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We consider light top squarks (stops) in the minimal supersymmetric Standard Model at the Large

Hadron Collider. Here, we assume that the lightest neutralino is the lightest supersymmetric particle (LSP)

and the lighter stop is the next-to-LSP. Stop pair production is difficult to probe at the Large Hadron

Collider for small stop-LSP mass splitting. It has been shown previously that even in this case stop

detection is possible if one considers stop pair production in association with one hard jet. We reconsider

this supersymmetric monojet signature and go beyond previous works by including the full Standard

Model background and optimizing the cuts, working at the hadron level and including detector effects. As

a result, a larger portion of the stop-LSP mass plane becomes accessible to monojet searches.

DOI: 10.1103/PhysRevD.86.035024 PACS numbers: 12.60.Jv, 11.30.Pb, 14.80.Ly

I. INTRODUCTION

Supersymmetric extensions of the Standard Model (SM)
are popular among the large number of TeV-scale models [1].
Inmany supersymmetric models, the lightest supersymmetric
particle (LSP) is stabilized by employing a discrete sym-
metry [2]. In the minimal supersymmetric extension of the
SM (MSSM), the LSP is the lightest neutralino in large
regions of parameter space. Since it escapes detection, the
production of two heavier superparticles and their subse-
quent decays into two LSPs plus several SM particles leads
to the famous ‘‘missing transverse energy (ET)’’ signature
for supersymmetry.

This signature has been searched for, most recently by
the Large Hadron Collider (LHC) experiments [3].
Unfortunately no signal has yet been found. This allows
us to derive quite stringent bounds on the masses of some
strongly interacting superparticles. In particular, first
generation squarks and gluinos below about 1 TeV are
excluded if their masses are roughly equal.

This seems already somewhat high, considering that the
main motivation for postulating the existence of super-
particles is to stabilize the electroweak (EW) hierarchy
against radiative corrections. However, to one loop order
essentially only third generation (s)quarks appear in the
loop corrections to Higgs mass parameters. Moreover, the
analyses published by CMS and ATLAS so far are not
sensitive to direct pair production of only third generation

squarks, if the other squarks and gluinos are sufficiently
heavy [4,5]. One reason is that the cross section for pro-

ducing a pair of third generation squarks is much smaller
than that for producing first generation squarks since no

‘‘flavor excitation’’ contributions exist for third generation
squarks. Hence, stop masses of a few hundred GeVare still

allowed, and in fact favored by fine-tuning arguments.
In spite of their somewhat smaller production cross

sections, the search for the pair production of third gen-

eration squarks at the LHC is in principle straightforward,
as long as the mass difference to the LSP is sufficiently

large. In this case one can employ the usual multijet plus
missing ET [possibly plus one or more lepton(s)] signature;

often demanding some of the jets to be tagged as b jets will
be helpful [6]. However, if the mass splitting to the LSP

becomes small, all SM particles produced in stop decays
will become soft, and the missing ET will therefore also

become small. The usual signals will then be swamped by
background.
At the same time, there are good reasons to assume that at

least the lighter stop mass eigenstate is significantly lighter

than the other squarks. First, if supersymmetry breaking is

transmitted to the visible sector at some high energy scale,

Yukawa contributions to the renormalization group evolu-

tion tend to reduce stop masses relative to the masses of first

generation squarks [1]. Furthermore, mixing between the

SUð2Þ doublet left (L)-type and SUð2Þ singlet right (R)-
type squarks is proportional to the mass of the correspond-

ing quark, and is therefore most important for top squarks.

This mixing will further reduce the mass of the lighter

eigenstate (and increase that of the heavier eigenstate).
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There are also more phenomenological reasons to be
interested in quite light stops. One has to do with dark
matter. As is well known, the lightest neutralino can be a
viable dark matter candidate [1], being weakly interacting
and stable (if R parity, or a similar symmetry, is exact).
However, for most combinations of parameters the com-
puted LSP relic density is either too large (if the LSP is
binolike, which is preferred in many constrained models)
or too small (if it is higgsinolike or winolike). One (of
several [1]) solutions is to have a binolike neutralino with
mass splitting of a few tens of GeV to the lightest stop. In
this case coannihilation [7] between these two states can
lead to an acceptable relic density [8].

Another reason to consider light top squarks is that in the
context of the MSSM they are a necessary condition for
EW baryogenesis [9–11]. In fact, a MSSM scenario with a
binolike neutralino LSP and a light stop and (higgsinolike)
chargino can simultaneously explain the observed baryon
asymmetry in the universe and the cosmological dark
matter.

However, EW baryogenesis also requires a large CP
violating phase in the chargino or neutralino sector. On
the other hand, there are severe constraints on the CP
phases necessary for EW baryogenesis from electron and
neutron electric dipole moment (EDM) bounds [12]. Thus,
the phenomenological viable parameter space is strongly
constrained. A simple solution is to assume that all other
sfermions are very heavy [10,13]. In this case the (lighter)
stop may well be the only squark that can be detected by
the LHC experiments.

Thus motivated, we study the effects at a hadron collider
of a scenario where the lighter stop mass eigenstate ~t1 is the
only strongly interacting light sparticle, with rather small
mass splitting to the neutralino LSP. We assume that
charginos as well as all other neutralinos are heavier than
~t1. The dominant sparticle production mechanism is then
stop pair production. We further assume that the stop decay
channels ~t1 ! b~�0

1W and ~t1 ! t~�0
1 are kinematically

closed and the four-body decay ~t1 ! ‘�‘b~�
0
1 is strongly

phase space suppressed, so that the loop induced two-body
decay ~t1 ! c~�0

1 is the dominant decay mode [14,15].

For sufficiently large mass splitting between the stop and
the lightest neutralino, the charm jets become energetic
enough to look for a dijet plus missing ET signature of ~t1
pair production. The Tevatron experiments were sensitive
to mass splitting above 40 GeV [16,17]. Probing stop pair
production in this channel becomes difficult for small mass
splitting to the LSP, since the collider signature is then
given by two very soft charms and correspondingly little
transverse missing energy [18]. However, including the
effects of (both perturbative and nonpertubative) gluon
radiation, ~t1 pair production should be detectable at eþe�
colliders even for arbitrarily small mass splitting to the LSP
[19]. In fact, LEP2 experiments could rule out ~t1 masses
below 100 GeV [20] even for very small mass splitting.

