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ABSTRACT: We study the monojet and dijet channels at the LHC as a tool for searching for
squarks and gluinos. We consider two separate R-parity conserving supersymmetric scenar-
ios. In the first scenario we postulate a large mass hierarchy between squarks (§) and winos
(W), and wino-like neutralino is assumed to be the lightest supersymmetric particle (LSP).
The associated squark-wino production, pp — QW, then leads to a monojet-like signature,
where the high pr jet is originated from the squark decay, § — q—l—W. We demonstrate that
this associated production, as well as the pp — WW + jets production, have a significant
impact on the exclusion limit in the squark-neutralino mass plane. The second scenario
postulates that the lighter of the squark and gluino is only a few GeV heavier than the LSP
neutralino. The associated squark-gluino production, pp — g, then leads to a distinctive
monojet signature, where the high pr jet is produced from the decay of the heavier coloured
particle into the lighter one (¢ — g+ for mg > mg and g — g+ for mg > mg). The lighter
coloured particle is effectively regarded as an invisible particle since the decay products are
soft due to the approximate mass degeneracy. We recast existing monojet and dijet analyses
and find a non-trivial exclusion limit in the squark-gluino mass plane in this scenario.
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1 Introduction

Observed evidence of dark matter in the Universe strongly indicates the existence of a
stable and neutral particle, x, beyond the Standard Model (SM) particle content. In a
scenario where the stability of the dark matter is guaranteed by a Z symmetry, e.g. R-
parity in supersymmetry (SUSY) [1-3], high energy hadron colliders may produce the dark
matter particles in pairs, associated with a few high pp jets originated from initial state
QCD radiation (ISR); pp — xx + ISR. A particularly useful channel to detect such events
is called monojet [4], which is defined as a type of event selection that requires no isolated
lepton, a small number of high pr jets (usually up to four)! and a large missing transverse
momentum, pR, recoiling against the high pr jets.? After imposing a tight cut on the
EXss and pr of the jets, the background is dominated by pp — Z + ISR, followed by
7 — vv, which amounts to 60 — 80% of the total SM background depending on the cuts.
The second largest background, pp — W + ISR, followed by W+ — 7+ (v), takes up
~ 10% of the total [5, 6]. In a similar spirit, the ATLAS multijet search [10] contains a
subset of signal regions where the number of final state jets is constrained to 2-3, however
with an additional requirement that both leading jets are very hard, i.e. pr > 250 GeV.
Recently ATLAS [5] and CMS [6] have analysed Run-2 data in monojet channels. In
addition to the conventional direct dark matter production scenarios mentioned above,
ATLAS interpreted data for the squark pair production associated with hard QCD radia-
tion, pp — G4 + ISR, postulating the mass of the lightest, bino-like neutralino ¥\, which
is assumed to be the lightest supersymmetric particle (LSP) and stable, is only a few tens
of GeV smaller than the squark mass. In this case, squark may be treated as an invisible
particle, since its decay, § — qf((f, is soft and the squark passes its momentum almost

'Despite the name, “monojet” channels typically allow more than one jet as in [5, 6], though historically
a lower jet multiplicity was imposed [7-9] with variable veto threshold on additional jest.

2We adopt a notation used by ATLAS; p'ss = (pi'>® pii*¥) denotes the two-component missing
transverse momentum and E'* = |piiss|.



entirely to the neutralino. The only high pr visible objects in the event are ISR, and a
large EWsS is generated to balance the ISR. Such events dominantly contribute to the
monojet channel. Observing no excess in the signal region, ATLAS has placed a limit on
the squark mass mg 2 800 GeV, depending on the mass difference mg — mgo ~ O(10) GeV.
This example demonstrates that the monojet channel may be a powerful tool to look for
coloured particles in the compressed mass region.

A common feature of the above two signal processes
(i) pp = xx +ISR
(ii) pp — ¢+ ISR

is that the high pr jets (and large EX) have their origin in QCD radiation. This is
challenging from the analysis point of view, since QCD radiation has a monotonically
falling spectrum and the signal acceptance becomes low once tight pr cuts are imposed
on the jets. Furthermore, in the background process, pp — Z(W¥) + ISR, the jets are
also originated from QCD radiation. Thus, their kinematical distributions are similar,
which leads to a poor signal-background separation. Nevertheless, monojet channels are
commonly used as a powerful tool to constrain this type of signal processes.

In this study, we point out that the mono- and di-jet channels are also sensitive to the
following processes:

(1) pp— Gy, followed by §—gq+¥ - (afew TeV 2 mg> my )
; o > mg > my = ‘
(1) pp — G4, followed by {47119 (a few TeV 2 mg > mg = (1 + e)my)
G q+q o (afew TeV 2 mg>mg=(1+e)myg)

with 0 < e < 1. Other than hard QCD radiation, the final states of (I) and (II) have
a single high pr quark-jet (denoted by q) from the decay of a coloured SUSY particle.?
Unlike ISR in the aforementioned processes (i) and (ii), the g-jet has the energy scale
characterised by the mass differences between the squark and electroweakino in (I), and
the squark and gluino in (IT). Kinematical distributions of g¢-jet are therefore different
from those of ISR in the SM background, which may help to discriminate the signal from
background in the analysis. We recast existing mono- and di-jet searches and show in
section 2 that the process (I) has a large impact on sparticle mass limits in the squark-
electroweakino simplified model, when included together with the ordinary pair production
processes, pp — GG, xx. Similarly, in section 3 we study the effect of the process (II) in
the gluino-squark-bino simplified model. Including the process (II) together with the pair
production processes, pp — G4, §g, we derive the sparticle mass limit in the (mg, mg) plane.

