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Abstract

A search is performed for beyond the standard model physics in events with a
leptonically-decaying W boson, a Higgs boson decaying to a pair of b-quarks, and
missing transverse energy, using 12.9 fb~! of data recorded by CMS in 2016 at
v/s = 13 TeV. This signature is predicted to occur, for example, in supersymmetric
models from electroweak production of gauginos. The observed data are in agree-
ment with the standard model prediction. The results are used to set cross section
limits on chargino-neutralino production in a simplified model of supersymmetry
with the decays Xf — W)E(l] and Xg —H Xﬁ’.
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1 Introduction

Supersymmetry (SUSY) [1-8] is an attractive extension to the standard model (SM), which is
based on a new symmetry between bosons and fermions. It predicts the existence of a super-
partner for every SM particle, with the same quantum numbers but differing by one half unit of
spin. In R-parity conserving SUSY models, supersymmetric particles are created in pairs, and
the lightest supersymmetric particle (LSP) is stable [9, 10]. As a result, SUSY also provides a
potential connection to cosmology as the LSP, if neutral and stable, may be a viable dark matter
candidate.

Early searches using 13 TeV Large Hadron Collider data focused on strong production of SUSY
particles, such as squarks and gluinos. Pair production of these particles is predicted by theory
to have the largest cross-section and therefore offers quick discovery potential. Typical searches
for squarks and gluinos require significant hadronic activity in events, manifesting itself in
a large number of energetic jets. However, the absence of observed signal in these searches
suggests that strongly produced SUSY particles may be too massive to be probed with the
current datasets. In contrast, neutralinos (x") and charginos (x*), mixtures of the superpartners
of the SM electroweak gauge bosons and the Higgs boson, can be within the accessible mass
range, but due to the absence of color charge, may have eluded detection. This provides strong
motivation for dedicated searches for electroweak SUSY particle production.

Depending on the mass spectrum, the charginos and neutralinos can have significant decay
branching fractions to vector bosons V (W or Z), and Higgs bosons (H). Pair production of
neutralinos and/or charginos can thus lead to HH, VH, and VV decay modes, yielding final
states with at least one isolated lepton. Such final states can be easily selected with simple
triggers and do not suffer from large QCD multijet backgrounds. Furthermore, the observation
of a Higgs boson in a SUSY-like process would provide evidence that SUSY particles couple
to the Higgs field, a necessary condition for SUSY to stabilize the Higgs boson mass. In this
analysis we focus on chargino—neutralino production with the decay Xli — WiYand £ — HY?
shown in Fig. 1. The W boson is required to decay leptonically. The lightest neutralino %!
produced in decays of charginos and heavier neutralinos is considered to be the stable LSP
which escapes detection. The process typically results in a signature with one lepton, two
jets that originate in the H — bb decay, and large missing transverse energy from the LSPs.
The main background to this signature is top quark pair production decaying in a dilepton
final state, with other smaller backgrounds including the production of W bosons with QCD
jets. The backgrounds are estimated using Monte Carlo (MC) simulation and the predictions
validated in data using control samples orthogonal to the signal selection.
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Figure 1: Feynman diagram of the SUSY simplified model targeted by this analysis: chargino-
neutralino production with the chargino decaying to the W boson and the LSP, while the second
neutralino decays to the Higgs boson and the LSP.
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Results of searches for electroweak pair production of SUSY particles were previously reported
by the ATLAS and CMS collaborations using datasets of 8 TeV proton-proton (pp) collisions
[11-13]. These include different event topologies and final states. No excess above the SM
expectations was observed and the results of those searches were used to place lower limits
on the mass of pair produced charginos and neutralinos. Assuming degenerate ;- and %3,
the searches probed their mass up to approximately 700 GeV. With the increase of the LHC
collision energy from 8 to 13 TeV, and a significantly larger dataset, searches based on the 13 TeV
data have the potential to quickly surpass the sensitivity of Run-1 analyses. This note presents
the result of a search using a dataset corresponding to an integrated luminosity of 12.9 fb~! of
pp collisions collected at a center-of-mass energy of 13 TeV with the Compact Muon Solenoid
(CMS) detector at the CERN LHC in 2016. The results are interpreted in a simplified model of
supersymmetry [14-18] with chargino—neutralino production as depicted in Fig. 1.

