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We investigate the collider signatures of neutral and charged long-lived particles (LLPs), predicted by
the supersymmetric B — L extension of the Standard Model (BLSSM), at the Large Hadron Collider
(LHC). The BLSSM is a natural extension of the minimal supersymmetric Standard Model (MSSM) that
can account for nonvanishing neutrino masses. We show that the lightest right-handed sneutrino can be the
lightest supersymmetric particle (LSP), while the next-to-the LSP (NLSP) is either the lightest left-handed
sneutrino or the left-handed stau, which are natural candidates for the LLPs. We analyze the displaced
vertex signature of the neutral LLP (the lightest left-handed sneutrino) and the charged tracks associated
with the charged LLP (the left-handed stau). We show that the production cross sections of our neutral and
charged LLPs are relatively large, namely of order O(1) fb. Thus, probing these particles at the LHC is
quite plausible. In addition, we find that the displaced dilepton associated with the lightest left-handed
sneutrino has a large impact parameter that discriminates it from other SM leptons. We also emphasize that
the charged track associated with the left-handed stau has a large momentum with slow moving charged
tracks, hence it is distinguished from the SM background, and therefore it can be accessible at the LHC.

DOI: 10.1103/PhysRevD.98.095019

I. INTRODUCTION

Searches for new physics at the Large Hadron Collider
(LHC) are largely based on probing the direct decay of the
associated new particles into SM particles; i.e., particles are
produced and decayed at the interaction point. However, an
interesting possibility of revealing new physics is to detect
the collider signatures of heavy long-lived particles (LLPs).
This type of particles has a long lifetime, hence it can travel
for a sizable distance inside the detector and decay at a
point (secondary vertex) different from its production point
(primary vertex). This signal is called displaced vertex,
which is one of the essential features of LLPs. These events
can be easily observed with almost negligible background.
A particle can have a long lifetime, and becomes an LLP if
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its couplings with all other particles in its decay channels
are extremely small or if the mass difference between this
particle and the ones in its decay is very small, so that the
phase space is almost closed. Depending on the lifetime
of the LLP, its decay may take place either in a detector
tracker, or in a calorimeters and muon system, or even
outside the detector.

Various scenarios for the SM extensions, in particularly
supersymmetric models, predict the existence of heavy
LLPs with lifetime greater than a few nanoseconds and
macroscopic decay length. In the minimal supersymmetric
Standard Model (MSSM), the lightest supersymmetric
particle (LSP) is usually the lightest neutralino and the
following particles are possible candidates for the next-to-
the LSP (NLSP), with quite close mass to the mass of the
LSP: next-to-the lightest neutralino, the lightest chargino,
the lightest stau, and the lightest stop. However, all these
particles couple to the LSP with either gauge or Yukawa
couplings, which are not very suppressed. Also their
associated mixing matrices are not extremely small, so
one can easily verify that their decay rates are not very
suppressed (larger than 107'% GeV), hence their lifetimes
are rather short (smaller than nanosecond) unless one
assumes a very fine-tuning mass degeneracy between the
LSP and the NLSP [1-3]. However, it is quite unnatural to
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have mass degeneracy between particles coming from
different sectors in the MSSM, like for instance lightest
neutralino and light stau. Therefore, it is tempting to believe
that it is quite unnatural to have an LLP in the MSSM.

The MSSM is the most natural supersymmetric extension
of the SM; however, the solid experimental evidence for
neutrino oscillations, pointing towards nonvanishing neu-
trino masses, indicates the departure from the simplest
realization of supersymmetry (SUSY), the MSSM. The
BLSSM is a simple extension of the MSSM, based on the
gauge group SU(3) - x SU(2), xU(1)y x U(1)p_;,and can
account for current experimental results of light neutrino
masses and their large mixing [4—16]. Within the BLSSM,
right-handed neutrino superfields are naturally introduced
in order to implement a type I seesaw mechanism, which
provides an elegant solution for tiny neutrino masses. Also, it
has been emphasized that the scale of B — L symmetry
breaking is related to the SUSY breaking one and both occur
in the TeV region [17,18]. Hence, several testable signals of
the BLSSM are predicted at the LHC [19,20].

