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Results are presented from a search for new decaying massive particles whose presence is inferred from
an imbalance in transverse momentum and which are produced in association with a single top quark that
decays into a bottom quark and two light quarks. The measurement is performed using 19.7 tb~! of data
from proton-proton collisions at a center-of-mass energy of 8 TeV, collected with the CMS detector at the
CERN LHC. No deviations from the standard model predictions are observed and lower limits are set on
the masses of new invisible bosons. In particular, scalar and vector particles, with masses below 330 and
650 GeV, respectively, are excluded at 95% confidence level, thereby substantially extending a previous
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Extensions of theories beyond the standard model
(BSM), such as those with universal extra dimensions
[1] or supersymmetry [2,3], predict the existence of neutral
massive particles that are “invisible,” that is, they interact
only weakly with matter. Such particles can be produced in
collider experiments, but escape detection so that their
existence can only be inferred by the presence of a large
imbalance in transverse momentum (E?iss). Both the
ATLAS [4] and CMS [5] collaborations have performed
searches for the invisible BSM particles in monojet [6,7]
and monophoton [8,9] signatures that manifest themselves
through the presence of a single jet or photon associated
with large ERS. These searches have not revealed any
evidence for BSM monojet or monophoton final states, but
this nonobservation can be accommodated in a theory
where the new particles change the quark flavor and convert
a light quark to a top quark. In this case, the BSM event
signature would not correspond to monojet or monophoton
final states, but to events containing single top quarks and
large EWS, referred to as “monotop” candidates. In this
Letter, we present a search for such events in which an
invisible BSM particle is produced in association with a top
quark [10-20].

Depending on the spin statistics of the invisible particle,
at tree level a monotop system can be produced through
two main mechanisms: it can originate either (i) from the
decay of a heavy bosonic resonance, with ET'S arising from
an invisible baryon-number violating fermionic state (for
instance, d5 — il; — t;}‘l), where d and 5 denote anti-d and
anti-s quarks, u; are any of the up-type squarks of R-parity
violating supersymmetry [21], and ¢ and }9 are the top
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quark and neutralino), or (ii) through flavor-changing (FC)
interactions mediated by an invisible bosonic state (for
instance, ug — u — tv, where u, g, t, and v are an up quark,
gluon, top quark, and invisible BSM particle, respectively)
[10]. In both cases, the new invisible particles are assumed
to have a branching fraction close to unity for decay to
hidden sector particles. While this requires some degree of
tuning, such scenarios are well motivated as discussed in
Ref. [22]. Consequently, even in the presence of non-
vanishing couplings to SM particles, which is necessary for
the production of such invisible particles in collider experi-
ments, an E™ signature is expected. The present study
focuses on the second class of the above-mentioned
processes where a bosonic invisible state is produced that
yields a large ET'* in association with a single top quark
that decays to a bottom quark and a W boson, with the latter
decaying into a pair of quarks.

The search is performed on data from proton-proton
collisions recorded at a center-of-mass energy of 8 TeV,
corresponding to an integrated luminosity of 19.7 fb~!, and
recorded with the CMS detector [5] at the CERN LHC. The
most important backgrounds for the event signature with
three jets and large E™S are Z+jets, W +jets, and f7
processes. The Z + jets and W + jets backgrounds are
estimated from data, and the signal yield is determined
simultaneously with multijet background, using a likelihood
approach based on the observed multiplicity of b-tagged jets.

We interpret the results within a simplified field theory
[10,11] where the invisible particle can be either a scalar
(¢p) or a vector (v) boson, with its Lagrangian given by

L = Lsy + Lygn + acitu + apev,iiy*u +He., (1)
where Lgy denotes the SM Lagrangian, Ly;, kinetic terms
for the ¢ and v fields, and the remaining terms model the

interactions of the invisible states with up-type quarks. The
coupling strengths are embedded in two 3 x 3 matrices in
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FIG. 1. Feynman diagrams for s-channel (left) and z-channel
(right) monotop production.

flavor space (agé), where only the elements connecting the
first and third generations are nonvanishing and set to 0.1,
as done in Ref. [10]. The Feynman diagrams for tree-level
production are shown in Fig. 1.

Events are recorded using a trigger requiring ETSS >
150 GeV. For the background estimation we use an
independent control sample of events with an isolated
single-muon trigger with a transverse momentum threshold
of pr > 24 GeV.

The monotop model is implemented within the
FEYNRULES package [23,24] and is interfaced [25,26] to
the MADGRAPH 5 event generator [27]. Simulated events
are produced for masses of invisible particles from 0 to
0.2 TeV in steps of 0.05 TeV, and from 0.2 to 1 TeV in steps
of 0.1 TeV. The production cross sections are calculated at
leading order (LO) with MADGRAPH using CTEQG6.1L [28]
parton distribution functions (PDF). This PDF set is also
used for simulating the SM background processes.