One possibility to look for light ~t1 nearly degenerate
with the LSP at the LHC is via gluino pair production
followed by ~g ! t~t1 decays [21]. At

ffiffiffi
s

p ¼ 14 TeV the
same-sign top signature should be detectable above the
SM background for gluino masses up to 900 GeV.
Another possibility [22] is to look for a finite decay length
of the light stop produced in gluino decays.
In Ref. [23], an alternative method to discover light stops

in the coannihilation region at the LHC was suggested,
based on the associate production of a ~t1~t

�
1 pair with a b �b

pair. For relatively light higgsinos, mixed electroweak
(EW)-QCD contributions are large and can even exceed
the pure QCD prediction since there are 2 ! 3 diagrams
with an on-shell higgsinolike chargino decaying into a stop
and a b jet. These EW contributions are sensitive to the
~t1 � ~��

1 � b coupling. Thus, they might be used to test a

supersymmetry relation involving superpotential cou-
plings, which has never been addressed so far. However,
this requires that the masses of the lighter stop and the
lightest neutralino are known, so that the pure QCD con-
tribution, where the b �b pair originates from gluon splitting,
can be subtracted. Determining the stop mass from an
independent QCD dominated process would be advanta-
geous for this purpose. Moreover, considering Oð�3

SÞ pro-
cesses might lead to a better discovery reach than the
Oð�2

S�W; �
4
SÞ processes contributing to ~t1~tþ1 b �b production.

Therefore, we here reconsider stop pair production in
association with a hard jet, which was proposed in
Ref. [24]. There it was argued that the soft fragmentation
and decay products of the stops cannot be reconstructed as
jets for small mass splitting. This inevitably leads to the
notion of a monojet [25], i.e. a final state containing a
single high momentum jet, whose pT is mostly balanced by
the invisible LSPs, plus some soft particles. In [26] the SM
background for monojets was evaluated in the context of
searching for extra dimensions; these results were used in
[24] to show that the monojet signature from stop pair
production can be seen above the SM background up to
stop masses of 200 GeV or larger. Stop pair plus photon
production were also considered in [24], but due to the
reduced cross section the mass reach of this channel is even
smaller.
In this work, we will reanalyze stop pair production in

association with one hard jet. We perform a signal and
background simulation at hadron level. We also simulate
the most important detector effects by using a fast detector
simulation. In [24] the selection cuts could not be opti-
mized. Here, we develop a set of selection cuts optimized
for searching for relatively light ~t1 squarks nearly degen-
erate with the neutralino LSP. In addition, we also include
t�t as an important background for the monojet signal,
which had been omitted in previous works.
The remainder of this paper is organized as follows. In

Sec. II we describe our monojet signal. In Sec. III, we first
discuss the dominant background processes and then basic
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cuts for a benchmark scenario before presenting our
numerical results. We show the discovery reach in the
neutralino stop mass plane. We conclude in Sec. IV.

II. STOP PAIR PRODUCTION IN ASSOCIATION
WITH A JET AT THE LHC

We consider stop pair production in association with one
QCD jet,

pp ! ~t1~t
�
1jþ X; (1)

where X stands for the rest of the event. We assume that the
mass difference between the lightest stop and the lightest
neutralino is a few tens of GeVor less, and that the on-shell
~t1 ! ~�þ

1 b and ~t1 ! b~�0
1W decays are closed. Because of

the small mass splitting to the LSP, four-body decays like
~t1 ! ~�0

1‘
þ�‘b are strongly suppressed. However, the fla-

vor changing neutral current stop decay into a charm quark
and the lightest neutralino,

~t 1 ! c~�0
1; (2)

is open. This decay can only occur if ~t1 has a nonvanishing
~c component. As pointed out in [14], such a component
will be induced radiatively through Cabibbo-Kobayashi-
Maskawa mixing even if it is absent at tree level. For
simplicity we assume that it has branching ratio of 100%.

The small mass difference to the LSP also implies that
both charm ‘‘jets’’ in the signal are rather soft [27]. The
charm quarks will then not be useful for suppressing back-
grounds since soft jets are ubiquitous at the LHC, and may
not be detected as jets at all. Thus our signal will be a single
high pT jet with large missing energy,

pp ! j 6ET; (3)

possibly accompanied by one or more soft jet(s) from
gluon radiation and the ~t1 decay products. At the LHC,
the largest contribution to stop pair production in associa-
tion with a jet comes from gluon fusion diagrams, but
contributions from qg and �qg initial states, which become
more important for large ~t1 masses, are nearly as large [28].
Contributions from q �q annihilation are relatively small.
We perform a full leading order analysis using exact
Oð�3

SÞ parton-level cross sections for gg, q �q ! ~t1~t
�
1g and

gq ! ~t1~t
�
1q.

Since most events have at least one gluon in the initial
state, we expect strong QCD bremsstrahlung due to the
large color charge. The QCD radiation increases with
increasing stop mass. However, the topology of the signal
is still simple compared to standard supersymmetric col-
lider signatures: a single energetic jet, which is essentially
back-to-back to the missing transverse momentum vector.

III. NUMERICAL ANALYSIS

In this section, we discuss the major backgrounds and
describe how to determine them from experimental data,
including a discussion of the resulting systematic and

statistical errors. Next, we shortly discuss our numerical
tools before introducing a specific benchmark scenario. We
then show the relevant kinematic distributions and motivate
our final cuts. We conclude the section with the discovery
reach at the LHC in the neutralino stop mass plane.

A. Backgrounds

The dominant SM backgrounds are:
(i) Zð! � ��Þ þ j production, i.e. Z boson production in

association with a jet. The Z boson decays into a pair
of neutrinos. If the charm jets in the signal are very
soft, this background looks very similar to our
signal. We will see in Sec. III E that Zð! � ��Þ þ j
is the dominant irreducible background after apply-
ing all kinematic cuts. Fortunately its size can be
directly determined from data: One can measure
Zð! ‘þ‘�Þ þ j, where the Z decays into a pair of
either electrons or muons. From the known Z
branching ratios (BRs) one can then obtain an
estimate for the background cross section.
However, this procedure will increase the statistical
error, since BRðZ ! ‘þ‘�Þ ’ BRðZ ! �i ��iÞ=3
after summing over ‘ ¼ e, � and all three genera-
tions of neutrinos. Moreover, not all Z ! ‘þ‘�
events are reconstructed correctly. Including effi-
ciencies, Ref. [26] estimated that the calibration
sample Zð! eþe�=�þ��Þ þ j is roughly a factor
of 5.3 smaller than the Zð! ��Þ þ j background in
the signal region [29]. Hence, we expect that the

error of this background is
ffiffiffiffiffiffiffi
5:3

p ’ 2:3 times larger
than the statistical error.

(ii) Wð! ‘�Þ þ j production, where the W decays lep-
tonically. Unlike the signal, this background con-
tains a charged lepton (‘ ¼ e�, ��), and will thus
resemble the signal only if the charged lepton is not
identified. This can happen when the charged lepton
emerges too close to the beam pipe or (in case of
electrons) close to a jet. Since the production cross
section for Wð! ‘�Þ þ j is larger than Zð! � ��Þ þ
j by a factor of �3, this will still contribute signifi-
cantly to the overall background, as we will see in
Sec. III E. The Wð! ‘�‘Þ þ j background can be
determined by extrapolation using events where the
lepton is detected.

