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We analyze a displaced dilepton signal expected at the LHC for a tau left sneutrino as the lightest
supersymmetric particle with a mass in the range 45-100 GeV. The sneutrinos are pair produced via a
virtual W, Z or y in the s channel and, given the large value of the tau Yukawa coupling, their decays into
two dileptons or a dilepton plus missing transverse energy from neutrinos can be significant. The
discussion is carried out in the framework of the urvSSM, where the presence of R-parity violating
couplings involving right-handed neutrinos solves the y problem and can reproduce the neutrino data. To
probe the tau left sneutrinos we compare the predictions of this scenario with the ATLAS search for long-
lived particles using displaced lepton pairs in pp collisions at /s = 8 TeV, allowing us to constrain the
parameter space of the model. We also consider an optimization of the trigger requirements used in existing
displaced-vertex searches by means of a high level trigger that exploits tracker information. This
optimization is generically useful for a light metastable particle decaying into soft charged leptons. The
constraints on the sneutrino turn out to be more stringent. We finally discuss the prospects for the 13 TeV

LHC searches as well as further potential optimizations.
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I. INTRODUCTION

Clarifying whether or not low-energy supersymmetry
(SUSY) exists in nature is one of the main goals of the
LHC. If R-parity (R,) is not conserved, the lightest
supersymmetric particle (LSP) decays into standard model
particles and displaced vertices can appear, implying that
dedicated analyses to detect SUSY are necessary. The “u
from v supersymmetric standard model (uzSSM) [1,2] is a
SUSY framework where the p problem is solved and the
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neutrino data can be reproduced [1-6]. For this mechanism
to work, the presence of trilinear couplings involving right-
handed neutrino superfields is crucial. As a consequence,
R, is explicitly broken (R,,). Given the R, in the uvSSM,
essentially all SUSY particles are potential candidates
for LSPs, and therefore dedicated analyses of the LHC
phenomenology associated to each candidate are crucial
to test SUSY. As we will discuss below, in this work we
will focus our analysis on the left sneutrino as the LSP
candidate.

The simplest superpotential of the yvSSM [1,2] is built
with one right-handed neutrino superfield 7¢:

W = e (Y, HYLVSS + v, A0S + Y, HEO" )

(1.1)

NN N 1
+ €ap (Y, HLLE DS — 20°HLHY) + gxacma

where the summation convention is implied on repeated
indexes, with a, b = 1,2 SU(2), indices and i, j, k=1,2,3
the usual family indices of the standard model. In this
equation we have neglected the conventional trilinear R,
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couplings (see e.g., the discussion in Ref. [7]). The terms in
the second line are characteristic of the uzSSM. The first
one contains the Dirac Yukawa couplings for neutrinos.
The last two, after the electroweak symmetry breaking
induced by the soft SUSY-breaking terms, generate
dynamically the y term, u = AL’;, and the Majorana mass
for the right-handed neutrino vy, m, = 2x L—Rz respectively.
With the choice of CP conservation, we have defined the
vacuum expectation value (VEV) of the right sneutrino 7,
as (Dg) = \”/—% SUSY particles do not appear in pairs in these
terms, thus they generate R, couplings harmless with
respect to proton decay. In the limit ¥, — 0, ¢ can be
identified in the superpotential as a pure singlet superfield
without lepton number, and R, 1s not broken. Thus, the
neutrino Yukawa couplings Y, are the parameters which
determine the R, in the uvSSM, and as a consequence this
violation is small.

In addition to the VEV for the D, the minimization of
the scalar potential induces VEVs for the neutral Higgses
Hy and Hj, (Hg,)=-%, and the left sneutrinos 7,

(D) = %, with v; ~Y, v,. The new couplings and sneu-

trino VEVs in the yvSSM induce new mixing of states. The
associated mass matrices were studied in detail in
Refs. [2,4,8]. Summarizing, in the case of one right-handed
neutrino superfield, there are eight neutral fermions (neu-
tralinos-neutrinos), five charged fermions (charginos-
leptons), seven charged scalars (charged Higgses-sleptons),
and six neutral scalars and five neutral pseudoscalars
(Higgses-sneutrinos). It is worth noticing here that whereas
vg ~TeV, v; £ 107 GeV because of the small contribu-
tions ¥, < 107% whose size is determined by the electro-
weak-scale seesaw of the uvSSM [1,2]. In fact, this is a
generalized seesaw since the left-handed neutrinos mix not
only with the right-handed one, but also with the neutra-
linos. Given that the mass matrix is of rank 6, only one of
the light neutrinos gets a nonvanishing tree-level contribu-
tion to its mass, whereas the other two get their masses at
one loop. The tree-level mass is given by

1 5 20;,Y, v,Y2
= g ! “ 1, 1.2
eI LRSS DI

i

with

1
McffEM|:1 K‘U% Udvu‘i_zﬂ”z) )

o2
_\/EM(KU%+lUdUu)/11)R ( v?

where v? = v2 + v2, and

[SS]

1
M

NS

- (1.4)

g/2
M,

X

Notice that we can simplify Eq. (1.2) taking into account
that the second term is proportional to v, and therefore
considering it negligible in the limit of large or even
moderate tan f = v, /v, provided that 4 is not too small.
In Eq. (1.3), the second term is also negligible in this
limit, and for typical values of the parameters involved
in the seesaw also the third one, i.e., M ~ M. Under
these assumptions, the first term in Eq. (1.2) is generated
only through the mixing of left-handed neutrinos
with gauginos, and we arrive to the approximate formula
m, =~ > 07 /4M.

A promptly decaying sneutrino as the LSP was ana-
lyzed in Ref. [8], with a decay length <0.1 mm. In this
work, we will analyze the interesting case of displaced
vertices of the order of the millimeter, when a sneutrino in
the range of masses 45-100 GeV is allowed. The lower
bound imposed not to disturb the decay width of the Z. We
will focus on the simplest case of the uvSSM with one
right-handed neutrino superfield discussed above, and
leave the case of three families where all the neutrinos
get contributions to their masses at tree level for a
forthcoming publication [9].

In the pvSSM, the mixing between left sneutrinos and
Higgses/right sneutrino is small, and this implies that the
left sneutrino dominates the LSP composition. Besides,
scalar and pseudoscalar states, which in our convention are

defined as 7; = % (0% + iit), are co-LSPs since they have

essentially degenerate masses, m;r & my = my . Their
i i ’
approximate tree-level value is

Yl/' u A’
m%f ~ 2’1} VR (—\/EAD,. —KURJF—R)’ (1.5)

v
; tan

where A, are the trilinear parameters in the soft
Lagrangian, —eabT,,l_H{jI:?LD}}, defining 7,, =A,Y, and
with the summation convention not applied in this case.
Taking all this into account, scalar and pseudoscalar
sneutrinos are dominantly pair produced via a Drell-Yan
process mediated by a virtual W, Z or y. Besides, the case of
the tau left sneutrino (¥,) LSP turns out to be particularly
interesting, because of the large value of the tau Yukawa
coupling which can give rise to significant branching
ratios (BRs) for decays to' 7z and 7.