2 Event samples, reconstruction, and selection
2.1 Object definition and pre-selection

Events are pre-selected using the requirements described in this section. They are then further
classified into signal and control samples.

Event reconstruction is based on the particle-flow (PF) algorithm [19, 20], which combines in-
formation from the tracker, calorimeter, and muon systems to reconstruct and identify PF can-
didates, i.e. charged and neutral hadrons, photons, muons, and electrons. To select collision
events we require at least one reconstructed vertex. If more than one vertex is present, the ver-
tex with the largest sum of charge track p7 value, referred to as the primary vertex, is taken.
The missing transverse momentum vector, ﬁ%“iss, is defined as the negative vector sum of the
momentum of all reconstructed particles projected onto the plane perpendicular to the LHC

beams. Its magnitude is referred to as ETUSS,

Data events are selected using triggers that require the presence of an isolated muon or elec-
tron with transverse momentum (pr) thresholds of 22 GeV or 27 GeV, respectively. Muon
events may also be accepted using a trigger that does not require isolation but instead requires
pr > 50 GeV. The trigger efficiency, measured using a data sample of Z/y* — ¢/ events, varies
in the range 85 — 92% (75 — 95%) with an uncertainty of few percent for muons (electrons) and
depends on the pseudorapidity 7 and pr of the lepton.

Selected events are required to have exactly one lepton (muon or electron), with pt > 25 GeV
and || < 2.1 (pr > 30 GeV and |y| < 1.44) for muons (electrons). Electrons in the forward
region of the detector are not considered in this search due to the significant rate for a jet to be
mis-identified as an electron in this region. Electron candidates are reconstructed starting from
a cluster of energy deposits in the electromagnetic calorimeter. The cluster is then matched
to a reconstructed track. The electron selection is based on the shower shape, track-cluster
matching, and consistency between the cluster energy and the track momentum [21]. Muon
candidates are reconstructed by performing a global fit that requires consistent hit patterns
in the tracker and the muon system [22]. For both lepton flavors, the impact parameter with
respect to the primary vertex is required to be less than 0.5 mm in the transverse plane and
1 mm along the beam direction.

Leptons are required to be isolated from other activity in the event. A measure of lepton isola-

tion is the scalar pr sum (p$'™) of all PF candidates not associated with the lepton within a cone

of radius AR = V/(An)? + (A¢)? = 0.3, where Ay and A¢ are the distances between the lepton
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and the PF candidates at the primary vertex in #—¢ space [23]. The average contribution of
particles from additional pp interactions in the same or nearby bunch crossings (pileup) is esti-
mated and subtracted from the p3"™ quantity. We require an isolation of p3"™ < 5 GeV. Typical
lepton identification and isolation efficiencies, measured in samples of Z/y* — ¢/ events, are
approximately 85-90% (80-85%) for muons (electrons), with variations depending on pr and

1. Small corrections are applied to simulation to match the efficiencies measured in data.

Particle-flow candidates are clustered to form jets using the anti-kt clustering algorithm [24]
with a distance parameter of 0.4, as implemented in the FASTJET package [25]. The pileup
contribution to the jet energy is estimated on an event-by-event basis using the jet area method
described in [26], and is subtracted from the overall jet pt. Corrections are applied to the energy
measurements of jets to account for non-uniform detector response and are propagated consis-
tently as a correction to pss. Jets overlapping with the selected lepton are not considered in
the analysis.

Selected events are required to contain exactly two jets with pr > 30 GeV and || < 2.4.
Both of these jets must be consistent with the decay of a heavy-flavor hadron, as identified
using the medium operating point of the combined secondary vertex (CSVv2) tagging algo-
rithm [27]. Such jets are refer to as b-tagged jets. The efficiency of this algorithm for b quark
jets in the pr range 30—400 GeV varies between approximately 60 and 65% for |;7| < 2.4. The
nominal misidentification rate for light-quark or gluon jets is approximately 1% [27] for the
chosen working point.