(iii) Wð! ��Þ þ j production, where theW decays into
a tau. The reconstructed jets from a hadronically
decaying tau are in general not back-to-back in
azimuth to the missing momentum vector.
Reference [26] exploits this feature to suppress
the tau decay channel of W þ j. However, identi-
fication of hadronically decaying � leptons is not
easy. This background can be experimentally de-
termined with the help of Wð! ‘�Þ þ j events
where the charged lepton is detected using known
tau decay properties. We (quite conservatively)
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assign an overall systematic uncertainty of 10% for
the total W þ j background, including that from
W ! ‘�‘ decays.

(iv) t�t production (including all top decay channels).
Top decays will almost always produce two b
jets. Since we require large missing ET , at least
one of the W bosons produced in top decay will
have to decay leptonically. Note that this again
gives rise to a charged lepton (e, �) or �, whereas
the signal does not contain isolated charged leptons.
However, for hadronically decaying �’s, we can
have large missing ET with no e or � present.
This background can again be estimated by normal-
izing to t�t events where (at least) one charged
lepton is detected. Just as for the W þ j back-
ground, we assume a total systematic error of 10%.

We consider the above default estimates of systematic
errors to be conservative since they do not rely on
Monte Carlo simulations. We expect that the SM contribu-
tion to the missing transverse energy signal rate will be
determined with at least this precision. For example,W� þ
j and even �þ j samples can also be used for reducing the
error on the leading Zð! � ��Þ þ j background, since these
classes of events have very similar QCD dynamics [30].

In principle, one should also consider single top produc-
tion, since semileptonic top decays can again give rise to
large missing ET . However, the production cross section
for single top production is a factor of �4 smaller than for
t�t. Even though t�t is important for the cut selection, we will
see that in the end it only contributes 5% to the total SM
background. For these reasons, we neglect single top pro-
duction as a background. We do not consider pure QCD
dijet and trijet production in our analysis, since a large 6ET

cut is expected to essentially remove those backgrounds
[31–33]. We also neglect gauge boson pair production as
background, since the total cross section is much smaller
than that for single gauge boson plus jet production.

There are many SUSY processes leading to a monojet
signature, which could be considered to be backgrounds to
our signal. LSP pair plus jet production always gives a
monojet signature, but has a very small cross section.
Associate gluino plus squark production can lead to mono-
jets if the gluino mass is close to that of the neutralino LSP.
In addition, squark pair production can give rise to monojets,
if both squarks directly decay into the LSP and one of the
two jets is lost in the beam direction, or the partons from
both squarks are reconstructed in the same jet. Recently, [32]
considered squark-wino production. However, as we argued
in the introduction, in order to avoid bounds from electron
and neutron EDM, we assume that most superparticles are
quite heavy. Thus, the production rates of these additional
supersymmetric processes are strongly suppressed and we
need only consider Standard Model backgrounds.

Estimates for the total hadronic cross sections for these
SM backgrounds are given in Table I. The cross section for

the t�t background has been taken from [34], which includes
next to leading order corrections as well as resummation of
next-to-leading threshold logarithms. TheW, Zþ jet back-
grounds have been calculated with PYTHIA8.150 [35]. Note
that exact Oð��SÞ parton-level cross sections have been
used to generate the hardest jet in the W, Zþ jet back-
grounds. We checked explicitly that using also an exact
matrix element for the emission of the second jet and
matching to the parton shower does not change the final
background estimate (see below).
We have generated 2 � 106 Zð! � ��Þ þ j events, 2 � 106

Wð! e�e; ���Þ þ j events, 2 � 106 Wð! ���Þ þ j events

as well as 107 t�t events.

B. Numerical tools

The masses, couplings and branching ratios of the
relevant sparticles are calculated with SPHENO2.2.3 [36],
starting from weak-scale inputs for the relevant parame-
ters. We use the CTEQ6L1 parton distribution functions
and the one-loop expression for the strong gauge cou-
pling with five active flavors with �QCD ¼ 165 MeV
[37]. Our parton-level signal events are generated with
MADGRAPH4.4.5 [38]. These events are then passed on to

PYTHIA8.150 [35] for showering and hadronization. As al-

ready mentioned, we generate our SM background events
directly with PYTHIA8.150 fixing the t�t normalization as in
Table I. Except for the t�t sample, we employed a parton-
level cut of 150 GeVon the minimum transverse momentum
of our parton-level jet, which will become the ‘‘monojet’’ in
our signal and background; the final cut on the pT of this jet
will be much harder, so that the cut on the parton-level jet,
which greatly increases the efficiency of generating signal
and background events, does not affect our final results.
In our default treatment only the emission of the first jet

in the signal process (1) as well as in the ðW;ZÞ þ jet
backgrounds have been treated using exact matrix ele-
ments. The parton shower is then allowed to produce addi-
tional jets whose hardness is limited only by the initial and
final state shower scales, for which we adopt the default
values. It is known that this does not describe the emission
of additional very energetic jets accurately. However, we
will see later that we have to reject events containing a
second hard jet, and the emission of relatively soft partons
should indeed be described adequately by the shower
algorithms. In case of the Zþ jet background we checked

TABLE I. Total hadronic cross sections in pb for the main SM
backgrounds at

ffiffiffi
s

p ¼ 14 TeV. The cross sections were calcu-
lated with PYTHIA8.150 apart from t�t production, which is calcu-
lated in Ref. [34]. The V þ jðV ¼ W;ZÞ cross sections have
been calculated demanding pT > 150 GeV for the parton-level
jets.

Process Zð! � ��Þ þ j Wð! e�e; ���Þ þ j Wð! ���Þ þ j t�t

� [pb] 37 94 47 800
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explicitly that this is indeed the case, by matching Zþ 2 jet
production described by exact matrix elements with the
parton shower, using the Michangelo L. Mangano (MLM)
matching algorithm [39] (see the Appendix for details).

In case of the t�t background, only the exact leading order
matrix element for the 2 ! 2 process has been employed,
together with exact matrix elements describing top decay.
Since t�t decay by itself produces between two and six hard
partons, there is no need to model the emission of addi-
tional hard partons, which will be vetoed anyway, using
exact matrix elements. We checked explicitly that t�tj
events generated using exact matrix elements for the emis-
sion of the additional parton j with pTðjÞ> 150 GeV at
parton level have an even smaller acceptance after cuts
(outlined below) than simple t�t events.

Finally, in case of the signal, additional jet activity can
originate from the charm quarks produced in ~t1 decays.
However, these jets have basically no chance to pass our
very stiff cut on the pT of the hardest jet. We therefore did
not generate simple ~t1~t

�
1 pairs without additional parton in

the final state. Since our signal estimate is exclusively
based on the reaction (1), issues of double counting do
not arise.

Our events are stored in the Monte Carlo event record
format HEPMC 2.04.01 [40]. We take into account detector
effects by using the detector simulation DELPHES1.9 [41],
where we choose the default ATLAS-like detector settings.
Our event samples are then analyzed with the program
package ROOT [42].

