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The strong constraints on the R-parity conserving supersymmetry (SUSY) from the LHC searches
motivate us to consider the new models in which the low-scale SUSY is still allowed. We propose a kind of
R-parity violating SUSY scenario with a nonzero U§SD$D operator. Three relevant LHC searches are
recast to test the status of this scenario in terms of four simplified models, with either light stop-Bino, stop-
Higgsino, sbottom-Bino, or sbottom-Higgsino. Some difficult scenarios for the LHC SUSY searches in
these simplified models are identified. By extrapolating the current LHC searches to the future 14 TeV LHC
with integrated luminosity of 3000 fb~!, the stop/sbottom masses in all scenarios can be probed up to

~800-1100 GeV.
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I. INTRODUCTION

As one of the most promising candidates for new
physics beyond the Standard Model (SM), supersym-
metry (SUSY) [1,2] provides an elegant solution to the
gauge hierarchy problem. In the supersymmetric SMs
(SSMs), the gauge coupling unification can be realized.
In order to forbid the renormalizable superpotential terms
that violate the baryon number (B) and lepton number
(L) and thus, induce the fast proton decays, the Z, R
parity [R = (=1)38~1)+25] is introduced, where S is the
particle spin.1 Under the R-parity symmetry, all the SM
particles are even while their superpartners are odd. Thus,
the lightest supersymmetric particle (LSP) will be stable.
Especially, the neutralino LSP serves as the very prom-
ising weakly interacting-massive-particle dark matter
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'"There will be a higher dimensional B and L violating
superpotential term W C U{DDE7/A [3,4], which respects
the R parity. Assuming a large cutoff (A) at around GUT scale,
one can satisfy the experimental bounds on the proton decay
lifetime.
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(DM) candidate, which can have the correct DM relic
density as well [5].

However, the searches for R-parity conserving
(RPC) SUSY signals at the LHC, which mainly rely on
the large missing transverse energy (MET) in the final state,
have given quite strong constraints. The gluino/squark
masses have been pushed to a couple of TeV [6,7],
challenging the naturalness problem [8,9] and the little
hierachy problem [10,11] of the SUSY theories. On the
other hand, the main goal for SUSY is to solve the
gauge hierarchy problem, so R parity is not mandatory.
The renormalizable R-parity violation (RPV) terms in the
superpotential are [12]

(1.1)

where L;, E¢, Q;, US, D¢, and H,, denote the left-handed
lepton, right-handed lepton, left-handed doublet quarks,
right-handed up-type quarks, right-handed down-type
quarks, and up-type Higgs. The A and A are antisymmetric
in the exchange of i —» j and j — k, respectively. In
Eq. (1.1), the first three terms break the lepton number
symmetry and the last term breaks the baryon number
symmetry. Note that the proton can still be stable as long as
only the lepton number or baryon number symmetry is
broken.

The RPV SUSY has been searched at the LHC in
several different channels (for recent reviews, see
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Refs. [13,14]), with special attention paid to the gluino
and top squark productions. The signature of a pure
hadronic multijet [15] in the final state has been searched
to constrain the gluino pair production if A7 .., is
nonzero. When 15 Va 0, there could be top quarks from
the gluino decay, the leptonic decay of which gives
leptons+multijet final state  [16—18]. Searches for the
same final state are also constraining the L;Q;Dj
operator. These operators will also lead to stop either
decaying into two jets or decaying into a lepton and a jet,
which has been searched in a resonant dijet pair [19] and
lepton-jet pair [20]. Finally, if the RPV couplings are
small, such that the R hadrons are stable at the scale of
the detector size, there are searches for long-lived R
hadrons [21]. From those searches, we can observe that
the bounds obtained for those operators giving leptons in
the final state are quite stringent; e.g., a gluino being
excluded up to ~2 TeV stops being excluded up to
~1 TeV. We note that such bounds may be relaxed to
some extent by extending the decay chain with extra
particles [22,23], due to the soft final states. As a result,
these scenarios will be also in tension with the natural-
ness problem, same as for the RPC case. But the bounds
with U D}Dj operator are much weaker due to the heavy
hadronic activity expected at the LHC [24-30]. There are
plenty of studies that try to improve the sensitivity for
searching the RPV scenario with a nonzero /1;.’].,{, by using

jet substructure analysis on either neutralino jet [31] or
top squark jet [32,33] and by multivariate analyses [34].