Regarding the process (II), we emphasise that the associated production pp — §¢x
has a larger cross section than for the squark pair production, pp — g, in the heavy-
squark light-neutralino region (e.g. mg 2 800 GeV and my, < 200 GeV for wino-like LSPs,

3Since neutralinos are colour-singlet, SU(3)c gauge interaction does not allow § — gxJ at tree level.
This decay mode is generated at 1-loop level but the branching ratio is negligible compared to § — ¢q.
Therfore, we do not consider this decay mode.



mg 2 2TeV and mz < 100 GeV for bino-like LSPs). This is because producing two heavy-
squarks becomes energetically too expensive so that the single squark production pp — ¢x
takes over, despite being partially induced by electroweak gauge interactions. We also
note that the current squark mass limit is already pushed to ~ 1.8 TeV in a hierarchical
mass region and the limit is derived by considering only the squark pair production. One
therefore expects the associated production may have a large impact on the squark mass
limit. We investigate this issue in this paper.

The rest of the paper is organised as follows. In the next section, we study the as-
sociated ¢-x production process (I). We compare the cross sections of the associated pro-
duction pp — ¢x and the pair production pp — GG and demonstrate that the former may
have larger cross section when my < mg. After comparing the kinematical distributions of
these processes, we recast the relevant ATLAS analyses employing mono- and di-jet event
selections [5, 10] assuming wino-like LSPs. We show the exclusion limit in the squark-wino
mass plane extends significantly when the squark-wino associated production is included
in the signal sample.

In section 3 we study the monojet-like signature in the scenario where both squrks and
gluino are light enough to be produced at the LHC but the lighter one is mass-degenerate
with the bino-like LSP neutralino. Such a mass spectrum is motivated by the gluino-bino
and squark-bino coannihilation scenarios [11-14]. We compare kinematical distributions
of process (II), pp — g, with those of the pair productions, pp — GG (+ISR) and pp —
gg (+ISR). We estimate the current exclusion limit in the squark-gluino mass plane by
recasting the relevant ATLAS analyses [5, 10] assuming that the bino-like neutralino is
almost mass degenerate with the lighter coloured SUSY particle. Section 4 is devoted to
the conclusions.

2 DMonojet from squark-wino productions

If low energy supersymmetry is realised in nature, high energy hadron-hadron colliders
should be able to produce squarks, depending on the squark mass and the collider energy.
Usually, results of squark searches are interpreted in the squark-neutralino simplified model
with decoupled gluino and the exclusion limits are presented in the (mg, m)zfl)) plane [10, 15].
So far, ATLAS and CMS have included only the squark pair production,

pp — 44", (2.1)

in their analyses and the associated squark-electroweakino production,

PP — 4X (2.2)

has been omitted. Indeed, the former is a pure QCD process (o0 o a2) and has much
larger cross section than the latter (o o< asoy) for mg ~ my. We note, however, that the
electroweak process of eq. (2.2) is only negligible when the ys are higgsino-like. In case of
winos (and binos to some extent), the contribution cannot be neglected, as we shall argue
in this sectione following.



The cross section of the production (2.1) decreases quickly as the squark mass increases,
since two squarks are produced. This means for a hierarchical mass spectrum, mg > my,
the latter process may become more important than the former. The current squark mass
limit with Run-2 data has already been pushed to ~ 1.8 TeV for my < 300 GeV [10, 15]. It
is therefore urgent to study the effect of the squark-electrowino associated production (2.2)
in the squark searches.

2.1 The production cross sections

We assume a large mass gap between the squark, ¢, and the electroweakino, y, keeping the
squark mass still within the LHC reach, i.e. (a few TeV) > mgz > my. Gluinos are taken
to be decoupled so that the produced squarks subsequently decay into a quark and an
electroweakino, § — ¢ + x. In this case, the final state is given by the two electroweakinos
and a single high-pr jet originated from the squark decay, depicted in figure 1. If x is stable
and invisible in the detector, the process contributes to the monojet and dijet channels. The
situation is trivially realised by identifying ¥ to be a bino-like LSP, but it can be effectively
realised also for the wino- and higgsino-like LSP scenarios. In the latter cases, X should be
identified as a triplet (Y7, ¥9) = (W*, W?) or a pair of doublets (Y7, X12) :(ﬁf/d, flg/d) of
the SU(2), for the wino- and higgsino-like LSP scenarios, respectively. Thus from the decay
point of view the three assumptions are equivalent and experimentally indistinguishable.
The particles within the same multiplet are almost mass degenerate and the decays of
the heavier to the lighter one within the multiplet do not leave decay products above the
kinematical threshold. An example is a decay of the charged wino into the neutral wino,
)Zf — 5((1) + Xooft, the decay product, Xgof, are very soft and not to be reconstructed as a
signal candidate. Since heavier particles in the multiplet eventually decay into the neutral
LSP, %Y, the multiplet as a whole can effectively be treated as a missing particle.*

As is evident from the diagram in figure 1, the amplitude of the g¢ — §x process is
proportional to the SU(3)¢ gauge coupling and the Yukawa coupling of ¢-x-¢ interaction.
If ¥ is higgsino-like, this Yukawa coupling is proportional to the mass of the quark in the
initial state, which makes the cross section too small for the process to be observed. For
bino- and wino-like ¥, the Yukawa coupling is given by the corresponding gauge couplings,
gy and gy, respectively. The cross section is the largest when Y is wino-like since gy > gy
and the multiple final states, chi and (IWO, contribute. In the wino-like LSP scenario,
the charged wino may be long-lived, ¢+ ~ O(1) cm, if Mgt — Mgy < 150 MeV. In this
case, the model is constrained by the searches looking for disappearing tracks [16]. In this
paper, we do not consider such an exotic signature and assume that the chargino lifetime

. X
The winos up to 160 GeV are however constrained [17] by the jet+ER' search [10]. The
effect is taken into account also in this study.

is short enough to evade the disappearing track constraint, that is Myt — Mgo 2 400 MeV.