We define jets using the anti-kt algorithm implemented

in FASTJET [43], with a cone radius �R ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið��Þ2 þ ð�	Þ2p ¼ 0:7, where �� and �	 are the differ-
ence in azimuthal angle and rapidity, respectively. All jets
have to have pT > 20 GeV. We demand that electrons
have pTðeÞ> 10 GeV and are isolated, i.e. that there is
no other charged particle with pT > 2:0 GeVwithin a cone
radius �R ¼ 0:5. Since muons can be identified even if
they are not isolated and have quite small pT [44], we
include all reconstructed muons with pT > 4 GeV. Note
that DELPHES1.9 assumes a track reconstruction efficiency
of only 90%, giving a substantial probability that charged
leptons are lost. Moreover, we only include true leptons,
i.e. we do not attempt to estimate the rate of fake leptons.

In DELPHES1.9, the same object can in principle be
reconstructed as several different objects; e.g. an electron
can be reconstructed as an electron as well as a jet. Since
such double counting of objects has to be prevented, we use
an object removal procedure similar to that outlined in
Ref. [31]. However, any jet within �R< 0:2 of an electron
(including nonisolated electrons) will be removed if

pTðjetÞ � pTðe�Þ< 20 GeV: (4)

This removes ‘‘jets’’ whose energy is dominated by an
electron, but we keep hard hadronic jets even if they are
very close to an electron. Note that contrary to Ref. [31],

we keep all isolated electrons and all muons even if they
are close to a jet.

C. Benchmark scenario

In the Introduction, we motivated scenarios with a light
stop and light neutralino in order to be fully consistent with
dark matter and electroweak baryogenesis. However, in
this study we not only want to discuss these scenarios,
but also determine the discovery reach in the stop-
neutralino plane where the mass difference between stop
and lightest neutralino is at most a few tens of GeV. On the
one hand, scenarios with a heavier stop are expected to
have a worse signal-to-background ratio than those with a
very light stop due to the very quickly decreasing produc-
tion cross section. However, for heavier stops, producing
an additional hard jet reduces the cross section by a smaller
factor than for light stops. We choose a scenario with a
rather large stop mass in order to probe the discovery reach
found in Ref. [24]:

m~t1 ¼ 220 GeV; (5)

as a benchmark scenario. The mass of the lightest neutra-
lino is

m~�0
1
¼ 210 GeV: (6)

All remaining sparticles are decoupled [45].
We require pTðjetÞ � 150 GeV for the parton-level jet.

The total leading order (LO) cross section for our signal
then only depends on the stop mass. The cross section for
the benchmark point is � ¼ 4:2 pb. We have generated
8 � 105 signal events for our benchmark point. LO predic-
tions for cross sections for different stop masses are listed
in Table II.
As described in Sec. II we assume that all ~t1 undergo

two-body decay

~t 1 ! c~�0
1: (7)

We assume that these decays are prompt; a finite impact
parameter would greatly facilitate detection of the signal [22].

D. Distributions

In this subsection, we discuss the basic kinematic dis-
tributions, and jet and particle multiplicities for the signal
as well as for the background processes. The distributions
are not stacked on each other and are shown on a logarith-
mic scale. All distributions are scaled to an integrated
luminosity of 100 fb�1 at

ffiffiffi
s

p ¼ 14 TeV at the LHC.

TABLE II. Total hadronic cross sections in pb for the signal atffiffiffi
s

p ¼ 14 TeV. The cross sections were calculated with
MADGRAPH4.5.5 with a parton-level cut pT > 150 GeV on the jet.

m~t1 [GeV] 120 140 160 180 200 220 240 260 280 300 320

� [pb] 31 20 13 8.8 6.0 4.2 2.9 2.1 1.5 1.2 0.86
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We show in Fig. 1 the number of leptons (electrons and
muons, as defined in Sec. III B) for signal and background.
The signal contains very few charged leptons. In principle,
semileptonic c ! s‘�‘ decays can produce leptons, but
these are usually too soft to satisfy our criteria; in addition,
most of the remaining electrons are removed by our iso-
lation criterion. The Zþ j background also contains very
few leptons, since we only consider Z ! � �� decays here.
In contrast, the t�t background can have up to seven charged
leptons, mostly from semileptonic t ! b ! c ! s, d de-
cays. Note that we include t�t events where both t quarks
decay fully hadronically. This background therefore peaks
at n‘ ¼ 0 charged leptons. TheW þ j background peaks at
n‘ ¼ 1 charged lepton; recall that we have only generated
W ! ‘� decays here, and that we show the W þ j back-
ground with W ! ��� separately. In the latter case a
charged lepton can arise from the leptonic decays of the tau.

We will later apply a hard cut on missing ET . This would
remove allW þ j events where theW decays hadronically,
which we therefore did not bother to generate. Similarly, t�t
events can pass this cut only if they contain at least one
charged lepton [46]. A veto on charged leptons will there-
fore efficiently remove most of the SM backgrounds, ex-
cept for the contribution from Zð! � ��Þ þ j.

The distribution of the number of identified taus is
shown in Fig. 2. Leptonically decaying taus cannot be
reconstructed; they can, however, be vetoed by charged
lepton veto if the decay lepton is sufficiently energetic. On
the other hand, taus decaying hadronically can be identi-
fied, although tau identification is not very easy at a hadron
collider. In case of hadronic tau decays, only 1-prong
events are taken into account for the reconstruction of tau
jets in DELPHES where 77% of all hadronically decaying
taus are 1-prong events. DELPHES exploits that the cone of
tau jets is narrower than that of QCD jets and they state a
tau-tagging efficiency of about 30% for Z ! �þ��. We

find that the tau-tagging efficiency, as estimated by
DELPHES, is much worse for the t�t background due to the

increased hadronic activity. Nevertheless, the t�t back-
ground has the second largest percentage of identified
taus, exceeded only by Wð! ��Þ þ j. Even in the latter
case only about 25% of all events contain an identified tau,
even though all of these events do contain a tau lepton [47].
Note that we include mistags of QCD jets as taus, as
estimated by DELPHES. In fact, most � jets identified in
the signal are fakes.
Figure 3 shows the number of reconstructed jets including

b jets. Jets are reconstructed with the anti–kt jet algorithm
with a cone of �R ¼ 0:7. We require the jets to have
minimum transverse momentum pT > 20 GeV. We see
that the signal distribution has its peak around four jets.
Jets can be created not only from the hard interaction (e.g.
the jet produced explicitly in the signal as well as in the
V þ j backgrounds, or the jets produced in top decays), but
also from QCD radiation in the initial and/or final state.
QCD radiation is controlled by the average partonic squared
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FIG. 1 (color online). Number of leptons for the signal and SM
backgrounds assuming an integrated luminosity of 100 fb�1 atffiffiffi
s

p ¼ 14 TeV. For the signal we assumed the benchmark sce-
nario of Sec. III C, i.e. m~�0

1
¼ 210 GeV and m~t1 ¼ 220 GeV.
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FIG. 2 (color online). Number of isolated hadronic taus for the
signal and SM backgrounds. Parameters are as in Fig. 1.
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FIG. 3 (color online). Number of jets for the signal and SM
backgrounds. Parameters are as in Fig. 1.
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center-of-mass energy ŝ as well as by the color charges in
the initial and final states. As expected from the discussion
in Sec. II, we see that the jet multiplicity of the signal is on
average larger than for the gauge boson plus jet back-
grounds. Not surprisingly, the t�t background is characterized
by the by far largest average jet multiplicity. In previous
works, the t�t background was omitted. Figure 3 indicates
that this background can be greatly reduced by cutting
against additional jet activity; however, such a cut will
reduce the signal more than the V þ j backgrounds.
Therefore, it is crucial to include the t�t background in our
analysis in order to determine the optimal set of cuts.