Among all possible 4}, the scenario with i =3 will
give a top quark in the final state from the on shell/off
shell neutralino decay. The leptonic mode of which will
be stringently constrained. Moreover, terms with i, j,
k =1, 2 are constrained [35] by the low energy experi-
ments such as single nucleon decay channels and
neutron-antineutron oscillation. In this paper, we will
consider the least constrained scenario, i.e., RPV domi-
nated by a nonzero /1’2’23.2 Considering the renormalization
group equation of Y = (15}, + 535 +153;)/4x, the
requirement of perturbativity of Y at the unification scale
(i.e., Y < 1) gives the only constraint on 1},5, i.e., 45,3 <
1.25 at the electroweak scale [40]. In some experimental
searches as well as phenomenological studies, the bounds
on the top/bottom squark with RPV were studied under
the assumption that they are the LSP and 100% decay
through the RPV operator [18,37,38,41-44]. However,
this is not valid in the traditional supersymmetry breaking
scenarios; e.g., the SSMs inspired by a grant unified
theory (GUT) with gravity mediation [45,46], where the

*For collider phenomenology, those subdominant couplings
are not relevant as long as they are not contributing much to the
production processes and sparticles decays. The single coupling
dominance ansatz has been adopted in many other similar
studies [16,36-39].

lightest neutralino could be the LSP, etc. Reference [36]
performed a systematic study of LHC run-I coverage of
all trilinear RPV operators in the pair production of light
stops. In particular, the bound on the stop pair production
with the subsequent decay through intermediate Bino or
Higgsino, which further decays into jets by a USD{D5
operator, are considered. And a similar process with
Bino/Higgsino decays through the U§D$D$ operator is
searched by the ATLAS Collaboration [16]. The sensi-
tivity of an upgraded LHC on those RPV operators were
studied in Ref. [39], which includes the case of 7 —
tB — (jjj) through the USDSDS operator. We will study
the top/bottom squark bounds in the cases where either
there is a Bino or Higgsino LSP. Then, the top squark
can only decay into an shell/off shell top quark and a
neutralino, which further decay through the RPV operator
UsDSDS, ie., 7°— csb.’ While the bottom squark
decay is more complicated, besides the RPC decay of
b—b7°/b—1*7*, there is also a direct RPV decay
b — ¢s. The LHC bounds on the mixture of these
branching ratios will be considered in this work.

This paper is organized as follows. In Sec. II, we
introduce four simplified SUSY models with a U§D$D5
R-parity violating operator. Their corresponding LHC
signals will be discussed. In Sec. III, the current LHC
sensitivities to those signals as well as their future prospects
are studied. Our conclusions are given in Sec. IV. We also
show the validation of our recasting of experimental
searches in Appendixes A—C.

II. THE SIMPLIFIED MODELS
AND SIGNALS

We consider the simplified RPV SUSY models with

following assumptions:

(i) 23,5 is the only nonvanishing RPV coupling.

(i) The only light colored particle is a mostly right-
handed bottom squark or top squark, while
all the others are too heavy to be produced at
the LHC.

(iii) Inspired from SUSY GUT as well as SUSY natu-
ralness, we assume there is either a bino (B) or a
Higgsino (H) that has a mass below the sbottom/
stop, acting as the LSP.

As a result, we have four versions of simplified models:
i-B,i-H,b—B,b—-H.

In the minimal SUSY framework, the tree-level

mass matrix of the neutralino sector in the basis of
(B, WO, HO. HY) is

3This case is similar to that in Refs. [36,39]. But we will
perform our analysis on the two-dimensional n; — m ;0 parameter
plane.
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M, 0
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—my cos fsin Oy,

M:

my sin f3 sin Oy,

where M| and M, are soft mass parameters for bino and
wino, p is the bilinear Higgs mass in the superpotential,
tan /3 is the ratio between the vacuum expectation values of
H, and H,, and @y is the weak mixing angle. The limit
M, < M,, u gives the bino LSP in our simplified model,
while the case with Higgsino LSP is more complicated. In
the limit y << M, M,, there will be two mass eigenstates
for neutralinos that have masses close to x. Both have a
similar amount of the H, and H,; component. Their mass
difference at the tree level is given by

2 fein?
ms (sin-0
_ gz w
M)?g M)??——<

20
. 4 cos W>’ (22)

M, M,

which is tiny in the decoupling limit u < M, M,.
Moreover, the Higgsino has another component in the
chargino sector. The chargino mass matrix can be written as

¥ ( M, \/fmzcosé’wsinﬂ) (23)
V/2m cos Oy, cos 8 U

The mass difference between the charged Higgsino and the
lighter neutral Higgsino at the tree level is thus given by