In this paper we will show that in the framework of
the BLSSM, due the decoupling between left-handed and
right-handed sectors, if the LSP is emerged from the right-
handed sector and the NLSP (neutral or charged) is coming
from the left-handed sector, then the decay of NLSP to the
LSP is extremely suppressed and the NLSP becomes
naturally an LLP, even if its mass is not degenerate with
the LSP. Here, we assume LLP should have decay length
larger than 1 mm. In fact, as we will show in the next
section, sometimes the mass difference should be larger
than or equal to the mass of W (for charged NLSP) or Z (for
neutral NLSP) gauge bosons to open a channel of decay,
otherwise the NLSP becomes not only LLP, but also an
almost stable particle. In particular, we will show that a
notable feature of the BLSSM is that the lightest right-
handed sneutrino can be naturally the LSP and stable, so
that it is a viable candidate for cold dark matter [21-23]. We
will emphasize that the BLSSM has a wide range of
parameter space that allows the probing of the signature
of both the lightest left-handed sneutrino and the left-
handed stau as neutral and charged LLPs, respectively.

This paper is organized as follows. In Sec. II we discuss
the possibility of having one or more LLP in the BLSSM
model. In Sec. III we provide the basic inputs required for
searching for the neutral and charged BLSSM LLPs at the
compact muon solenoid (CMS) detector. Section IV is
dedicated to analyzing the signature of the lightest left-
handed sneutrino and the left-handed stau, which are our
neutral and charged LLPs, respectively. Finally, our con-
clusions are given in Sec. V.

II. LONG-LIVED PARTICLES IN THE BLSSM

The BLSSM is based on the gauge group SU(3). x
SU2);, xU(1)y x U(1)z_,;. This model is a natural
extension of the MSSM [17] with three right-handed

neutrino superfields (N,) to account for measurements of
light neutrino masses, two chiral SM-singlet Higgs
superfields (7, 7, with B — L charges Yp_; = —2 and
Yp_; = +2, respectively), whose vacuum expectation val-
ues (VEVs) of their scalar components, v = (y;) and
vh = (x»), spontaneously break the U(1),_,, and a vector
superfield necessary to gauge the U(1),_; (Z') acquires its
mass from the kinetic term of y,,: M%, = g3_, v, where
gp—r isthe U(1),_; gauge coupling constant and v = v/2+
v'3. Therefore, the superpotential of the BLSSM is given by

W= (Yu)ijQiﬁszf + (Yd)ijQiﬁllbq + (Ye)ijI:iHIE
+ (Yv)ijz‘il:IZN;: + (YN)ijN?Al f
+ ul Hy + 1317 (1)
The B — L charges of the above superfields, the correspond-
ing soft SUSY breaking terms, and the details of B — L
radiative symmetry breaking at the TeV scale can be found
in Ref. [17].

In this class of models, the sneutrino squared-mass
matrix, in the basis (7, U}, g, Uy), is given by [24]

M2
) )
MRR

M2 _ < M%L
(Mig)"

where

2
Mir = mp(A, — pcotfp + My)l,

1 1
M%L = (m% + sz + _M%CQ[; - 5M%CQ/}!>]12,

M2,
(Mig)i1 = (Mig)y = My 4 m3, +mp, + TZCZﬁ”
(Mgg)i2 = (Mig)y = My(Ay — ' cot i),

where ¢, =cosx, [, is 2 x 2 identity matrix, My is the
right-handed neutrino mass, which is proportional to
the B — L symmetry breaking VEV, ie., My = Yyv|~
O(1) TeV, and mp=Y,(H,)=Y ,v,, with ¥, < O(1079),
to fulfill the smallness of light neutrino masses [4—16].
The soft SUSY breaking parameters my ; and A, y are the
sneutrino, slepton scalar masses, and trilinear couplings,
respectively, which are given by universal values at the
grand unification theory (GUT) scale and are determined at
any scale by their renormalization group equations (RGEs)
by using SARAH [25-27]. Finally tan £ is defined as the
ratio between the two B —L VEVs, tanp = v|/v}, in
analogy to the MSSM VEVs (tanff = v,/v,).