Figure 4 shows the number of tagged b jets. A jet is
taggable as a b jet if it lies in the acceptance region of the
tracking system, i.e. satisfies j	j< 2:5 in addition to the
requirement pT > 20 GeV that all jets have to fulfill, and if
it is associated with the parent b quark. DELPHES assumes a
tagging efficiency of about 40% for taggable jets; the total
b-tagging efficiency is thus less than 40%. DELPHES also
assumes mistagging efficiencies of 10% and 1% for charm
jets and light-flavored (or gluon) jets, respectively. Not
surprisingly, the t�t background contains the largest number
of b tags since every t�t event contains two b quarks arising
from top quark decays, and additional b quarks can emerge
from gluon splitting. Unfortunately, the signal contains b
tags slightly more often than the V þ j backgrounds do.
This is partly due to the presence of two c (anti)quarks,
which have a relatively high probability to be mistagged as b
jets. Moreover, at the parton level the jet in signal events is
most often a gluon, which can split into a b �b pair, whereas in
V þ j events the parton-level jet is most of the time a quark;
signal events are therefore more likely to produce a b �b pair
in the QCD shower. Nevertheless, a b jet veto will suppress
the t�t background with relatively little loss of signal.

The pT distribution of the hardest jet is given in Fig. 5,
where we have also included the b jets. At very large
transverse momentum, pTðjetÞ> 600 GeV, all curves
have similar slopes, since then the hardness of the event

is determined by the pT of the hardest jet rather than the
mass of the produced particles. However, at smaller pT the
V þ j backgrounds have a significantly softer spectrum
than the signal and the t�t background; once a pair of
massive particles is produced, producing a jet with pT

comparable to, or smaller than, twice the mass of these
particles is more likely than in events containing only
relatively light particles. Finally, the peaks in the distribu-
tions for the signal as well as the V þ j backgrounds are
due to the parton-level cut of 150 GeV on the jet that is
produced as part of the hard partonic collision. Recall that
we generated t�t events without requiring an additional
parton, and therefore we did not require a minimum
pTðjet1Þ here at parton level. As a result, the t�t contribution
peaks at a lower pT value (�mt=2, off the scale shown in
Fig. 5) than the other processes. We conclude from Fig. 5
that a lower cut of about 500 GeV on the hardest jet will
improve the statistical significance of the signal.
We see in Fig. 6 that the pT distribution of the second

hardest jet is much softer for the signal and the V þ j
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FIG. 4 (color online). Number of tagged b jets for the signal
and SM backgrounds. Parameters are as in Fig. 1.
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FIG. 5 (color online). pT distributions of the hardest jet for the
signal and SM backgrounds. Parameters are as in Fig. 1.

) (GeV)
2

(j
T

p
0 50 100 150 200 250 300 350 400

N
um

be
r 

of
 E

ve
nt

s

210

310

410

510

610

Signal
ttbar
Z+j
W+j
Wtau+j

FIG. 6 (color online). pT distributions of the second hardest jet
for the signal and SM backgrounds. Parameters are as in Fig. 1.
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backgrounds than that of the hardest jet. Recall that the first
jet is generated at parton level with pT > 150 GeV,
whereas the second jet comes from QCD showers, or in
case of the signal, possibly from stop decays. Both sources
give mostly soft jets whose spectrum is backed up against
the lower cut of 20 GeV we impose on all jets. In contrast,
in t�t events the hardest and second hardest jet usually both
originate from top decay. The pT spectrum of the second
hardest jet therefore peaks not much below that of the
hardest jet, at pT ’ 75 GeV.

From Fig. 3, we have seen that a veto on the second
jet is necessary in order to sufficiently suppress the t�t
background. However, if we vetoed all jets with pT >
20 GeV, we would lose too many signal events. We find
that it is a good choice to veto all events where the second
hardest jet has pT > 100 GeV. We also examined a veto on
the third hardest jet with reduced pT threshold. This would
reduce the t�t background even further. However, it would
also remove many signal events and thus a veto on the third
jet does not increase the significance of our signal.

Finally, Fig. 7 shows the missing transverse energy
distributions of signal and backgrounds. We see that the
signal has the slowest falloff. Recall that we did not take
into account pure QCD backgrounds such as dijet and trijet
events. Thus we need a cut on missing energy in order to
suppress these backgrounds [31]. We find that a missing
transverse energy cut near 450 GeV maximizes the signifi-
cance of the signal for our benchmark point. Such a hard
cut on the missing ET , together with the veto on a second
hard jet, should suppress the pure QCD background to a
negligible level.

E. Discovery potential at the LHC

In the previous subsection, we have discussed the basic
distributions which we use to derive a set of kinematical cuts.
Now we discuss the statistical significance for our bench-
mark point. Then, we will show the discovery potential of

our signal in the stop-neutralino mass plane at the LHC for
an integrated luminosity of 100 fb�1 at

ffiffiffi
s

p ¼ 14 TeV, using
the same set of cuts that optimizes the signal significance for
our benchmark point.
As motivated by our discussion in Sec. III D, we apply

the following set of cuts:
(i) pTðjet1Þ � 500 GeV, i.e. we require one hard jet

with pT � 500 GeV.
(ii) 6ET > 450 GeV, i.e. we demand large missing trans-

verse energy.
(iii) Nlepton < 1, i.e. we veto all events with a recon-

structed electron or muon with j	j< 2:5. Recall
that we only include isolated electrons with pT >
10 GeV, but all muons with pT > 4 GeV.

(iv) Ntau < 1, i.e. we veto all events with an identified
tau jet with j	j< 2:5 and pT > 20 GeV.

(v) Nb-jet < 1, i.e. require a veto on all tagged b jets with

pT > 20 GeV and j	j< 2:5.
(vi) pTðjet2Þ< 100 GeV, i.e. we veto the existence of a

second hard jet.