Moo — Moy = "2 [sin 2 i’y _ cos’ Oy
1 1T M, M,

sin20y,  cos%0
+ Y ="
M, M,

It can be simplified further in the large tan f limit,

(2.4)

m% (sin%0 cos?6
—Z < Y+ W). (2.5)
M, M,

To conclude, we will have two neutralinos and one
chargino for the Higgsino LSP cases. All of those three
particles have masses close to u. According to Eq. (2.5),
the mass difference between heavier Higgsinos and the
LSP is less than ~O(1) GeV at tree level when the gaugino
masses are set to be M, M, = 5 TeV.* For specification

and simplicity, we will take Myt = Mgy = My + 1 GeV

“The electroweak loop correction will induce the mass splitting
of ~200 MeV between charged and neutral Higgsino [47].

my cos ff cos Oy

—my sin ff cos By,

—mycos fsin@y,  mysinfsin Oy

mycos fcosby  —mysinfcos Oy ’ 2.1)
0 —p
—u 0

throughout this work. Note that the changing of the
mass difference within a few GeV will not affect
our results, as long as the soft leptons/jets from the
heavier state decays (77 (73) = ffi).f=7¢.v,q) are
undetectable.

The dominant SUSY signals of these simplified models
at the LHC are the sbottom/stop pair productions with their
subsequent decays. Their productions are simply through
the QCD interaction, thus with an approximatively iden-
tical cross section for stop and sbottom. In Fig. 1, we plot
the next-to-leading order cross sections of sbottom pair
production at 8, 13, and 14 TeV proton-proton collider,
which are calculated by Prospino2 [48].

The decays of stop/sbottom are more complicated. We
will discuss each of the simplified models case by case.

(i) 7 — B: The only allowed channel for the stop decay is

7 — %0, with ° = B and top quark being either
on shell or off shell depending on the mass differ-
ence between 7 and 7", as shown in the left panel
of Fig. 2.

(ii) 7— H: Since there is also a charged Higgsino lighter
than the stop, besides the channel 7 — t(*>;??.2, there
is a decay of 7 — by* with a subsequent decay
75 > W*2 shown in the right panel of Fig. 2.
When the stop is right-handed dominating, the decay
width of each channel is given by

10* .
— 8TeV

oy
2
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°
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Q
(%]
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FIG. 1. Bottom squark production cross section at 8, 13, and

14 TeV proton-proton collider.
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FIG. 2. Top squark decays channels in our simplified models.
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(2.7)
with the two-body phase space function A(x,y,z) =
x> +y*+ 72 —=2(xy +xz+yz) and Y, is the top
quark Yukawa coupling. These two channels are
comparable if they are kinematically allowed,
while the later one is dominating when the mass
difference between the stop and Higgsino is small
(mz < m; + mp).

b — B: Firstly, the sbottom can decay through the
RPC channel with a decay width

- - 1 V2e \2
0y _ 2_ 0 2
F(be—bE") = 16zm? (3 COSHW) (e = mj ~mj)
b
X A2 (m2, mp,m%), (2.8)

where Y, is the bottom Yukawa coupling. In the
mass limit mj > m; and mpo, the decay width can
be estimated as I'(b — bB") ~ 0.013 x &£ In con-
trast to the 7 — B simplified model, the sbottom can
also decay directly through the RPV operator
U5D5DS. Its decay width can be written as

P(b - 58) = 22 1l (2.9)
Thus, the decay width in Egs. (2.8) and (2.9) will be
around the same size if the 43,; ~ O(0.1).

b — H: This case is similar with the 7 — H simplified
model. The sbottom can decay either through b —
bHY, or b — tH*. Comparing to Egs. (2.6) and
(2.7), the decay widths of both channels are propor-
tional to the bottom quark Yukawa coupling instead

of the top quark Yukawa coupling, for the pure right-
handed sbottom.”

In our setup, the neutralino will decay into three-body
final states through an off shell squark (5/5/¢). We should
require that the decay be within the detector. Otherwise, the
neutralino will leave nothing inside the detector, behaving
exactly the same as in the RPC case. The RPV three body
decay width of a neutralino is [49]

5
m,

- 7
T(7) = bes) = 1024”'3’“3 4555 C2 - I(mg,myp), (2.10)

where we have assumed that all the quark masses are
negligible, the phase space integral

o[ o

and C is the coupling between the )?(1’ —q—q. For
my ~100 GeV, C~0.1, and mg>> my, |5]/mZ >
8.0 x 10™ is required in order to decay the neutralino
within 1 mm.