The main backgrounds are generated using MADGRAPH.
For W + jets and Z + jets processes, events are generated
including up to four additional partons. For Z(— ee,
up, 77) + jets (with mass my, > 50 GeV) and W(— ev,
uv,7v) + jets processes we use the next-to-next-to-leading
order (NNLO) cross sections of 3.50 nb and 37.5 nb,
respectively, as calculated using the FEwz 3.1 program
[29]. For the Z(— vv) + jets process we use events gen-
erated in four bins of Hr, the scalar sum of pt of all of the
generated partons in the process: 50 < Ht < 100 GeV,
100 < Hy < 200 GeV, 200 < Hy < 400 GeV, and Hy >
400 GeV, with respective LO cross sections of 381, 160,
41.5, and 5.27 pb. The ff sample includes up to three
additional partons at the matrix element level, and is rescaled
to an inclusive NNLO cross section of 246 pb [30].

Other SM backgrounds arise from single top quark and
diboson (WW, WZ, and ZZ) production. Single top quark
production is modeled with POWHEG 1.0 [31-34], and
diboson production is modeled with PYTHIA 6.4.22 [35].
All Monte Carlo (MC) generated events are evolved using
PYTHIA 6.4.22 with Z2* tune [36] and processed with a
full simulation of the CMS detector implemented in the
GEANT4 package [37].

We require at least one reconstructed primary vertex and
reject events with evidence of significant beam halo or
events with a large amount of detector noise [38].

The CMS particle-flow (PF) algorithm [39—41] is used to
reconstruct and identify each particle with an optimized
combination of information from all the CMS subdetectors.
The only charged PF particles considered in reconstructing
an event are those associated with the main primary vertex,
which is defined as the primary vertex with the largest sum
of p of all the associated tracks. Particles identified as
originating from other collisions in the beam crossing
(pileup) are removed from consideration.

The three jets from t —» bW — bgqg’ decay are recon-
structed using the anti-kt clustering algorithm [42] with a
distance parameter of 0.5. During jet reconstruction, the
charged particles arising from pileup interactions are
excluded, while the neutral pileup component is accounted
for using the area-based energy subtraction procedure
described in Refs. [43,44]. Jet energy corrections used in
this measurement rely on simulation and on studies
performed in data [45]. Only jets with pr > 35 GeV and
|n| < 2.4 are considered, where 7 is the pseudorapidity. The
two highest-pr (leading) jets must have a pt > 60 GeV,
while the pt of the jet with third highest pt has to be above
40 GeV. The invariant mass of the three jets has to be less
than 250 GeV. Events containing additional jets with a pr
above 35 GeV are rejected. We require one of the three jets
to be identified as a candidate jet from a b quark. The
identification algorithm is based on the reconstruction of a
displaced secondary vertex [46]. A jet from a b quark is
tagged with ~70% efficiency. The probability to tag a light
jet from u, d, or s quarks, or a gluon jet is 1%—4%
depending on the jet pr. We also use events without
b-tagged jets in order to define a background-enriched
sample to extract the normalization for multijet background.

Signal-candidate events containing isolated muons or
electrons are rejected. Muons are reconstructed by match-
ing tracks from the outer muon detector to tracks recon-
structed by the inner tracker [47]. Muons are required to
have pr > 10 GeV and || < 2.4. Electrons are recon-
structed by associating tracks from the inner tracker to
clustered energy depositions in the electromagnetic calo-
rimeter [48]. Electrons are required to have pr > 20 GeV
and be within |p| < 2.5, excluding the transition region
between barrel and endcap defined by 1.44 < || < 1.57.
Standard CMS muon and electron identification criteria
[47,48] are applied. The muon (electron) relative isolation
variable I, is computed by first summing the transverse

momenta of the reconstructed particles in a cone of AR =

(An)? + (A¢h)? < 0.4(0.3) around the muon (electron)
direction, excluding the contribution of the lepton, and then
dividing this sum by the transverse momentum of the
lepton. The lepton candidates are rejected if they sat-
isfy Iy < 0.2,

The E?iss vector is defined by the negative vector sum of
the transverse momenta of all the reconstructed particles in
the event. The ET* threshold of 350 GeV used in the
analysis is optimized to give the most sensitive exclusion
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limit on the production cross section. This threshold is also
nearly optimal for attaining best significance in the signal.

The dominant backgrounds after implementing the
selection criteria are ¢f and V + jets events, with V being
either a Z or a W boson. For electroweak vector boson
production up to three additional jets are considered,
leading to a large systematic uncertainty in the predicted
production rate. For this reason, we estimate the V 4 jets
background using data.

