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Abstract

We perform a search for new physics in monotop final states, which contain a sin-
gle top quark and large missing transverse energy induced by a weakly interacting
massive particle. The measurement is performed using 19.7 fb~! of /s = 8 TeV pp
collision data, collected by the CMS detector at the LHC. No evidence of new physics
is observed and exclusion limits on the mass of dark matter candidates are calculated
at 95% Confidence Level. Scalar and vectorial dark matter particles with masses be-
low 327 GeV and 655 GeV respectively, are excluded.
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1 Introduction

Various models of new physics, such as universal extra dimensions [1] or supersymmetry [2,
3], predict the existence of new massive particles which are weakly interacting with matter.
Such particles can be produced in collider experiments but escape detection and thus their
existence can only be inferred by the presence of large missing transverse energy (EX*%). Both
the ATLAS [4] and the CMS [5] collaborations have performed searches for monojet [6, 7] and
monophoton [8, 9] signatures, which contain a single jet or a single photon associated with
large EM. As no monojet nor monophoton events have been observed so far, it could be a
sign that possible new particles favor coupling to massive Standard Model (SM) particles, such
as the top quark. In this note, we present a search for monotop events, in which a potential
dark matter (DM) particle is produced in association with a top quark [10-20].

The presented study focuses on the search for monotop signatures where a single top quark
decays hadronically to a bottom quark and a W boson, which subsequently decays into a pair
of light quarks. Large EXsS originates from the dark matter candidate.

The search is based on 19.7 fb~! of pp collision data at 8 TeV center-of-mass energy provided
by the Large Hadron Collider (LHC) in 2012. The dominant Z+jets and W+jets backgrounds
are estimated from data. The signal yield is determined simultaneously with the QCD multijet
background, using a likelihood approach based on the observed multiplicity of b-tagged jets.
We interpret the results within an effective field theory where the DM candidate can be a scalar
or a vector boson. The simplest production mechanisms applicable for the both types of the
DM candidate are shown in Fig. 1. In this work, we consider the case where the DM particle is
produced by Flavor Changing Neutral Current (FCNC) diagrams.
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Figure 1: Feynman diagrams for s-channel (a) and t-channel (b) DM production.

2 Data and Simulated Samples

Data events are recorded using a trigger with a EXS threshold of 150 GeV. For the data-driven
background estimate we use events with an isolated single muon trigger with a transverse
momentum (pr) threshold of 24 GeV.

The monotop model [21] is implemented within the FeynRules package [22, 23] and is inter-
faced [24, 25] with the MADGRAPH 5 event generator [26]. The coupling constants are set to 0.1,
as suggested in [10]. The coupling constant affects only the cross section and not the kinematic
properties of signal events. Simulated samples are produced for masses of DM particles varied
from 0 to 1 TeV/c? in steps of 0.1 TeV/c?. The production cross section at leading order (LO), as
calculated by MADGRAPH with the CTEQ6.1L [27] Parton Density Functions (PDF), is given in
Table 1. The production cross section for the vector DM scenario grows as 1/m? for small mass
DM candidate.

The leading SM background has three main components. One component arises from the tt
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Table 1: Leading order production cross section of monotop events for scalar (middle column)
and vector (right column) DM particles.

Mass (GeV) | o x BR(t — 3j)(pb)
scalar DM vector DM

1 6.320 184590

50 5.072 110.0
100 3.406 36.36
150 2.227 19.29
200 1.447 9.357
300 0.624 3.215
400 0.290 1.304
500 0.149 0.607
600 0.079 0.298
700 — 0.158
800 — 0.087
900 — 0.050
1000 — 0.030

and W+jets processes, where a charged lepton from W boson decay fails the selection or falls
outside the detector acceptance. QCD multijet events, with mis-reconstructed jets inducing
high EXsS, also contribute to the background. The only non-instrumental background arises
from Z+3 jets events, with the Z boson decaying into a pair of neutrinos.