It is worth noting that the mixing between left- and
right-handed sneutrinos (M3 ) is quite suppressed, as it
is proportional to Y, <(O(107°), while the mixing
between the right-handed sneutrinos and right-handed anti-
sneutrinos (M%) is quite large, since it is given in terms
of Yy ~O(1). Thus, the eigenvalues of the left-handed
sneutrino squared-mass matrix M2, are given by
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M, M2,
m2 Lz Z
LS X 2

i=1,2.3.  (3)

Therefore, depending on the values of the soft scalar
masses m- , the corresponding left-handed sneutrino 7y,

can be 11ght. However, it is important to note that ml is
constrained by the lepton flavor violation (LFV) limits
to be diagonal, which contributes to the charged slepton
masses as well [28]. Therefore, the lightest left-handed
charged slepton 7; (the left-handed stau) is almost degen-
erate with the lightest left-handed sneutrino, 7y . Due to the
dark matter constraints, both 7, and 7, cannot be the LSP.
Nevertheless, they can be the NLSP. The eigenvalues of
the right-handed sneutrino squared-mass matrix M3, are
given by [24]

2 _ 2 2
M e = M3, F Amg, (4)

where the mass eigenstates 75" and 7R° are defined as

—i

1
iRe = — (Dg + %), = — (D —10%). (5
=5t h) =T ()
The squared-mass m,%R is given by
1
m? =M} + m}2v + m3 + = M2, cos 23, (6)

2

is the mass splitting in the heavy right-handed
sneutrinos, which is given by

and Am:
R

AmZ, = MylAy — 4 ot (7)

This mass splitting and the mixing between the right-
handed sneutrino 7 and right-handed anti-sneutrino 7’y are
proportional to My, which represents the magnitude of
lepton number violation. From Eq. (4), it is clear that the
lightest g, (741, is typically the lightest sneutrino and can
be even the LSP for a wide region of parameter space [29],
hence it can be stable and a viable candidate for dark matter.
Depending on the values of M y|Ay — ' cot /7’|, the lightest
real component of right-handed sneutrino, (Z8¢),, could be
the NLSP. In this regard, the NLSP can be one of the
following particles: 7, (and %), (7%°),, or (Zi"),. However,
among this list of particles only oy, and 7; have the chance
to be LLPs, while (7%¢), or (75", cannot, as they have quite
large decay widths due to the following decay channels:
(B5), — (), + Z and (&), — (B4, + h.

In order to investigate explicitly the possibility that ;|
and 7; can be LLPs, while (2%¢), or (Z&"), cannot, we
provide here the relevant interaction terms for their dom-
inant decay channels:

1
Lin = EVL( & )1(P" = pP)'Z,(g150, + 92¢0,,) ZRlnlln

n=1

3
”Wﬂgz Z Elnlln
n=1

6
TR (P = PV 295150 ZRlnIln
n=4

+ 5T (P -

DO | =

+

N[ =

)ik Z( TisTyie = V2T 1Y v

- 47/1F13YN%/¢> Dy 31 gy, (8)

where s, =sinx, g, and g, are the U(1), and SU(2),
gauge coupling constants, respectively, 6y is the Weinberg
angle, while & is the mixing angle between the neutral
gauge bosons (Z,Z'), Ty;; = Ay;;Yy;j» and T';; and R;;(1;)
are the mixing matrices that diagonalize the CP-even Higgs
mass matrix and the CP-even (odd) sneutrino mass matrix,
respectively.

It is noticeable that the interactions in the last two terms
of Eq. (8) are proportional to the B — L parameters (gg_; or
Yy) and have no significant suppression due to the mixing
matrices, since both sneutrinos are from the right-handed
sector—while the interactions of the first two terms are
suffering from stringent suppression due to mismatch
between the mixing matrices of left- and right-handed
sneutrinos.

In Fig. 1, we display the total decay rates including
the two- and three-body decays, which have been calcu-
lated by SPHENO [30,31], of the potential BLSSM long-
lived particles: 7, (left panel) and 7, (right panel) as a
function of the mass difference myy sp — my gp, when NLSP
is either 7, or 7 and the LSP is (Z"),. Here the points
have been generated over the following ranges of the
relevant BLSSM fundamental parameters: 0.15<u<
9TeV, M,~1.8TeV, 2<tanf<10, y/'~2.3TeV, My~
1.4 TeV, 2<tanf/ <4, g, ~05 -05<5<-03,
M;~12TeV, 0.8<M,<55TeV, M;~1.2TeV, 03<
mi ~<10°TeV, 0.1<mi <I5TeV, mg ~10GeV,

11(22)
and m2 ~ 10 TeV. As can be seen from this figure,

N33y
7, and U7, can be long-lived particles only if the difference
between their masses and the LSP mass, Mgy is

approximately equal to My, and M, respectively.