For the heavier neutralino %3 and the chargino ¥ in the
Higgsino LSP case, both particles are assumed to be
dominated by the RPC decay, ie., 3 = h*/Z* %} and
7F — W*7". Because of the compressed spectrum of the
Higgsino sector, the final states from the off shell bosons
(h*,Z*, W*) are too soft to be detected and only the )”((1) is
visible. As a result, each of the three Higgsinos (H*, Y ,)
performs as three jets at the detector with one of the jets
being b-tagged. In fact, if the RPV decays of j(g and y* are
important, the 79 — bcs and 3+ — tcs/ssb/cch are
open. The detector signals remain the same, except for

*We note that the decay width of left-hand sbottom
['(b, — tH*) x Y?. Because Y, > Y, even a small component
of a left-handed sbottom will lead to T'(b— tH™) >
rb— bI:I?Yz), giving more top quarks in the final state.
Considering this, we will give the sbottom a little mixing of
the left-handed part and focus on the I'(h — tH*) case. Besides,

there is a direct RPV channel b — sc, with its decay width given
in Eq. (2.9) as well.
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the ¥* — tcs channel, which produces an extra top quark
in the final state.

III. TESTING WITH LHC SEARCHES

In this work, our signal events are generated by
MG5_aMC@NLO v2.6.0 [50], where PyTHIAS8 [51],
FasTJET-3.2.1 [52], and DELPHES-3.4.0 [53] have been used
to implement parton showering, jet reconstruction, and
detector effects.

A. Analysis and results under 13 TeV data

As discussed in the previous section, our signals
include dijet resonances pair (b — cs), multijet (7 — b7~/
b — b3"), and lepton +jets ( — t7°/b — t7*). Even
though most of our specific signals have not been searched
at the LHC yet, there are some existing searches for the
similar final states which could already constrain our signal
processes. We will recast three relevant RPV SUSY
searches from ATLAS: a lepton plus high jet multiplicity
search [16], pair-produced resonances in four-jet final
states [19], and multijet final states [54]. The validations
of our recasting are provided in the Appendixes.

To derive the bounds from recasting, a variable RY =
N¢i /N4, is defined in each signal region i of each analysis
a, where N{jp is the number of our signal events in the
signal region i of analysis a obtained from our simulation
and N¢!, is the observed 95% CL model independent upper
limit provided in each experimental analysis. The maxima
R™* = max, ;{R*} is defined as the most sensitive one
from all of the searches. This means a signal point is
excluded by the current search if R™* > 1.

In Fig. 3, we plot the contours of R™ = 1.0 and R™* =
1.5 on the m;-m o plane for the 7 — B and 7 — H simplified
model. The most sensitive search on each grid is indicated
by the point color: pink, blue and grey points corresponding

1400 { — R=1.0

—— R=1.5
1200

1000

mylGeV]
o]
o
o

400

200

400 600 800 1000
miGeV]

1200 1400

FIG. 3.

to the lepton plus high jet multiplicity analysis [16], pair-
produced resonances in the four-jet final state analysis [19]
and multijet final state analysis [54], respectively.

Inthe7— B simplified model, because of the on shell/off
shell top quark in the final state which could decay
leptonically, the lepton plus jets search is the most sensitive
one for most of the time. The constraint on this model is
quite stringent, except for the regions with m; ~my or
relatively light bino. In the former region, the lepton from
the top decay is too soft. While for a too light bino, the three
jets from a RPV 7" decay will be collimated, performing as
a single jet in the detector. Thus, the jet multiplicity in the
final state is reduced.

The bounds obtained in the 7 — A simplified model are
much weaker, mainly because of the branching ratio sup-
pression for each channel; i.e., 7 — t7° with t — bW (—=¢v)
and 7 — by* produce the final states with and without a
detectable lepton. From the figure, we can see that still the
lepton plus jets search is the most sensitive one in most
regions. This means that the current searches are only
sensitive to the 7 — ¢%°, while the 7 — b%* mode which
produces an energetic b jet is overlooked.

For both the b — Band b — H simplified models, there is
a direct RPV sbottom decay b — cs. At the LHC, there is a
search [19] for a stop pair which decays into sd or bs
through a nonzero A5,, or A5,; which coincide with our
scenarios when Br(B — ¢s) = 100%. The corresponding
bounds are presented in the left panel of Fig. 4. Similar to
the stop case, the sbottom with a mass below ~425 GeV
has been excluded in this scenario.