Finally the ETUS is required to exceed 100 GeV. Events with possible contributions from beam
halo processes or anomalous noise in the calorimeter are rejected using dedicated filters [28].

The largest background in this search originates from tt and tW production in dilepton final
states, where one of the leptons is not reconstructed or identified. In order to reduce these
backgrounds, we look for the presence of a second electron or muon with pr > 5GeV and
loose isolation requirements, and reject an event if such a lepton is found. Moreover, an event
is rejected if, in addition to the selected lepton, it contains a reconstructed hadronic tau lepton
with pt > 20GeV, or an isolated track with pr > 10GeV and opposite sign charge relative to
the selected lepton. A track is considered isolated if the momentum sum in a cone of radius
0.3, determined using charged particle flow candidates consistent with the primary vertex, has
an absolute value less than 6 GeV and a value relative to the track pt less than 0.1.

2.2 Signal Region Definition

In the signal region we require the invariant mass of the two b-jets to be in the range 90 <
M, < 150 GeV, consistent with the Higgs boson mass within resolution. The M, distribution
for signal and background events is shown in Fig. 2 (top left).

To suppress single-lepton backgrounds originating from semi-leptonic tt, W-jets, and single
top processes, a requirement on the transverse mass Mr of the lepton-neutrino system is im-

posed, where Mt = \/ 2pLEMiss(1 — cos(A¢)) and A¢ is the angle between the transverse

momentum of the lepton and EXsS. Background processes containing a single leptonically-
decaying W boson have a kinematic endpoint Mt < My, modulo effects of the detector res-
olution and contributions from W bosons produced off mass shell. In this analysis we require
M7 > 150 GeV, which significantly reduces single-lepton backgrounds as shown in Fig. 2
(bottom left).

In order to further suppress both semi-leptonic and dileptonic tt background, we utilize the
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contransverse mass variable, Mct [29, 30]:
Mgt = 2p7 pF (1 + cosAduy ), (1)

where p% and p4? are transverse momenta of the two jets, and Ay, is the azimuthal angle
between the pair. As is shown in [29, 30], the variable has a kinematic endpoint at (m?(5) —
m?(a))/m(68), where § is the pair produced heavy particle and « is the invisible particle pro-
duced in the decay. In the case of tt events, the kinematic endpoint corresponds to the top
quark mass, while signal events tend to have higher values of Mcr. This is shown in Fig. 2
(bottom right). We require Mct > 150 GeV.
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Figure 2: Distributions of M, (top left), E%ﬁss (top right), M (bottom left), and Mct (bottom
right) for signal and background events in simulation after the preselection. The EX*$, M, and
Mcr distributions are shown after the 90 < M, < 150 GeV requirement. Signal distributions
are also overlaid as open histograms for various mass points. The legend entries for signal give
the masses (lei,m~[l)) and the amount by which the signal cross section has been scaled for

X
display purposes.

2.3 Signal and background simulation

Background samples of tt W+jets and Z + jets events are generated using MADGRAPH V5 [31],
while tW events are generated using POWHEG V2 [32-34]. A top quark mass of m; = 172.5 GeV,
and the NNPDEF3.0 [35] parton distribution functions (PDF) are used in the event generation.



Single top s- and t-channel, as well as tt production in association with a vector boson, are sim-
ulated using MADGRAPH_aMC@NLO 2.2 [36] generator. Depending on the final state, sam-
ples of diboson (WW, WZ, and ZZ) events are generated with either POWHEG V2 or MAD-
GRAPH.aMC@NLO 2.2. Parton showering and fragmentation in all of these samples are per-
formed using PYTHIA V8.1.

For both signal and background events, pileup interactions are simulated with PYTHIA and su-
perimposed on the hard collisions, using a pileup multiplicity distribution that reflects the
luminosity profile of the analyzed data. Standard model processes are simulated using a
GEANT4-based model [37] of the CMS detector, while the simulation of new physics signals
is performed using the CMS fast simulation package [38]. All simulated events are processed
with the same chain of reconstruction programs used for collision data.