III. BLSSM LONG-LIVED PARTICLE
SEARCHES AT THE CMS

As advocated in the Introduction, the main distinct
feature of LLPs is that they can travel finite distances
before they decay into SM particles. Therefore, these new
particles can be probed at the LHC by looking for their
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11(22)

33

displaced vertex signatures. Displaced vertex is defined as
the distance between the primary vertex, which originates
from the hard scattering at the interaction point, and the
secondary vertex that can be identified using the tracker
information and the energy loss [32]. In our BLSSM, the
lightest left-handed sneutrino 7y, , the neutral LLP, can be
produced at the LHC through the channel mediated by
Z']Z/y decay, while the left-handed stau (7; ), the charged
LLP, can be produced through the off-shell W boson, as
shown in Fig. 2. Then later the neutral LLP decays to
(7%), + Z, while the charged LLP decays to (Z57), + W.
We recall that both candidates of our LLPs are from the left-
handed sector, while the LSP from the right-handed sector;
therefore their decay rates are quite suppressed and their
lifetime is rather long.

The efficiency for reconstructing events of displaced
vertex depends on the region of the detector where the LLP
decays. If the lifetime of the LLP is rather short, then it
decays within the inner detector. For a larger lifetime
~O(1) meter, it can decay in the outer layers of the
detector, clectromagnetic calorimeter (ECAL), hadronic
calorimeter, or muon chamber (MuC) [33,34]. Finally, if

<15 TeV, mi, ~ 10 GeV, and mi, ~ 10 TeV.
11 22(33)

the LLP has a very long lifetime, it may decay outside the
detector boundaries. The tracker, which is the innermost
detector system of the CMS detector, has a length of 5.8 m
and a diameter of 2.5 m. It comprises a silicon pixel
detector with three barrel layers at radii between 4.4 and
10.2 cm and a silicon strip tracker with ten barrel detection
layers extending outwards to a radius of 1.1 m [35,36].
Each system is completed by endcaps, which consist of two
disks in the pixel detector and three plus nine disks in the
strip tracker on each side of the barrel, extending the
acceptance of the tracker up to a pseudorapidity of || >
2.5 [35,36]. The observation of a displaced vertex depends
on reconstructing the tracks of the charged final state
particles. As displayed in Fig. 3, one needs at least two
charged tracks to reconstruct a secondary vertex. Important
parameters for this reconstruction are as follows:

(i) The total distance from primary to secondary ver-
tices, L,,, which can be called the decay length. This
decay length is defined as the distance in xy plane
between the particle and its decay products, which is
calculated using the generator level information. The
decay length L,, is calculated by

FIG. 2. Feynman diagrams depicting the production mechanism of the LLPs (;, and 7,) at the LHC.
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Displaced tracks

Secondary vertex

FIG. 3. Schematic diagram for the LLP displaced vertex.

Ly, = \/(d.v(x) —m.v(x))? + (d.o(y) —m.o(y))?,
)

where mother (m) and daughter (d) represent the LLP
and its decay product, respectively, and v(x) and v(y)
represent the vertex coordinates in the xy plane.

(i) The impact parameter, dy = L,, sin 6, where 0 is the
angle described by the trajectory of the displaced
vertex with respect to the beam line, which is also
depicted in Fig. 3.

In order to distinguish the displaced vertices from primary
ones, the constraints |d,| > (2-4) mm and Ly, > (4-8) mm
are usually imposed. With these cuts, the SM backgrounds
become almost neglected [37-40]. The lifetime of the LLP
is defined as

(10)

10.00
5.00

1.00
0.50

) [m]

VL1

0.10
0.05 |,

cTy (

0.01

200 300 500
m- [GeV]
VL1

where T'. is the total decay width of the LLP. As
mentioned, the total decay width is proportional to the
mixing between both left- and right-handed sectors which
is highly suppressed. Therefore, the lightest left-handed
sneutrino and the left-handed stau will have large lifetimes.
Figure 4 shows the displaced distance of the neutral LLP
(left panel) and the charged LLP (right panel) versus the
mass of the corresponding LLP. It is clear that in both cases,
the neutral and charged LLPs, one can get a significant
traveled distance by the LLP before its decay within the
detector boundaries, where, in Fig. 4, the blue and red
dashed lines correspond to the dimensions of the ECAL
and the MuC, respectively. It is worth noting that we have
used combined information from the tracker, the ECAL,
and the MuC to study leptons from LLP decays.