In the b— B simplified model, besides the direct
RPV decay, an sbottom can decay into b3’ with a
subsequent RPV decay 7% — bcs. This channel is the
most difficult channel with respect to current searches: 1) It
does not produce any lepton in the final state. 2) For
mg ~ 300-400 GeV, the final state jets are typically too

1400 { — R=1.0

—— R=1.5
1200

1000

mylGeV]
@
o
o

400

200

400 600 800 1000
miGeV]

1200 1400

Left panel: bounds on the 7 — B simplified model. Right panel: bounds on the 7 — A simplified model. The green and red

contours correspond to exclusion limits with R™* = 1.0 and R™* = 1.5. The most sensitive analysis at each grid is indicated by the
point colors. Points with the colors of pink, blue, and grey correspond to the analyses in Refs. [16,19,54], respectively.
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soft to pass the jet selections in the multijet search. As we
can see from the right panel of Fig. 4, the LHC searches are
only able to exclude the corner with both the light sbottom
and neutralino. In this region, the sbottom cross section is
large and the neutralino is reconstructed as a single jet
because of its collimated decay products. So the signal here
appears to be similar as the dijet resonance b — jj. The
four-jet resonances search [19] provides the most sensitive
probing in most regions. Especially, for a very light
neutralino my ~ 25 GeV, the sbottom is excluded up to
425 GeV in this model, which is close to the limit obtained
in the Br(h — cs) = 100% scenario.

We have also performed the test on the scenario with
Br(h — ¢s) = Br(b — b}°) = 50%. Because both chan-
nels are dominantly constrained by the same search, i.e., the
dijet resonances search [19], we find the distributions of
R™# of this scenario is similar to the right panel of Fig. 4.
Note that the rate of true dijet events is reduced to 25%.

8001 —— R=1.0
700{ — R=L3
600 {
500

400 1

my[GeV]

300 4

100

300 400 500 600 700 800
mg[GeV]

Finally, for the b — H simplified model, if the direct
RPV decay of sbottom is subdominating, its final states
are similar with that of the 7 — A simplified model for a
pure right-handed sbottom and similar with that of a
7 — B simplified model when there is a small component
of a left-handed sbottom. Taking the later case as an
example, the left-handed sbottom mixing is taken to be
0.1 so that b — tA* dominates. The bounds are shown
in the left panel of Fig. 5 which is slightly weaker than
that in the left panel of Fig. 3, due to the branching
ratio suppression. The lepton plus jets search is the
most sensitive one, which excludes the region with
mg — 500 GeV < mg < mj — m,. The scenario with com-
parable branching ratios of direct RPV decay b — c¢s and
b — tH*/bH® decay will be more difficult to probe, due
to further branching ratio suppression. The corresponding
bounds with Br(h — ¢s) = 50% are shown in the right
panel of Fig 5. It shows that the current search can only

800

— R=1.0
7001 — R=15

600 H
500 1

400 A

my[GeV]

300 1

200

100

300 400 500 600 700 800
mp[GeV]

FIG. 4. Bounds on the b — B simplified model with Br(h — cs) = 100% (left) and Br(b — b}°) = 100% (right). The lines and point

styles are same with Fig. 3.

14001 —— R=1.0
—— R=1.5
1200
1000

800
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600

400

400 600 800 1000 1200 1400
m;[GeV]

1400
R=0.5
12001 —— R=1.0

10001

mi[GeV]

400 600 800 1000 1200 1400
m;[GeV]

FIG. 5. Bounds on the b — A simplified model with Br(h — c¢s) = 0% (left) and Br(b — c¢s) = 50% (right). The lines and point
styles are the same as Fig. 3. In the right panel, R™* values are always less than 1.5, so the contours of R™* = (.5 and R™* = 1.0 are

presented.
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exclude the region with mj ~[400,500] GeV and
mjy ~200 GeV.

B. Prospects with higher luminosity

From our above study, we have shown that the current
searches are not yet able to exclude most of the parameter
space, especially in the 7 — A simplified model, the b — B
simplified model, and the Br(h — cs) = 50% scenario in
the b — H simplified model. However, the R™* values on
the most of the grids in those scenarios are already around
O(0.1). Tt will be interesting to see the prospects of the
sensitivity at the higher luminosity LHC. In the following,
we will simply extrapolate the exclusion limits at the
current stage to that of the future 14 TeV LHC with an
integrated luminosity of 3000 fb~'.

The following assumptions as adopted in Ref. [55]
are made.

(i) The definitions of signal regions remained the same.
Moreover, for both signal and background events,
the selection efficiencies of each signal region are
almost kept the same from 13 TeV to 14 TeV.

(i) The statistical uncertainty of the background is
rescaled by /B, where B is the total number of
background events in the most sensitive signal
region, i.e., the one that provides R™¥*.

(iii) The systematic uncertainty of the background is
proportional to the B. According to the analyses in
Refs. [16,19,54], the systematic uncertainties in the
numbers of background events of signal regions are
always less than ~10%. In most cases, they are less
than 5%. We will take the systematic uncertainty to
be 5% in the extrapolation.’

(iv) In addition, we assume the observed total number of
events in each signal region to be the same with the
background expectation.