The numerical values of the first, second and last cuts have
been set by optimizing the signal significance for our
benchmark point.
In Table III, we list all cuts in the first column. We

display the total number of ðZ ! � ��Þ þ j (second column),
Wð! ‘�‘Þ þ j (third column), Wð! ���Þ þ j (fourth col-
umn) and t�t events (fifth column) for an integrated lumi-
nosity of 100 fb�1 at the LHC with

ffiffiffi
s

p ¼ 14 TeV. The
signal S, the resulting ratio between signal and background
(B) events and the estimate significance S=
B are given in
the sixth, seventh and eighth column, respectively.
The significance of the signal depends on the error 
B

(8) of the background. In Sec. III A, we discussed the
individual systematical errors. We also mentioned a data
driven method to determine the dominant Zþ j back-
ground from the Zð! ‘‘Þ þ j calibration channel. Our
overall error estimate is then given by


B ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5:3BZþj þ

X
i

Bi þ
X
i

ð0:1BiÞ2
s

;

i ¼ t�t;Wð! ‘�‘Þ þ j;Wð! ���Þ þ j: (8)

We start with a cut on the hardest jet (including b-tagged
jets). After applying this cut, t�t is the dominant back-
ground; it is two orders of magnitude larger than the signal
and the remaining SM background, as can be seen in the
first row of Table III and Fig. 5. Because of the large t�t
background, the signal significance is still very small. Note
that for lower stop masses, a less stiff cut on the hardest jet
would be slightly more efficient but we optimize our cuts
for heavier stops since we would like to determine the
discovery reach.
The rather hard cut on the missing transverse energy

strongly suppresses the W þ j and t�t backgrounds, but
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FIG. 7 (color online). Missing transverse energy distributions
for the signal and SM backgrounds. Parameters are as in Fig. 1.
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coming after the hard cut on the pT of the first jet, has little
effect on the signal and on the Zþ j background. This
holds for relatively small mass splittings between the
lighter stop and the lightest neutralino. In these scenarios
(including our benchmark scenario), the charm jets are
rather soft, leading to large missing transverse energy. As
the mass splitting increases, the charm jets become harder
and are more often reconstructed, decreasing 6ET . We there-
fore anticipate that the significance of our signal will be
worse for larger mass splittings (see below).

As we have shown in Fig. 1, the lepton veto should
efficiently reduce the SM background, while having little
effect on the signal. We can see in Table III that the
leptonic W þ j background is reduced by about a factor
of 3. W þ j events involving leptonically decaying taus
from the W are also removed. This cut also reduces the t�t
background significantly. Naively, one would assume that
after demanding large missing transverse energy, at least
oneW boson from t ! bþW or inW þ j decays leptoni-
cally. However, there is a quite substantial probability that
a charged lepton is not reconstructed according to the
criteria described in Sec. III B. Finally, the irreducible
Zþ j background is not affected by this cut.

The tau veto removes 25% of the Wð! ��Þ þ j back-
ground events. However, nearly all t�t events pass the cut.
Requiring a large missing transverse energy cut and a
lepton veto should mostly leave t�t events with one W
decaying into a tau. Even so, only a few t�t events are
removed, since the � tagging efficiency is very poor for
t�t events.

After these four cuts, the signal significance is slightly less
than five, with a signal-to-background ratio of 0.21.
At this stage t�t and Zþ j are still the dominant backgrounds.
The b-jet veto further suppresses the t�t background by a
factor of 2. As expected, it has little effect on the Zþ j and
W þ j backgrounds. We saw in Fig. 4 that a relatively large
fraction of the signal events contains a tagged b jet. Thus the
veto also removes 13% of the signal events. Nevertheless, this
cut increases the signal significance to 6.94.

The final cut vetoing a second hard jet is of crucial
importance to further suppress the t�t background. We
now obtain a significance of 8.17 and a rather good
signal-to-background ratio of about 0.23. Note that the t�t

background is now quite insignificant, being much smaller
than the signal. It could be suppressed even further by
reducing the pT threshold in the second jet veto.
However, the number of signal events is decreased more
strongly by this veto than the Zþ j background, such that
our overall significance would get worse.
Searches for monojet signatures by the LHC experi-

ments [48,49] also demand that the transverse momentum
vector of the second jet not be close to the missing pT

vector (ATLAS), or equivalently, that the two hardest jets
not be back-to-back in the transverse plane (CMS). The
ATLAS cut would reduce our signal by about 35%, while
the dominant Zþ jet background would be reduced by
only 12%. The reason is that in case of the signal the
visible stop decay products tend to be back-to-back to
the hardest jet, making it quite likely that the second
hardest jet is also approximately back-to-back with the
hardest jet. Such a cut is therefore not beneficial in our
case.
The purpose of this cut is to suppress pure QCD multijet

backgrounds. However, ATLAS [48] finds that even with
quite soft cuts on the hardest jet and the missing ET , the
pure QCD background only amounts to about 5% of the
leading Zþ jet background without such an angular cut.
CMS [49] imposes stronger cuts on both the pT of the
hardest jet and the missing ET . Before the angular cut, the
multijet background is about 20% of the Zþ jet back-
ground. Normally one expects the importance of the pure
QCD background to decrease with increasing missing ET

requirement. The fact that the QCD background before the
angular cut nevertheless is relatively more important in the
CMS analysis might be related to the fact that CMS counts
muons as part of the ‘‘missing’’ ET . Semileptonic c and b
decays can therefore generate significantly larger missing
ET as defined by CMS than in the ATLAS definition. Our
cut on missing ET is even harder than the default cut used
by CMS (200 GeV), for which the cut flow is shown; as
noted above, this should further reduce the relative size of
the pure QCD background. Moreover, the CMS ‘‘multijet’’
background is reduced by about factor of 30 by a lepton
veto, even though only isolated leptons are vetoed. We
conclude from this that our combination of a very
stiff missing ET cut with a lepton veto, which includes

TABLE III. Cut flow for the benchmark scenario of Sec. III C at the LHC with
ffiffiffi
s

p ¼ 14 TeV and an integrated luminosity of
100 fb�1. In the second last column, we present the ratio between signal and background number of events. In the last column, we
estimate the significance via 
B given in Eq. (8).

Cut Zð! � ��Þ þ j Wð! e�e;���Þ þ j Wð! ���Þ þ j t�t Signal S=B S=
B

pTðj1Þ> 500 GeV 27 619 69 802 35 137 2 206 070 17 797 0.008 0.08

6ET > 450 GeV 22798 20 738 16 835 633 20 13 350 0.108 1.94

Veto on e, � 22 284 6363 11 978 23 416 12 810 0.200 4.68

Veto on isolated taus 22 221 6274 9031 22 848 12 727 0.21 4.96

Veto on b jets 21 295 5968 8617 11 424 11 064 0.23 6.94

Veto on second jet ðpTðj2Þ � 100 GeVÞ 15 415 3702 5128 1408 5848 0.23 8.17
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nonisolated muons, should reduce the pure QCD background
to a negligible level even without an additional angular cut.

We finally note that the Monte Carlo prediction of the
total background exceeds the background estimated by CMS
directly from the data by about 25% [49]. This gives us some
confidence that our background estimate is conservative.