The LLP lifetime 7 in the laboratory frame is related to
the proper lifetime 7, as

(11)

where y is the Lorentz factor, which depends on mass and
momentum of the LLP. Depending on its lifetime, the LLP
can travel a finite distance after its production at the LHC
and before its decay.

Besides the traveled distance, the probability of the long-
lived particles decaying in the detector depends on their
kinematic configuration and on the region of the detector in
which the decay may occur. This probability can be defined
in a region determined by inner and outer distances of the
detector, where the LLPs decay to their SM components, as

follows [41,42]:
ry 1 .
P = / dx — e(=),
" cT

where r; and r, are both inner and outer distances of the
detector, which depend on pseudorapidity #, and c is the

T = ¥71y,

(12)

10.00 £

5.00 |

1.00
0.50 |

0.10 ¢
0.05 f.

¢ty (77) [m]

0.01 r

150 200 300 500
mz, [GeV]

FIG. 4. Displaced distance of the LLPs: 7, (left) and 7, (right) as function of its mass, where the LSP is (7}"),. Horizontal (blue and
red) lines correspond to the upper limits on the lifetime of the LLP so that particle reaches the ECAL and the MuC. Here, we have used

the same inputs of Fig. 1.
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Probability distribution of the neutral LLP (left) and the charged LLP (right) to decay within the detector regions a and b, as

explained in the text, versus their displaced distance cz,. Here, red and blue curves denote y = 0.75 and y = 1, respectively, and solid
curves refer to region a while dashed curves refer to region b. Again, we have used the same inputs as in Fig. 1.

speed of light. Figure 5 shows probability distribution for
the decay of the neutral LLP (left panel) and the charged
LLP (right panel) in two regions (a and b): Region a, where
r; = 0.5 m and r, = 5 m, has been chosen to select LLPs
that decay in the tracker beyond where tracks can be
reconstructed and before the MuC to provide the possibility
of observing muon hits. Region b, where r; = 0.1 m and
r, = 0.5 m, has been selected to probe LLPs that decay
within the inner tracker. Also, one can see that at high cz
the probability of finding a muon pair in region a is
dominated (solid curves), while for low ¢z, the probability
for finding an electron pair in region b can exceed (dashed
curves). Thus, in our analysis, to reconstruct the LLP we
have required the existence of both electron and muon
pairs. The expected number of events for long-lived decays
after the LLP moves a distance in the detector between 7,
and r, can be obtained by

N = PLoy, , (13)
where P is the probability of finding a long-lived particle
decay and is defined in Eq. (12), £ is the LHC integrated
luminosity, and o, is the total production cross section for
the full process at the LHC.

IV. BLSSM LONG-LIVED SIGNATURES
AT THE CMS

In this section we discuss the signature of the above-
mentioned examples of neutral and charged LLPs (7;, and
7;) by using simulated events in proton-proton collisions
at \/s = 13 TeV and with integrated luminosity 100 fb~".
The matrix-element calculation and the generation of
signal events at parton level have been done using
MadGraph5 aMC@NLO [43], whereas, for parton show-
ering as well as hadronization, we have used PYTHIAS
[44]. The detector simulation has been performed using

DELPHES-v3.4.1 package [45]. Finally, the analysis
and plots have been produced using ROOT6 object ori-
entated data analysis framework [46]. Every time the CMS
proton bunches cross one another, more than one proton-
proton collision takes place; this is known as pile-up. In
order to take the pile-up effects into account, all samples
have been simulated with pile-up = 55 per vertex.

The neutral LLP, Ur,» is characterized by the Z boson
decays to displaced dilepton in the final state, while the
charged LLP, 7;, is characterized by the charged tracks
properties which are different in energy deposit in the
tracker and in the momentum from those associated with
the SM processes. The highly displaced tracks can be
reconstructed in the CMS tracker [36]. This ability allows
the study of the neutral LLP tracks, where it cannot be
probed using its tracks information itself, but it can only be
probed using its displaced tracks information formed by
the charged decay products of this LLP. At the moment, the
CMS is less sensitive to probe the LLPs with decay length
¢ty > 1 m [34], thus for the neutral LLP 7; , we consider
two cases, ¢ty = 6.5 m and ¢ty = 90 cm, with production
cross sections 7.6 fb and 4.9 fb, respectively; while for the
charged LLP 7;, we also consider two cases, ¢ty = 6.9 m
and ¢ty = 85 cm, with production cross sections 9.6 fb and
1.7 fb, respectively. This set of points has been chosen from
the random scan in Fig. 1 to analyze the LLPs decaying in
two different regions of the CMS detector, outside the
tracker (czy > 1 m) and inside the tracker (czy < 1 m).