To probe the 7, LSP, the dilepton displaced-vertex
searches are found to be most promising. We compare
the predictions of our scenario with the ATLAS search [10]
for long-lived particles using displaced lepton pairs £ in
pp collisions at /s = 8 TeV, which allows us to constrain
the parameter space of the model. Nevertheless, the existing
searches [10,11] are designed for a generic purpose and

'In what follows, the symbol # will be used for an electron or a
muon, ¢ = e, u, and charge conjugation of fermions is to be
understood where appropriate.
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FIG. 1.

Decay channels into two 7£/7, from a pair production at the LHC of scalar and pseudoscalar tau left sneutrinos

co-LSPs. Decay channels into one 7£/7 plus neutrinos are the same but substituting in (a), (b) and (c) one of the two vertices by a two-

neutrino vertex.

thus not optimized for light metastable particles such as the
D,. We therefore consider also a possibility of improving
these searches by lowering trigger thresholds, relying on a
high level trigger that utilizes tracker information. As it
turns out, this optimization is quite feasible and consid-
erably improves the sensitivity of the displaced-vertex
searches. We also consider an optimization of the
13 TeV LHC searches and show the prospects for inves-
tigating the parameter space of our scenario by searching
for the 7, at the 13 TeV LHC run. Possibilities of further
improvements for these searches will also be discussed.
The paper is organized as follows. In Sec. II, we will
introduce the phenomenology of the 7, LSP, studying its
pair production channels at the LHC, as well as the signals.
These consist of two dileptons or a dilepton plus missing
transverse energy (MET) from the sneutrino decays. On the
way, we will analyze the decay widths, BRs and decay
lengths. In Sec. III, we consider first the existing dilepton
displaced-vertex searches, and discuss its feasibility and
significance on 7, searches. Then, we study an optimization
by using a high level trigger with tracker information. We
also show our prescription for recasting the ATLAS 8-TeV
result [10] to the case of the 7,. We then show the current
reach of this search on the parameter space of our scenario
based on the ATLAS 8-TeV result [10], and the prospects
for the 13-TeV searches in Sec. IV. Our conclusions and
prospects for future work are presented in Sec. V.

II. LEFT SNEUTRINO LSP PHENOMENOLOGY
IN THE pSSM

The dominant pair production channels of sleptons at
large hadron colliders were studied in Refs. [12—-17]. In
Fig. 1, we can see the production channels at the LHC for
the case of the 7, LSP which is the one interesting for our
analysis. The direct production of Fig. 1(a) occurs via a
Z channel giving rise to a pair of scalar and pseudoscalar
left sneutrinos. As discussed in the Introduction, these
states have essentially degenerate masses and are therefore
co-LSPs. On the other hand, since the left stau is in the
same SU(2) doublet as the tau left sneutrino, it becomes the
next-to-LSP (NLSP). The mass splitting is mainly due to
the usual D-term contribution. Similar to the MSSM, one
obtains that the difference of the squared masses is given by
—m3, cos 23. Taking into account the particular values of
tan f# and the sneutrino mass (as well as the loop corrections
to sneutrino and stau masses), the typical mass difference is
of about 20-30 GeV. Thus the direct production and decay
of the left stau is another important source of the 7, LSP. In
particular, pair production can be obtained through a y or Z
decaying into two staus, as shown in Fig. 1(b), with the
latter dominantly decaying into a (scalar or pseudoscalar)
sneutrino plus an off-shell W producing a soft meson or a
pair of a charged lepton and a neutrino. Besides, sneutrinos
can be pair produced through a W decaying into a stau and
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TABLE I. Number of sneutrino pairs produced through the different channels shown in Fig. 1 at 8 and 13 TeV with integrated
luminosity of 20.3 and 300 fb~!, respectively.

8 TeV 13 TeV
m;_ (GeV) 50 60 80 100 50 60 80 100
Through Z boson 66,400 22,370 6,090 2,448 1,794,000 623,000 179,800 75,700
Through W boson 66,600 34,870 12,840 5,915 1,860,000 997,000 385,600 184,800
Through y, Z bosons 6,585 3,954 1,703 851 226,300 139,400 62,550 32,683

a (scalar or pseudoscalar) sneutrino as shown in Fig. 1(c),
with the stau decaying as before. The number of sneutrino
pairs produced through these channels at 8 and 13 TeV for
integrated luminosities of 20.3 and 300 fb~!, respectively,
are shown in Table 1.

In Fig. 1, we also show the detectable decay of the pair-
produced 7, into 7£/t. As a result of the mixing between
left sneutrinos and Higgses, the sizable decay of 7, into 7z
is possible because of the large value of the tau Yukawa
coupling. Other sizable decays into £/ can occur through
the Yukawa interaction of 7, with 7 and charged Higgsinos,
via the mixing between the latter and £ or z. To analyze
these processes we can write approximate formulas for the
partial decay widths of the scalar/pseudoscalar tau left
sneutrino. The one into 77 is given by

my H/A 2
Y, Z % =Y, — 2.1
167r< Ty z) - (20)

where Y, =Y, , and Z/4 is the matrix which diagonal-
izes the mass matrix for the scalar/pseudoscalar Higgses
(Hy, H,, Uy, D;) [2]. The latter is determined by the neutrino
Yukawas, which are the order parameters of the R,. The
contribution of 4 in the second term of Eq. (2.1) is due to
the charged Higgsino mass that can be approximated by the
value of p. The partial decay width into 7Z can then be
approximated for both sneutrino states by the second term
of Eq. (2.1) with the substitution ¥, — Y, :

[o, - 1)~

mg Y 2
I'(p ~—Yy, =) . 2.2
(D, > f) 167:(”’/1) (2.2)

On the other hand, the gauge interactions of D, with
neutrinos and Binos (Winos) can produce also a large decay
width into neutrinos, via the gauge mixing between these
gauginos and neutrinos. This partial decay width can be
approximated for scalar and pseudoscalar sneutrinos as

Zl"(y - V)

i

2.
167:2M2 Z”" (2.3)

with M a kind of average of Bino and Wino masses defined
in Eq. (1.4). The relevant diagrams for 7, searches that
include this decay mode are the same as in Fig. 1, but

substituting one of the £/t vertices by a two-neutrino
vertex.

Let us remark that other decay channels of the 7, can be
present and have been taken into account in our numerical
computation, but they turn out to be negligible for the
sneutrino masses that we are interested in this work. For
example, decay to bottoms can occur through a term similar
to the first one of Eq. (2.1) with the substitution of Y, by Y,
As we will comment below and was discussed in Ref. [8],
this term is very small. In particular, it is negligible with
respect to the second one in Eq. (2.1) which is present for
decays into leptons.