Most of the samples have been generated using MADGRAPH. For W+jets and Z+jets pro-
cesses, parton-level events were generated including up to four additional partons. For the
Z(— ]mi”0>50)+jets and W(— {v)+jets processes we use the next-to-next-to-leading order
(NNLO) cross sections of 3.504 nb and 37.509 nb respectively, as calculated by the FEWZ pro-
gram [28]. For the Z(— vv)+jets process we use events generated in four bins of Hr (the scalar
sum of pr of all of the generated partons): 50 < Hr < 100 GeV, 100 < Hr < 200 GeV,
200 < Ht < 400 GeV, and Htr > 400 GeV with LO cross sections of 381.2, 160.3, 41.49, and
5.274 pb respectively. Our tt sample includes up to three additional partons at the matrix-
element level, and events have been rescaled to an inclusive approximate NNLO cross section
of 245.8 pb, as returned by the HATHOR package [29].

Additional sub-leading SM backgrounds are single top and di-boson production. Single top
is modeled with POWHEG [30], and di-boson production is modeled with PYTHIA [31]. All
Monte Carlo (MC) events are hadronized using PYTHIA 6.4.22 [31] and processed with a full
simulation of the CMS detector implemented in the GEANT [32] package. A detailed description
of the CMS detector can be found in [5].

3 Analysis Objects and Event Selection

We require at least one well-reconstructed primary vertex that is consistent with the beam spot
position, and we veto non-collision backgrounds, such as events from beam halo or with a large
detector noise.

The Particle Flow (PF) algorithm [33] is used to reconstruct and identify each particle with an
optimized combination of information from all the CMS sub-detectors. Only the PF particles
attached to the main primary vertex in the events are considered for the reconstruction. Other



PF particles are considered as originating from pile up (PU) events and are vetoed.

The signal selection requires large EX and three jets from the hadronic decay of a top quark.
Jets are reconstructed by an anti-kr clustering algorithm [34] with a cone size of AR = 0.5. Here
AR = /An? + A¢p? with 17 being the pseudo-rapidity and ¢ being the azimuthal angle. During
the jet reconstruction, the charged particles coming from PU events are excluded, while the
neutral PU component is accounted for using the area-based procedure described in [35, 36].
Jet energy corrections used in this measurement rely on simulations and on studies performed
with two-jet and photon+jet events in data [37]. Only jets with pt > 35 GeV and |y7| < 2.4 are
considered. The two leading jets must have a pt above 60 GeV and the pr of the third-jet 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 b-tagged by the Combined Secondary Vertex (CSV) b-tagging algorithm [38]. The
CSV b-tagging algorithm is used with the medium working point, corresponding to a ~70%
efficiency to tag a b flavor jet and a probability of 1-4% to tag a light jet from u, d, and s quarks,
or a gluon jet, calculated in tt events. We also make use of events with zero b-tags in order to
define a background-rich sample to extract the QCD background normalization.

For the signal selection, events with isolated muons or electrons are rejected. Muons are re-
constructed by matching tracks from the outer muon detector to the tracks reconstructed by
the inner tracker. The standard muon identification criteria [39] are applied. Loose muons
are defined as muons satisfying pr > 10 GeV and |y7| < 2.4. The electrons are reconstructed
by associating tracks from the inner tracker with calorimetric clusters in the electromagnetic
calorimeter. The standard electron identification criteria [40] are applied. Loose electrons are
defined as electrons with pr > 20 GeV and within || < 2.5, excluding the transition region
between barrel and end-cap defined by 1.444 < || < 1.566. The muon (electron) isolation I,
is computed by first summing the deposited energy of the reconstructed particles contained in
a cone of AR = 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 do not satisfy I,,; < 0.2.

For the off-line selection, the EIT“iSS is reconstructed as an absolute value of the negative vectorial
sum of the transverse momenta of all of the reconstructed particles (charged and neutral) in the
event. The EXss threshold is optimized to give the best expected limit and the EsS threshold
of 350 GeV is chosen.