41f the charged wino is heavily boosted, its decay products, either leptons or mesons, might eventually
get enough transverse momentum and become identified in the detector. In such a case, the event may be
rejected by a lepton veto or a cut demanding large separation between the missing transverse momentum and
subleading jets. We have checked, however, that for small mass differences, Am = my+ — my0 < 1GeV,
the exclusion limit is insensitive to Am.



Figure 1. A diagram for squark-electroweakino productions.
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Figure 2. The cross sections for various production channels as a function of the produced squark
mass.

Figure 2 displays the cross sections for various production channels as a function of the
produced squark mass. We include squark-bino associated production here for experimental
comparison since models with bino are typically used by collaborations to present exclusion
limits. For the associated squark-bino and squark-wino production modes, Resummino
3.1.1 [18, 19] is used to calculate the NLO cross sections, fixing the wino (bino) mass
at 200 (100) GeV. For the squark pair productions, the plot shows the NNLO+NNLL
cross sections calculated by the SUSY cross section Working Group [20-27] assuming
decoupled gluino.

The three dashed lines in figure 2 represent the cross sections, ZZ]-V:fl olpp = Gq}),
where the final state includes Ny = 8 (orange), 4 (green) and 2 (blue) squark flavours. The
cross section does not depend on the squark-types included in the sum since the production
mechanism is dominated by the s-channel gluon exchange and the gluon-gluon fusion in
the § decoupling limit.

The squark-bino cross sections, >, o(pp — qié), for the 1-generation, (@, d)L/R [Ny =
4], and 2-generation, (4, d, ¢, §)y, /R [Ny = 8], scenarios are represented by the solid-magenta
and dotted-dashed-grey curves, respectively. The two curves are almost on top of each other
because adding the second generation only mildly increases the production rate since the



parton distribution functions (PDFs) for the second generation quarks (e, s) are much
smaller than those for the first generation (u, d). Comparing them with the squark pair
productions, we observe that for mg 2 2 TeV, the squark-bino cross section surpasses the
squark-squark one for the 1-generation [N; = 4] scenario, and mg 2 2.4TeV for the 2-
generation [Ny = 8| scenario.

Unlike the squark-bino production, only the left-type squarks, §r, contribute to the
squark-wino associated production. We therefore show in figure 2 o(pp — (ij) with
qr1 = (@,d);, and o(pp — (ILW) with g, = (@,d,¢ 3);, by the solid-red and dotted-
dashed-black lines, respectively. Similarly to the squark-bino case, the two lines are almost
overlapped since the squark-wino cross section for the second generation is small compared
to that for the first generation. The solid-red line, i.e. o(pp — quvNV), may be compared

with the squark pair production with Ny = 2 if all squarks other than (u, d)r, are decoupled,
or Ny = 4 if both left- and right-type first generation squarks, (%, d)p, /R, Temain light. In
the former (latter) case, the squark-wino cross section becomes larger than squark-squark
cross section for mg 2 500 (600) GeV. Similarly, the dotted-black line, i.e. o(pp — QLW),
should be confronted with the Ny = 4 (8) squark-squark cross section for the case where
only left-type squarks (all first and second generation squarks) are light. We see that
o(pp — QLW) surpasses the squark-squark cross section at mg; ~ 600 (800) GeV for Ny =4
(8). Since the current squark mass limit is around 1.3, 1.6 and 1.8 TeV for Ny = 2, 4 and 8,
respectively, for the bino-like LSP scenario with mg > mgo, this implies that the inclusion
of the squark-wino associated production is important when calculating the squark mass
limit on the wino-like LSP scenario.

In the rest of this section, we focus on the wino-like LSP scenario and consider the
following cases:

Light squarks
2-flavour iy, JL
4-flavour ﬂL,dL,éL,gL
8-flavour ﬂL,JL,éL,gL,ﬂR,JR,éR,gR

In each case, squarks other than listed as “light” are very heavy and decouple.

In figure 3 we show the cross section ratio o(pp — QLW)/U(pp — GqG*) for the 8-
and 2-flavour scenarios in the left and right panels, respectively. We see that the relative
importance of the associated production is significant for larger mg and smaller my,. For
the 8-flavour case, the cross section of the associated production is already 2 times larger
than that of the squark pair production at (mg, my;) = (1000,250) GeV. For the 1.5 TeV
squarks, o(pp — G W)/o(pp — G3*) ~ 6 (2) for mg, = 200 (800) GeV. For the 2-flavour
scenario, the effect is more enhanced. At mg = 1TeV, o(pp — QLW)/J(pp —qq*) ~17(2)
for mgz, = 200 (800) GeV, and for mg = 1.5TeV the ratio is 25 (7) for mg, = 200 (800)
GeV, respectively.