It is also worth noticing here that because the 7, in the
uvSSM has several relevant decay modes, the LEP lower
bound on the sneutrino mass of about 90 GeV [18-23]
obtained under the assumption of BR one to leptons, via
trilinear R, couplings, is not directly applicable in this case.
We have checked that no constraint on the 7, mass is
obtained from these searches in the cases studied in this
work. We have obtained similar conclusions from LEP
mono-photon search (gamma + MET) [24], and LHC
mono-photon and mono-jet (jet + MET) searches [25,26].
Concerning LEP searches for staus [18-23], in the yvSSM
the left stau does not decay directly but through an off-shell
W and a 7,. Thus, searches for its direct decay are not
relevant in this model. On the other hand, the sneutrino mass
can in principle be constrained using searches for final states
as those produced in the yvSSM. However, we have checked
that this is not the case. For example, for the final state
ruuvtuuy [see Fig. 1(b)], taking into account the value of the
production cross section at LEP for a pair of left staus, and
the BRs of W into pv and 7, into zu, no effective constraint is
obtained in our scenario. For the other possible topologies,
with W into quarks or 7, into vv, the results of the analyses
turn out to be the same, as shown in Table II. It is
straightforward to see there that our scenario is uncon-
strained, even considering the most disfavored (and unre-
alistic) values for the branching ratios, BR(D — #7) = 1 or
BR(Z — 2v) = 1.Inaddition, we are not taking into account
the possible effect of the different geometry of the decays
when comparing with the final states considered in the
searches, which are not originated in the same manner.

To analyze now the BRs into leptons, we have to focus
on the decay channels where the 7’s in the final state decay
leptonically. Let us study e.g., the BR to pup, since the ee
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TABLE IL

Possible topologies emerging from the production of a pair of tau left sneutrinos from staus. In the last two columns the

production cross section of the most constrained signal, considering the worst-case scenario, is compared with the experimental upper
limit. The values BR(W — uv) = 0.1063, BR(W — ¢¢’') = 0.6741, and BR(z — uv) = 0.1739 are used for the computation, as well as
1/4 as the maximum value of BR(Z — #7) x BR(Z — 2v). In order to simplify the notation, BR(Z — £7) means the sum of the three
BRs to ez, ur and 77, and the factors 1/3 are coming from considering the different channels.

Process Topology Signal cross section upper limit Exclusion
#7175 2(WE - %) 4f + 27 + ENisS (0.13 pb) x (0.1063)* x BR( — £7)? Fig. 14 of Ref. [22]
+2(0 = ¢1) x(1)? < 1.6 x 107* pb 1.5x 1072 pb
T o 2(WE > £5) 3¢+ 7+ Eqis (0.13 pb) x (0. 1063) x2 Fig. 18 of Ref. [22]

+(@ = 1)+ (0 — 2v) xBR(7 — £7) x 1 x (0.1739) 2x 1072 pb
xBR(D — 2v) < 4.3 x 1073 pb
#F1F 5 2(WE - £4) 27 + EMiss (0.13 pb) x (0.1063)? x BR(? — 2v)? Fig. 6 of Ref. [22]
+2(0 - ) <1.5%x1073 pb 6 x 1072 pb
71T - (W = ) 3¢ + 27 + jets + EPS (0.13 pb) x 2 x (0.1063) x (0.6741) Fig. 18 of Ref. [22]
+(W* = qq") +2(0 — ¢1) xBR(D = £7)? x (3)* <2.1 x 1073 pb 2x 1072 pb
T - (WE - ) 27 + 7 + jets + ERsS (0.13 pb) x 2 x (0.1063) x (0.6741) Fig. 12 of Ref. [22]
+HW* = qq) + (0 — ¢7) X2 x BR(# = £7) x (§) X BR(Z = 2v) 5% 1072 pb
+(o = 20) <3.1x1073 pb

17 > (W = )
+(W* = qq') +2(0 - 2v)

£+ jets + ERSS

#1F = 2(Wt = qq) 26 4 2t + jets
+2(0 - ¢7)

T = 2(WH = ¢qq') £+ 7+ jets + ERiss
+@->¢1)+ (0 - 2w)

=17 5 2(Wt - ¢q)
+2(0 - 2v)

jets + Emiss

(0.13 pb) x 2 x (0.1063) x (0.6741)
xBR(? = 2v)? < 1.9 x 1072 pb

(0.13 pb) x (0.6741)% x BR(§ — ¢1)?
x(3)? <6.6 x 107 pb

(0.13 pb) x (0.6741)% x 2 x BR(§ — ¢7)
x (%) x (0.1739) x BR(? — 2v)
<1.7% 107 pb

(0.13 pb) x (0.6741)2 x BR(7 — 20)
<6x 1072 pb

Fig. 6 of Ref. [27]
5% 1072 pb

Fig. 12 of Ref. [22]
5x 1072 pb

Fig. 12 of Ref. [22]
5x 1072 pb

Fig. 20 of Ref. [22]
5x 107! pb

channel can be discussed in a similar way, and the BR
to eu fulfills BR(D, » ep) ~BR(D, — up) + BR(D, — ee)
given that the BRs of the 7 decays into electrons or muons
(plus neutrinos) are similar ~0.17. To quantify roughly the
value BR(D, — pu), we can use the following formula:

-1
BR(7, — up) ~ 0.068 x <1 n g) L (24

with

2
ra (Yi) 2y (2.5)
) YoM
where we have neglected the first term in Eq. (2.1), which
is a sensible approximation for small sneutrino masses
around 50 GeV provided that 4 is not large, and we have
used the neutrino mass formula discussed below Eq. (1.4),
m, =~ >_,v?/4M, implying that the decay width in Eq. (2.3)
can be written as (m;_/167)2m,/M. In addition, we have
set all neutrino Yukawas with a common value Y, in order
to simplify the analysis. In what follows we will continue
with this strategy, which does not essentially modify the

results. Now, in the above equations and for typical values
of the parameters such as e.g., Y, =5x 1077, m, =
0.05 eV and M =1 TeV, one obtains r = 0.4 and there-
fore a BR(Z, = up) <0.06 for 12 Y.

In this approximation, we can also write the proper decay
distance as

Y -2 /1 2 r -1
~0.22 — — 14—
crmne <5x10-7> (Y) ( +3)

(2.6)

obtaining ¢z 2 0.2 mm for A= Y,. Thus the latter is a
necessary condition on A in order to obtain suitable
displaced vertices. In fact, as we will see in the next
sections, we will need decay lengths larger than about a
millimeter in order to be constrained by the current
experimental results.

To compute numerically the mass spectrum and decay
modes, we used a suitable modified version of the SARAH
code [28] as well as the SPheno 3.3.6 code [29,30]. As an
example, we show in Fig. 2(a) the BR for the decay of a

scalar sneutrino 7% with a mass of 60 GeV into uu, for

075004-5



INAKI LARA et al.

PHYS. REV. D 98, 075004 (2018)

107"

r 01

BR(V, —up)

. L |
200 400

. L |
600

L v b b b b by
800 1000 1200 1400 1600 1800 2000
M [GeV]

(a) Branching ratio

0.8

ct [mm]

B 0.1

L P [ [
400 600 800

1000 1200 1400 1600 1800 2000
M [GeV]
(b) Decay length

101 |

FIG. 2. (a) BR versus M for the decay of a o, with m; =
60 GeV into uu; (b) proper decay distance cz of the 7, versus M.
In both plots (a) and (b), the neutrino Yukawas are set to

Y, =5x 1077, and several values of the coupling A are used
such as 41 =0.1, 0.2, 0.4, 0.6, 0.8, and 1.