Having discussed the signal significance for our bench-
mark scenario, we now want to present results for other
stop and neutralino masses. As before, we assume that all
other sparticles are effectively decoupled. For the sake of
simplicity, we apply the same cuts as for the benchmark
point, i.e. the cuts in Table III.

In Fig. 8, we present the number of signal events in the
stop-neutralino mass plane applying all cuts of Table III.
The number of signal events is normalized to a luminosity
of 100 fb�1 at

ffiffiffi
s

p ¼ 14 TeV. We see that even after the
stiff cuts listed at the beginning of this subsection, our
Oð�3

SÞ signal process yields in excess of 1000 signal events
out to quite large stop masses, as long as the mass splitting
to the ~�0

1 is small.

In Fig. 9, we show the statistical significance in the stop-
neutralino mass plane for an integrated luminosity of
100 fb�1 at

ffiffiffi
s

p ¼ 14 TeV. We present the discovery reach
corresponding to 5�, 3� and 2�, respectively; the latter
should be interpreted as the region that can be excluded at
95% C.L. if no signal is found. The stop can dominantly
decay into a charm and a neutralino form~�0

1
þmc <m~t1 <

m~�0
1
þmW þmb, the area lying between the two straight

lines in Figs. 9 and 8. The region below the short-dashed
black curve is excluded by Tevatron searches at the
95% confidence level [16,17]. In the region to the left of
the long-dashed red curve, searches for light stops in events
with two b jets and large missing energy [23] should have
at least 5� statistical significance.
We see from Fig. 9 that the discovery of stop pairs in

association with a jet should be possible for stop masses up
to 290 GeV and for mass splittings between stop and
neutralino of up to 45 GeV. Stop masses up to 360 GeV
can be excluded at 2� if the mass splitting is very small. As
mentioned in the discussion of the missing ET cut as well
as in Ref. [24], the significance of our monojet signal gets
worse with increasing mass splitting. Increasing the mass
splitting increases the average energy of the c jets. This
reduces the missing ET and increases the probability that
the signal fails the veto on a second hard jet. These effects
are cumulative: the reduced missing ET could be compen-
sated by increasing the pT of the additional parton-level
jet. However, this would also increase the pT of the ~t1~t

�
1

pair, and hence the average pT of the c jets from ~t1 decay.
The region close to the maximal allowed mass splitting

(for the assumed loop-level two-body decay of ~t1) could
perhaps be probed through conventional searches for dijet
plus missing ET events without demanding the presence of
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FIG. 8 (color online). Number of signal events after cuts in the
stop-neutralino mass plane assuming an integrated luminosity of
100 fb�1 at

ffiffiffi
s

p ¼ 14 TeV. The two parallel straight lines delin-
eate the region where ~t1 ! ~�0

1c decays are allowed but ~t1 !
~�0
1W

þ �b decays are forbidden. The grey lines correspond to 7000,

6000, 5000, 4000, 3000, 2000 and 1000 signal events (from top
to bottom), respectively.
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FIG. 9 (color online). Signal significance with background
error estimated as in Eq. (8) in the stop-neutralino mass plane
assuming an integrated luminosity of 100 fb�1 at

ffiffiffi
s

p ¼ 14 TeV.
The two parallel straight lines delineate the region where ~t1 !
~�0
1c decays are allowed but ~t1 ! ~�0

1W
þ �b decays are forbidden.

The three grey lines correspond to 5�, 3� and 2� (from top to
bottom), respectively. The short-dashed black curve delimits the
Tevatron exclusion region, whereas the long-dashed red curve
denotes the upper limit of the discovery reach of searches for
light stops in events with two b jets and large missing energy.
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an additional parton-level jet. Alternatively one could re-
duce the missing ET cut, and try to suppress the V þ j
backgrounds by a cut on the minimal multiplicity of
charged particles [23]. In both cases some sort of c-jet
tagging would be helpful and perhaps even crucial.
Unfortunately, little is known (to us) about the capabilities
of the LHC experiments to detect charm jets (or at least to
isolate an event sample enriched in charm jets). We have
therefore not attempted this approach here.

The dashed red line in Fig. 9 indicates that the two b jets
plus missing transverse energy signature [23] is degraded
less for larger mass splittings compared to our monojet
signal. There the presence of two hard b jets allowed the
use of a much milder missing ET cut of ‘‘only’’ 200 GeV,
and no veto against additional jet activity was used.
However, the analysis of [23] is not really comparable to
our present work. First of all, only statistical uncertainties
were considered in [23], whereas in the present case the
uncertainty of the background, and hence the total signifi-
cance, is dominated by the systematic errors; for example,
after all cuts our benchmark point has a statistical signifi-
cance of about 37, compared to our stated significance of
‘‘only’’ 8.17. Secondly, detector effects were not included
in [23]. At least according to DELPHES, this overestimates
the efficiency of the lepton veto in reducingW þ j and top
backgrounds. Finally, the red curve shown in Fig. 9 holds
under the assumption that there is a higgsinolike chargino
just 20 GeVabove the ~t1; this increases the cross section for
~t1~t

�
1b

�b production, which receives contributions from
~t1 ~�

�
1
�b production followed by ~��

1 ! ~t�1b decays (as well

as charge conjugate processes).
As noted above, the total uncertainty of our background

estimate is dominated by the systematic error on theW þ 1
jet background, which we estimate to be 10%. This is
compatible with recent preliminary ATLAS results on
monojet searches at the 7 TeV LHC [48,49]. Since with
the accumulation of additional data, our understanding of
W þ 1 jet production should improve, we consider this
estimate, and the resulting estimate of the LHC reach, to
be quite conservative. For example, Ref. [26] estimates the
total squared uncertainty from all W, Zþ 1 jet back-
grounds to be 7BZþj. This would reduce the total uncer-

tainty 
B of the background after all cuts from about 715
(our estimate) to about 360, i.e. by a factor of 2. Once the
total error on the background has been established, Fig. 8
can be used to determine the region of parameter space that
can be probed at a given significance.

Finally, our estimate of the signal S also has uncertain-
ties. Since we define the significance as S=
B the system-
atic (theoretical) uncertainty on S will only change the
signal reach appreciably if the uncertainty is sizable.
Since we are employing leading order Oð�3

SÞ expressions
for the parton-level signal cross section, NLO corrections
might indeed be sizable. One often attempts to estimate
their magnitude by varying the factorization and renormal-

ization scales. For example, for m~t1 ¼ 120 GeV, setting

both of these scales equal to the stop mass increases the
parton-level cross section before cuts to 49 pb; this is a
factor 1.6 larger than the value of 31 pb we quote in
Table II, which has been computed using the MADGRAPH

default scale choices. Unfortunately, no NLO calculation
of squark pair production with radiation of an additional jet
has been performed as yet. All other theoretical uncertain-
ties (due to details of the QCD shower and fragmentation
or the choice of parton distribution functions) are signifi-
cantly smaller than this estimate of the uncertainty due to
NLO corrections.