A. Long-lived sneutrino signature at the CMS

We start with analyzing the signal of the neutral LLP, 7y, ,
which decays to Z boson and (74), as a missing transverse
energy (Er), as shown in Fig. 2 (left panel). The exper-
imental signature is a distinctive topology consisting
of a pair of charged leptons originating from a displaced
secondary vertex [47]. Due to the fact that all the SM
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Eq. (9).

particles should have a decay length L,, of order 4 mm, we
require L,, > 20 mm in order to distinguish between our
signal and the SM background. In Fig. 6, we show L,,
distribution for the neutral LLP, ;. As can be seen from
this figure, our neutral LLP can travel up to 7 m in the xy
plane of the CMS detector.

As emphasized, the SM particles could have a displaced
dilepton with much smaller d, than those of the LLP [48].
Therefore, the event selection focuses exclusively on a
displaced and isolated lepton signature, and it does not try
to identify signal events using missing energy. In this way,
we retain sensitivity to our model which can produce
leptons with displacements from 100 ym to more than
20 cm, regardless whether these leptons are accompanied
Er, or other interesting features. In Fig. 7, we show the
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FIG. 7. The angular separation in ¢ between dilepton and F.

TABLE I.  Signal cut flow for the two cases of the neutral LLP,
ctp =90 cm and c¢7y = 6.5 m, normalized to its total cross
section and the integrated luminosity.

Cuts ctp=90cm c7p=6.5m
Before cuts 4960 000 7 600 000
n(l) =2 561463 898 899
pr(p)>26GeV&pr(e)>36GeV 176 828 86971
AR(I, track) < 0.1 238 114
dy > 300 pym 223 107

angular separation in the ¢ direction between [/ and Er,
A@(ll, Er), where | = e, pu. Since the signal has two
sources of F as shown in Fig. 2 (left panel), A¢ is almost
flat distribution, and we do not apply any cut on it in our
selection. However, such a cut may play a role in separation
between our signal, and any SM process could have a £ in
a specific direction.

Moreover, in our analysis, if isolated leptons (muons
or electrons) are matched to a track within AR =

(An)? + (A¢)? < 0.1, then this lepton track is obtained,
where An and A¢ represent the angular separation between
leptons and tracks in 7 and ¢ coordinates, respectively.
In order to separate our signal from SM contamination we
apply additional cuts on leptons as follows:

(1) In the dimuon channel: two oppositely charged

muons with pzy(u) > 26 GeV.
In the dielectron channel: two charged electrons with
pr(e) > 36 GeV while charge requirement in case
of electrons is relaxed, as bremsstrahlung can result
in incorrect charge reconstruction especially of high
pr electrons [47].

After applying all these selections, the neutral LLP
signature is characterized by two isolated and displaced
leptons in the final state. These two leptons should have a
large impact parameter d, which separates them from the
leptons produced from SM processes. The number of signal
events after each cut shown in Table I. It is worth
mentioning that, with this set of cuts, our signal is back-
ground free. In Fig. 8, we show the number of events of the
signal versus the impact parameter d,, which can be larger
than 10 cm for leptons. The region with small d,), i.e., dy=~
few hundreds of micrometers is expected to be contami-
nated by the SM background [34,49], while at the region
with larger dy~ few centimeters is expected to be domi-
nated by our signal for the neutral LLP, 7y, .