Y, =5 x 1077 (a similar figure is obtained in the case of
the pseudoscalar #7). This is plotted as a function of M for
several values of the coupling 4. Values of M smaller than
111.3 GeV are not considered since the Z, would no longer
be the LSP in favor of the gauginos. Other parameters,
whose effect on the sneutrino decay properties is less
significant, as can be understood from previous formulas,

are set to be x = 0.3, tanf = 10, and % = 1350 GeV,

throughout this work. Concerning the quantity Y7 in
Eq. (2.3), this is determined using Eq. (1.2) with the heavier
neutrino mass fixed by the experimental constraints in the
range m,, ~ [0.05,0.23] eV, i.e., below the upper bound on
the sum of neutrino masses ~0.23 eV [31], and above the
square root of the mass-squared difference Am2,,, ~ 2.42 x
1073 eV? [32]. In Fig. 2(a) we chose as an example
m, = 0.05 eV. Finally, given the sneutrino mass formula
in Eq. (1.5), there is enough freedom to tune A, in order to
get the 7, as the LSP with a mass of 60 GeV as in the case of

Fig. 2(a). We can see in the figure that small values of A and
large values of M favor larger BRs to dileptons. These
results can be easily deduced from Egs. (2.4) and (2.5).

In Fig. 2(b), we show the proper decay distance cz of the
DR for the same values of the parameters as in Fig. 2(a).
Large values of 1 and M favor larger decay lengths, as can
be understood from Egs. (2.6) and (2.5). As mentioned
before, we need decay lengths larger than about a milli-
meter, and therefore for these values of the parameters
the coupling is constrained to be 4 2 0.2. For example, for
A = 1 we can see that the upper bound on the decay length is
ct = 7 mm. However, large values of 4 also favor smaller
BRs into leptons, and therefore less stringent constraints on
the parameter space. The interplay between these effects will
be analyzed in the next sections. In addition, the values of Y,
and m;_ also play an important role in the analysis. We can
see in Eq. (2.6) that smaller values favor larger decay
lengths. For example, for m; = 60 GeV as in Fig. 2 but
Y, = 1077, we have checked that the upper bound on the
decay length is ct = 20 mm for the case of 1 = 1. For Y, =
5x 1077 as in Fig. 2 but m; = 80 GeV, the upper bound
for A = 1 turns out to be smaller as expected, cz = 4 mm.
Let us finally remark that Y, cannot be made arbitrarily
small. Because of the relation v; ~ Y, v, discussed in the
Introduction, this would imply that v; has to be also small
coming into conflict with Eq. (1.2) and the constraint
discussed above, m,~ [0.05, 0.23] eV. Thus a reasonable
range for Y, is between 107% and 1077,

III. LONG-LIVED PARTICLE SEARCHES
AT THE LHC

As discussed in the previous section, a tau left sneutrino
U, can decay into a pair of leptons with a proper lifetime of
2100 um [see Fig. 2(b)], long enough to have a visible
separation from the production point. This signal can be
compared with the searches for long-lived particles at
the LHC.

There are various long-lived particle searches at the
LHC, and each of them aims at a signature specific to a
particular kind of particles. We thus first need to discuss
which search strategy is most sensitive to 7,. Since they are
electrically neutral, we are unable to use disappearing track
searches or metastable charged particle searches to probe
them. On the other hand, as we have seen above, the decay
products of the sneutrinos include charged particles, and
therefore we may detect the longevity of the sneutrinos by
reconstructing their decay vertices, using the charged tracks
associated with the daughter particles. This type of search
strategies is dubbed as the displaced-vertex searches.

Both the ATLAS and CMS experiments have been
searching for displaced vertices. The ATLAS 8-TeV
analysis [10] searches for events containing at least one
long-lived particle decaying at a significant distance from
the production point (21 mm), looking for decays into two
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leptons or into five or more charged particles. The latter
search channel focuses on processes that produce a higher
amount of charged particles and/or missing energy, com-
pared with the decay of the Z,. We will however see below
that the dilepton search channel in the ATLAS 8-TeV
analysis is general enough as to be sensitive to the decay of
the 7. On the other hand, the current 13-TeV displaced-
vertex search performed by the ATLAS collaboration [33]
is optimized for long-lived gluinos, so it is not possible to
use it for our purpose. As for the CMS, the 8-TeV analysis
presented in Ref. [11] gives a limit comparable to the
ATLAS 8-TeV bound if the decay distance of sneutrinos is
23 cm—although this CMS search is in principle sensitive
to shorter decay distances as the selection cut requires
|dy| < 126, ~ 180 um (d, is the transverse impact param-
eter of tracks and o, is its uncertainty), their limits are
terminated at a much larger value of ct especially for soft
displaced vertices (see, e.g., Fig. 6 in Ref. [11]). Given
that the ATLAS 8-TeV analysis provides bounds for smaller
ct compared with those from the CMS study, to make the
discussions concrete, we focus on displaced-vertex
searches with the ATLAS detector in what follows.

The ATLAS displaced-vertex search in Ref. [10] is based
on the 8-TeV data with an integrated luminosity of
20.3 fb~!. Among the various search channels studied in
the analysis, the dilepton displaced-vertex selection chan-
nel, where each displaced vertex is formed from at least two
oppositely charged leptons, may be used for the long-lived
U, search. As we mentioned above, we focus on the decay
processes of 7, in which 7 leptons in the final state decay
into leptons, in order to utilize this selection channel.

In the dilepton displaced-vertex search, each event must
satisfy the muon or electron trigger requirement.” For the
muon trigger, a muon candidate is identified only in the
muon spectrometer, without utilizing the tracking informa-
tion, and required to have a transverse momentum of pt >
50 GeV and the pseudorapidity of || < 1.07. For the
electron trigger, only a high-energy deposit in the electro-
magnetic calorimeter is required, again without tracker
requirements. This has a less effective background rejection
performance compared with the muon trigger, and thus a
relatively strong criterion is imposed on the transverse
momentum of electrons: either a single electron with pt >
120 GeV or two electrons with pt > 40 GeV. The events
which have passed these triggers are then required to be
subject to the object reconstruction and filtering criteria.
Finally, with the help of the retracking procedure, a dilepton
displaced vertex is reconstructed from two oppositely
charged lepton tracks: uu~, ete™, or e*uT. Here, the
lepton tracks are required to satisfy pt > 10 GeV, 0.02 <
|n| < 2.5, and dy > 2 mm (2.5 mm) for muons (electrons).
In addition, the invariant mass of the tracks, mpy, should be

*In the ATLAS search, the missing-energy and jets triggers are
also used. These triggers are ineffective in our setup.

larger than 10 GeV. The position of the reconstructed
displaced vertices must satisfy rpy<300mm, |zpy| <

300mm, and \/(xpy—xpy)>+ (ypy—ypy)>>4mm, where
the subscripts DV and PV indicate that the corresponding
coordinates are those of the displaced vertex and the primary
vertex, respectively. The effect of the first two conditions is
almost negligible in our analysis since the decay distance of
sneutrinos is <10 mm as shown in Fig. 2(b), while the third
condition does affect our analysis, as we shall see below.