Small differences between the b tagging efficiencies measured in data and simulation [27] are
corrected using data-to-simulation scale factors to adjust the b tagging probability in simu-
lated events. A correction is also applied to account for differences between lepton selection
efficiencies (trigger, reconstruction, identification, and isolation) in data and simulation.

3 Backgrounds

The backgrounds for this search are classified into six categories, based on the available control
regions and strategies to estimate their contributions. The first and most important category is
“Dilepton top quark,” consisting mainly of tt — ¢/ and also tW — ¢/ (where / is a charged
lepton). This category accounts for around 90% of the total background in the signal region.
Next three categories include processes with a single leptonically-decaying W boson. These are
all effectively suppressed by the requirement on Mt due to an endpoint at the W boson mass.
The second category is “W + light jets,” which here includes all flavors except b-jets (explic-
itly, udscg). The third category is from a W boson produced in association with b-jets, called
W -+ HF for heavy flavor. The fourth category is WZ production, where the W boson decays
leptonically and the Z boson decays to bb, referred to as WZ — ¢vbb. The fifth category is the
“Single lepton top quark” background, consisting of tt — ¢ + jets as well as single top quark t-
and s-channel production. Finally, other standard model processes contribute a small amount
to the expected yield in the signal region and are grouped together in the “Rare” category. This
category includes the production of Z + jets, WW, WZ (except the decays described above),
ZZ, triboson processes, ttW, ttZ, and WH — (vbb.

All of the background processes are modeled using MC simulation. Three data control regions
are defined by inverting signal region selection requirements, to make them orthogonal to the
signal region and reduce potential signal contamination. They are used to validate the model-
ing of the main backgrounds and assign associated systematic uncertainties. The control region
selection requirements are summarized in Table 1. The expected signal contribution in any of
the control regions is always less than 1% of the total standard model yields and typically much
smaller.

The dilepton top quark background can be isolated by requiring two instead of one lepton,
forming CR2/. If all signal-like requirements are applied, the statistics are too low to validate
the modeling of the dilepton top quark background. Therefore, CR2/ is used primarily to
validate the modeling of M.

The dijet mass range used to select the Higgs boson candidate is a natural requirement to invert.
Inverting the My requirement yields CRMbb, which contains a mixture of all backgrounds in
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Table 1: Control region selections compared with the signal region.

Cut Signal Region CR2¢ CROb CRMbb
N(leptons) =1 =1lor2 =1 =1
Isolated track veto v inverted if 1/ v v

Tau candidate veto v inverted if 1/ v v
N(b-tags) =2 =2 =0 =2

My €[90,150] GeV - €[90,150] GeV | ¢[90,150] GeV
EITniss > 100 GeV > 100 GeV > 100 GeV > 100 GeV
Mt > 150 GeV > 50 GeV > 150 GeV > 150 GeV
Mcr > 150 GeV - > 150 GeV > 150 GeV

similar proportions to the signal region. Consequently, this control region is dominated by the
dilepton top quark background and used to validate the modeling of these processes in the
kinematic tails of EXsS, Mr, and Mcrt. The systematic uncertainty in this background estimate
is based on the level of agreement between data and MC.

The W + light jets background can be isolated by requiring exactly zero b-tagged jets instead of
two, forming CROb. This region is used to validate the modeling of the kinematic tails in EF"**,
M7, and Mct for Wjets processes and assess a systematic uncertainty.

The background estimation and uncertainties are described in more detail in the following
sections.

3.1 Dilepton top quark backgrounds

The dilepton top quark processes enter the signal region when the second lepton is not recon-
structed or identified. The veto requirements on additional charged leptons or tracks reduce
this background significantly. Due to the presence of two neutrinos, these backgrounds tend to
have higher ET* than the single lepton backgrounds and do not have a bound at the W boson
mass in Mt. The Mcr requirement significantly suppresses tt — ¢¢ events, due to the end
point feature near the top quark mass. The modeling of this background is validated in two
steps. First, the modeling of M, is validated in CR2/, which has a high purity for dilepton top
quark events. Second, the modeling in the kinematic tails of E‘T“iss, M, and Mcr is validated
in CRMbb and a systematic uncertainty assessed based on the level of agreement between data
and MC. Figure 3 (left) shows the distribution of M, sideband after preselection requirements.
The shape of M, agrees well between data and MC.