With these assumptions, the total number of signal
and background events in a signal region is rescaled by
a factor of

Ly _ sig(vk
Fugtokg) = 77 X 3 (3.1)
sig(bkg)
where Gig(ti)g) is the production cross section of a signal

or background process at 13 TeVor 14 TeV. £ and L, are
the integrated luminosities at 13 TeV and 14 TeV, respec-
tively. Note only the dominant background process in
each analysis is considered to estimate the scaling of the
background cross section. That is #7 + jets for the analysis

®We have tried to plot the exclusion contours for 14 TeV
prospects by taking the systematic uncertainty in each signal
region to be 20%. Because of the sizeable background uncer-
tainty, the improvements of the exclusion bounds at the future
LHC is tiny compared to those in the existing LHC analyses.

in Ref. [16] and QCD multijets for the analyses in
Refs. [19,54], respectively. In the absence of any systematic
errors, given the rescaled total number of background (V)
and signal (N,) events, the probability for observing N,
events with an expected mean number of events u =
N, + N, follows the Poisson distribution or Gaussian
distribution [56],

whe - for Nj < 100

)l

P(Np;p) = Wp=n)? (3.2)
e\/z"ﬂ;” , for N, > 100.

The effects of systematic uncertainties of the background
(6,,) and signal (o) can be accommodated by convoluting
the probability with a Gaussian function that is representing
the prior probability density of each parameter [57]. This
gives the likelihood as

E(Nb|Nstbvo-b’65)

2
éb 6%

. S0, £ O
ds, / " d5,P(Ny; ) e 7.
277"05627 =50, =50,

1 Ry

(3.3)

Having the likelihood, Bayes’s Theorem [58] can be used
to derive a posterior probability for any signal events
number S,

_ L(Ny|S.Ny.0p,)P(S)
TS LN, IS Ny.0,)P(S)dS”

P(S|NS»Nb’Gb9US) (34)

where P(S) is the prior probability of a signal event number
which is assumed to be uniform for all § > 0. The 95% CL
upper limit on the signal event number Ny, can be
evaluated by

Nimil
/ " P(S|Ny. Ny, 0y, 0,)dS =095, (3.5)
0

Finally, in each signal region i, the ratio (Ri,) between
the rescaled number of signal events N, and the Ny is
calculated. The maximal ratio R™ = max;{R/,} among
all signal regions is used to test a given model.

The extrapolated exclusion bounds for these difficult
scenarios are shown in Fig. 6.” Because of the increased
signal event number and smaller systematics that we have
assumed at 14 TeV with an integrated luminosity of

"In the 7— B simplified model and the b — H simplified
model with Br(b — c¢s) = 0%, the final state is mostly
ft+ (jjj) + (jjj)- The 14 TeV LHC with an integrate luminosity
of 3000 fb~! will be able to reach a stop/sbottom mass up to
1.5 TeV. Reference [39] studied the same channel and gave a
relatively stronger bound; i.e., m; < 1.7 TeV can be excluded.
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FIG. 6. Expected signal reaches at 14 TeV LHC with an integrated luminosity of 3000 fb~!. The exclusion limits for four cases that are
weakly constrained by the current LHC searches are given. The lines and point styles are the same as Fig. 3. In addition, the
corresponding bounds with and without the signal uncertainty of 20% are indicated by solid and dashed line, respectively.

3000 fb~!, the branching ratio suppression in the 7 — H
simplified model becomes a less severe problem. There will
be sufficient events with leptonic final states for most of the
points with m; <1 TeV. So the search for a lepton plus
high jet multiplicity excludes most of the regions, except
those with relatively degenerate spectra so that the lepton is
too soft to be detected and those a with heavy stop and light
neutralino so that jet multiplicity is low. The upper-right
panel of Fig. 6 shows the exclusion limits for the sbottom
pair production followed by the direct RPV decay b — cs.
The extrapolated dijet pair resonances search will push the
bounds on the sbottom mass to ~750-800 GeV, depending
on the signal uncelrtainty.8 In the higher mass region, where
both the number and the energies of initial state radiated

8This limit is weaker than the one obtained in Ref. [39], which
shows that the future LHC can reach the stop mass up to ~1 TeV
in this channel.