Within our squark-electroweakino scenario, there is yet another production mode
that contributes to the mono- and di-jet channels, pp — Xxx + ISR. For the bino-like
LSP, the production is induced by the ¢-channel squark exchange diagram and the cross
section is negligible when the current squark mass limit is taken into account. The
cross section is much larger for the wino- or higgsino-like LSP scenarios, since they are
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Figure 3. The cross section ratio between pp — QLW and pp — @q¢* processes. The left and right
plots correspond to the 8- and 2-flavour scenarios, respectively.
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Figure 4. Relative production rates o(pp — f/[v/(j,;) /o(total) [blue-solid] and o(pp — WW +
ISR)/o(total) [red-dashed] with o(total) = o(pp — Grdr, WaL, WW + ISR). The cross section of
the last process is measured after imposing a cut pr(j15%) > 200 GeV on the hardest parton in the
event generation. The left and right plots correspond to the 8- and 2-flavour scenarios, respectively.

produced through Drell-Yan processes and multiple final states contribute. For exam-
ple, for the wino-like LSP case, three processes: ¥¥ = WHW~=, WOW* and WOW—,
contribute to this channel. Figure 4 displays contours of the relative production rates
o(pp — W) /o(total) [blue-solid] and o(pp — WW + ISR)/o(total) [red-dashed] with
o(total) = o(pp — 4rqr, Wi, WW + ISR). The last process can contribute to the mono-
and di-jet signal regions only when the ISR jet is hard enough. We therefore impose a cut
pr(515%) > 200 GeV on the hardest parton in the event generation and estimate the cross
section after this cut. We see that the pp — WW +ISR process dominates (2 80 %) in the
heavy-squark and light-wino region (e.g. mg 2 1.5 TeV and my, < 300 GeV). On the other
hand, around (mg, mﬁ/) = (1400, 600) GeV, the squark-wino associated production is still
the dominant channel and it takes up more than 55 and 75 % of the total cross section in

the 8- and 2-flavour squark scenarios, respectively.



an energetic jet + E%ﬁss

jets + EXiss (139fb~1)

jets + Emiss (139fb~1)

(139fb~1) MB-C-2 MB-SSd-2
e, , T,y veto e, u veto e, i veto
E%liss > 200 E:,Hw‘iss > 300 ErTniSS > 300

P > 150, || < 2.4

P > 600, |n1| < 2.8

Pt > 250, it <2

pE >50, /2] <2.8

g > 250, |n’2| <2

N;(pr > 30,[n] <2.8)

Nj(pr >50,|n| <2.8) <3

Nj(pr >50,|n] <2.8) <3

<4
Ad(jet, p) > 0.4 (0.6)

Ag(jet, pF=) > 0.4

Ag(jet, ™) > 0.8

E{Fniss binned

(Emiss |\ /Hrp, meg) binned

(Emiss |\/Hr, meg) binned

Table 1. Event selection criteria in “an energetic jet + ER5” (left) and the MB-C-2 (middle) and
MB-SSd-2 (right) signal regions in “jets + ER5” analyses [5, 10], respectively. In the left table the
threshold of A¢ cut is raised to 0.6 if EF'5 < 250GeV. The unit of energy and momentum is GeV.

2.2 Limit on the (mg, my) mass plane

To reveal the impact of the (]'W and WW + ISR productions on the squark searches
at the LHC, we recast “an energetic jet + EF5” [5] and “jets + EF5” [10] analyses of
ATLAS, based on the (y/s = 13TeV, L = 139fb~!) data.
gets several physics cases, including the dark matter direct production associated with

The former analysis tar-

ISR jets, pp — XpuXon + ISR, and the compressed squark-neutralino scenario with
(mg — mg)/mg < 1. The latter analysis are designed to look for gluinos and squarks
in supersymmetric models and multiple signal regions are defined and used to cover a
broad range of production and decay processes as well as mass assumptions. Among them
we find two signal regions particularly relevant to our scenario; MB-C-2 and MB-SSd-2.
The MB-C-2 (multi-bin compressed) signal region targets the compressed squark scenario
as in “an energetic jet + EM55” analysis. The MB-SSd-2 (multi-bin squark-squark direct
2-jets) signal region is designed to capture the signal from pp — ¢g*, followed by ¢ — ¢x.

The event selection criteria of these three signal regions are summarised in table 1.
There are commonalities among them. In all signal regions, events with isolated leptons
are vetoed. Large EWS (> 200 or 300 GeV) and a couple of high pr jets are required.
Those high pr jets must have a large angular separation, A¢, in the transverse plane from

the direction of missing momentum, p7'

. The “an energetic jet + ER” analysis and
the MB-C-2 signal region in the “jets + EJI{“SS” analysis are monojet-type and require one
particularly energetic jet compared to the other jets. MB-SSd-2 is, on the other hand, dijet-
type since it demands two very energetic jets. All three signal regions limit the number
of jets: the “an energetic jet + ER” analysis allows up to four jets with pr > 30 GeV
and |n| < 2.8, while MB-C-2 and MB-SSd-2 accept only up to three jets with pr > 50 GeV
and |n| < 2.8. In the “an energetic jet + EMXS” analysis, after imposing the conditions
listed in table 1, E%liss /GeV is sliced into the bins with upper and lower thresholds [200,
250, 300, 350, 400, 500, 600, 700, 800, 900, 1000, 1100, 1200, oc] and data is analysed
exclusively and inclusively with these bins. In the “jets + EX55” analysis the signal events

are analysed with the 2-dimensional bins: Es /\/Hr = [16,22, 0] GeVY/2 and meg/TeV =
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Figure 5. The meg (left) and EFs/\/Hr (right) distributions in the MB-SSd-2 signal region in
the 2-flavour (top) and 8-flavour (bottom) scenarios.