An alternative selection, requiring one or two isolated muons in addition to the three jets, is
applied for a data-driven estimate of the W+jets and Z+jets backgrounds. For this, tighter
selection is applied for muons. They are required to satisfy pr > 40 GeV and || < 2.1. The
relative combined isolation in a cone of AR < 0.4 must be below 0.12.

4 Signal and Background Estimates

The dominant backgrounds after the selection are tt and V+jets events, with V being either Z
or W bosons. An event signature with several jets is the natural final state for tt production,
with genuine ET$S coming from neutrinos from leptonic W decays. The jets and EMs* distri-
butions in data tt events are well reproduced by the simulation after applying the top quark
pr reweighting procedure presented in [41, 42]. Therefore, we rely on the simulation for the
tt background estimate. Other sub-dominant backgrounds, such as single-top quark and VV
backgrounds, are also estimated from simulation.



4 4 Signal and Background Estimates

For electroweak vector boson production, additional jets originate from QCD processes, which
can lead to large systematic uncertainties when considering the production of up to three addi-
tional jets. For this reason, we choose to estimate the V+jets background contamination using
data. The Z+jets background is determined by selecting Z(— upu)+jets events and replacing
the EMNSS requirement by a requirement on the pr of the di-muon pair, as will be discussed in
Section 4.1. The W+jets background is estimated from the observed number of events passing
a single muon selection using the probability for the muon to fail the lepton selection as it will
be presented in Section 4.2. Events with isolated electrons have a noticeable contribution from
the QCD processes and are not used for the V+jets background estimate.

While the ETss requirement effectively eliminates naturally balanced QCD multijet events, the
overwhelming QCD production rate can still be a source of background events with large in-
strumental EXSS coming from mis-reconstructed jets. As estimating such a background from
simulation would entail very large uncertainties, due to imperfect description of mis-reconstruction
effects by the simulation, we instead use b-tagging as a means to identify a multi-jet-enriched
control region (events with zero b-tagged jets), and then we determine the QCD background
yield from data.

4.1 Z+jets Background Estimate

The Z+jets event selection requires two isolated muons satisfying pr > 40 GeV and |y| < 2.1,
and three jets with pt > 60, 60, and 40 GeV. Events with any additional jets with a pr above
35 GeV are vetoed. Finally, we require the vectorial sum of pr of di-muon pair and E*S to be
above 350 GeV, the invariant mass of di-muon pair to be within 60-120 GeV range, and the
invariant mass of the three jets to be less than 250 GeV.

The resulting di-muon yields are scaled to the di-neutrino yields with two factors: R = BR(Z —

vv)/BR(Z — (¢) = 5.942 [43], and acceptance x efficiency (A x €) to reconstruct the di-muon

event in the detector. We estimate the yield of the Z(— vv)+jet background using the following

equation:

N (up) — NMC(non — Z) BR(Z — vv)
Axce(pp) BR(Z — pp)

where N (uy) is the observed number of di-muon events, and NMC (non — Z) is the number
of non-Drell-Yan background events contributing to the di-muon sample, estimated from sim-
ulation. We observe 10 (1) di-muon events with zero (one) b-tagged jets. The non-Drell-Yan
background is found to be negligible and the acceptance x efficiency is measured in simulation
to be 574+5%. This gives 103134 (11411) events with zero (one) b-tagged jets, to be compared
to 89+£88 (9£10) events predicted in simulation.

N(Z = vv) = (1)

4.2 Wi+jets Background Estimate

We estimate the W+jets background using single muon events with pr > 40GeV and |17| < 2.1.
Events with any additional loose muons or electrons are vetoed. As for the Z+jets estimate,
three jets with pr > 60, 60, and 40 GeV are required and events with any additional jets with
pr above 35 GeV are vetoed. Finally, we require E?S to be above 350 GeV, the invariant mass
of the three jets to be less than 250 GeV, and the transverse mass of the muon and E%ﬁss to be
less than 180 GeV.