Figure 3 (right) shows the distribution of My; in CRMbb after the preselection requirements,
where already the dilepton top quark background is dominant. Good shape agreement is ob-
served here as well. Table 2 then gives the predicted and observed yields in CRMbb including
the signal region selections on EX, Mr, and Mct. After the predictions for the other back-
ground components are subtracted, good agreement is observed between the data yields and
the prediction of the number of dilepton top quark events. We assign a systematic uncertainty
of 20% on the prediction of dilepton top quark in the signal region based on the statistical pre-
cision of this comparison. This accounts for any effects that could impact the modeling of this
background in simulation, including generator factorization and renormalization scales, PDF,
jetenergy scale, as well as b-tagging, lepton identification and isolation, and trigger efficiencies.

3.2 W boson backgrounds

The requirement of Mt > 150 GeV effectively suppresses the contribution from W+-jets events,
as they typically have an endpoint at the W boson mass. However, events from Wjets can still
enter the Mt tail due to off-shell W production or EF"*® resolution effects. The control region



3.2 W boson backgrounds 7

CMS Preliminary 12.9 fb™ (13 TeV)
T T T
‘ ‘ ‘ ‘ +-data W2l top
3 W1l top W+HF
10 EWHLF  EWAZ(qD)
mrare

CMS Preliminary 12.9 fb™ (13 TeV)
T T T

‘ ‘ ‘ +-data W2l top

Wlltop mW+HF

WW+LF  EW+Z(qQ)
Mrare
o

Events/30 GeV
Events/30 GeV

10°

=
[N

[N

Data
MC
[

Data
MC

cCUp N

o

o w
o

50 100 150 200 250 300 350 50 100 150 200 250 300 350
M5 [GeV] M5 [GeV]
Figure 3: (Left) Distribution of M, in CR2/ after preselection requirements, comparing data to
MC simulation. (Right) Distribution of M, in CRMbb after preselection requirements.

Table 2: Predicted and observed yields for CRMbb after the signal region requirements on
EMisS, My, and Mcrt. The observed data yield is compared to the MC prediction for the dilepton
top quark background after subtracting the predictions for the other (non-dilepton top quark)
backgrounds. The uncertainties shown are statistical only, and the uncertainty on the ratio
includes the statistical uncertainty on the data and MC samples.

data 29
Dilepton top quark 28.6 £2.0
W + light jets 03+0.1
W + HF 1.5+0.6
WZ — (vbb 0.00 £0.04
Single lepton top quark 09405
Rare 0.84+0.2
AllMC 320+21
data-others 25654

data-others/MC(Dilepton top quark) 0.90 4= 0.20

CROb has high purity for W + light jets and is therefore used to validate the modeling of W-+jets
in the tails of the kinematic variables, most importantly for Mr.

Table 3 shows the yields in CROb with all the signal kinematic requirements applied, includ-
ing Mt > 150 GeV. We see that the prediction in this kinematic region is lower than the data
by an amount slightly exceeding the statistical uncertainty. From this test, we take the level
of agreement as correction factor of 1.17 for W-jets, and assign the full correction of 17% as
a systematic uncertainty on the modeling of W-jets. This procedure directly tests the back-
ground from W-jets in the kinematic phase space of the signal region, including the effects
from generator factorization and renormalization scales, PDF, jet energy scale, as well as lepton
identification, isolation, and trigger efficiency. We assign additional uncertainties to each of
the Wjets background categories as described below to account for other potential effects not
covered by this comparison.