[1.6,2.2,2.8, 00] for the MB-C-2 signal region, and EXs/\/Hr = [10, 16, 22, 26, 00] GeV'/2
and meg/TeV = [1.0,1.6,2.2,2.8,3.4, 4.0, 00] for the MB-SSd-2 signal region, where Hp is
defined as the scalar sum of transverse momenta of all jets with pr > 50 GeV and |n| < 2.8
and meg = Hp + E:,H}iss.

The current best exclusion limit in the squark-neutralino mass plane is obtained by
interpreting the results in these three signal regions for the pp — G§* — (¢x)(gX) process,
assuming the neutralino is bino-like and ignoring the pp — ¢x and pp — x¥x+ISR channels.
Our goal is to estimate the impact of the pp — Q’W and pp — WW +1SR processes on the
mass limit in the squark-wino scenario. In our simulation, we find the sensitivity of the
MB-C-2 and MB-SSd-2 signal regions in the “jets + E” analysis are always higher than
that of the “an energetic jet + EX¥” analysis. In what follows, we therefore concentrate
on the former analysis.

In figure 5 we show the meg (left) and EWsS/\/Hp (right) distributions from the
Standard Model (black), pp — ¢¢* (blue), pp — aw (orange), and pp — WW +ISR (green)
production channels in the 2-flavour (top) and 8-flavour (bottom) scenarios. The squark
and wino masses are fixed at 1500 and 250 GeV, respectively. The distributions are obtained
after imposing the event selection in the MB-SSd-2 signal region except for the requirement



on E{pniss /VHr and meg. The histograms for the Standard Model background are taken
from ref. [10]. The distributions of SUSY processes are obtained by the following simulation
pipe-line: signal events are generated at parton-level using MadGraph5_aMC@NLO 3.1.0[28]
with up to two additional partons in the final state and with the NNPDF23LO [29, 30]
PDF set. The event samples are passed to Pythia-8.244 [31] to simulate decays of SUSY
particles, the parton shower and hadronisation. Jet matching and merging to parton-
shower calculations is accomplished by the MLM algorithm [32]. The detector simulation
and jet clustering [33, 34] are performed with Delphes 3 [35] within CheckMATE 2 [36-38].

We see from all plots in figure 5 that there is a tendency that the q~f/IV/ and WW + ISR
production modes dominate at lower values of meg and E{Fiss /v/Hr. On the other hand,
at higher values the contribution from the WW + ISR mode is suppressed, while the §g¢*
mode becomes important especially for the 8-flavour case. In the meg distributions, the
GgW and §§* modes dominate in the meg > 3 (2.5) TeV region for the 2 (8) flavour case.
The distributions have peaks at ~ 2.5TeV for §¢* and ~ 1.5TeV for ch channels, while
peaks are not visible for the WW +1ISR channel. In the EXiss [ /Hr distributions, all three
signal sub-processes are comparable in the EWS/\/Hrp > 30 region.

In the left panels of figure 6 we show the observed (solid curve) and expected (dashed
curve) 95% CL exclusion contours on the (mg, mg;) plane obtained using CheckMATE with
the data corresponding to the full Run-2 (139 fb~!) integrated luminosity. In the calculation
we have included the ATLAS “an energetic jet + EX” analysis [5] as well as all cut-and-
count based signal regions defined in the ATLAS “jets + ER” analysis [10]. We find,
however, the strongest constraint comes from the MB-SSd-2 and MB-C-2 signal regions
across the plane. In order to maximise the sensitivity, we performed multi-binned analysis
within the MB-SSd-2 and MB-C-2 signal regions using the HistFitter-2.0 package [39].
For each orthogonal bin defined in the signal region «, we use the following four quantities:
(1) the number of SM background and (2) the number of observed events are taken from
the ATLAS paper [10], while (3) the number of signal events and (4) the corresponding
uncertainty are estimated using the simulation pipeline mentioned above.

The profile likelihood is constructed using these quantities (4x[the number of bins))
combining the bins. A test is performed to evaluate the p-value as a function of the signal
strength, u, an overall normalisation of the signal events. This allows to determine the 95%
confidence level (CL) limit on the signal strength, ug2®(a), for signal region a. In a similar
way, the ezpected limit, pgs' (), is obtained by substituting the SM background for the
observed events in the above procedure. The best expected (or the most sensitive) signal
region, o, for the mass point is defined as the signal region that gives the smallest ug:" (),
ie. Yoy pgst (o) < pgs? (). The mass point is excluded at 95% CL if ug*(a*) < 1.

The top, middle and bottom panels in figure 6 correspond to the 2, 4 and 8 flavour
squark scenarios, respectively. The black curves represent the exclusion limits, which are
obtained by considering only the squark pair production channel.® Those exclusion con-
tours should be compared with the red contours, which represent the exclusion limits,

SWe have validated that the black curve in the 8-flavour case agrees with the corresponding exclusion
plot in the ATLAS analysis [10] in the high mass limit. In the compressed region at the squark mass of
800 GeV, our limit appears to be somehat weaker, which may be due to differences in the signal modelling.
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Figure 6. Left; the 95% CL exclusion limit on the (mg, mV~V) plane obtained by recasting the AT-
LAS “jets + ERiss” analysis [10] with 139 fb~! data. The solid curves represent the limit calculated
with the observed data, while the dashed curves correspond to the expected limit assuming the
observed data exactly coincides with the Standard Model expectation. The black curves represent
the limit obtained if only the squark pair production is considered, while the red curves correspond
to the limit including all production channels: pp — ¢g*, E]’W and WW +ISR. The top, middle and
bottom panels correspond to the 2, 4 and 8 flavour squark scenarios, respectively. Right; the 95%