W+jets events will not be removed by the explicit lepton veto of our selection if the lepton
(electron or muon) is neither identified, nor isolated, nor within the acceptance region of the
detector, or if the lepton is a hadronically decaying tau. A hadronically decaying prompt tau in
simulated W+jets events yields an additional jet with pt > 35 GeV in 594+2% of the cases and
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is removed by the jet cuts. In the remaining 41+2% of the cases the hadronic tau decays the
Wjets background passes the signal selection.

The W+jets background for our signal selection can be estimated using:

N (1) — NMC(non — W) BR(W — ()
Axe(p) L BR(W — uv)

l=eu,t

N(W — lost lv) = p(lost ) (2)

where N°% () is the observed number of single muon events, NM(non — W) is the number
of non-W background events contributing to the single muon sample, estimated from simula-
tion, A x €(p) is the probability to reconstruct, select, and identify an isolated muon, p(lost e)
and p(lost u) are the probabilities for an electron or a muon to pass the loose-lepton veto, and
p(lost T) is the probability for a tau to decay hadronically and not be rejected by the jets selec-
tion. We observe 9 single muon events with zero b-tagged jets and expect 3.2+2 events of the
non-W backgrounds. The A x e(u) and p(lost £) terms are estimated in simulation. A x e(y)
is found to be 30+5% while p(lost ) and p(lost p) are found to be 38+7% and 29+7% respec-
tively. p(lost T) is a product of 64.8% branching ratio of all hadronic tau decays and 41+£2%
probability for the W(— tv — hadrons v)+jets event to pass the signal selection. Using all of
the numbers in Eq.2 we obtain 18+12 W+jets background events with zero b-tagged jets, to be
compared to 41+20 events in simulation.

In case of one b-tagged jet the W+jets production is suppressed and the absolute W-+jets yield
calculated with Eq. 2 is dominated by uncertainty from the non-W background simulation. We
choose to normalize the W+jets rate with one b-tagged jet by scaling the rate with zero b-tagged
jets by the probability to have a b-tagged jet in simulated W+jet event which is estimated to be
14.3+7.6%. This results in 2.6+2.2 W+jets background events with one b-tagged jets, to be
compared to 312 events in simulation.

Table 2 shows the predicted number of events for signal, predicted backgrounds and data after
the signal event selection.

Table 2: Standard Model backgrounds compared to data.

#ofbtags Z— vvtets W+jets tt Singletop  VV Sum  Data
zero b tags 103+34 18+12 5.9+4.5 2+0.5 5+0.4 134+36 143
one b tag 11+11 26£22 12412 1+0.6 0+0 27416 30

Figure 2 presents the distribution of the three-jet invariant mass. Good agreement between
data and the background prediction is observed.

In Fig. 3 we compare the ET® spectrum in data and in the simulation. We apply the standard
signal selection with the modified b tag requirement which helps us to validate the tt simu-
lation and the V+jets simulation independently. The tt events are selected using additional
requirement for two b-tagged jets. The V+jets event selection vetoes events with jets tagged by
the CSV b-tagging algorithm at loose working point.

4.3 Signal extraction and QCD multijet background determination

The signal cross-section, as well as the number of QCD multijet background events, are mea-
sured in data using a likelihood approach, where each systematic source is treated as a nuisance
parameters. The method is based on the observed number of events with zero and one b-
tagged jets, accepted by the signal selection. These two event categories accumulate untagged
and tagged signal and backgrounds events as shown in the following system of equations:
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Figure 2: The invariant mass of the three leading jets. In panels: (a) — zero b tags, (b) — one
b tag. Measured distribution (points) are compared to the simulated backgrounds (stacked
histograms) and one of the signal models (solid line) scaled to 19.7 fb~!. The shaded area
represents the square sum of the systematic uncertainties related to the renormalization and
factorization scales for the tt and V+jets backgrounds.
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Figure 3: EMss distribution in events after the signal selection with the modified b tag require-
ment. In panel (a) we use a b tag veto so as to enrich the sample with the V+jets events. In panel
(b) we require two b tags so as to enrich the sample with tt events. The shaded area represents
the square sum of the systematic uncertainties related to the renormalization and factorization
scales for the tt and V+jets backgrounds.
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N7 = psig ) Nsig + pQCD ) NQCD + Nother bg

