1017 1103
My, Mz, 894 1203 1204
ma,, 853 1103 1104
me, M, 897 1206 1207
ma, 859 1108 1112
mgo 497 693 946
Mg s Mep 587 757 1006
ms 421 599 831
Moy, 36.5 44.5 44.5
Mo 124 125 125
m A0 1696 1800 1800
tan 3 11.18 20.00 30.00
7 1590 1200 1200
Qs h? 0.1127 0.1127 0.1112
A -2375 -2600 -2600
A, -2619 -2619 -2619
U 6.49x 1072 | 5.58x 107! | 1.33x 107

Table 3. Benchmark points for studying the mgo < my, &, scenario.
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Cut Set N

Case 1 Case 11
Cut Set A | BP1: 73 | BP4: 45
BP2: 26 | BP5: 11
BP3: 10 | BP6: 2
Cut Set B | BP1: 79 | BP4: 48
BP2: 31 | BP5: 12
BP3: 12 | BP6: 2

Table 4. Number of signal events, surviving all the cuts, at an integrated luminosity of £ =
3000fb~! for Case I (mgo > mpy e, ) and Case I (mgo < my, e,) for the single 7-tagged jet

X X
signature.
10 6 ‘ ‘
CutA —— CutA ——
Ea cutB —— Ea cutB ——
e gt 2 5 i
o o
] S 4l
(2] (S}
o 6 I
2 2 5l
@ o
c 4t c
g 5 2
k] k]
g ?| , R /"
. N e . ‘
400 500 600 450 550 650
My, (in GeV) My, (in GeV)

Figure 3. Mrpy-distributions for BP1 (left) and BP4 (right) corresponding to myo > mp, &,

X
and mgo < My e, respectively. The vertical dashed lines show the reconstructed slepton masses

following our prescription while the arrow symbolises the actual slepton mass. The distributions
are constructed after all cuts.

The number of signal events surviving all the cuts, at an integrated luminosity £ =
3000 fb~!, are tabulated in table 4 for both the mass hierarchies. The numbers include
contributions from the process of interest, i.e., the Drell-Yan process as well as from the
unwanted cascade topology. Both sets of cuts reduce the effect of the cascade contamination
significantly. The Mrs-distributions for BP1 (case I) and BP4 (case II) are shown in figure 3
for the two sets of cuts which differ only in their upper limit for the missing transverse
momentum. One can clearly observe that cut set A lowers the number of events compared
to cut set B, thereby improving the slepton mass reconstruction, by removing high P
events which are mainly a manifestation of detector effects and longer distribution tails
owing to the off-shell slepton regime. Finally, if one defines the end point of the Mpo
distribution to be the last bin that contains at least one signal event, then the slepton
masses can be reconstructed with an accuracy of 5-10%, at an integrated luminosity of
3000 fb~!. Using this definition, the reconstructed (actual) slepton mass for BP1 and BP4
are 505 (491) GeV and 570 (587) GeV respectively. The reconstructed (actual) masses are
shown with the vertical dashed lines (arrows) in figure 3.
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Figure 4. Figure shows my, s, distributions for BP1 (mf(? > My en) o the left panel and BP4

(mf(? < My 6x) on the right panel. The distributions are constructed after all cuts.

Until now, we have focused on the number of signal events surviving all cuts. However,
with the cut applied on the speed, /3, of the two hardest muons as implemented in ref. [65],
we end up with hardly any background events. Indeed the total SM background is reduced
from ~ 21 events for £ = 3000 fb~! in the absence of the 3-cut, to < 1 upon demanding 3 <
0.98 for the two hardest muons in each event. Note that to be realistic in our background
modelling, we also take into account the possibility of QCD jets faking leptons. A flat
mis-tagging rate of 0.5% (0.1%) is considered for j — e (u).

4.2 Additional channel: two T-tagged jet

In this last segment, we focus on the signature comprising of 2 71 /u tracks, 2 OSSF leptons,
2 7-tagged jets along with Fp. This final state, however, suffers from a severe dearth of
signals events owing to the double 7-tag. We summarise the number of surviving signal
events for the two mass hierarchies, in table 5. Here, we use the collinear approximation
in order to reconstruct the 7s. This method is shown to work quite accurately for pgf >
40 GeV. Figure 4 shows the final reconstruction of the slepton masses for BP1 and BP4.
The reconstruction peaks agree with the actual masses within the percent level.