CL projected sensitivity on the (mg, mﬁ,) plane obtained by rescaling the ATLAS “jets 4 ERiss”
analysis [10] to the Run-3 with 300 fb~! (13 TeV).
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including all production channels, §g¢*, QW and WW + ISR, in the wino-like LSP scenario.
We see that the exclusion limit is extended both in the directions of mg and my,. The
limit is improved particularly in the light wino heavy squark region, in which the relative
contributions from the ¢W and WW + ISR are most enhanced. In particular, the contri-
bution from the WW +ISR process is independent of the squark mass and the region with

my S < 150 GeV is excluded by this process alone regardless of the squark mass. In the
compressed mass region (mg ~ ms ) the impact of the qW and WW + ISR channels is
again large. In this region, squark decays only produce soft particles and QCD radiation
is the unique source of high pr jets. This makes the efficiencies of the three production
channels almost the same. In the intermediate region with mg ~ 2my, , the impact of the
qW and WW + ISR processes is modest. In this region, high pp Jets are obtained from

the squark decay and the acceptance of the ¢G* channel becomes the largest. However, the
gain in the exclusion limit is still significant due to the contribution from the qW channel,

of which production rate and acceptance are still comparable with those of the §¢* channel.

As discussed earlier, the relative contribution of the (jW and WW +ISR processes with
respect of GG* is larger for the 4-flavour case (where all left-type squarks are decoupled) than
the 8-flavour. The relative contribution is even more enhanced in the 2-flavour scenario,
where all squarks except for the first generation left-type doublet (@, and d 1) are decoupled.
We see in the left panels of figure 6 that by including the QW and WW + ISR channels
the squark mass limit is extended by ~ 45, 20 and 10 % for the 2, 4 and 8-flavour squark
scenarios, respectively, at my, = 400 GeV.

The limits combining all three signal sub-processes (red) are significantly extended
compared to the gG*-only limits (black) in the compressed mass region, mg ~ m. We
checked that MB-C-2 signal region is sensitive to the compressed mass region, while the
constraint from MB-55d-2 is sensitive to the region with larger Am = mg — mg;,. In this
region the efficiency of Gg¢* is similar to that of Qf/lv/ and WW +ISR since squark decays do
not produce high pr jets and the relative importance of the latter two processes is therefore
enhanced in this region. One interesting consequence of this is that one can find the wino
mass independent lower bounds on the squark mass, mg 2 2> 800, 850 and 900 GeV for the 2-,
4- and 8-flavour cases, respectively, once the qW and WW + ISR processes are included.
The limit on the squark mass is outside the plot range when the associate squark-wino

production is omitted.

Finally in the right panels of figure 6 we show the projected 95% CL limits on the
(mq,mﬁ/) plane expected at Run-3 LHC with the integrated luminosity of 300fb—!. For
this projection we take the conservative assumption that both signal and backgrounds grow
linearly with the luminosity. We see that the expected limit extends only mildly from Run-
2 (139fb~1) to Run-3 (300 fb~1). However, the impact of the GW and WW +ISR channels
is significantly larger at Run-3 in the high mg low my;, region. Compared to the §G* only
scenario, the mass reach is increased by ~ 45, 30 and 15% for the 2-, 4- and 8-flavour
squark scenarios, respectively, at my;, ~ 400 GeV.
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(a) (b)

Figure 7. Monojet signature from gluino-squark associated productions, where the lighter of
gluino and squark is only slightly heavier than the LSP neutralino. (a) mz > mg ~ mgo (b)

Mg > Mg = Mgo.

3 Monojet from gluino-squark productions

In this section, we investigate the constraint from the mono- and di-jet channels on
the gluinos and squarks production. As mentioned in the previous section, a distinc-
tive monojet-like signature may be obtained from these production modes if the lightest
neutralino is almost mass-degenerate with the lighter of the gluino and squark, mgo =~
min(mg, mgy). Those quasi-mass-degenerate spectra are required in the gluino-bino and
squark-bino coannihilation scenarios [11-14]. We consider the following three processes

depending on the gluino-squark mass hierarchy:

Case mg > mg: Case mg > my:

pp— 44, §— qd -+ (al) pp = §d, 449 -+ (b1)
pp — 49, 99— (¢9)(qq) -~ (a2) pp — 4q, 44— (¢9)(ag) -+ (b2)
pp — ¢¢ + ISR -+ (a3) pp — Gg + ISR -+ (b3)

We specifically mention ISR for (a3) and (b3) since it crucially contributes to the visible
final state for these processes. At the event generation level, however, all processes include
additional radiation and the same procedure is employed as explained in section 2.2.