0b 1p
sig sig
p%bCD and ngD are the corresponding probabilities for the selected QCD events, and N%

other bg
and N1¢ o are the known contributions to 0 and 1 b-tagged event categories from other back-

grounds. The system above is solved to estimate the number of QCD (Ngcp) and signal (Nj;g)
events, by using a numerical minimization of the following likelihood :

where p.7? and p_; are the probabilities to tag 0 or 1 jet as a b-jet in the selected signal events,

observed | bserved

£s+B(Usz‘g,V) = Poisson <N0b NOb) x Poisson (Ngb N“’) , 4)

were 0o is the signal cross section (our parameter of interest), v is the vector of the nuisance

0b 1b
parameters, and N .. and N

tags and one-b-tag event categories.

; are the total number of observed events in the zero-b-

We derive the probabilities pOQb’Clg, using QCD simulation. We select events with signal-like

topology by vetoing loose leptons and requiring three jets satisfying pr > 60, 60 and 40 GeV.
We further apply the ETs® selection. The resulting probability to find one b-tagged jet in a sim-
ulated QCD event is found to be 18%. This value is consistent within 3% with the probability
found using the QCD-enriched data events that are selected by the Hr trigger with a threshold
of 250-550 GeV. So the value 18+3% is used in the analysis. The probability to not have any
b-tagged jets in QCD simulation is 80+3%. The two probabilities are highly anti-correlated as
only ~ 2% of QCD events fall into the third category with two b-tagged jets. The result of this
data-driven method for the QCD yield in our signal selection is consistent with 0 events. The

pg”clg and pgibg’lb numbers are summarized in Table 3.

Table 3: The pg’gg and pgf’g’lb parameters.

Parameter | picp  Pocn  Poy  Perg
Value 0.80 018 032 0.56
Uncertainty | 0.03 0.03 0.05 0.05

5 Systematic Uncertainties

We estimate the systematic uncertainties in the simulation originating from the following sources.
They are treated as nuisance parameters in the likelihood fit of Eq. 4.

Uncertainty on the jet energy scale is accounted for by varying the Jet Energy Corrections (JEC)
within +1¢ uncertainties and by varying the parameters for the Jet Energy Resolution (JER)
smearing within their uncertainties [37]. These uncertainties are propagated to the EF"** [37].

The b-tagging efficiency and mis-tagging rate scale-factors are measured in data and used to
correct the performance of b-tagging in the simulation, including the correction of the shape of
the CSV discriminator [38]. The scale factors are varied according to their +1¢ uncertainties,
and the propagated difference is assigned as a systematic uncertainty.
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The systematics on the tt modeling, are introduced by using samples in which the matching
thresholds and the renormalization and factorization scales are varied by a factor of 2. An
additional uncertainty on the modeling of the top pr spectra is estimated by reweighting the
simulated top quark pr to match the measured spectra [41, 42]. For all backgrounds estimated
from simulation, we also account for uncertainties from the description of PDF, following the
PDF4LHC recommendations [44].

The W+jets and Z+jets backgrounds are estimated from data and their uncertainties are used
in the likelihood fit. These backgrounds are limited mostly by statistical uncertainty. All the
systematic sources and the corresponding uncertainties are summarized in Table 4.

Table 4: Relative uncertainties on the signal and background yields for the signal selection with
E%‘iss > 350 GeV. The last parameter, Nycp, is the absolute QCD yield, distributed uniformly in
the given range.