With these requirements, the ATLAS collaboration
searched for dilepton displaced vertices and found no
event, while the numbers of background events are
expected to be 1.0£0.2707 x 1073, 2.4 £0.9708 x 1073,
and 2.0 £0.573 x 1073 for the ete™, e*uT, and pu~
channels, respectively. The dominant source of the back-
ground is accidental crossings of independent lepton tracks.
As we see, this search is basically background free. With
this result, strong limits were imposed on long-lived
particles which decay into leptons.

We however cannot directly apply the limits provided by
the ATLAS collaboration (Fig. 13 of Ref. [10]) to the left
sneutrino case, since the ATLAS analysis simulates the
decay of a heavy gluino into a light and a heavy neutralino.
The former case represents a highly boosted light particle
decaying into a pair of muons, while the latter represents a
heavy nonboosted particle decaying in the same way. Yet,
the sneutrino features a light nonboosted particle. This
analysis can be extended, nevertheless, combining infor-
mation from both situations by considering the fact that the
difference in the strength of the upper limits basically
comes from the efficiency in passing the event selection
requirements (the decay products from a sufficiently heavy
neutralino are so energetic that almost all the events pass
the selection criteria),” while the position of the minimum
of the limits is determined by the boost factors of the
neutralinos. Thus, what we can do is shifting upwards the
limit corresponding to the nonboosted neutralino to make
its minimum to coincide with the one of the line corre-
sponding to the light boosted neutralino. The resultant
limit for the dimuon channel is displayed as a function of
the decay distance cz in the purple-shaded solid line in

*In the ATLAS search [10], the light neutralino events can pass
the trigger requirement since the missing-energy and jets triggers
are also used, but the vertex-level efficiency deteriorates for such
events. With keeping this in mind, we here assume that all of the
neutralino events satisfy the trigger requirements—the dilepton
trigger for the heavy case and the missing-energy/jets trigger for
the light case—and the difference in the sensitivities originates
from that in the vertex-level efficiencies. This assumption is fairly
reasonable since the leptons (jets) in the final state are very active
in the heavy (light) neutralino case.

We however note that there is also an efficiency loss for a
boosted system as the final state muons tend to be collinear with
each other, whose effect is not taken into account in this
prescription. The neglect of this effect thus results in a rather
conservative limit.
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Upper limit on number of decays

FIG. 3. Upper limit at 95% confident level on the number of tau
left sneutrinos decaying into dimuons at /s = 8 TeV for an
integrated luminosity of 20.3 fb~!, shown in the purple-shaded
solid line. We also show the limits given in Fig. 13(c) of Ref. [10],
which we use to obtain our limit: green-hatched dotted (yellow-
hatched dash-dotted) line corresponding to a light boosted
neutralino of 50 GeV (heavy nonboosted neutralino of
1000 GeV) from the decay of a heavy gluino of 1300 GeV.

Fig. 3. We also show the limits corresponding to the light
boosted and heavy nonboosted cases in the green-hatched
dotted and yellow-hatched dash-dotted lines, respectively,
which are taken from Fig. 13(c) of Ref. [10]. We analyzed
the limits for the ee and ey channels in a similar manner
using Figs. 13(a) and 13(b) in Ref. [10], respectively,
obtaining very similar plots. As seen from Fig. 3, the
ATLAS displaced-vertex search is sensitive to a decay
distance larger than about a few mm. This stems from the
requirements that the impact parameter d, of the muon
tracks be larger than 2 mm and the transverse distance
between the displaced vertices and the primary vertices be
larger than 4 mm, as we mentioned above. We will discuss a
possibility of relaxing these requirements later.

Another obstacle for the left sneutrino case is the trigger
requirement. Since left sneutrinos we consider in this paper
have a mass of <100 GeV and are less boosted, their decay
products have relatively small momenta. On the other hand,
the ATLAS 8-TeV analysis requires rather high thresholds
for lepton momenta, especially for electrons, since it aims
at generic long-lived particles such as metastable neutrinos
produced by the decays of colored particles. In particular,
the events must satisfy the following requirements [10]:

(i) One muon with pr > 50 GeV and || < 1.07, one

electron with pr > 120 GeV or two electrons with
pr > 40 GeV.

(ii) One pair ete™, utu~ or e*u™ with pr > 10 GeV

and 0.02 < || < 2.5 for each one.
To estimate the sensitivity of this search strategy, samples
of simulated Monte Carlo (MC) events are used to study the
efficiency of the triggering and off-line selection processes
for signal events. In each event two sneutrinos are created

in the pp collision as described in Sec. II. All simulated
samples are generated using MadGraph5_aMC@NLO 2.6.0 [34]
and pYTHIA 8.230 [35]. In particular, 10,000 events are
generated for each case with MadGraph5_aMC@NLO 2.6.0 at
leading order (LO) of perturbative QCD simulating the
production of the described process. We include the next-
to-leading order (NLO) [16] and next-to-leading logarith-
mic accuracy [36] results using a K-factor of about 1.2. We
also use DELPHES V3 [37] for the detector simulation. The
effect of these selections for different masses and for the
three production processes at /s = 8 TeV is shown in
Tables III and IV for the uy and pe channels, respectively.
The trigger requirement for electrons is too restrictive
and makes the selection efficiency for the dielectron
channel to be a few percent level, and thus ineffective
for light sneutrino searches. In these tables, € is the
selection efficiency for each case. Using these results and
the BRs discussed in Sec. II, we can compute the prediction
for the number of decays U, — uu/pe passing the trigger
and event selection requirements. Notice however that e
is not large.

The ATLAS 8-TeV search strategy discussed above is, of
course, not optimized for the present setup. Nevertheless, in
principle it is possible to optimize the trigger requirements
for left sneutrino searches by relaxing the thresholds, as
there are a variety of different lepton triggers with lower
momentum thresholds used in the ATLAS experiment.
For instance, for the muon trigger, the ATLAS 8-TeV
analysis uses only the muon spectrometer and requires
pr > 50 GeV, as discussed above. On the other hand, the
MU241 trigger [38], which is an isolated single muon trigger
at the event filter, also uses the information from the inner
detector and requires the transverse momentum threshold
of pr > 24 GeV.” With the help of the inner detector
information, this MU24I trigger has a good performance in a
wider range of the pseudorapidity of tracks, and thus we
can also relax the requirement on #; from || < 1.07 to
|n| < 2.5 [38]. To exploit this trigger instead of that used in
Ref. [10] can significantly enhance the sensitivity to light
sneutrinos, since the typical momentum of muons from the
sneutrino decays is a few tens of GeV. A side effect of the
reduction of the momentum threshold is, of course, an
increase of the number of background events. According to
Ref. [38], the enhancement in the number of events due to
the relaxation of the trigger requirement is expected to be

>This trigger should also satisfy a loose isolation selection, the
sum of the pr of tracks in a cone of AR < 0.2 centered around the
muon candidate after eliminating the muon transverse momentum
(P1), should be smaller than 0.12 x (pr),; this requirement is so
loose that almost all isolated muons from the Z-boson decays
pass the criterion. Since the muons coming from the sneutrino
decays are also expected to be isolated, we can expect that this
requirement scarcely affects the sneutrino event selection. For
this reason, we do not take account this effect in the following
analysis.
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TABLE III.
case, 10,000 MC events are generated.