All of these processes potentially contribute to the mono- and di-jet channels. The
processes (al) and (b1l) correspond to the associated squark-gluino production, followed
by the decay of the heavier coloured particle to the lighter one, as discussed in the In-
troduction. These processes are also illustrated in figure 7a and 7b, respectively. In this
scenario, gluinos are generally not decoupled and therefore both squark-squark and squark-
antisquark productions are important. We simply write pp — ¢¢ to denote the inclusive
process containing both squark-squark and squark-antisquark productions throughout this
section. We also assume all 8 flavour squarks (@, dr, 31, ¢L, iR, dr, 3R, ¢Rr) have an equal
mass, mg. It should be noted that the processes (a3) and (b3) can contribute to the relevant
signal regions only if the ISR is hard enough. We therefore demand pr(j15%) > 200 GeV
at parton level in the event generation for the (a3) and (b3) processes. Although not
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Figure 8. NLO cross sections of various production modes (and their ratios) of gluinos and squarks
at the 13 TeV LHC are presented in the (mg,mg) plane in fb. In the top panels, the gluino-gluino
(left) and squark-squark (right) pair production cross sections are shown. In the top left plot, we
highlight the mg > mj region, for which the pp — §g production results in high pr jets from § — ¢4,
even if the lightest neutralino is mass degenerate with the lightest coloured particle. Analogously,
in the top right plot we highlight the mg4 > mgy region, for which the same final state originates the
pp — GG process, followed by the § — g decays. The bottom left panel is for the associated squark-
gluino production. The bottom right panel shows the relative rate of the associated squark-gluino
production cross section with respect to the gluino-gluino (in the lower right half with mg > myg)
and squark-squark (in the upper left half with mg > mg) pair productions cross section, respectively.

explicitly denoted, the other processes, (al), (a2), (bl) and (b2), are also generated ac-
companied with the initial state QCD radiation. However, no explicit cut is imposed on
the ISR jets for these processes.

Figure 8 shows NLO cross sections, calculated using Prospino [20], of various produc-
tion modes (and their ratios) of gluinos and squarks at the 13 TeV LHC, presented in the
(mg, mg) plane in fb. In the top panels, the gluino-gluino (left) and squark-squark (right)
pair production cross sections are shown. In the top-left and top-right plots, the lower-right
and upper-left regions correspond to (a2) and (b2) processes, respectively, and filled with
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colours. In these regions, the produced coloured particle (gluino or squark) is heavier than
the other and their decays, § — q¢ or § — qg, produce high pr jets. We see that the
cross sections of the (a2) and (b2) processes diminishes rather quickly as the mass of the
produced particle increases. For example, the gluino-gluino (squark-squark) cross section
decreases two orders of magnitude as the gluino (squark) mass increases by 1TeV.

The bottom left panel shows the NLO cross section of the associated squark-gluino
production. When compared to the gluino (squark) pair production, it decreases much
slower as a function of the gluino (squark) mass. Keeping the squark (gluino) mass fixed
at ~ 1TeV, the squark-gluino associated production cross section decreases an order of
magnitude when the gluino (squark) mass is increased by 1TeV. This is largely because
the luminosity functions for the squark-gluino is larger than those for squark-squark and
gluino-gluino in this mass range. We observe that as far as the lighter coloured particle
is around 1TeV, the production rate of pp — §g is sizeable (~ 10fb) even if the heavier
coloured particle is around 3 TeV.

The bottom right panel shows the relative rate of the associated squark-gluino pro-
duction with respect to the gluino-gluino (in the lower right half with mgz > mg) and
squark-squark (in the upper left half with mg > mg) pair productions, respectively. We
see that the cross section of the associated production is almost always larger than that
of the (a2) and (b2) processes. The relative rate of the associated production enhances
particularly in the hierarchical mass regions (mg > mg and mg > mg). For example,
around (mg, mg) ~ (1,3)TeV, 0(¢g)/o(¢q) ~ 500. Similarly, ¢(¢g)/o(gg) ~ 700 around
(mg, mg) ~ (3,1) TeV.

The processes (a3) and (b3) are pair productions of lighter coloured particles asso-
ciated with the initial state QCD radiation. In order for these processes to contribute to
the signal regions, ISR have to be energetic and result in a large E'. To see the impact
of these processes in the event selection, we compare in figure 9 the contributions from
the three signal sub-processes to the distributions of the meg (left) and E¥ /\/Hy (right)
variables. In the upper panels, the masses are taken to be (mg,mg) = (1,3) TeV and the
three signal sub-processes, (al), (a2) and (a3), are shown together with the sum of these
three (dashed-red) and the total SM contribution (solid-black), which is taken from the
ATLAS “jets + ERsS” paper [10]. The distributions are made after imposing the MB-C-2
event selection, which is the most sensitive signal region for the chosen mass point. We
see that the main signal contributions come from the associated squark-gluino production,
pp — g, and the pair production of lighter coloured particles, pp — §G+ ISR, for both meg
and ERss/\/Hp distributions. In particular, at high values of meg and EX/\/Hr, the
associated production dominates over the pair production. The same feature is observed in
the bottom two plots in figure 9 where the masses are taken to be (mg, mg) = (3.0,1.5) TeV.
For this mass point the most sensitive signal region is MB-SSd-2. At low values of meg and
E{pniss /v/Hr, the associated production, pp — ¢g, and the pair production of ligher coloured
particles, pp — §gg+ISR, dominate, whereas at high values the associated production as well
as the pair production of heavier coloured particles, pp — g, give the main contributions.