06(15) 06(15) 0B(15) 06(15) 06(15) 06(15)

nuisance parameter | Ng Ny Neop Nyy Nytjets  Nzijets Naep
L 2.4% 2.4% 2.4% 2.4% — — —
EMsS trigger scale 1.4% 1.4% 1.4% 1.4% — — —
PDF; <12% @ — — — — — —
PDF —  100D)% @ — — — — —
PDF..p — —  1112%  — — — —
PDFyy — — 6(8)% — — —
JEC < 15% 4(22)% 44(56)%  7(25)% — — —
JER 42)%  408)%  27(0)%  3(0)% — — —
b tagging 6(2)% 10(15)%  0(0)%  2(14)% — — —
Q?-scale — 5(76)% — — — — —
tt matching — 50(44)% — — — — —
tt reweighting — (41)% — — — — —
Data-driven W+jets — — — 67(85)% — —
Data-driven Z+jets — — — — — 36(100)% —
POeD — — — — — — 17%
6 Results

The number of background events is compared to the data after the final event selection, as
presented in Table 5. No excess above the SM background expectation is observed and limits
at 95% Confidence Level (CL) are calculated. The limits are calculated using the CLg tech-
nique [45-50] implemented within the ROOSTATS software package [51]. We choose the LHC-
type full CLg method [52]. This method utilizes the one-sided profile likelihood ratio test statis-
tics and applies Frequentist treatment of nuisance parameters. The resulting limits are drawn
using the expected signal yield and background yield prediction along with the systematic
uncertainties for the both.

We use log-normal constraints for all of the uncertainties except for the uncertainties on the
QCD and V+jets yields. The QCD yield is a free parameter assigned with a uniform probabil-
ity. The Z+jets background yield is calculated the using number of observed di-muon events in
the control region and the probability to accept and reconstruct a di-muon pair. Therefore, the
Z+jets yield is constrained using a product of a Poisson probability to observe a given number



of di-muon events and a log-normal constraint on the acceptance times the reconstruction ef-
ficiency. Similarly, for the W+jets background we use a product of the Poisson probability to
observe a given number of single muon events and log-normal constraints on all of the other
parameters used in Eq. 2.

Table 5: Total number of selected events in data compared to the background prediction for
EIT“iss >350 GeV. The background yields are given with statistical (first) and systematic (second)
uncertainties. Uncertainty on the simulated backgrounds (tt, single top, and VV) are presented
as a square sum of the uncertainties from all of the sources. The QCD background is calculated
using all of the other backgrounds and data in Eq. 4. Uncertainty on the QCD background is
100% correlated with uncertainties on other backgrounds and therefore is dismissed. The final
uncertainty on the sum of all backgrounds is the squre sum of uncertainties on all but QCD
backgrounds.

#ofb tags | Zero CSVmb tag One CSVm b tag
tt 6+0+5 12+0£12
Wjets 18+9+7 3+142
Z+jets 103+£33+9 11£10+1
Single top 24141 1£1+1

\'AY 53040 04040
QCD 6 1

sum 140136 28+16
Data 143 30

Using the likelihood from equation 4 and nuisance parameters from Table 4, the best expected
limit is obtained. In Fig. 4, we show the corresponding 95% C.L. expected and observed CLg
limits on the production cross section of the monotop DM candidate as a function of its mass.

7 Conclusion

We set limits on the monotop model which predicts the existence of scalar and vector dark mat-
ter candidates. The signature contains a single top quark decaying hadronically, and weakly
interacting particles inducing missing transverse energy. The signal is extracted with the back-
grounds using a likelihood based method. No excess of data over the SM prediction is found
and exclusion limits are set at 95% Confidence Level. The observed lower limit for a scalar
dark matter particle is 327 GeV, with an expected limit of 343f‘5}§’ﬂg9 GeV (for one- and two-o
bands). The observed lower limit for a vector dark matter particlé is 655 GeV, with an expected
limit of 6681“23:32 GeV. These results substantially improve previous limit on the monotop

production published by the CDF collaboration [53].
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