The control region for W + jets and Z + jets back-
grounds is defined with an alternative selection, requiring
one or two isolated muons in addition to the three jets. A
tighter selection is applied for muons, requiring them to
satisfy pp > 40 GeV and |57| < 2.1. In this case, the relative
combined isolation variable in a cone of AR < 0.4 must be
below 0.12. As in the signal selection, the three jets are
required to have pr > 60, 60, 40 GeV respectively, and the
invariant mass of the three jets has to be less than 250 GeV.
Events with any additional jets with a pt above 35 GeV, as
well as events with additional isolated electrons or muons
are rejected.

The Z(— wv) + jets background is estimated from events
with two muons and three jets. In such events, we replace the
requirement for E?iss > 350 GeV with the requirement for
the vector sum of the pr of the two muons and of EF** to be
greater than 350 GeV. We also suppress the non-Z back-
grounds by selecting events with ptu~ invariant mass
between 60 and 120 GeV. The residual non-Z backgrounds
are reduce to 1.5%; thus they make a negligible contribution
to the overall uncertainty. The Z(— vv) + jets background is
calculated using the following equation:

N™(up) B(Z — w)

MZ =) = el BZ = un)

(2)

where N (uu) is the number of observed events with two
muons, A X e(uu) is the product of acceptance and effi-
ciency to identify and select the two muons, as measured in
simulation, and B(Z — w)/B(Z — up) = 5.94 [49] is the
ratio of branching fractions for Z decays into two neutrinos
and two muons. The accuracy of the background estimate is
limited by the number of selected events with two muons.
The estimated Z(— wv) + jets background is presented in
Table I.

The W(— ¢v) + jets background is calculated from
events with a single muon and three jets. Just as in the
selected signal events, TS has to be greater than 350 GeV.
The transverse mass constructed with the muon-py and
E™iss vectors has to be less than 180 GeV. From simulation
we estimate the single-muon background that does not arise
from W boson production (roughly a third of events), and
subtract it from the observed number of events. The
resulting number is divided by the acceptance and effi-
ciency of the single-muon selection, providing thereby
the number of W(— pv) + jets events. Assuming lepton

TABLE I. Total number of selected events in data compared to
the background prediction. The background yields are given with
statistical (first) and systematic (second) uncertainties. The
multijet background is calculated using all the other backgrounds
and therefore its uncertainty is not included in the quadratic sum
of background uncertainties.

No b tag One b tag
1t 6+0+5 12£0+£12
W + jets 18+9+7 3+1+2
Z + jets 103 £33 +9 11£10£1
Single top 2+1+1 I1+1+1
144 54040 0+£0+0
Multijet 6(£39) 1(£9)
Total background 140 £+ 36 28+ 16
Signal 246 3411
Data 143 30

universality, we use the same estimate for events with other
lepton flavors. In the simulation, we calculate the proba-
bility that the W(— £v) + jets event can be present after
applying the lepton veto that is used to select signal events.
The resulting estimate of the W(— #v) + jets background
is calculated as follows:

N () = Nion. W
A xe(u)

N(W - v,lostt) =

Z P(lost?)
C=eu,t
(3)

where N°(y) is the observed number of single muon
events, NMC 1 is the background that does not arise from W
bosons, and is estimated through simulation, A x e(u) is the
product of acceptance and efficiency to identify and select
the muon, as measured in simulation, and P(lost?) are the
probabilities that a W + jets event with an electron, a muon,
or a tau lepton is not rejected by the signal selection, as
defined through simulation. The background contributions
from other kinematic regions [e.g., W(— ev) and W(— tv)
with two jets] were found to be negligible. The accuracy of
the W(— ¢v) + jets background estimate is limited by the
number of selected muon events and by the uncertainty in
the simulation of background from other than W boson
sources. The rate of W + jets events with one b-tagged jet
is estimated by scaling the rate without b-tagged jets by the
probability to have a b-tagged jet in simulated W + jets
events. The estimated background from W + jets is given
in Table I.

The most important background after V+jets processes is
from tf production, followed by single top quark and
diboson production. These backgrounds are estimated
through simulation. The leading systematic uncertainties
arise in the simulated ¢7 sample. They are related to the
choice of the renormalization and factorization scales and
the scale that determines the transition between modeling
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FIG. 2 (color online). The invariant mass of the three jets prior
to the selection on their mass to be less than 250 GeV, for events
with one b-tagged jet. Data are compared to the simulated
backgrounds. The expectation from a model for an invisible
vector particle with a mass of 700 GeV is represented by the
dashed line.

additional partons at matrix element level and at the level of
parton showers. Other systematic uncertainties originate
from jet energy scale and resolution, b-tagging efficiency
and mistagging rate, choice of PDF, and accuracy of the
luminosity measurement. The yields from background f7,
single top quark, and diboson sources, together with the
systematic uncertainties, are given in Table I.