Cutflow of the selection requirements for 7, — uu for the 8-TeV analysis, where € is the selection efficiency. For each

Through Z boson

Through W boson Through y, Z bosons

m;_(GeV) 50 60 80 100 50
Pl 2,280 4,241 6,828 8,063 2,335
Dilepton selection 1,069 2,096 3,517 4,333 1,135
€gel 0.1069 0.2096 0.3517 0.4333

0.1135 0.1881

60 80 100 50 60 80 100
3,703 3,840 7515 1,616 2233 339 4,374
1,881 3,740 3968 1,550 2,150 3,273 4,208

0.374 0.3968 0.1550 0.2150 0.3273 0.4208

TABLE IV. The same as in Table III but for 7, — pe.

Through Z boson

Through W boson Through y, Z bosons

m;, (GeV) 50 60 80 100 50 60 80 100 50 60 80 100
Pruisser 659 1347 2526 3,612 678 1,138 2,134 3,067 878 1249 2329 3287
Dilepton selection 618 1,253 2,315 3278 628 1061 1972 2803 827 1,160 2,109 2978
e 0.0618 0.1253 02315 03278 0.0628 0.1061 0.1972 02803 0.0827 0.116 02109 0.2978

~10. Since the main background in the displaced-vertex
search is accidental crossings of uncorrelated lepton tracks
[10], we can estimate the increase in the number of
background events by scaling this according to the number
of events passing the trigger. Given that the number of
background muon vertices in the ATLAS 8-TeV search is
as low as ~2 x 1073 [10], we can safely conclude that the
number of background events can still be regarded as zero
even if we relax the trigger requirement for muons. Another
restriction we need to take into account is the requirement
on the impact parameter dy, of muon tracks adopted by
MU241; |dy| < 1 em s required [39,40] for the Mu241 trigger,
which indicates that the efficiency should be reduced for
sneutrinos with ¢z 2 1 cm. Nevertheless, this again causes
a negligible effect on left sneutrino searches in the present
setup since the sneutrinos have a proper decay distance
smaller than 1 cm,® as shown in Fig. 2(b). We therefore
conclude that the use of the Mu241 trigger instead of the
present one in Ref. [10] is very powerful and promising for
the left sneutrino searches.

We may also use a lower pr threshold for the electron
trigger. However, we are unable to estimate the increase in
the number of background events in this case from, say,
Ref. [41], since the plot does not show the corresponding
trigger rate for pr > 120 GeV. Considering this, in the
following 8-TeV analysis, we only use the muon trigger
with pr > 24 GeV and consider the u"u~ and p*eT
channels to be conservative. We however note that we
can certainly optimize the electron trigger as well, which
indeed improves the sensitivity considerably and thus is
worth a further dedicated study.

After all, we use the following criteria for the optimized
8-TeV analysis:

®This is the reason why we show only a small ¢z region in
Fig. 3.

(i) At least one muon with pr > 24 GeV.
(i) One pair utu~ or e*u™ with pr > 10 GeV and
0.02 < || < 2.5 for each one.

The effect of these selections for different masses and for
the three production processes, is shown in Tables V and VI
for the yp and pe channels, respectively. We see that a
sizable number of signal events is expected to pass the
selection criteria. We can compare these results with those
of Table III. For instance, there €, ~ 0.11 is obtained for a
50-GeV sneutrino produced via a Z-boson, whereas €, ~
0.66 is obtained in Table V, with a significant improvement
in the event selection.

We also study the prospects for the 13-TeV LHC run.
Since we do not have any dedicated searches for dilepton
displaced vertices with the 13-TeV data so far, we just
assume background-free in our estimation. Again, we
consider an optimization of the trigger requirements in
the 13-TeV analysis using the existing result for the
performance of the ATLAS trigger system [42], taking
account of the trigger rate for the 8-TeV analysis. Since
the trigger rate for mu241 is <100 Hz [38], we expect a
sufficiently low background as long as the trigger rate in the
13-TeV searches does not exceed about 100 Hz. According
to Ref. [42], a pt threshold of 26 GeV [43,44] for both muon
and electron ensures the trigger rate to be <100 Hz.” These
triggers again rely on the use of the inner tracker,® and thus
are effective in the region of || < 2.5. With this observation,
we use the following criteria for the 13-TeV analysis:

(i) At least one electron or muon with pp > 26 GeV.

(i) One pair u*u~, e*e™, or e*u™ with pr > 10 GeV

and 0.02 < |n| < 2.5 for each one.

’Given a higher instantaneous luminosity (~2 x 103 cm=2s71)
compared with those considered in Ref. [42], the momentum
threshold is raised from the ones in Ref. [42] so that the trigger
rates are kept at a similar level.

¥For the tracking performance in the 13 TeV run, see Ref. [45].
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TABLE V. Cutflow of the selection requirements for 7, — uu for the optimized 8-TeV analysis, where e is the selection efficiency.

For each case, 10,000 MC events are generated.

Through Z boson

Through W boson

Through y, Z bosons

m;_ (GeV) 50 60 80 100 50 60 80 100 50 60 80 100

DPTuigger 6,687 7,775 8,682 9,144 6,520 7,343 7,359 8,846 6961 7471 8387 8916
Dilepton selection 6,637 7,707 8,589 9,027 6,409 7,198 7229 8594 6,701 7,288 8,151 8,647
€gel 0.6637 0.7707 0.8589 0.9027 0.6409 0.7198 0.7229 0.8594 0.6701 0.7288 0.8151 0.8647
TABLE VI. The same as in Table V but for 7, — pue.

Through Z boson Through W boson Through y, Z bosons

mg_ (GeV) 50 60 80 100 50 60 80 100 50 60 80 100

PTtrigger 4,014 5255 6,508 7,420 3,853 4,754 6,054 6974 6,118 6,748 7,116 8,293
Dilepton selection 3,943 5,094 6,267 7,067 3,763 4,624 5830 6,637 4917 5515 6,360 6,961

0.3943 0.5094 0.6267 0.7067

€sel

0.3763 0.4624 0.5830 0.6637 0.4917 0.5515 0.6360 0.6916

TABLE VII.
efficiency. For each case, 10,000 MC events are generated.

Cutflow of the selection requirements for o, — uu, for the optimized 13-TeV analysis, where €, is the selection

Through Z boson

Through W boson

Through y, Z bosons

m;_ (GeV) 50 60 80 100 50 60 80 100 50 60 80 100
PTuigger 5,797 7,011 8,077 8581 5,643 6,539 7,587 8281 5885 6,634 7,716 8316
Dilepton selection 5,739 6,941 7,995 8,469 5587 6411 7384 8,020 5,705 6,459 7,485 8,000
€gel 0.5739 0.6941 0.7995 0.8469 0.5587 0.6411 0.7384 0.8020 0.5705 0.6459 0.7485 0.8

TABLE VIII. The same as in Table VII but for 7, — pue.