For W + light jets backgrounds, we evaluate the uncertainty due to the b-tagging requirements
by varying the b-tagging efficiencies within their measured uncertainties. The uncertainty on
the yield in the signal region amounts to 1%.
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Table 3: Yields for CROb, after all signal region requirements, including Mt > 150 GeV. The
observed data yield is compared to the W + light jets MC prediction after subtracting the pre-
diction for the other (non W + light jets) backgrounds from the data yield. The uncertainties
shown are statistical only, and the uncertainty on the ratio includes the statistical uncertainty
on the data and MC samples.

data 210
Dilepton top quark 437 +2.4
W +light jets 110.1 £ 6.5
W + HF 1.6 0.8
WZ — (vbb 1.1+0.2
Single lepton top quark 3.7+09
Rare 309+1.7
All MC 191.0£7.2
data-others 129.0 + 14.8

data-others/MC(W + lightjets) 1.17 £0.15

For W + HF backgrounds, the effects contributing to the kinematic tails will be similar to
W + light jets. The tail of My receives contributions from off-shell W production, ET res-
olution effects, and additional neutrinos from semi-leptonic decays within the b-jets. For this
last contribution, we expect this background to be well modeled in MC as it involves true EXss,
plus the kinematics of the jets in W-jets are seen to be well reproduced by MC in CROb. Thus
we do not apply any additional correction or uncertainty for kinematic tail modeling beyond
the one derived above in CROb.

The most uncertain aspect of the prediction for W 4 HF is the cross section relative to W +
light jets. We follow the recipe applied in Ref. [39] and assign a 50% uncertainty to the nor-
malization of this background. This uncertainty is validated by comparing data to simula-
tion in a data control region dominated by W-+jets, requiring presence of one or two jets and
60 < Mt < 120 GeV. The uncertainty is seen to conservatively cover any differences between
data and simulation as a function of the number of b-tags. We also evaluate the uncertainty on
this prediction due to the uncertainty on b-tagging efficiency, and we find the impact to be 5%.

For the WZ — (vbb background, we expect again the same effects to contribute to the tail of
My, and we apply the same tail modeling systematic uncertainty derived from CROb above.
We apply an uncertainty of 12% to the normalization of WZ — (vbb, based on the CMS cross
section measurement of inclusive WZ production at 13 TeV [40]. The other unique aspect of
WZ — (vbb is that M, peaks at the Z boson mass, at the lower edge of the M, selection
used in this analysis. Uncertainties in the jet energy scale can therefore strongly impact the
prediction of this background. We vary the jet energy scale within its measured uncertainty
and find an impact of 27% on this background prediction, although the absolute magnitude of
this background remains very small in the signal region. We also evaluate the uncertainty on
this prediction due to the uncertainty on b-tagging efficiency and find the impact to be 2%.

3.3 Other backgrounds

The single lepton top quark backgrounds are highly suppressed by several of the selections
applied in this analysis. Since these have exactly one W boson, the Mt requirement is an ef-
fective handle against them. Requiring exactly two jets also suppresses tt — ¢ + jets, which
typically has four jets in the final state. As a result, this background comprises less than 5% of



Table 4: Expected and observed yields in the signal region. The expected yields for some
example signal points are also given. The uncertainties include both statistical and systematic
sources.

data 8
Dilepton top quark 89+2.0
W + light jets 0.01+0.01
W + HF 07+£05
WZ — ¢vbb 0.03 4 0.03
Single lepton top quark 0.3 £0.3
Rare 03402
Total bkg 10.3+2.1
(m My, M o) (225,75) 1.7+03
(m ) (250,1) 56+0.8
( ~¢ m 0) (300 75) 41+05
(m g o) (350,1) 41+04

the expected standard model prediction in the signal region.

Isolating the single lepton top quark backgrounds in a region kinematically similar to the signal
region is difficult. The main source of uncertainty in the prediction of the single lepton top
quark backgrounds is the modeling of the EXS resolution, since a small difference in data
and MC simulation could translate into a large number of additional events passing the Mt
requirement. From CROb, we observe that Mt is well modeled in MC.