The number of background events for the double 7-tagged scenario even before the
implementation of the [ cut is more than an order of magnitude smaller than its single
T-tagged counterpart. With £ = 3000fb~!, the number of background events is < 1.
This is because, upon demanding two 7 tags from the fake backgrounds (ttZ,ZZ and
ZWHW ™) with the small fake rates mentioned above, there are hardly any events which
survive the event selection. Moreover, the real backgrounds, viz., ZZZ Zh have extremely
small cross-sections Furthermore, the pr requirement on the 7-tagged jets reduces the
backgrounds further. For consistency, we nevertheless apply the same cut on g8 as in the
previous case, moreover this cut hardly affects the signal. Even though the double-7-tagged
events are “background free”, the number of signal events is also very low. For most of the
benchmark points the number of signal events in the bin corresponding to actual slepton
mass is less than one. Hence, although the two-7-tagged channel can in principle lead to
a more accurate reconstruction of the slepton masses than the single 7-tagged mode, this
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Cut Set N

Case 1 Case 11
Cut Set A | BP1: 12 | BP4: 11
BP2: 7 | BP5: 3
BP3: 2 | BP6: 1
Cut Set B | BP1: 13 | BP4: 12
BP2: 9 | BP5: 3
BP3: 3 | BP6: 1

Table 5. Number of signal events, surviving all the cuts, at an integrated luminosity of £ =

3000fb~! for Case I (mgo > Mmpy, e, ) and Case I (mgo < myi, &) for the 2 71 /p + 2 7-tagged

jet + 2 OSSF leptons + F final state.

channel can only be useful for a future collider with much higher luminosities or higher
energies than the HL-LHC.

To conclude this section, it is of utmost importance to reiterate that the lightest neu-
tralino, xY, can be reconstructed using the procedure outlined in ref. [42] and the stau mass
can be reconstructed using the method described in ref. 3.1. Hence, with the information
on the reconstructed 7j-mass and the x9-mass and the knowledge of reconstructing the
right-handed slepton following the aforementioned procedures, one can straightforwardly
disentangle the two mass-hierarchies, viz., myo < Mpp ép and mp, e <M

X3

4.3 Detection prospects at MoEDAL

Long-lived particles can also be looked for at the new and largely passive detector
MoEDAL [78, 79]. It is composed of nuclear track detectors and is located at the Point 8 on
the LHC ring. MoEDAL is designed to detect monopoles and massive stable charged par-
ticles. Our model has a unique signature in terms of long-lived 71s which can be detected
there, if their 8 < 0.5. Although most of the 7is in the channels considered do not satisfy
this condition, see figure 2, at least one signal event is expected for all our benchmark points.
We show in table 6, the number of events with single and double 71s expected at MoEDAL
at an integrated luminosity of 3000 fb~!. For illustration, we have reported only those
events with p;l > 10 GeV and 8™ < 0.5. However, we have not taken into account, the
angular orientations of these long-lived particles and this may play a role in determining the
final numbers. Although this signature will not provide additional information on the un-
derlying SUSY spectrum, it will contribute to the validation of the long-lived stau scenario.

5 Summary and conclusions

A pMSSM scenario augmented with three families of right-chiral neutrino superfields has
been assumed in this work. With only Dirac masses for neutrinos, and corresponding SUSY
breaking scenario mass terms, we have considered several benchmark points, with a right
sneutrino as the LSP with the dominantly right-chiral 7; serving as the NLSP. Owing to
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Benchmark points N
17|27
BP1 26 6
BP2 2
BP3 3 1
BP4 15 4
BP5 4 1
BP6 1

Table 6. Number of events with 1 7; and 2 7, at an integrated luminosity of £ = 3000fb~! for

Case I (mgo > myy &, ) and Case II (mgo < myp, ¢,) detectable at MOEDAL.

the smallness of the neutrino Yukawa coupling (required by the neutrino oscillation data),
the 71s are fairly long-lived in the scale of colliders. Large pr and small 8 of these long-lived
particles make it easy to discriminate them from the SM backgrounds. We assumed two
different hierarchical structures for the masses of the weak-sector particles (! and sleptons)
in this work and have suggested a procedure for differentiating the two by reconstructing the
slepton masses. We considered two possible signatures in each case, which differ only in the
number of T-tagged jets identified in the final states. In case of the single 7-tagged jet signal,
the asymmetric Mpo variable is found out to be a good kinematic variable while in the
other case, the collinear approximation has been used to reconstruct the 7s and thereby the
sleptons. The latter method, even though cleaner, suffers from a dearth in signal statistics
and can only be used for future runs with higher luminosities and /or centre of mass energies.
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