jets are increased, the multijet search becomes the most
sensitive. As has been discussed in Sec. Il A, the b — B is
the most difficult model with respect to current searches.
Moreover, including the direct RPV decay of a sbottom
does not change the current sensitivities on this model.
In the lower-left panel of Fig. 6, we present the R/
distribution in the scenario with Br(h — cs) = 0%. [We
verified that the scenario with Br(b — c¢s) = 50% gives the
similar result.] The future prospects for this model are
much more promising. The lower sbottom mass region is
constrained by the dijet resonant search, while the multijet
search provides the strongest constraint in the high sbottom
mass region. The future LHC can reach the sbottom mass
up to ~800 GeV. The search sensitivity to the b — A model
is much better in some mass regions, where the leptons in
the final state can be energetic. For our choice of sbottom
mixing, the signature of the Br(b — cs) = 0% scenario of
the b — A simplified model is similar to that of the 7 — B
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simplified model, as has been found in the recasting, i.e.,
the left panels of Figs. 3 and 5. In the lower-right panel of
Fig. 6, we present the bound for the Br(h — cs) = 50%
scenario of this model; the constraint of which is weaker
than that of the Br(l; — ¢s) = 0% scenario, simply because
of the branching ratio suppression. The lepton plus jet
search can exclude the sbottom mass in this scenario up
to ~950 GeV.

IV. CONCLUSION

In this paper, we proposed a RPV SUSY scenario that
is the least constrained by current LHC searches and
low energy experiments, in which only the U$D$5DS
operator is nonzero. Motivated by the naturalness argu-
ment, four simplified models with a relatively light stop/
sbottom are considered, ie., T— B, i— H, b— B, and
b — H models.

Those simplified models can lead to collider signatures
of multiple jets, dijet pair resonances as well as leptons plus
jets if any on shell/off shell top quarks are produced. By
recasting the relevant LHC searches onto our simplified
model, we found some difficult scenarios regarding the
current searches, where the stop/sbottom masses are barely
constrained. They are 7 — A simplified model, the b — B
simplified model, and the Br(h — cs) = 50% scenario in
the b— H simplified model. Next, we extrapolated
those existing searches to the higher energy and luminosity
LHC, i.e., the 14 TeV 3000 fb~! LHC. Under our assump-
tions in the extrapolation, the future prospects of the LHC
sensitivities to those difficult scenarios are promising.
Especially, the stop/sbottom up to 1.1 TeV can be
probed in the 7— H simplified model. In the b — B
simplified model with either Br(b — cs) = 0% or 100%,
the sbottom mass can be reached up to ~800 GeV. Note
that the signature of the b — B simplified model with
Br(h — c¢s) = 0% is featured by four b jets, and two of
them have the same origin; all current searches are not
optimized for it. We expected that an improved search,
which utilizes these special features, can be more sensitive
to this model. As for the Br(h — ¢s) = 50% scenario in the
b — H simplified model, the branching ratio suppression is
substantial, and the sbottom with mass ~600 GeV is
still safe.
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APPENDIX A: SEARCH FOR A LEPTON PLUS
MULTIJET FINAL STATE

Reference [16] searches for a final state with multijets
and a lepton at 13 TeV 36 fb~! LHC. To validate our recast,
we take the second model in the paper, i.e., pp = §g —
1#(— b3)ti(— b3).

We generate events for pp — §g§ with MG5_aMC@NLO
v2.6.0 interfaced to PYTHIAS, which is used to decay g. In this
step, the parton distribution function is provided by the
NNPDF23LO. Then we simulate the detector effects via
DELPHES-3.4.0, including pileup effects. The mass and
detector parameters are M; = 1.0 TeV, M; = 1.6 TeV,
and the b tag efficiency is 78%.

In this analysis, only the total numbers of the back-
ground and their uncertainties as well as the observed event
numbers are given (we will take the data in Table II of
Ref. [16] as an example). We can use the Eq. (3.5)
to calculate the new physics upper limit for each signal
region. The uncertainty of the signal event number
o, 1s assumed to be o, = 0.1N,. Our results are given in
Table I.

The final selection efficiencies of all signal regions for
our benchmark point have been given in the auxiliary
Table II of Ref. [16], which is referred in the row of “Exp”
in our Table II. For comparison, the corresponding effi-
ciencies from our simulation and from CheckMATE [59]
are provided in the third and fourth row of the same table,
denoted as “Sim” and “Sim2”, respectively.

TABLE I. The background and data are taken from Table II of Ref. [16]. The last row gives the 95% CL new physics upper limit.
>10jets >11jets >12jets
Background Ob >3b Ob >3b Ob >3b
264 60 £+ 6 45+1.0 12.6 £ 1.9 0.87 £0.23 25407
Data 23 61 5 16 0 4
Upper limit 12.7 24.5 7.0 13.2 3.0 7.1
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TABLE II.

The final selection efficiency of all signal regions on our benchmark point. The numbers in the row of “Exp” are given in

the auxiliary Table II of Ref. [16]. The results from our simulation are given in the row of “Sim”. We also give the corresponding values

obtained by CheckMATE in the row of “Sim2”.