Through Z boson Through W boson Through y, Z bosons

my_ (GeV) 50 60 80 100 50 60 80 100 50 60 80 100
DTuigger 5,344 6,386 7,458 8,149 4,929 5751 6961 7,698 6,836 5971 6912 7,698
Dilepton selection 4,312 5,203 6,138 6,718 3,901 4,652 5,647 6,226 3,089 4883 5,629 6,257
€gel 0.4312 05203 0.6138 0.6718 0.3901 0.4652 0.5647 0.6226 0.3089 0.4883 0.5629 0.6257

TABLE IX. The same as in Table VII but for 7, — ee.

Through Z boson

Through W boson

Through y, Z bosons

m;_ (GeV) 50 60 80 100 50
DTuigger 4,724 57766 6,892 7,633 4,177
Dilepton selection 1,886 2,413 3,011 3,428 1,627
€gel 0.1886 0.2413 0.3011 0.3428 0.1627

60 80 100 50 60 80 100
4943 6,046 6,750 4414 5132 6,078 6,836
1,996 2476 2,797 1,868 22200 2,739 3,089

0.1996 0.2476 0.2797 0.1868 0.2200 0.2739 0.3089

The effect of these selections for different masses and for the
three production processes at /s = 13 TeV is shown in
Tables VII-IX for the uu, pe, and ee channels, respectively.9
‘We however note that a more elaborate optimization may be
considered; e.g., we may also use the dilepton triggers,

The efficiency of the ee channel is worse than the other
channels due to the isolation requirement for electrons imple-
mented in the detector simulation with DELPHES v3 [37].

which may be more effective since we can lower the
momentum threshold for these triggers [42]. In any case,
to use a high level trigger with inner-detector information is
technically quite feasible and expected to result in a
considerable improvement in displaced-vertex searches.
We also note in passing that this possible improvement is
not only for the ATLAS analysis but also for the CMS one
[11], where again tracker information is not used in the
trigger requirement.
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Now we discuss how to obtain the limits for light
sneutrinos. The limits from the ATLAS search [10] can
be translated into a vertex-level efficiency, taking into
account the lack of observation of events for any value
of the decay length. Therefore, ¢, (c7) can be obtained as
the ratio of the number of signal events compatible with
zero observed events (which in this case is 3) and that
corresponding to the upper limits given in Ref. [10] (with
an appropriate modification described above); e.g., we can
use the purple-shaded solid line of Fig. 3 to obtain the
vertex-level efficiency €;h. (c7) for the dimuon channel. By
multiplying the number of the events passing the trigger
and event selection criteria, which is computed above, with
this vertex-level efficiency, we can estimate the total
number of signal events; for the 8-TeV case, this is given
for the pp channel by

#Dimuons = [o(pp — Z = U,0,)€%,

+o(pp = W - 0,7)e)
+olpp = 1. Z - t0)e]]
< £ [BRTR - )ehy (ec)

+BR(%7 = pp)ell(ct?)], (3.1)

where the selection efficiencies eszel, esvgl and eZéIZ are given in
Tables Il and V. The same formula can be applied for the e
channel shown in Tables IV and VI, using the corresponding
BRs, selection efficiencies, and vertex-level efficiencies
(which turn out to be similar). For the 13-TeV prospects
the selection efficiencies for the three channels can be found
in Tables VII-IX, and we use the same vertex-level
efficiency as in the 8-TeV case and assume zero back-
ground.]o As a result, if this predicted number of signal
events is above 3 the corresponding parameter point of the
model is excluded so that this is compatible with zero
number of events.

We note in passing that the optimization strategy we have
discussed in this section is generically useful for the searches
of other metastable particles which have a relatively short
lifetime and a small mass and whose decay products contain
soft leptons. We thus hope this kind of search strategies is
considered seriously in the LHC experiments.

Another possibility to improve the sensitivity is to search
for shorter displaced vertices. As can be seen from Fig. 2(b),
in some regions of parameter space, the decay distance of a
sneutrino is predicted to be <1 mm, to which the current
ATLAS search is less sensitive. However, we may even
probe such submillimeter region by relaxing the impact-

""Notice that in the 13-TeV long-lived gluino search [33] the
estimated number of background events is still much smaller than
one, ~1072, which is similar in size to that in the 8-TeV search
[10]. We therefore expect that the background in the 13-TeV
dilepton displaced-vertex search is also as low as the 8-TeV one.

parameter requirements for lepton tracks as well as the
condition on the reconstructed position of displaced verti-
ces, given the extremely low background in this search [10].
In fact, it is shown in Refs. [46,47] for metastable gluinos
that submillimeter displaced vertices can be probed using
the existing vertex-reconstruction technique, though this is
not directly applicable to the present case. Moreover, there
are several existing searches which are sensitive to the
submillimeter region [11,48-50]. In any case, to assess the
possibility of searching for shorter dilepton displaced
vertices, a dedicated study with a full consideration of the
detector performance is required; we thus do not discuss
this possibility in this paper and hand this over to
experimentalists.

IV. RESULTS

By using the method described in the previous section,
we now evaluate the current and potential limits on the
parameter space of our scenario from the displaced-vertex
searches with the 8-TeV ATLAS result [10], and discuss the
prospects for the 13-TeV searches.

The 8-TeV current limits are given in Figs. 4 and 5, with
the neutrino mass scale fixed to be 0.05 and 0.23 eV,
respectively, and all of the neutrino Yukawa couplings set
to be a common value Y,: 1077,5 x 1077, and 107® GeV in
the top, middle, and bottom panels, respectively. The
yellow, red, blue, and green lines correspond to the
sneutrino mass of 50, 60, 80, and 100 GeV, respectively,
with the bands representing the uncertainties that come
from those in Ref. [10], i.e., the £10c variations in the
expected limit in Fig. 13(c) of the aforementioned refer-
ence. Notice that for these sneutrino masses, values of M
smaller than 92.7, 111.3, 148.4, and 185.5 GeV, respec-
tively, are not interesting for our analysis since the tau left
sneutrino would no longer be the LSP in favor of the
gauginos. To obtain the reaches, we have combined the
results from the pu and ep channels. The region of the
parameter space to the right and above each line is excluded
from the displaced-vertex searches.

We can see in the top panel of Fig. 4, where Y, = 1077,
that for m; = 50 GeV the upper bound on the average
gaugino mass M [see Eq. (1.4)] is of about 500 (900) GeV
for A = 0.1 (1). As discussed in Sec. II, small values of 1
favor larger BRs, and as a consequence the gaugino mass is
more constrained. If 1 is too small, however, the limit on M
disappears since the lifetime of the left sneutrino goes into
the submillimeter regime, as can be seen from Eq. (2.6). On
the other hand, small sneutrino masses produce larger
decay lengths, and gaugino masses turn out to be also more
constrained. For example, for m; = 50 and 60 GeV the
upper bound on M for 4 = 1 is of about 700 and 1100 GeV,
respectively. In the middle panel, the larger value of the
neutrino Yukawa Y, = 5 x 1077 gives rise to smaller decay
lengths, and therefore the figures are shifted to the right
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FIG. 4. Limits on the parameter space of our scenario from the
ATLAS 8-TeV displaced-vertex search with an integrated
luminosity of 20.3 fb~! [10], combining the uu and eu
channels. The region to the right and above each colored line
is excluded. The neutrino mass scale is fixed to be
m, ~0.05 eV, and the neutrino Yukawa couplings are set to
Y, =1077, 5x 1077, and 107° in the top, middle, and bottom
panels, respectively. The yellow, red, blue, and green lines
correspond to the sneutrino mass of 50, 60, 80 and 100 GeV,
respectively, with the bands representing the uncertainties that
come from those in Fig. 13(c) of Ref. [10].