Figure 2 shows the distribution of the invariant mass of
the three jets before requiring their invariant mass to be less
than 250 GeV, in events with one b-tagged jet. We do not
present a simulation of the multijet background; thus, for
the comparison between data and simulated backgrounds
we suppress the potential contribution from this source with
an additional cut on the opening azimuthal angle between
the two leading jets: |i®t! — ¢*?| < 2.8. The shaded areas
represent the sum of the systematic uncertainties related to
the renormalization and factorization scales for the /7 and
V + jets backgrounds, smoothed in a second-order poly-
nomial fit, and taken in quadrature. Agreement is observed
between data and background predictions. The dashed line
in Fig. 2 indicates the prediction from a model based on a
700 GeV invisible vector boson.

The signal cross section, as well as the number of
multijet background events, are measured in data using a
likelihood approach, where each systematic source is
treated as a nuisance parameter. The method is based on
the observed number of events without and with just a
single b-tagged jet accepted in selecting the signal. These
two event categories contain untagged and tagged signal

and background events as shown in the following system of
equations:

NP = PP Ny + PaiiNwy + Nog

sig other’ (4)
N'™ = Péi%N sig T Pll\/t[)JN m + N é?her’

where PP, and P, are the probabilities to tag O or 1 jet as a
b jet in the selected signal events, Py, and PLY are the
corresponding probabilities for the selected multijet events
in data, and N% and N!§ are the known contributions to
0 and 1 b-tagged event categories from other backgrounds.

The Pf)b’{\gj probabilities are estimated using simulation.

sig,
The uncertainty in the POMbjlb probabilities is taken as the

difference between the estimate obtained from simulation
and that obtained from data using a control region defined
by relaxing the ET'S requirement. The system above is
solved to estimate the number of multijet (V) and signal
(Ngig) events, by using a numerical minimization of the
following likelihood:

L (0. v) = Poisson(N% |N) x Poisson(N 2 |N'®),
(5)

where o, is the signal cross section, v is the vector of the
nuisance parameters describing uncertainties in the
expected number of events from the Eq. (4), and Nggs
and NP are, respectively, the total number of observed

obs
events in event categories without and with one b tag.

The number of expected SM background events is
compared to the data after applying the final selections,
and is presented in Table I. Systematic uncertainties in the
simulated backgrounds (¢7, single top, and VV’) are
presented as sums of the uncertainties from all of the
respective sources, taken in quadrature. The multijet back-
ground is calculated using all the other backgrounds and
data in Eq. (5). The uncertainty in the multijet background
is determined by the uncertainties in the other backgrounds,
and is therefore not included in the quadratic sum of
background uncertainties.

No excess is observed above the background expect-
ation, and limits are set at 95% confidence level (C.L.). The
limits are calculated using the CL, technique, which is
based on statistical inference method jointly adopted by the
ATLAS and CMS collaborations for the Higgs boson
searches [50]. The resulting limits are calculated using
the expected signal and background predictions along with
their uncertainties, and the likelihood given in Eq. (5).
Statistical uncertainties, arising from number of observed
events with one or two muons in the control regions, are
modeled with Poisson probabilities while all other uncer-
tainties are modeled as log-normal distributions.

Figure 3 shows the 95% C.L. expected and observed
limits on the product of the production cross section of the
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FIG. 3 (color online). The 95% C.L. expected and observed
CL, limits as functions of the mass of a scalar (top) and vector
(bottom) invisible particle. The expected magnitude of a signal as
a function of mass, calculated at leading order, is shown by the
dashed curve. The confidence intervals for the expected limit are
given at 68% and 95% coverage probability.

monotop and the branching ratio of the W decay to ¢g’, as a
function of mass of the invisible bosonic state, for scalar
and vector fields.

In summary, a search has been performed by the CMS
Collaboration for invisible particles produced in association
with a single top quark that decays into three jets, one of
which is b-tagged. The results are interpreted using a
monotop model that predicts the existence of invisible
scalar or vector particles. The signal and the backgrounds
are extracted using a likelihood-based method. No excess
of data over the standard model prediction is found and
exclusion limits are set at 95% confidence level. The
observed lower limits on mass for invisible scalar and
vector particles are set at 330 and 650 GeV, respectively.
For a coupling constant ag- = 0.2 these limits increase to
530 and 930 GeV, respectively. These results substantially
extend a previous limit on monotop production of an

invisible vector particle published by the CDF
Collaboration [51] and complement the 8 TeV results of
the ATLAS Collaboration [52] obtained with the leptonic
top quark decay channel.
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