6OGeV§j§f;ags 60GeV§j§f;ags 6OGeV123ji:2gs 80GeV§j§f;ags 80GeV§j§f;ags SOGeVi;‘jii’;‘gs
Exp 4.8% 2.6% 1.0% 2.9% 1.2% 0.4%
Sim 5.7% 2.8% 1.2% 3.0% 1.3% 0.37%
Sim2 3.91% 2.26% 1.16% 2.63% 1.22% 0.475%

APPENDIX B: SEARCH FOR PAIRED DIJET

Paper [19] is a RPV search for pair-produced resonances
in a four-jet final state at /s = 13 TeV, with an integrated
luminosity 36.7 fb~!. There are two kinds of UDD RPV
vertices in this analysis, one is tsd, the other is tbs. We will
validate our analysis on the latter one and set the top squark
full decays to bs. Our signal process is pp — 77 with a stop
mass of 500 GeV. Signal samples are generated using
MG5_aMC@NLO v2.6.0 interfaced to PYTHIAS, with a match-
ing scale set to 100 GeV. DELPHES-3.4.0 is used to simulate
the detector effects. The b-tag efficiency is chosen as 77%,
and the c-quark and light-quark mistagging efficiencies are
22.2% and 0.77%, respectively.

The upper limits for all signal regions are calculated by
using Eq. (3.5). The results are shown in Table III.

According to the Table I of Ref. [19], we present the
corresponding event numbers as well as cut efficiencies for
the experimental analysis (Exp), our analysis (Sim), and
CheckMATE analysis (Sim2) in Table I'V.

APPENDIX C: SEARCH FOR ENERGETIC
MULTIJET FINAL STATE

In Ref. [54], the massive supersymmetric particles in
multijet final states are searched. To validate our recast, we
consider the gluino direct decay model as adopted in this
experimental analysis.

We generate pp — §§ with MG5_aMC@NLO v2.6.0, then §
fully decays to UDD quarks in PYTHIAS, where the mass of
gis setto 1.1 TeV. The upper limit can be calculated using

TABLE IIIl. New physics upper limits for all signal regions.

m;/GeV 100 125 150 175 200 225 250 275 300 325
Niimit 199.38 462.98 704.55 524.46 774.34 353.98 443.62 357.81 216.86 202.32
m;/GeV 350 375 400 425 450 475 500 525 550 575
Niimic 22251 149.15 171.53 271.46 196.82 135.86 112.20 107.97 98.94 100.30
m;/GeV 600 625 650 675 700 725 750 775 800

Niimit 86.13 90.34 59.30 43.49 46.46 54.89 48.76 70.50 78.74

TABLE IV. The analysis cut flows in the experimental paper (Exp), from our simulation (Sim), and from CheckMATE (Sim?2).
Benchmark point with m; = 500 GeV is chosen.

Total Trigger AR o Inclusive selection b-tagged selection
Exp 18400 (100%) 11900 (64.67%) 2470 (13.42%) 253 (1.38%) 65 (0.35%)
Sim 19959 (100%) 13659 (68.44%) 2706 (13.56%) 211 (1.06%) 80 (0.40%)
Sim2 13190 (100%) 8429 (63.91%) 1764 (13.38%) 146 (1.11%) 31 (0.24%)

TABLE V. The number of background events and their uncertainties as well as the observed event numbers in signal regions are
provided in the Table 2 of Ref. [54]. In the last row, we calculate the new physics upper limit for each signal region.

Signal Region 4jSRb1 4jSR 5jSRbl 5jSR
Background 61 +10 151 £15 182 +4.2 51.4+7.7
Observed 46 122 30 64
Upper limit 26.05 46.03 29.6 43.51

036011-10



LEAST CONSTRAINED SUPERSYMMETRY WITH ...

PHYS. REV. D 99, 036011 (2019)

TABLE VI. Cut flow of the gluino direct decay model with m; = 1100 GeV in the experimental analysis (Exp) and from our
simulation (Sim).

Trigger plead > 440 GeV Nier > 4 M% > 0.8 TeV |An,| < 1.4 b tag
Exp 2401 2236(93.13%) 1159(48.27%) 63.3(2.63%) 56.6(2.36%) 43.3(1.80%)
Sim 2401 2107(87.76%) 1280(53.31%) 87.34(3.64%) 45.94(1.91%) 39.22(1.63%)

Eq. (3.5) as before. The results are given in Table V. The cut
flows of the analysis on the benchmark points have been
provided in the Table 4 of Ref. [54]. For comparison, we
present both the experimental results (Exp) and our

simulated results (Sim) in Table VI. It is not direct to
implement the jet substructure analysis in CheckMATE.
So we do not provide the corresponding results from
CheckMATE in this recast.
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