IV. SUMMARYAND CONCLUSION

In this work, we considered light stops nearly degenerate
with the lightest neutralino, with mass splitting of at most a
few tens of GeV. Including CP phases in a sufficiently light
electroweak gaugino-higgsino sector can then lead to sce-
narios consistent with electroweak baryogenesis and pro-
vide the right amount of dark matter. However, in such
a scenario the direct production of a pair of light stops in
stop pair production is difficult to detect at a hadron
collider like the LHC since the decay products of the stops
are quite soft.
One solution is to examine stop pair production in asso-

ciation with two b jets [23]. This could not only serve as a
stop discovery channel; it could also be used to constrain
Yukawa couplings of superparticles. The mixed QCD-EW
production channels are sensitive to the ~t1 � ~��

1 � b cou-
pling. However, in order to determine the value of this
coupling from future data, it is necessary to know the stop
mass so that the QCD contribution can be subtracted.
In Ref. [24] a different process with negligible EW

contributions was proposed: stop pair production in asso-
ciation with a hard jet. In this paper we reanalyzed this
process with some significant improvements. First, we
included the t�t background, which had been neglected in
previous works. Second, we simulated the signal and full
SM background with the recent Monte Carlo simulations
including a detector simulation. Finally, we optimized the
selection cuts, which was not done in Ref. [24].
We discussed all the relevant collider observables for a

specific benchmark point with m~t1 ¼ 220 GeV and m~�0
1
¼

210 GeV. This led to a set of optimal cuts. We found that
demanding a lot of missing transverse energy ( 6ET �
450 GeV) and large transverse momentum of the hardest
jet (pTðj1Þ � 500 GeV) is not sufficient to see an excess
above the SM background. However, additionally impos-
ing a lepton veto and a veto on the second jet (pTðj2Þ �
100 GeV) is very efficient for background suppression; the
remaining dominant background process being the irreduc-
ible process Zð! � ��Þ þ j. Fortunately, this background
can be determined experimentally from Zð! ‘‘Þ þ j,
although with reduced statistics. Here, we adopted a con-
servative estimate of the background uncertainty of the
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Zð! � ��Þ þ j channel from Ref. [26] using 
BZð!� ��Þþj ¼
5:3BZð!� ��Þþj. On the remaining SM backgrounds we as-

sumed a systematic error of 10%. For our benchmark point,
we showed that we can have a total signal significance
exceeding 8 for an integrated luminosity of 100 fb�1 atffiffiffi
s

p ¼ 14 TeV. For the same cuts, we examined the dis-
covery reach in the stop-neutralino mass plane and showed
that this process can probe stop masses up to 290 GeV if the
mass splitting to the LSP is very small. This is well above
the maximal ~t1 mass compatible with electroweak baryo-
genesis in the MSSM.

After having reexamined the monojet signature in this
work, we are currently investigating the potential of re-
construction the ~t1 � ~��

1 � b coupling by comparing the
monojet channel to the two b jets plus missing energy
channel. Moreover, it would be interesting to devise meth-
ods to probe light top squarks with somewhat larger mass
splitting to the LSP. Considering the importance that top
squarks play in naturalness arguments for supersymmetry,
this offers a good motivation to our experimental col-
leagues to investigate charm tagging at the LHC.
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APPENDIX: JET PARTON MATCHING

In our work, we have estimated the SM backgrounds to
our monojet signal by using the exact leading order matrix
elements of the V þ 1jet (V ¼ W, Z) processes where
additional partons are emitted via the parton shower.
However, it is common lore that a parton shower is only
valid in the limit of soft and collinear emissions. Since we
apply a (relatively loose) jet veto on the second jet, it
should be investigated whether jet matching for the second
jet affects our results of the V þ j backgrounds, see also
the discussion in Sec. III B.

Here, we shortly study the impact of the exact matrix
element calculation of single gauge boson production in
association with up to two parton final states at the example
of the Zþ jet background. We use the parton-jet MLM
matching algorithm [39], which is based on event rejection.
The numerical matching is performed with MADGRAPH5.1.4.6

interfaced with the shower generator PYTHIA6.4 where we
applied a pT sorted parton shower. Hadronization is in-
cluded, but we switch off the underlying event for this study.

(It has of course been included in the analysis presented in
the main text). We produce a matched sample of Zþ 1jet
and Zþ 2jet events with subsequent Z ! � �� decays. We
demand parton level cuts on the missing transverse energy of
ET > 150 GeV and minimum transverse energy cut on the
leading jet with pT > 150 GeV. We have chosen a merging
scale of Q ¼ 60 GeV and kept the remaining default set-
tings in MADGRAPH.We checked that this choice of matching
scale leads to smooth distributions, and that our results are
stable against small variations of the matching scale. We
compare the matched sample with a description very similar
to that used in the main text where Zþ 1 parton events
generated with exact matrix elements are interfaced with
PYTHIA6.4. Here the second jet arises from the parton shower.

Our numerical results are summarized in Table IV. We
present the number of events after applying the relevant
kinematic cuts scaled to an integrated luminosity of
100 fb�1 at

ffiffiffi
s

p ¼ 14 GeV for both samples. We start
with a pT cut on the hardest jet. Matching increases the
cross section after this first cut by a factor 2.25, as one can
see in the second column. The first cut shows that the
parton shower description produces a less energetic leading
jet than the two-jet matrix element description, although
the first jet is exact in both samples. The reason for this is as
follows. In the unmatched case, the second jet prefers
phase space configurations close to the leading jet. In the
matched sample, the second jet tends to be not as strongly
centered around the leading jet in phase space, and thus
events where the second jet is closer to the Z increase the
average pT of the leading jet.
However, as a consequence of the second jet being

closer to the Z on average, the missing transverse momen-
tum distribution becomes softer since the preferred kine-
matical configuration is determined by minimizing the
squared partonic center-of-mass energy ŝ. Thus matching
reduces considerably the efficiency of the missing trans-
verse momentum cut, so that the ratio of cross sections
with and without matching is reduced to 1.36. Finally, we
find that after imposing the jet veto, both estimates of the
cross section agree well because, as expected, the second
jet from the exact matrix element is on average harder than
the parton shower jet in the unmatched case. In other
words, matching increases the number of events with
hard second jet, which are in any case rejected by our jet
veto. We conclude that the background estimates with and
without MLM matching agree well within the statistical
uncertainties.

TABLE IV. Cut flow for an unmatched Zþ 1j sample and a
matched Zþ 1j and Zþ 2j sample. We assumed an integrated
luminosity of 100 fb�1 at the LHC with

ffiffiffi
s

p ¼ 14 TeV.

Sample pTðj1Þ> 500 GeV 6ET > 450 GeV Jet veto

Unmatched 28 048 23 080 16 002

Matched 63 021 31 478 16 387
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