(©))

B. Long-lived stau signature at the CMS

We now turn to the charged LLP, 7;, analysis. While the
displaced dilepton gives a clear signature for the neutral
LLP, the track analysis is used for the charged LLP
signature, which behaves like heavy and slow moving
muon. The velocity of the charged LLP is defined as [50]
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FIG. 8. Impact parameter distribution for the displaced electron
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respectively.
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FIG. 9. L,, for the charged LLP, 7;, which is calculated from
Eq. (9).
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where E, p are energy and momentum of the track
associated with the charged LLP and are considerably
lower than unity, which is not the case for muons. Another
characteristic feature of 7; as the charged LLP is that its
associated tracks have large momenta, which can be used to
separate them from the muons. In this study, motivated by
the analysis in Ref. [51], cuts are performed on transverse
momentum pz and f for heavy charged tracks to distin-
guish them from muons. They are as follows:

(1) As for the neutral LLP case, L,, is used to reject
some of the SM backgrounds which have
L, <4 mm. Here also, we select L,, > 20 mm
as shown in Fig. 9 which indicates a large L,
(up to 7 m) for our charged LLP.

The tracks associated with the charged LLP are
chosen with p; > 30 GeV and |n| < 2.1. This is
consistent with the relatively high track p of our 7,
as shown in Fig. 10 (left panel). As emphasized, this
is one of the characteristics of the charged LLP.
An extra cut: AR(%;,track) < 0.5 is imposed to
confirm that a specific track originated from the
charged LLP 7; not from other sources. This cut is
applied using the information from tracks and gen-
erator level variables with 7; selected with its particle
data group identifier [52].

We impose the cut f < 0.95 to distinguish our
charged LLP from muons. Small values of f§ for
7, are quite natural as shown in Fig. 10 (right panel),
where there is a significant number of events for
such small S.

After applying all of the above cuts except f < 0.95, the
remaining tracks associated with the charged LLP have a
large track p. After applying the f cut, the remaining tracks
have a small f compared with the muons. This small g
means that the ratio between the traveling velocity of the
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FIG. 10. Left: The momentum p of the track associated with the charged LLP, 7; ; Right: g distribution for the charged LLP, which is

calculated from the track information.
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TABLE 1II. Signal cut flow for the two cases of the charged
LLP: ¢ty = 85 cm and c7y = 6.9 m, normalized to its total cross
section and the integrated luminosity.

Cut cty = 85 cm Tty =69 m
Before cuts 1700 000 9600 000
L., > 20 mm 3701 20782
Track py(%;) > 30 GeV 2062 11793
AR(7y, track) < 0.5 52 745
p <095 50 717

charged LLP and the speed of light is significantly smaller
than unity, as expected. Table II shows the signal cut flow
for the two benchmark points. It is worth mentioning that,
with this set of cuts, our signal is background free. Using
those two variables, track p and S, we can discriminate the
charged LLP from other SM backgrounds which are
expected to have relatively small track p and f~ 1.

V. CONCLUSIONS

In this paper, we studied two examples of possible LLPs,
predicted by the BLSSM, namely the lightest left-handed
sneutrino, 7, and the left-handed stau, 7;, which act as
neutral and charged LLPs, respectively. A salient feature
of these NLSP particles is that they do not need to be
degenerate in mass with the LSP. Thus, a significant fine-
tuning, usually assumed in the MSSM and other LLP
scenarios, is avoided. Their long lifetimes are mainly due to
the fact that they emerged from the left-handed sector, while
the LSP of the considered model emerged from the right-
handed sector; therefore their couplings with the LSP are
extremely suppressed. The main production of these LLPs at
the LHC is through the processes pp — Z'/Z/y — ¥y, +
(78m), and pp — W — 7, + (7i),. Then, they decay into
by, = (UF"); +Z and 7, — (73"), + W. To make the life-
time of these particles not very long, so that they can decay

inside the detector, the difference between their masses and
the LSP mass should be larger than or equal to M, (for the
neutral LLP) and My, (for the charged LLP).

We have analyzed the signatures of these LLPs at the
LHC for a run with a center of mass energy /s = 13 TeV
and integrated luminosity = 100 fb~!. The impact param-
eter dy, which is the main characteristic variable for
displaced vertices analysis has been reconstructed for the
neutral LLP signal using a fast detector simulator. We have
shown that the total decay width for 7; can reach

10~'7 GeV, which enables it to have a large d;, 20 cm
or even more, hence the associated signal can be easily
identified from the SM backgrounds. Also the total decay
width of the #; can reach 10~!7 GeV, so that the analysis
for the charged LLP 7; carried out with cuts on the
associated tracks are imposed to choose high p and slow
moving charged tracks.

After combining all results, we conclude that unlike
MSSM the B — L extension of MSSM naturally provides
long-lived candidates without any fine-tuning, with clean
signatures that can be reachable at the next run of the LHC.
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