Additional studies comparing ETSS resolution in data and simulation are performed using
7 + jets events. The resolution in data is found to be up to 20% worse than in simulation,
leading to higher single lepton top quark yields than expected from simulation. However,
when propagated to the size of the total background, the effect is negligible. Based on this
study, and the fact that this background gives a small contribution to the total expectation, we
assign a uncertainty of 100% on this contribution.

The “rare” backgrounds also contribute less than 5% of the expected yield in the signal region.
We apply a conservative uncertainty of 100% on the yields of the processes.

4 Results

Figure 4 shows the distribution of M, for data and the MC prediction after all other signal re-
gion requirements. The data agree with the prediction in both the signal region and in CRMbb,
defined as the region outside the signal range in M, and discussed in Section 3.1. Table 4
shows the expected background yields in the signal region compared to the observation. We
observe eight events in data with an SM expectation of 10.3 - 2.1.

5 Interpretation

The results of this analysis are interpreted in the context of the simplified SUSY model depicted
in Fig. 1, Xf = WHX? X‘l). The Xf and )Zg particles are assumed to be degenerate in mass, and
the branching fractions for the decays listed above are assumed to be 100%. The W and Higgs
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Figure 4: Distribution of M, after all signal region kinematic requirements. The signal region
corresponds to the bins with 90 < M, < 150 GeV. The hatched band shows the total un-
certainty on the background prediction, including statistical and systematic components. The

signal distribution for a reference mass point is overlaid as an open histogram, and the legend

entry for signal gives the masses (1=, ).

bosons decay according to their standard model branching fractions. Upper limits on the new-
physics cross sections are derived from the yields in the one signal region using a modified
frequentist approach, employing the CLs method and an asymptotic formulation [41-44].

The systematic uncertainties considered on the signal yield are summarized in Table 5 along
with their typical values. The signal points with the largest uncertainties are those with Am =
Mg — Mg = my. Kinematic properties of these signal events are most similar to the standard
model backgrounds and the acceptance is thus smaller than for points with larger Am values.
For these points with compressed mass splittings, the largest uncertainties in the signal yields
arise from the jet energy scale (up to 27%), ETsS resolution in fast simulation (up to 50%), and
limited MC statistics (up to 40%). For points with larger Am values, the largest uncertainties
come again from the EX* resolution in fast simulation (typically 5-10%) and from the uncer-
tainty in the integrated luminosity (6.2%). Other experimental and theoretical uncertainties are
also considered and lead to smaller changes in the expected yields, including generator renor-
malization and factorization scales, b-tagging efficiency, lepton reconstruction, identification,
and isolation efficiency, and trigger efficiency.

Figure 5 then shows the expected and observed 95% confidence level (CL) exclusion limits on
the cross section for Xli o — WH)E? X(l’ as a function of chargino mass assuming an LSP with
a mass of 1 GeV. The next-to-leading-order (NLO) theoretical cross section for production of
Xf Xg is also shown, assuming these are pure wino states [45, 46].
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Table 5: Sources of systematic uncertainty on the estimated signal yield along with their typical
values. The ranges represent variation across the signal masses probed.

Source Typical Values
Integrated luminosity 6.2%

MC statistics 3-40%
Renormalization and factorization scales 1-3%
B-tagging efficiency 2-3%
Lepton efficiency 2-5%
Trigger efficiency 1-5%

Jet energy scale 1-27%
Fastsim EITniSS resolution 5-50%
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Figure 5: Expected and observed cross section limits at the 95% CL as a function of the chargino

mass, where the LSP is assumed to have a mass of 1 GeV. The NLO theoretical cross section
for production of ¥ X3 is also shown, assuming these are pure wino states.

6 Conclusions

A search was performed for beyond the standard model physics in events with a leptonically-
decaying W boson, a Higgs boson decaying to a bb pair, and EX*%, using 12.9fb™ ' of data
recorded by CMS in 2016 at /s = 13 TeV. The observed data are in agreement with the standard
model expectation. The results were used to set cross section limits on chargino-neutralino
production in a simplified SUSY model with the decays Xf — W)E(l) and )Eg — HX?.
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