with a lower limit for A of about 0.3. The case of Y, = 107°
in the bottom panel is more extreme, and the lower limit on
A is now of about 0.7. Finally, in Fig. 5 we show the same
cases as in Fig. 4 but for the neutrino mass scale 0.23 eV. To
increase the neutrino mass produces an increase in the left
sneutrino VEVs, and therefore the ©, decay width into
neutrinos is larger. As a consequence, its BR into leptons as
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FIG. 5. The same as in Fig. 4 but with the neutrino mass scale
fixed to m, ~0.23 eV.
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FIG. 6. The same as in Fig. 4 where m, ~0.05 eV, but
considering the optimization of the trigger requirements dis-
cussed in the text.

well as its decay length are smaller giving rise to less
stringent constraints on the parameter space, as shown in
the figure. In particular, there is almost no constraint on the
parameter space shown in the bottom panel of Fig. 5.
The potential limits using the optimization of the trigger
requirements explained in the previous section, are shown
in Figs. 6 and 7. They turn out to be more stringent than the
previous ones without optimization. For example, we can
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FIG. 7. The same as in Fig. 6 but with the neutrino mass scale
fixed to m, ~0.23 eV.

see in the top panel of Fig. 6 that for m; = 50 GeV
the upper bound on M is of about 200 (500) GeV for
A=0.1 (1), to be compared with the ones of Fig. 4.
Moreover, in the case of ¥, =107 and m, ~0.23 eV
shown in the bottom panel in Fig. 7, now some limits are
imposed on light sneutrino masses, which can be compared
to the bottom panel of Fig. 5. This result indicates that the
trigger optimization discussed above can significantly
improve the sensitivity of left sneutrino searches.
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FIG. 8. The same as in Fig. 4 where m, ~0.05 eV, but
analyzing the prospects for the 13-TeV search with an integrated
luminosity of 300 fb~!, combining the uu, ey and ee channels,

and considering also the optimization of the trigger requirements
discussed in the text.

The 13 TeV prospects are illustrated in Figs. 8 and 9.
Here, we combine the uu, ey and ee channels. As we can
see, the constraints on the parameter space of our scenario
turn out to be very strong. For example, in the top panel of
Fig. 8 and for 4 = 0.1, the upper bound on M is as small as
about 100, 200, and 350 GeV for m; = 50,80, and
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FIG. 9. The same as in Fig. 8 but with the neutrino mass scale
fixed to m, ~0.23 eV.

100 GeV. Such a small M region would be probed in
other strategies like ordinary electroweak gaugino searches,
which makes it possible to cover a considerable range of the
parameter space for the left sneutrino LSP with a mass in
the range 45-100 GeV. Furthermore, now it is possible to
probe a wide range of the parameter space even for the
heavier neutrino mass case, m, ~0.23 eV, as shown in
Fig 9. All in all, we conclude that the dilepton
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displaced-vertex searches can be a powerful probe of the
uvSSM parameter space, especially if we optimize them by
making the most of the performance of the inner detectors
of the ATLAS and CMS experiments.

V. CONCLUSIONS AND DISCUSSIONS

We have analyzed the sensitivity of the displaced
dilepton searches at the LHC to a tau left sneutrino LSP
with a mass in the range 45-100 GeV in the framework of
the yvSSM. The sneutrino LSP is produced via the Z-boson
mediated Drell-Yan process or through the W- and y/Z-
mediated process accompanied with the production and
decay of the left stau NLSP. Due to the R, violating term
present in the urSSM, the left sneutrino LSP becomes
metastable and eventually decays into the standard model
leptons. Because of the large value of the tau Yukawa
coupling, a large fraction of the sneutrino LSP decays into a
pair of tau leptons or a tau lepton and a light charged lepton,
while the rest decays into a pair of neutrinos. It is found that
the decay distance of the left sneutrino tends to be as large
as 21 mm, which thus can be a good target of displaced
vertex searches. We have found that the displaced dilepton
search channel is most sensitive to the sneutrino LSP, where
at least one of the pair-produced left sneutrinos is required
to decay into 7z or zZ with the final-state tau leptons
decaying leptonically. To evaluate the prospects of this
search strategy, we recast the result of the ATLAS 8-TeV
dilepton search to obtain the potential limit on the param-
eter space of our scenario from the 8-TeV LHC data. It is
found that even the present data set potentially gives a
constraint on the left sneutrino LSP, especially when the
Yukawa couplings and mass scale of neutrinos are rather
small. We have also discussed an optimization of the trigger
requirements exploited in the ATLAS search based on a
high level trigger that utilizes the tracker information. It
turns out that this optimization can considerably improve
the sensitivity of the displaced dilepton search. Moreover,
we have estimated the potential limits obtained at the 13-
TeV LHC run and found that a wide range of the parameter
space of our scenario can be probed at the LHC run 3.

As mentioned above, we may consider further optimi-
zation for the sneutrino LSP search. Given the low back-
ground in the dilepton displaced-vertex search, we may
relax the condition on the impact parameter of lepton tracks
used for the reconstruction of displaced vertices, as well as
that on the reconstructed position of displaced vertices.
With such a relaxation, it may be possible to detect
submillimeter dilepton displaced vertices, which allows
us to probe sneutrinos with a shorter lifetime. A further
optimization for the trigger requirements is another inter-
esting option to improve the potential of this search. For

instance, we may also use the dilepton triggers, which
accommodate a lower momentum threshold. Such optimi-
zations highly rely on the detector performance and thus a
more dedicated study is required to assess their prospects.

The displaced sneutrino decay signature is useful not
only for its discovery but also for the determination of
parameters relevant to the sneutrino decay properties. For
example, measurement of the lifetime of the sneutrino LSP
through the reconstruction of displaced vertices allows us
to constrain the parameters in Eq. (2.6), such as Y, M, and
A. In addition, it is in principle possible to measure the mass
of the sneutrino LSP since it can decay into visible particles
such as 7z and 7Z; by using hadronically decaying tau
leptons, we may fully reconstruct the momenta of the final-
state leptons. Although this may be rather challenging, it is
worth investigating this possibility in the future.

In this paper, we focus on the simplest case of the
uvSSM with one right-handed neutrino superfield. Of
course, the metastable left sneutrino can also appear if
we introduce three right-handed neutrinos so that they give
masses to light neutrinos at tree level. In this case, the
sneutrino couplings should be chosen so that the neutrino
oscillation data is reproduced, which may have some
implications for the sneutrino decay properties. Another
interesting possibility is to consider a different LSP, which
can be again long-lived due to the small R, violation. In
particular, a colored LSP such as the stop LSP may be
interesting as its production cross section is quite large at
the LHC. Even in this case, we may still probe it by
searching for, e.g., multitrack displaced vertices. These
subjects will be discussed on another occasion [9].
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