Figure 10 displays the exclusion limit in the (mg, mg) plane obtained by recasting “an
energetic jet + EX57 [5] (blue) and “jets + ER5” (ved) [10] analyses. The solid and dashed
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Figure 9. The meg (left) and EFs/\/Hyp (right) distributions after imposing the remaining cuts

miss »

in the most sensitive signal region of the ATLAS “jets + EF analysis [10] for the given mass
point. In the upper plots, the masses are taken to be (mg,mgz) = (1.0,3.0) TeV, whereas they are
(mg, mg) = (3.0,1.5) TeV in the lower plots. The SM background distributions are taken from the
ATLAS “jets + E25” paper [10].

contours correspond to the observed and expected exclusion limits, respectively. For each
mass point the lightest neutralino mass is fixed at mgo = min(mg, mg) — 5 GeV so that the
lighter coloured particle is approximately mass degenerate with ¥}. Among many signal
regions defined in the “jets + E¥” analysis [10] only the signal regions MB-SSd-2 and
MB-C (see table 1) contribute to the final exclusion contours. This is because signal events
typically have a small number of high pr jets since decays of the lighter coloured particle do
not produce energetic particles due to the mass requirement, mgo = min(mg, mg) — 5 GeV.

We observe that the “an energetic jet + E7"™” and “jets + EF'°” analyses provide
very similar exclusion contours on the plane. The only exception is the region around
(mg,mg) ~ (3.5,1.0) TeV, where the observed limit from “jets + ER” is slightly weaker
than that from “an energetic jet + Ezr?iss”. We checked that this is due to a mild excess
observed in the MB-C-2 signal region.

In the hierarchical mass regions, mg > mgz and mg > mg, only pp — GG + ISR and
pp — g+ ISR processes contribute, respectively. In these regions, squarks are excluded up

to ~ 0.8 TeV, independently of the gluino mass, whereas gluino lighter than ~ 1.2TeV is
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Figure 10. The exclusion limit in the (mg, mg) plane with constraint mgo = min(mg, mg)—5GeV.
The blue and red contours represent the limits obtained from the ATLAS “an energetic jet +
ERiss” [5] and “jets + EsS” [10] analyses, respectively. The solid and dashed contours correspond
to the observed and expected limits, respectively. The diagonal grey dashed line indicates mg = mq.

excluded regardless of the squark mass. In a moderately hierarchical mass region, mg 2 mg

~

(mg 2 mg), all three signal sub-processes, (al), (a2) and (a3) ((b1), (b2) and (b3)),
contribute. At mg = 3TeV, the gluino is excluded up to 1.5 TeV. By lowering squark mass
below 3TeV, the production rates of pp — ¢G and pp — §§ increase, while the acceptance
decreases since the mass difference mz —my gets smaller and jets from the ¢ — ¢g become
less energetic. Due to cancellation of these two effects, the gluino mass limit, ~ 1.5TeV,
stays constant between mg ~ [1.4, 3.0] TeV range. The same feature is observed for the
mg 2, mg region. Squarks are excluded up to ~ 1.4 TeV, regardless of the gluino mass in
the mg ~ [1.5, 3.0] TeV range. In the mg ~ my region, decays of coloured particles cannot
produce energetic jets due to a compressed mass spectrum. The dominant contribution to
the signal regions comes from the pp — ¢G+ ISR and pp — §§ + ISR processes. The lower
mass limit ~ 1.5 TeV is imposed on min(mg, mg) in this region.

4 Conclusions

Mono- and di-jet channels are a powerful tool to look for the production of (effectively)
invisible and stable particles at the LHC. In this paper, we have studied two distinct SUSY
scenarios, where a single high pr jet originates from SUSY particle pair production, to
which mono- and di-jet event selections are particularly sensitive.
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The first scenario is effectively described by a squark-wino simplified model, where the
mass hierarchy, (a few TeV) > mg > m, is assumed. We found that in this scenario one
cannot neglect the contribution of the associated squark-wino production when deriving
the limits. Ignoring the associated production can result in severely underestimated bounds
on the model. The cross section of the associated production is larger than of squark pair
production already for mg; 2 500 — 800 GeV, depending on the effective number of squarks
accessible by the collider energy. Furthermore pp — WW +ISR also contributes to the rel-
evant signal regions. Comparing the exclusion limit derived only from the pp — §¢* mode
and that from all three signal sub-processes including pp — C]W and WW + ISR, we found
that the exclusion power is significantly enhanced for the latter case. The largest effect is
observed for the case when just the first generation left-handed squarks are kinematically
accessible. For example, the lower limit on the squark mass at my, = 400 GeV is extended
by ~ 45, 20 and 10 % in the 2-, 4- and 8-flavour squark scenarios, respectively. Finally, we
note that the similar effect will be present for the squark-bino model, although the thresh-
old, above which the contribution from the associated production becomes prominent, is
shifted to mg ~ 2TeV. With the current integrated luminosity this subprocess can be ne-
glected for the squark-bino model. However, it should be reconsidered for the analyses at
the HL-LHC with an integrated luminosity 3000 fb1.

The second analysed scenario is the gluino-squark simplified model with the bino-like
LSP neutralino, where the neutralino is almost mass degenerate with the lighter of the
gluino or squark, as required in the gluino-bino and squark-bino coannihilation scenarios.

In this scenario, high pr jets can only be produced from decays of the heavier coloured
SUSY particle or the initial state QCD radiation. We studied the cross sections and
kinematical distributions of the three main signal sub-processes. By recasting the ATLAS
“an energetic jet + EX” [5] and “jets + EX5” [10] analyses, the current exclusion limit
has been derived on the (mg, mg) plane, fixing the neutralino mass at myo = min(mg, mg) —
5GeV for each mass point. We have seen that the two ATLAS analyses have a similar
performance and excluded the squarks (gluino) up to ~ 1 (1.2) TeV for very heavy gluino
(squarks). If the gluino-squark masses are of the similar order, the lower limit on the squark

(gluino) mass is given by ~ 1.5 TeV for the m;,; ~ (1.5 — 3) TeV range (see figure 10).
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